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ABSTRACT

Four barley (Hordeum vulgare L) and two wheat

(Triticum aestivum L) cultivars were grown with a preplant

irrigation plus rainfall at the University of Arizona Marana

Agricultural Center to study the relationship of growth and

physiological characteristics to yield under limiting

moisture condition. Grain yield of barley cultivars were

ranked in the order Bold = 4-21-13 > 309-1, but increased

yields were not related to early maturation dates or to

other reproductive or vegetative characteristic which was

examined. Grain removal by birds prevented the determination

of wheat yields, but Zaragoza, which is known to perform

well with limited water, had a deeper root system and higher

water potentials than LIP-40.

Laboratory measurements of severe osmotic stress

(-0.8, -0.9 and -1.15 MPa) effects on leaf growth and

physiology of barley leaves showed stress stopped leaf

expansion immediately and led to rapid leaf shrinkage before

growth resumed. Growth occurred in the basal 0.5 cm, and

growth resumed when water potential of the growing region

became -0.19 MPa lower than that of the external solution.

xi



CHAPTER 1

INTRODUCTION

Global population projections are the most important

reminder that food production must continue to increase.

Cereals are the world's most important food crops and wheat

(Triticum aestivum L.), maize (Zea mays L.), rice (Oryza 

sativa L.), barley (Hordeum vulgare L.), and other cereals

provide three-quarters of man's energy and more than one-

half of his protein needs (Johnson, 1982).

A number of important physiological processes

contribute to yield of cereal crops and some of them are:

photosynthesis, translocation of assimilates to grains, cell

division and cell enlargement, and water and nutrient

uptake. Optimum yield are obtained when these processes

function at adequate rates, and light, nutrient,

temperature, and water availability are known to limit

yield. Of these, water deficit frequently decrease yield

more than all other environmental factors combined (Kramer

1983), so the basis for water stress effects on yield,

growth, and metabolism must be resolved. The work presented

here represents efforts made to broaden our understanding of

the factors associated with high productivity of wheat and

1



barley grown with limiting water in Arizona desert fields.

Additionally, studies were performed in the laboratory to

determine how stress alters growth and metabolism of barley

leaves.

Spring wheat and barley are normally grown in

Arizona as irrigated winter crops and yields are usually the

highest in the nation (Albert et al. 1980). Respectable

yields also can be achieved using considerably less than the

irrigation (525 Kg/m2 ) that is normally recommended. Ottman

et al. (1986) pointed out that barley plants grown on a

single pre-plant irrigation have been shown to produce 2837

to 3400 kg/ha of grain. In Mesa, Arizona, wheat yields

ranging from 2400 to 3800 Kg/ha have been obtained for

several years when different cultivars were grown with 150

Kg/m2 pre-plant irrigation and 150 to 200 Kg/m2 of rainfall

(R. Thompson, Maricopa Agricultural Center, U. of Arizona,

personal communication).

Studies with different cultivars of wheat and barley

suggest that a better understanding of vegetative growth and

reproductive periods of these crops may provide a good basis

for selecting plants that will yield well under drought

condition. In this regard, Sarmadnia (1981) and Adjei (1982)

found that yield of wheat cultivars was correlated to leaf

area index at heading and later stages, and greater root

depths at late stages of growth. More recently, R. T. Ramage

(Research Geneticist, USDA. SEA. Univ. of Arizona,

2
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personal communication) observed that high yielding barley

cultivars tend to have earlier maturation dates than low

yielding cultivars.

The objectives of the field study were to study the

relation of root depth and leaf water status to yield of

wheat cultivars grown under conditions with only a pre-plant

irrigation, and to explore the relationship existing between

anthesis and maturation dates, and grain filling duration to

yield of field grown barleys.

Results of laboratory studies performed by Matsuda

and Riazi, (1981) showed that responses of the growing

region of young barley leaves to water stress differ

substantially from those of the expanded blade.

Additionally, because stress causes growth cessation to

occur before there are noticeable changes in the water

status of the growing tissues, it was stated more recently

(Rayan and Matsuda, 1988) that water status changes can not

be the cause of growth alterations. However, the 10 mm basal

region of the leaf which was designated as the growing

region by these workers included some already expanded

tissues, and questions exist about the contribution of non-

elongating cells to the water status of the growing region.

The objective of the laboratory study was to

determine how stress-caused alterations in water status of

the growing and proximally located non-elongating tissues

are related to growth of young barley leaves.



CHAPTER 2

REVIEW OF LITERATURE

THE RELATION OF WATER DEFICIT TO GRAIN YIELD OF WHEAT AND

BARLEY. 

Physiological Effects of Water Stress on Yield.

The effects of water deficits on physiological

processes have been described in a number of recent reviews

(Hanson and Hitz 1982, Cosgrove 1986, Kramer 1983, Hsiao

1973, Crafts 1968, Boyer 1985,). Fischer and Turner (1978)

reviewed plant productivity in dry regions, and Evans and

Peacock (1981), Evans (1975), Williams (1975), and Arnon

(1972), summarized much of the work done with cereal crops

under field conditions. More recently, stress effects on

plant cell expansion (Taiz 1984), osmoregulation (Morgan

1984, Turner and Jones 1980), water movement (Newman 1976),

(Boyer 1985), photosynthesis (Kriedemann and Downton 1981),

and translocation (Fischer and Turner 1978) have also been

discussed.

Although the above reviews have contributed to our

understanding of plant behavior under water stress

conditions, certain aspects important to an understanding of

4



5

water stress effects on grain yield of wheat and barley were

not covered. In this section of the literature review,

emphasis will be placed on relating water stress to cereal

grain yield. The following section will deal with effects of

water stress on metabolism and growth of leaves.

Growth Conditions and Growth Stages in Cereals

Most wheat and barley grown around the world face

environmental conditions similar to those found at their

sites of origin (Evans 1975). They undergo vegetative

development during cool, short winter days with relatively

low light intensity, and floral initiation and inflorescence

differentiation occurs as day-lengths, incident radiation,

and temperatures are increasing. During grain filling, wheat

plants often face temperatures of 30°C or more and water
deficits which frequently terminate grain filling (Evans

1975). Wheat and barley are also grown at relatively high

latitudes, and in these regions inflorescences usually

differentiate under increasing day-lengths, but grain

filling occurs as days cool (20°C) and day-lengths shorten.
Changes in day length and temperature are known to affect

shoot apex development in barley (Wych, et al. 1985). They

reported that long days increase the interval of time

required for successive leaf initiation, and also increase

the rate and reduces the duration of spikelet initiation.

Low temperatures (10 to 15°C) are required for floral



induction and high temperatures (e.g. 30 0C) will prevent

flowering (Arnon 1972).

Growth stages of field-grown cereal plants can be

identified with the Feekes Scale (Large 1954). However, a

more detailed scale which describes important developmental

stage in head formation is desirable. Bonnett (1966)

described the initiation and development of the

inflorescences of cereals, and Sardmadnia (1981) provided

the following description of growth stages in wheat:

Germination	 Appearance of the radicle

Tillering	 Formation of Tillers

Jointing	 When two nodes can be seen,

beginning of shoot elongation

Shooting	 Elongation of internodes

Booting	 End of shooting stage,

beginning of ear emergence

Heading & Earing 	 Emergence of the ear from the

leaf sheath

Flowering or Anthesis	 Opening of flower and anthers

Grain Formation	 Period from fertilization

until grain maturity

Subdivisions: 'Milk Ripe',

grain contents have milk

consistency; 'Soft Doughy',

grain contents have doughy

consistency; 'Waxy Ripe',

6



7

grain contents have a milk

consistency; 'Full Ripe',

grain contents are hard; 'Dead

Ripe', grain ripe for cutting.

The effects of water stress at various stages of

development on crop growth and grain yield have been

reported by several researchers (Aspinall 1965; Bingham

1969; Salter and Goodie 1967). Milthorpe (1965) noted that

wheat seedlings were highly resistant to water stress, and

water stress from emergence of the first leaf until

emergence of the second leaf caused permanent tissue injury

or death. Day and Intalap (1975) found that water deficits

at jointing decreased wheat yields by 50% because of

reductions in numbers of ears/hectare as well as fewer seeds

per ear. Fischer (1973) concluded that the period from

jointing to heading in wheat plants is most sensitive to

water deficits. He noted that this period included the time

of rapid elongation of stem, anther, and carpel, and the

occurrence of meiosis in pollen mother cells. Water deficit

during this period reduced yields considerably by reducing

numbers of grains and grain weight per ear. Water stress at

late stages of growth can also affects yield. Hsaio et al.

(1976), argued that water deficits during grain formation

will decrease yield by reducing grain weight due to hastened

senescence and reduced translocation of assimilates to the

grains.
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Root Depth and Crop Yield.

Cereals have no tap roots, but have a fibrous root

system that extends laterally and downward into the soil.

Roots originate from two areas of the plant: seminal roots

arise directly from or below the seed, whereas adventitious

roots arise from nodes of the stem above the seed. Although

functions of roots such as anchorage and synthesis of growth

regulators are important, roots are considered primarily as

absorbing organs for water and nutrients. The ability to

maintain absorption capacity is particularly important when

plants are growing in drying soils where yield is frequently

limited by soil water content. There are several lines of

evidences that suggest cereals that yield well under

condition of limiting water have deep roots. Angus et al.

(1980) suggested that wheat plants are able to extract water

at tensions below -1.5 MPa and considered this significant

for maintaining plants until maturity. They also stated that

plants which had high yields are able to extract water from

lower profiles of the soils. Morgan and Condon (1986)

concluded that wheat varieties which were able to extract

water from deeper soil layers could maintain turgor and had

higher yields, and higher water use efficiencies. Varietal

differences in rooting depth have been demonstrated for

wheat and barley. Hund (1968, 1974, cited by Turner and

Begg, 1981), Adjei (1982), and Sardmadnia (1981) showed that

wheat varieties with deeper rooting systems yielded better



9

under limiting water conditions. Yield of corn plants also

was significantly correlated with root depth, and plants

with active root systems at greater depths showed higher

rates of water uptake than those with roots at shallower

depths (Aina and Fapohunda 1986).

Recently, Schulze et al. (1987) pointed out that

grasses with greater numbers of deep roots can extract water

more rapidly than those with fewer deep roots, and Proffitt,

Berliner, and Oosterhuis (1985) demonstrated that deeper

roots became increasingly efficient in extracting water as

the soil became progressively drier from the surface

downwards. Similarly, Tripathi and Mishra (1986) showed

that wheat roots followed the receding water table.

Leaf Growth and Water Stress

Leaf growth patterns of wheat and barley plants are

alike. Each leaf primordium arises from the flank of the

apex and quickly develops and spreads laterally to encircle

the axis (Williams, 1975). This encirclement occurs within

the limiting confines of the preceding leaf primordia, and

continuing growth is directed upwards, or parallel with the

axis. There is a period of near exponential growth with

maximum growth rate occurring just prior to leaf emergence,

and a subsequent slow decline in growth rate as maturation

proceeds. The duration of exponential growth varies from a

few days in early leaves to as much as 4 or 5 weeks in later
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leaves, and growth duration is affected by plant water

status (Willians, 1975).

The sensitivity of leaf growth to water deficits is

well known. Cell division and enlargement can be both

reduced by water deficit (Gardner and Nieman, 1964; Kirkham,

Gardner, and Gerloff, 1972; MaCree and Davis, 1974).

However, questions exist concerning the sensitivity of the

two processes to stress. Hsiao (1973) and Hsiao et al.

(1976) pointed out that in general, cell division is

inhibited less than cell enlargement. Barlow (1986) reviewed

the water relations of expanding leaves and supports Hsiao's

view that leaf expansion is the physiological process most

sensitive to changes in plant water status. More recently

Rayan and Matsuda, (1988) concluded that protein synthesis

and osmotic adjustment are equally as sensitive to stress as

growth.

Stressed plants normally have smaller leaves than

unstressed plants, and the resulting lower photosynthetic

surface will decrease yield. Matsuda and Riazi (1981) showed

barley leaf growth is reduced in proportion to the degree of

stress. Stress caused reduction in leaf size will persist

even following relief of stress (Kramer, 1983). In addition

to its effect on leaf size, water stress inhibits formation

of new leaves (Hussain and Aspinall, 1970) and accelerates

leaf senescence. Aparicio-Tejo and Boyer (1983) concluded

that accelerated leaf senescence at low water potentials may
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save enough water to assure survival sufficient for the

production of few a seeds; however, the loss of potential

photosynthetic area is more important in obtaining good

yields. They suggested that genotypes not expressing stress-

induced accelerated senescence would obtain higher yields

during short periods of stress by recovering photosynthetic

activity if stress is relieved before maturity.

Water Stress and Photosynthesis.

Water stress can reduce photosynthesis by decreasing

leaf area, lowering stomatal conductance to CO2 , affecting

photosynthesis metabolism directly, or inhibiting formation

of protochlorophyll in greening leaves Kramer, (1983). In

addition to reducing leaf area because of accelerated leaf

senescence, Legg et al. (1979) concluded that water stress

during grain filling lowered photosynthesis per unit area in

barley plants. Reductions in net photosynthesis rate caused

by water stress go hand-in-hand with a decrease in stomatal

conductance (Boyer, 1970; Turner and Begg, 1978). Early

studies led workers to conclude that water stress will lower

photosynthesis by reducing stomatal aperture and more severe

water stress is required to affect the biochemical

mechanisms of the photosynthetic apparatus (Boyer, 1970,

Saltyer, 1973). However, Osmond et al. (1980), suggested

that with slowly imposed water stress, effects of water

deficits on photosynthesis may reduce stomatal conductance.
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Matthews and Boyer (1984), studying acclimation of

photosynthesis to low leaf water potential, showed that

photosynthetic inhibition at low water potential was due

more to loss of the chloroplast's activity to fix CO 2 than

to an increase in the diffusive resistance to CO 2 uptake.

Also, they concluded that stomatal closure is not the

primary cause of decreased photosynthesis at low water

potential and chloroplastic activity was the major

contributor for both inhibition of photosynthesis and

acclimation of photosynthesis to low water potential. Later,

Sharp and Boyer (1986) showed that the loss in chloroplast

capacity to fix CO2 was entirely the result of a direct

effect of water potential on chloroplast function. Krieg

(1983) pointed out that reductions in photosynthetic rates

due to chloroplastic factors could involve both light and

enzymatic phases of CO2 reduction. He felt that the

biochemical reactions associated with CO 2 reduction, such as

the reaction of CO2 and 02 with ribulose biphosphate

carboxylase-oxygenase, are subject to direct control by

water stress.

Rate and Duration of Grain Filling.

Evans (1975) emphasized that improvement in yields

can be obtained by increasing the duration of the

reproductive period and the investment of assimilates toward

reproductive growth. In this regard, Woodruff and Tonks
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(1983) noted that under dryland conditions, plants which

have long grain filling periods yielded better than those

with short grain filling periods.

Environmental conditions such as temperature and

soil water content can affect the rate and duration of the

grain filling. Higher rates of grain filling are associated

with higher air temperatures (Gebeyehou, Knott, and Baker,

1982), but grain filling durations are reduced. Sofield et

al. (1977) observed that a rise in day/night temperature

from 15/10°C to 30/25°C reduced the period of grain filling
from 60 to 20 days. Similarly, Wiegand and Cuellar (1981)

showed that for each degree C increase in mean daily

temperature during grain filling period, there was a 3.1 day

shortening of the grain filling period.

The assumption that plants which have long grain

filling period obtain better yields, has been recently

questioned. Bruckner and Frohberg (1987) and also Sayed and

Gadallah, (1983) concluded that the rate of grain filling

and not the duration of grain filling, in barley and wheat

plants, was a more important yield determinant under

temperature and stress conditions. Metzger, Czaplewski, and

Rasmusson (1984) found that in barley, genetic variability

for grain filling duration can be obtained with two and

three cycles of crossing and selection. They failed

to find a relationship between grain filling duration and

grain yield.
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Gebeyehou et. al. (1982) observed that irrigated

wheat plants significantly increased the duration of grain

filling when compared with rainfed wheat plants. Brooks,

Jenner, and Aspinall (1982) pointed out that water deficit

during grain filling did not affect the rate of grain matter

accumulation, but grain filling was terminated earlier for

stressed wheat and barley plants. Even though most of the

references report that grain growth is insensitive to water

stress, Renwick and Duf fus (1987) showed that drought

conditions decreased the moisture content of wheat grains

which was reflected in lower fresh weight of field-grown

endosperms. They suggested that the lower rate of grain

filling may be a consequence of the decreased plant water

potential.

Water Stress Effects on the Translocation of Assimilates.

A continuous supply of assimilates from

photosynthesizing leaves, awns, and other 'source' regions

is necessary to maintain flower and embryo development and

deposition of starches and proteins in developing grains

(sink). Water stress potentially can affect rates of

assimilates production, rates of loading and unloading of

the sieve-tube elements, the velocity of flow in the phloem,

and rates of incorporation of assimilates by sinks (Begg and

Turner, 1976).
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The effects of water stress on translocation of

assimilates to developing grains of wheat have been studied

primarily by Wardlaw. In a series of publications, Wardlaw,

(1965, 1967, and 1969) concluded that water stress as low

as -3.0 MPa did not affect the velocity of assimilate

transport during grain filling of wheat. In order to

determine if water stress reduces translocation in wheat by

decreasing photosynthesis or affecting phloem loading

mechanism, he (1971, 1974) concluded that while assimilate

transport velocity may not be affected, the quantity of

assimilate transport is reduced because of the affects of

water stress on phloem loading.

WATER RELATIONS OF GROWING AND NONGROWING TISSUES OF BARLEY 

LEAVES 

Growth and Physiology of Stressed Tissues.

Plants are subjected to several environmental

stresses but Kramer (1983) concluded that water stress

alters plant function more than all other stresses combined.

Cell enlargement, which is the primary means by which plants

increase in size, has been shown to be very sensitive to

water stress (Hsiao 1973, Hsiao et al. 1976). In 1971,

Acevedo, Hsiao, and Henderson showed elongation of corn

leaves on intact seedlings ceased immediately when roots

were stressed, and as a result, concluded this was the

process which is most sensitive to stress. More recently,
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Matsuda and Riazi (1981) observed that exposure of barley

seedling roots to solutions with * between -0.3 MPa to -1.1

MPa also caused immediate cessation of leaf elongation.

However, growth resumed after a lag period that increased

with stress intensity, and the new growth rates were

proportional to the * of the solution. Such results indicate

that if stress effects on growth are to be resolved, an

understanding of both the immediate and subsequent

elongation responses must be achieved.

Other processes are also known to be changed in

stressed tissues, and some can be related to growth

responses. Hsiao et al. (1976) and Kramer (1983) stated that

cell division is closely related to expansive growth and if

water stress is prolonged, division can be as sensitive to

stress as is elongation. Labavitch (1981) stated that cell

elongation may be affected if constituents of walls are not

synthesized, and Hsiao (1970) and Hsiao et al. (1976)

suggested that effects of water stress on protein synthesis

are noted at about the same time that detectable differences

in gr are evident. Rhodes and Matsuda (1976) noted that high

correlation existed between the percentage of ribosomes

present as polyribosome and growth rates in pea and pumpkin

seedlings; similarly, Mason and Matsuda (1985) found that

growth rates of young wheat and barley leaves, and dark

grown squash and pea seedlings were correlated highly with

the polyribosome percentages of the growing tissues. Mason



17

and Matsuda (1985) also found that reductions in

polyribosome percentages in growing tissues were evident

within 15 min following stress, and these reduction occurred

before there was a significant reduction in any water status

value. Since leaf growth of stressed seedlings also ceases

before measurable changes in water status are detected

(Matsuda and Riazi, 1981), there are reasons to question any

suggestion that changes in water status values of the

tissues themselves will directly regulate growth.

For many years, it was widely accepted that cell

growth is proportional to turgor above a critical minimum

value (Hsiao 1973, Hsiao et al. 1976, Cleland 1971) and this

belief is still held by many prominent workers in the field

(Levitt 1980, Cosgrove 1986, 1987). However, studies by

several workers have shown that growth need not be related

to turgor of growing tissues. Meyer and Boyer (1972) showed

that growth rate of soybean hypocotyls decreased when

stressed, but turgor of the growing region was constant.

Matsuda and Riazi (1981) demonstrated that when barley

seedlings were stressed, leaf growth stopped almost

immediately, but no decrease in turgor was detected within

the first 10 to 20 minutes after imposition of stress.

Furthermore, Michelena and Boyer (1982) and Von Volkenburgh

and Boyer (1985) could see a marked reduction in the

elongation rate of corn leaves along with decrease in soil

but turgor of the growing region showed no change.
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Turgor maintenance.

The major mechanism of turgor maintenance is osmotic

adjustment (Turner 1986) which is caused by internal

production of osmotically active substances, and not due to

the increase in concentration of existing tissue solute

brought about by dehydration (Hsiao et al. 1976; Turner and

Jones 1980). There are cases where maintenance of turgor has

been attributed to changes in cell wall elasticity (Turner

and Jones 1980; Morgan 1984), but most studies indicate that

solute accumulation is primarily responsible for maintenance

of turgor. Evidence for osmotic adjustment has been reported

for plant organs such as leaves, hypocotyl, roots, and

reproductive structures (Turner and Jones 1980; Turner

1986). Osmotic adjustment also has been observed to help

maintain stomatal opening (Ludlow, Fisher, and Wilson 1985),

photosynthesis (Ackerson, Kreig, and Sung 1980), and to

allow continued root growth at low water potentials (Sharp

and Davies 1979).

Osmotic adjustment of growing tissues has been

demonstrated to be higher for growing tissues than for

mature tissues. Munns, Brady, and Barlow (1979) showed that

young wheat leaves and shoot apices enclosed within the

encircling sheaths adjusted osmotically to severe water

stress, but that exposed, fully expanded leaves did not.

Also, Matsuda and Riazi (1981) and Riazi, Matsuda, and

Arslan (1985) showed that water stress reduced osmotic
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potential of growing regions of young barley seedlings, but

osmotic potential of mature areas remained relatively

unchanged. Michelena and Boyer (1982) showed that when soil

water stress was imposed on maize plants, solutes

accumulated in the leaf growing region to maintain constant

turgor, but turgor of mature blade tissue dropped and leaves

showed wilt symptoms.

Several organic and inorganic substances such as

glucose, proline, malate and potassium have been reported as

being the active osmotic substances responsible for osmotic

adjustment (Turner and Jones 1980; Munns et al. (1979).

Recent studies indicate that sugars are the major compounds

involved in osmotic adjustment of different plant parts

(Munns and Weir 1981; Morgan 1984). In growing region of

wheat leaves, monosaccharides (mainly glucose) accounted for

almost all osmotic adjustment, and increase in proline,

malate, and potassium did not contribute substantially to

osmotic adjustment (Munns and Weir 1981). Similarly, Riazi,

Matsuda, and Arslan (1985) showed that in growing regions of

osmotically stressed barley leaves, there was an increase in

glucose with a decrease in IT, but increase in proline

occurred 4 h after stress was imposed, and accounted for

less than 5% of the osmotic adjustment. They also noted that

inorganic cations remained unaltered during the first few

hours of stress.
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Water Potential of the Growing Region vs Water Potential of

the Mature Tissue.

Before 1981, most attempts made to relate growth

responses of stressed plants to water stress assumed that

mature tissues could be used for water status determination.

In 1981 Matsuda and Riazi reported that stress responses of

the growing region of young barley leaves could differ

substantially from those of the expanded tissues. They

suggested that difference in if between the growing region

and expanded region may exist because of anatomical

differences between the two regions which affect resistance

to water flow. Westgate and Boyer (1984) concluded that+of

growing region of corn leaves was lower than the ir of

adjacent expanded region and this lowering was due to growth

induced wall relaxation.

It is generally believed (Westgate and Boyer, 1984,

1986) that t of expanded tissues equals that of the xylem,

and the pressure bomb has traditionally been considered to

measure xylem water potential. The major reasons for

thinking this way comes from studies where it was shown that

when growth ceases the * of stressed growing region of corn

leaves equals that of the xylem (Westgate and Boyer 1984),

and when transpiration is reduced (i.e. at night) the * of

expanded blade region of field-grown corn leaves as well as

internode regions is close to zero (Westgate and Boyer

1986). On the other hand, measurements of transpirational
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labelled water suggested that if of expanded blade of barley

leaves may differ from that of the xylem (Matsuda and Riazi,

1981). Presently, the t of the xylem can not be measured

directly and in reality the relationship of xylem ir to

mesophyll cell t still remains unknown.



CHAPTER 3

METHODS AND MATERIALS

I. Field Studies.

The field experiment designed to study the relation

of vegetative growth to wheat and barley yield under

limiting water conditions was conducted at the University of

Arizona Marana Agricultural Center. In this study seeds were

planted on 10 December 1985 and harvested on 16 May 1986.

The soil was fertilized with 75 Kg/ha of nitrogen as NH4NO 3

and 100 Kg/ha of phosphorus as P205 , and irrigated with 150

mm water 7 days before planting. An additional 105 mm of

rainfall also occurred during the field study (Table 1). Two

different wheat and four different barley cultivars were

studied. The wheat cultivars 'Zaragoza' and 'LIP-40' are

known to yield well when given a normal irrigation of 550 mm

water, but yield of Zaragoza are usually considerably higher

than those of LIP-40 when plants are given a pre-plant

irrigation of 125 to 150 mm water with no additional

irrigation (R. Thompson, University of Arizona Maricopa

Experimental Station, personal communication). The barley

cultivars studied in this experiment were 'Arivat', 'Bold',

'309-1', and '4-21-13' and the relation of maturation dates

to yield for the four cultivars are shown in Table 2.
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Table 2. Yield and maturation dates of barley cultivars
grown at two different sites during 1984 and 1985 *

YEAR/	 MATURATION	 YIELD
SITE ** 	CULTIVAR	 DATE	 Kg/ha	 Bu/acre

84-M	 ARIVAT	 4/16	 2463.4	 45.5
85-M	 4/16	 1596.5	 43.5
85-CG	 __-_	 2306.2	 43.2

84-M	 309-1	 4/16	 2731.7	 53.8
85-M	 4/13	 2306.2	 51.5
85-CG	 ___-	 2655.4	 47.2

84-M	 BOLD	 4/13	 3109.1	 46.3
85-M	 4/16	 2406.1	 42.1
85-CG	 __--	 2655.4	 52.2

84-M	 4-21-13	 4/11	 3295.3	 52.1
85-M	 4/17	 2312.9	 48.3
85-CG	 __--	 2984.3	 52.2

Personal Communication of Dr. R. T. Ramage, University
of Arizona

** M- Marana Exp. Station; CG- Casa Grande Exp. Station.
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Wheat seeds were supplied by R. Thompson, and barley seeds

were obtained from R.T. Ramage (Research Geneticist, USDA,

SEA, University of Arizona, Tucson).

Experimental Design and Plot Detail.

The experimental design was a completely randomized

block with the six cultivars representing treatments with

four replications per treatment (Fig. 1). Plot rows were

oriented in a North-South direction, and each plot contained

four rows 3 m long and spaced 40 cm apart, with the outside

two rows being designated guard rows. Each range (block) was

oriented in a East-West direction and contained each of the

six cultivars. Adjacent ranges were 1 in apart. Plots were

mechanically seeded at the rate of 100 seeds per row.

Soil Type.

The experiment was conducted on a Pima Clay Loam,

which has a pH of about 7.7, low organic matter content, and

a plow layer at about 25 to 40 cm. This soil is classified

as, order Entisol, suborder Fluvents, and family Fine-silty,

mixed, thermic and coarse loamy, mixed thermic (Pereira

1971). The soil is alluvial and tends to be stratified (Fig.

2). Water potential values obtained at different depths with

a Decagon SC-10 sample chamber and a NT-3 nanovoltmeter

(Decagon Devices Inc; Pullman, WA), are shown in Fig. 3.

Soil water contents were obtained for each plot at periodic
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intervals by digging at the end of each plot and measuring

water content gravimetrically. Air temperature,

precipitation, and soil temperature (Table 1) were monitored

with a micro weather station located within 300 meters from

the site.

Sampling for Developmental Studies.

After emergence, frequent checks were made on the

developmental stages of each of the cultivars. For routine

studies, four plants were harvested randomly from guard

rows, and placed in plastic bags and taken to the laboratory

where they were analyzed for developmental stage. Leaves

were separated from stems, and leaf areas from four plants

comprising a sample were measured with a automatically

integrated leaf area meter (LI-3100 Area Meter, Li-Cor,

Inc., Lincoln, Nebraska, USA). After area measurements,

leaves were placed in paper bags together with remaining

plant parts and dried overnight at 65-70°C in a forced air
oven (Hotpack Phila, PA. USA). Early head development was

followed on freshly harvested tissue with a dissecting

microscope and as anthesis approached, careful observations

were made daily on all cultivars. Anthesis was considered to

occur when 50% of the plants of a given line were blooming

and had open anthers. Plants were considered to achieve

physiological maturity when there was no increase in head

dry weight. In barley and also for wheat, heads at anthesis
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were tagged and development was followed at about 4-day-

intervals. Head dry weights were determined by harvesting,

drying, and weighing four to five heads from guard row

plants which had the same anthesis date. In wheat, the flag

leaves of some plants were removed at anthesis to see if

source dysfunction would cause a change in grain filling

duration. Flag leaf lengths and plant heights were

determined after anthesis, and root lengths were determined

by periodically digging holes at the end of plots. Yield

values of barley were obtained for a 1 m long segment in one

of the middle rows in each plot, and values were transformed

to a Kg/ha basis. The 1 in long segment was established when

plants were about 10 cm tall.

Water Potential Measurements.

Plants were sampled before dawn on approximately a

weekly basis for water potential * determination. Five to

six leaf discs 0.5 cm in diameter were taken from the lower

portion of the youngest leaf blade and placed in single

junction psychrometer chambers (Merrill 75-13C psychrometer;

Merrill Specialty Equipment, Logan, Utah). Psychrometers

were placed in an insulated box in the field and transferred

into the laboratory and placed on a water bath held at 26°C.
Water potentials were determined with a Keithley Wescor MJ-

55 microvoltmeter (Wescor Inc., Logan, Utah) after 4 h

equilibration. For leaf osmotic potential IT determinations,
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the psychrometers were frozen in liquid nitrogen for 20

seconds, allowed to thaw and equilibrated in the bath for 2

or more hours before measurements were recorded.

Statistical Analyzes.

All statistical analyzes were performed by the

computer program SAS (Statistical Analysis System, Version

5.16, 1986; Institute Inc., Cary, N.C. 27512 USA) at the

University of Arizona Computer Center. Five percent

confidence level of significance were used for all

statistical analyzes. Comparisons were made among cultivars

and within cultivars at different dates.

II. Laboratory Studies.

Several laboratory studies were conducted to

determine the effects of water stress on leaf growth and the

water status of growing and adjacent non-growing regions of

the leaf.

The relation of water status to growth of stressed plants.

Barley seeds cv. Arivat obtained from Dr. R. T.

Ramage, were germinated and grown at 24-26°C using 13 h

light (200 umol.m-2 sec-1 , 7:00 AM to 8:00 PM). After 4 days

in vermiculite, plants were transferred to racks and grown

hydroponically in aerated modified Hoagland's medium

(Hoagland and Arnon 1938). Leaf growth was determined with
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time lapse photography using 5-day old plants as outlined by

Matsuda and Riazi (1981). Growth of unstressed plants were

measured for at least 1 h before plants were osmotically

stressed with nutrient solution containing PEG 8000.

The growing region of leaves from young barley

plants was determined by making pinholes spaced 0.3, 0.4,

0.5, and 0.6 cm apart through the coleoptile. After 7 days,

the distance between pinholes of the leaves was measured

from plants that grew at normal rates. These results showed

that the elongating region of barley leaves occurs within

0.5 cm from the seed (Fig. 4).

Measurements of tissue .water status were obtained

from plants grown under identical condition of light,

temperature, and osmotic potential as those used in growth

studies. At intervals, three 0.5 cm sections from the

growing region and adjacent non-growing tissues were

harvested and water potential and osmotic potential were

determined using single junction Merrill 75-13C chamber

psychrometers (Merrill Specialty Equipment, Logan, Utah).

Osmotic potential of extracted and rehydrated solutes.

In order to determine if extractable solutes will

account for all the osmotic adjustment seen in plant

tissues, solutes in leaf sections of plants stressed with

PEG 8000 were extracted, rehydrated with exactly the amount

of water present in tissues, and measured fort'.
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The tr values were then compared with values obtained

directly by using frozen and thawed tissues.

Twenty 1.0 or 0.5 cm segments were harvested and

fresh weights were accurately determined. After weighing,

samples were lyophilized for 20-24 h, reweighed, and

extracted for solutes by overnight submersion of the 20

sections in 5 cm3 of 80% (v/v) ethanol at 25°C with periodic

shaking (Arslan 1986). Alcoholic extracts were then

transferred to test tubes and sections were washed with an

additional 2 cm3 of 80% ethanol. The alcohol was dried by

holding at 85°C in a water bath and using a stream of

nitrogen gas to hasten evaporation. After evaporation the

water originally present in the tissues was added to the

dried extract. The solution was then carefully applied to

paper disks and the IT determined psychrometrically.

For determinations of total soluble sugars (TSS) a

modification of the procedures of Yemm and Willis (1954) was

used (Riazi, Matsuda, and Arslan 1985). TSS were analyzed by

reacting 0.1 cm3 of the alcoholic extract with 3.0 cm 3

freshly prepared anthrone (200 mg anthrone + 100 cm3 72%

(w/w) H2SO4 ) in a boiling water bath for 4 min and reading

the cooled samples at 625 nm in a Gilford Model 240

spectrophotometer.



CHAPTER 4

RESULTS AND DISCUSSION

GROWTH AND YIELD OF BARLEY AND WHEAT PLANTS

Comparing Yield and Yield Components of Barley and Wheat.

As a result of excessive damage by birds, yield data

were not obtained for the two wheats, Zaragoza and LIP-40.

Additionally, because of high variability in growth of

Arivat barley seedlings, samplings of this cultivar were

discontinued during early growth.

Yields obtained from the three remaining barley

cultivars are similar to those obtained earlier for barley

plants grown with limiting water (Day and Thompson, 1975),

and they reinforce earlier findings of Ottman, Ramage, and

Thacker (1986), Sarmadnia (1981), and Adjei (1982) that good

yield of small grains can be obtained in Arizona deserts

with a total of about 250 Kg/m2 water. Overall barley grain

yields (Table 3) were also substantially higher than in the

two previous seasons (Table 2). The higher productivity in

the 1985-1986 season may have been due to more favorable

climatic conditions, or to differences in the methods used

to calculate yield.
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Grain yields of 309-1 were significantly lower than

those of Bold or 4-21-13 (Table 3). Because maturity dates

for 4-21-13 and 309-1 were the same (4/14) and 9 day earlier

than those of Bold, the results do not agree with the

suggestion derived from the earlier studies (Table 2) that

higher yielding cultivars should have the earliest maturity

dates. Additionally, since the grain filling periods of

Bold, 4-21-13, and 309-1 were 28, 26 and 26 days,

respectively, differences in yield are not due to the

duration of grain filling. Rather, Table 3 suggests that

lower yields obtained for 309-1 may have been due to its

significantly smaller seed size, or a combination of lower

seed size together with reduced tiller numbers. The

correlation studies (Table 4) showed that for all three

cultivars, yield was positively correlated with tiller

numbers and weight of 1000 seeds and negatively correlated

with grains/spike.

Crop Growth Analysis.

Grain development depends on the supply of

assimilates provided by leaves and other sources. In order

to understand how vegetative growth may affect grain yield,

plants were harvested at various intervals during the growth

cycle, and examined for (a) leaf area index (Table 5), (b)

total above ground dry weight (Table 6), (c) plant height

(Figs. 4 and 5), (d) root growth (Table 8), (e) plant water



Table 4. Pearson correlation coefficients calculated by
the Statistical Analysis System (SAS 1985).

Yield Tiller/m2 Grains/Spike

Wt/1000 seeds 0.6607 * 0.1975 -0.2557

Yield 0.7150* -0.1195*

Tiller/m2 -0.3269

Values are significantly different from zero, at the 5%
level, according with the test hypotesis: Ho:Ho = 0.
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status (Figs. 6 and 7), (f) head development (Figs. 8, 9,

10, and 11).

Leaf Area Index (LAI).

LAI of the two wheat cultivars were the same during

early growth (Table 5); however, by Mar 10, when maximal

leaf areas of both cultivars were obtained, Zaragoza's LAI

was higher than LIP-40's. These differences were maintained

in subsequent measurements. Although yield data were not

available for the wheats, it should be noted that Sarmadnia

(1981) found that when seven wheat cultivars were grown with

limiting water, yields were highly correlated with LAI at

late stages of development, and Zaragoza was the highest

yielder. The poor known performance of LIP-40 under limiting

moisture conditions (R. Thompson, personal communication)

together with its senescent appearance by April 24, when

Zaragoza was green and functional, indicates its yield

likely would also have been lower than Zaragoza in this

study.

An analysis of the LAI data for barley cultivars

(Table 5) show that LAI of the three cultivars are alike

during early growth, but by 2/20 and thereafter 4-21-13 had

lower LAI than either Bold or 309-1. These data suggest that

in the three barleys, there is no relation between yield and

LAI at late stages of growth.
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Above Ground Dry Weight.

The above ground dry weights for the wheat and

barley cultivars increased continuously from the first

through the final sampling period (Table 6). Dry weights for

LIP-40 and Zaragoza were alike during the vegetative period,

but by anthesis (Table 7), LIP-40 showed higher dry weights

than Zaragoza. Adjei, (1982) and Sarmadnia, (1981) found

that for several wheat cultivars grown under similar

conditions, above ground dry weight was not correlated with

yield.

Among the barley cultivars, 4-21-13 tended to have

lower plant dry weights than Bold and 309-1 during early

growth, but total dry weights were alike at the latest

harvests. No association between yield and dry weight of

barleys at anthesis was seen in this study.

Plant Height.

Plant height for the wheat and barley cultivars are

shown in Figs. 5 and 6, respectively. For the wheat

cultivars, height was measured from the ground to the base

of the flag leaf blade and also from the ground to the tip

of the terminal floret. Measured in either way LIP-40 was

taller than Zaragoza. When measured to the tip of the last

floret, LIP-40 showed growth after anthesis (Mar. 26), but

Zaragoza did not.
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Table 7. Anthesis dates of the wheat cultivars.

CULTIVARS	 ANTHESIS DATE

Zaragoza	 April 2

LIP-40	 March 26
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For barley cultivars, plant height was measured

only from the ground to the tip of the last floret (Fig.

6). All barley cultivars showed an increase in plant height

after anthesis, but the lowest yielder, 309-1, was the

tallest whereas the highest yielder, Bold, was the shortest.

These data indicate that cultivars which may have invested

photoassimilates in plant height rather than in grain growth

after anthesis, obtained lower yield. This is in agreement

with Evans (1975); and Gardner, Pearce, and Mitchell (1985)

Flag Leaf Size.

Flag leaf blades were periodically measured for

length. LIP-40 had longer flag leaves than Zaragoza (Fig.

5), but there was no difference in blade width, which was

about 1.75 cm measured at the base of the flag leaf blade.

For the three barleys, there were small differences

in flag leaf length during early growth, but not at later

growth stages (Fig. 6). Also, there were no differences in

blade width (2.0 cm) among the three barleys.

Root Depth.

Root growth was measured only for the two wheat

cultivars. These data showed that Zaragoza had deeper roots

than LIP-40 at every sampling date (Table 8). No correlation

between yield and root depth could be made in this study,

but it should be noted that Sarmadnia (1981) and Adjei



Table 8. Root depth Of the two wheat cultivars.

DATE
ROOT DEPTH

LIP-40	 ZARAGOZA

cm cm

March 25 35. 50

March 30 50 75

April 10 90 115

April 24 97 125

April 30 100 135

47
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(1982) found that the high yielding cultivar Zaragoza had

deeper roots than several other wheat cultivars.

When replenishment of soil moisture does not occur,

the soil zone supplying water for growth can be inferred by

determining soil * changes that occur over a time course.

In order to gain this understanding, holes were dug at the

ends of rows containing different cultivars, and soil

samples obtained at 30, 60, and 90 cm depths were analyzed

for (Table 9). In general accord with neutron probe data

obtained by Adjei (1982) studies, the results suggested that

all cultivars lowered soil water levels to near PWP by early

April. Because available soil moisture is minimal at PWP and

lower * values, it can be concluded that the upper profile

of the soil will not supply a significant amount of water

for development of either barley or wheat grains after 4/10.

Reductions in ir between 4/10 and 4/26, however, suggested

plants did extract water from 60 and 90 cm depths, and data

obtained at 90 cm indicates that the deeper rooted Zaragoza

was able to extract greater amount of water at lower depths

than LIP-40.

Among the barley cultivars, Bold appears to extract

water from lower soil depths than either 309-1 or 4-21-13 at

late stages of growth.



Table 9. Mid to late-season soil water potentials.
Soil moisture contents were determined
gravimetrically and soil W were obtained
using the graph in Fig. 3. Values represent
single determinations.

SOIL WATER POTENTIALS

DEPTHS
DATE

3/6 3/21	 4/10 4/26

cm MPa MPa	 MPa

LIP-40

MPa

30 -0.6 -0.9	 -1.8 -2.6
60 -0.2 -0.7	 -0.9 -1.4
90 -0.2 -0.2	 -0.6 -0.75

ZARAGOZA
30 -0.4 -0.8	 -1.7 -2.1
60 -0.2 -0.9	 -1.2 -1.5
90 -0.2 -0.2	 -0.7 -0.85

BOLD
30 -0.5 -0.6	 -1.3 -2.1
60 -0.3 -0.8	 -1.0 -1.4
90 -0.2 -0.2	 -0.5 -0.7

309-1
30 -0.5 -0.6	 -1.3 -2.0
60 -0.3 -0.8	 -1.0 -1.4
90 -0.25 -0.2	 -0.4 -0.6

4-21-13
30 -0.4 -0.7	 -1.5 -2.4
60 -0.3 -0.8	 -1.2 -1.2
90 -0.2 -0.2	 -0.4 -0.5

49
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Water Status Changes in Flag Leaves During Development of

Wheat and Barley.

Leaf tr were expected to drop during late development

of both wheat and barley because of plant maturation and

senescense and also because of soil water depletion.

Comparisons of the wheats showed Zaragoza and LIP-40 had

similar and relatively high flag leaf ir at 3/21, but levels

in both plants dropped through 4/10, and actually was above

the 4/10 value at 4/24 (Fig. 7). Zaragoza, however, had

significantly higher leaf * and turgor pressure after 4/2

than LIP-40 and this may be because of its deeper roots

(Tab. 8). In this study, for reasons which are not clear,

turgor continued to increase from 4/2 until 5/1 for

Zaragoza, but remained relatively constant for LIP-40.

Among the barleys, leaf ir for Bold and 309-1 were

alike and higher than that of 4-21-13 at late stage of

growth (Figs. 8). Because yields of 4-21-13 were greater

than 309-1 (Table 3), yields will not correlate with leaf ir

in barleys. In this study, yield paralleled turgor pressure

at late stage of growth. The high turgor pressure showed by

the high yielder Bold may have been an effect of deeper

roots extracting water from lower soil depths. However, an

analysis of the water status of 4-21-13 (Figs. 8) suggests

that osmotic adjustment may be the primary event responsible

for increasing turgor, which appeared to be an advantage in
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maintaining leaf metabolic activity that could support grain

growth.

Head development Studies.

Measurements of head dry weights from anthesis (3/26

for LIP-40 and 4/2 for Zaragoza) until 4/23 showed that the

pattern of head development of the two wheat cultivars

differed in several ways. Head dry weights at anthesis of

LIP-40 (0.5 g) were nearly twice that of Zaragoza (0.25 g)

and Fig. 9 shows that relative size differences of heads

were maintained until the last sampling. Growth rates of

LIP-40 gradually increased from about a week after anthesis

until 4/17 and then declined (Fig. 10); in contrast,

Zaragoza showed alternating high and low growth rates. The

drop in LIP-40's head growth rate after 4/17 may be related

to the onset of senescense since visual examination on 4/24

showed that its flag leaves had lost their green color

whereas those of Zaragoza were still green and could

presumably carry on photosynthesis to support further grain

growth. This observation indicates that if birds had not

damaged the heads, LIP-40 would have terminated head

development earlier than Zaragoza. Although several

possibilities can be suggested (e.g. changes in partitioning

of assimilates to head and to other plant parts,

environmental effects on photosynthesis or phloem unloading)
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the basis for the alternating growth rates seen in Zaragoza

is not known.

The cultivars differed in their response to removal

of the flag leaf at anthesis. Flag leaf removal permanently

lowered growth rates of LIP-40 heads (Figs. 10 and 11) so

head sizes in the absence of the flag leaf were always less

than in controls (Fig. 9). However, Zaragoza plants were

able to adjust to flag leaf removal and head sizes at 4/24

were the same as those of the untreated controls. Although

it was not possible to relate growth rate studies to yield

of wheats, further examinations of this kind may clarify how

leaf function and assimilate supply are involved in

determining grain yield.

Head growth of the two barley cultivars 4-21-13 and

309-1 were alike, but Bold, which had the lowest head dry

weight from 3/29 to 4/14, obtained higher than the other two

cultivar at late stage of growth (Fig. 12). Yield was

proportional to head growth rates at later stages of growth

(Fig. 13). The high rate of Bold could be due to its higher

water potential and turgor pressure that may have kept its

higher photosynthesizing leaf area (higher LAI) functional

at later growth stage. Between 4-21-13 and 309-1, 4-21-13

had lower LAI and lower leaf water potential than 309-1 at

later growth stage, but 4-21-13 may have maintained its

lower LAI functional because of it had higher turgor

pressure, due to osmotic adjustment. The head growth rate
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data suggest there was variation for head growth of all

three barley cultivars, but it was much less for Bold than

for the other two cultivars. The peak showed by 4-21-13

(from 3/27 to 3/29 and from 4/6 and 4/9) and 309-1 (on 3/30

and 4/5) could be caused by additional translocation of

assimilates to head growth or by partitioning of assimilates

between head growth and growth of other plant parts.
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LEAF GROWTH AND WATER STRESS RESPONSES OF GROWING AND

NON-GROWING REGIONS OF BARLEY LEAF TISSUES

The Growing and non-growing Regions of young Barley Leaves.

In previous studies, Matsuda and Riazi, (1981)

considered the basal 10 mm of the leaf of 'Arivat' barley

seedlings to be the growing region, but they recognized that

this region contained fully elongated cells. Because one of

the objectives of my study was to gain a more definitive

idea of the water status responses of the growing tissues

and proximally located elongated tissues, a special effort

was made to identify the region that specifically undergoes

expansion. Several measurements using the pinhole method

(Matsuda and Riazi, 1981) showed that elongation occurred

primarily in the first 0.5 cm from the seed, and the next

0.5 cm largely held already expanded cells. For this reason,

segment 'A' refers specifically to the growing 0.5 cm

segment and 'B' refers to the adjacent 0.5 cm section.

Growth and Water Status Responses of Leaves From Severely

Stressed Barley Seedlings.

Replicate growth experiments were conducted with

seedlings that were exposed suddenly to nutrient medium that

contained PEG 8000 of approximately -0.8 MPa. -0.9 MPa, and

-1.15 MPa. These high stress levels were chosen to

rigorously test the statement made earlier (Mar. 1981) that
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leaf growth of stressed barley seedlings did not resume

until the growing region's * dropped at least to that of the

nutrient medium. Prior to stress, leaf growth was measured

by photographing usually at 15 min intervals for at least 1

h. Immediately after plants were stressed, photographs were

taken at 5 to 10 min intervals for 30 min and at 15 min

intervals thereafter. Data showing cumulative leaf growth,

leaf growth rate and leaf water status at various intervals

before and after approximately -0.8 MPa stress was applied

are shown in Figs. 14, 15 and Table 10, respectively;

comparable data obtained from treatments receiving -0.9 MPa

are presented in Figs. 16, 17 and Table 11; and results from

seedlings exposed to-1.15 MPa are given in Figs. 18 and 19,

and Table 12.

As in the studies reported by Matsuda and Riazi

(1981), exposure to osmotic solutions of -0.8, -0.9 or -1.15

MPa caused immediate cessation of leaf elongation (Figs. 14,

16 and 18). In fact, unlike the growth responses usually

found by Matsuda and Riazi (1981), leaf lengths almost

always decreased almost immediately after stress was

applied. Seedlings stressed with-0.8,-0.9 and-1.15 MPa PEG

required about 1 to 2 hrs, 1.5 to 2 hrs, and 4 or more hrs,

respectively, to expand to lengths found immediately prior

to stress. These results were similar to those obtained by

Matsuda and Riazi, (1981). Growth may also be considered to

resume when leaf elongation reacquires positive growth rate.
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EXPERIMENT C

TIME (hours)

Fig. 14. Leaf growth responses of intact 5-day-old barley
seedlings exposed to PEG 8000 of approximately
-0.8 MPa. Vertical lines indicate time when water
and osmotic potentials were determined. Water
status summarized in Table 10.
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.28 0.73 + 0.10 1.29 + 0.12

.20 0.86 + 0.19 1.15 IT 0.02

.09 1.14 + 0.12 1.26 + 0.09

.15 0.94 + 0.08 1.13 + 0.07

.08 0.95 + 0.08 1.18 7- 0.04

.04 1.08 + 0.11 1.16 + 0.12

.14 1.39 + 0.04 1.73 .17.	 0.08

.19 0.77 + 0.09 1.03 + 0.06

.56

.29

.12

.19

.23

.08

.34

.26
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Table 10. Time course changes in water status values of basal
leaf tissues from barley seedlings exposed to PEG
8000 of approximately -0.8 MPa. Dates and water
potential values of osmotic solutions used are
indicated parenthetically. Segment A and B are from
0-5 mm and 5-10 mm from the point of attachment to
the seed, respectively.

_TISSUE WATER STATUS
STRESS
DURATION 	 SEGMENT A	

ir   
SEGMENT B	

IT     

MIN1	 -MPa	 -MPa	 -MPa	 -MPa	 -MPa	 -MPa

EXPERIMENT .0 (09/19/87; -0.80 + 0.01 MPa)

0	 0.72 + 0.14
30	 0.72 + 0.08
47	 1.07 + 0.19
77	 0.96 + 0.29
107	 1.06 + 0.30
137	 1.08 + 0.11

0.50 + 0.12

0.96 + 0.13

EXPERIMENT 2 (10/21/86; -0.80 + 0.09 MPa)

0	 0.92 + 0.17	 0.92 + 0.25	 n••••

37	 1.08 + 0.25	 0.99	 0.06
53	 0.96 + 0.07	 0.86 + 0.12
73	 1.19 + 0.17	 0.94	 0.17	 =MVO,

	-

EXPERIMENT Z (12/17/86; -0.84 + 0.04 MPa)

0	 0.88 + 0.08	 1.16 + 0.03
15	 0.96 + 0.14	 1.16 + 0.03
40	 1.50 + 0.08	 1.41 + 0.12
45	 1.07 + 0.09	 1.22 + 0.06
90	 1.16 + 0.14	 1.24 + 0.05
107	 1.12 + 0.19	 1.16 + 0.12
24h S 1.82 + 0.04	 1.96 + 0.04
24h C 0.87 + 0.07 	 1.06 + 0.06

EXPERIMENT	 (10/8/86; -0.85 + 0.12 MPa)

0	 0.95 + 0.13	 0.85 + 0.06
55	 0.97 7. 0.08	 0.91	 0.16
75	 0.95 + 0.08	 0.97 + 0.09
98	 0.86 17 0.13	 0.84	 0.03

1 Samples collected after 1 day's stress are designated 24h S, and the
corresponding controls are 24h C.

- -

nn 	
- -

nn

nn 	 •n•
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EXPERIMENT G

Fig. 16. Leaf growth responses of intact 5-day-old barley
seedlings exposed to PEG 8000 of approximately
-0.9 MPa. Vertical lines indicate time when water
and osmotic potentials were determined. Water
status summarized in Table 11.
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EXPERIMENT G

EXPERIMENT H

.1
TIME (hours)

Fig. 17. Leaf growth rate responses of intact 5-day-old
barley seedlings exposed to PEG 8000 of approximately
-0.9 MPa. Vertical lines indicate time when water and
osmotic potentials were determined. Water status
summarized in Table 11.
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Table 11. Water status values of basal leaf tissues from
barley seedlings exposed to PEG 8000 of
approximately -0.9 MPa. Dates and water potential
values of osmotic solutions are as outlined in
Table 10.

TISSUE WATER STATUS
STRESS
DURATION 	 SEGMENT A	   SEGMENT B	

Tr      

MIN	 -MPa	 -MPa	 -MPa	 -MPa	 -MPa	 -10a

EXPERIMENT G (12/23/86; -0.9 + 0.01 MPa)

o 1.00 + 0.17 -- 0.98 + 0.12 -- --
20 1.18 + 0.10 -- 1.06 + 0.11 -- --
50 1.27 + 0.17 1.23 + 0.06 --
80 1.16 + 0.11 0.99 + 0.01 -- --
110 1.27 + 0.15 OM 40. M.El• 1.18 + 0.08 -- --
24h S 1.59 + 0.17 1.31 + 0.13
24h C 1.02 + 0.01 0.79 + 0.05

EXPERIMENT H (01/04/87; -0.94 + 0.08 I(Pa)

0 1.00 + 0.10 1.48 + 0.17 .48 0.87 + 0.08 1.20 + 0.10 .33
20 1.29 + 0.10 1.50 + 0.05 .20 1.06 + 0.07 1.27 + 0.07 .21
50 1.42 + 0.01 1.60 + 0.01 .18 1.11 + 0.09 1.40 + 0.12 .29
80 1.48 + 0.11 1.68 + 0.08 .20 1.26 + 0.15 1.29 + 0.11 .03
100 1.55 + 0.12 1.73 + 0.04 .18 1.34 + 0.02 1.56 + 0.18 .22
120 1.42 + 0.07 1.70 + 0.07 .28 1.19 + 0.01 1.40 + 0.07 .21
24h S 1.66 + 0.16 1.95 + 0.18 .29 1.56 + 0.16 1.77 + 0.01 .21
24h C 1.03 + 0.14 1.16 + 0.00 .13 0.75 + 0.08 1.07 + 0.04 .32

EXPERIMENT I (12/22/86; -0.92 + 0.04 I(Pa)

0 1.02 + 0.07 1.16 + 0.07 .14 0.88 + 0.08 1.10 + 0.01 .22
15 1.28 + 0.17 1.42 + 0.09 .14 0.91 + 0.08 1.14 + 0.04 .23
50 1.21 + 0.09 1.31 + 0.03 .10 1.18 + 0.07 1.24 + 0.04 .06
110 1.20 + 0.12 1.46 + 0.07 .26 1.03 + 0.00 1.32 + 0.05 .29
140 1.36 + 0.12 1.48 + 0.08 .12 1.38 + 0.10 1.56 + 0.11 .18
210 1.44 + 0.22 1.51 + 0.15 .07 1.41 + 0.13 1.45 + 0.08 .04
24h S 1.81 + 0.16 2.02 + 0.12 .21 1.37 + 0.03 1.67 + 0.08 .30
24h C 0.92 + 0.08 1.12 + 0.07 .13 0.89 + 0.13 0.99 + 0.07 .10
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EXPERIMENT 0

EXPERIMENT N

o

TIME (hours)

l m m

Fig. 18. Leaf growth responses of intact 5-day-old barley
seedlings exposed to PEG 8000 of approximately
-1.15 MPa. Vertical lines indicate time when water
and osmotic potentials were determined. Water
status summarized in Table 12.



EXPERIMENT M

4

TIME (hours)

4

TIME (hours)

70

EXPERIMENT N
_L.A.,

i 	3	 4 5

TIME (hours)

EXPERIMENT I.

TIME (hours)

Fig. 19. Leaf growth rate responses of intact 5-day-old
barley seedlings exposed to PEG 8000 of approximately
-1.15 MPa. Vertical lines indicate time when water and
osmotic potentials were determined. Water status
summarized in Table 12.
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Table 12. Water status values of basal leaf tissues from
barley seedlings exposed to PEG 8000 of
approximately -1.15 MPa. Dates and water potential
values of osmotic solutions are as outlined in
Table 10.

TISSUE WATER STATUS
STRESS
DURATION 	 SEGMENT A  	 SEGMENT B

*	IT. 	 IT

MIN	 -MPa	 -MPa	 -MPa	 -MPa	 -MPa	 -MPa

EXPERIMENT y (01/04/87; -1.15 + 0.01 MPa)

0 1.02 + 0.05 1.15 0.05	 .13 0.91 0.04 1.03 + 0.03 .12
30 1.29 + 0.19 1.47 0.24	 .18' 1.14 0.15 1.36 7- 0.16 .22
70 1.34 + 0.01 1.66 0.04	 .32 0.99 0.05 1.31 + 0.01 .32
115 1.46 + 0.01 1.68 0.10	 .22 0.98 0.07 1.44 + 0.01 .46
205 1.41 + 0.17 1.79 0.14	 .38 1.15 0.06 1.35 + 0.20 .20
225 1.41 + 0.14 1.63 0.16	 .22 1.21 0.24 1.43 + 0.17 .22
24h S 1.79 + 0.16 1.89 0.09	 .10 1.40 0.02 1.40 + 0.01 .00
24h C 1.08 + 0.08 1.42 0.09	 .34 1.04 0.13 1.14 + 0.10 .10

EXPERIMENT m (09/22/86; -1.06 + 0.06 MPa)

0 0.97 0.16 0.88 0.06 n•

60 1.21 0.18 Mil MO
- - 1.39 0.23 --

150 1.40 0.16 1.16 0.01 --

225 1.41 0.12 .M•
- -

1.28 0.19 nn

EXPERIMENT 11 (10/22/86; -1.19 + 0.06 MPa)

0 0.97 0.16 nn 0.75 + 0.18
60 1.11 0.25 nn

- - 0.80 + 0.08 =PM. n

97
120

1.14
1.17

0.17
0.12

nn

- -	 - -

1.07
1.03

7. 0.24
+ 0.09 - -

140 1.07 0.17 n••n 1.00 + 0.07 -

170 1.17 0.19 ••••••• 1.14 7. 0.07 - -

EXPERIMENT Q (01/24/87; 1.15 + 0.02 MPa)

0 1.14 + 0.06 1.27 + 0.02	 .13 0.91 + 0.04 1.03 + 0.03 .12
30 1.15 + 0.09 1.55 + 0.08	 .40 1.02 + 0.01 1.35 + 0.03 .33
70 1.23 + 0.06 1.46 + 0.03	 .23 1.32 0.12 1.39 + 0.11 .07
115 1.37 7. 0.16 1.64 + 0.08	 .27 1.17 + 0.05 1.42 + 0.07 .25
24h S 1.85 + 0.08 1.94 + 0.09	 .09 1.41 + 0.03 1.62 + 0.08 .21
24h C 1.01 -7 0.05 0.93 + 0.08	 .08 0.73 + 0.07 1.01 + 0.01 .28
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When expressed in this way, Figs. 15, 17 and 19 show that on

average, leaf growth of seedlings stressed with -0.8, -0.9

and -1.15 MPa resumed in 32, 50 and 94 min, respectively,

and the new growth rates in the osmotic solutions were

proportional to the * of the solution.

The negative growth rates that occurred upon first

exposure to stress medium increased with stress intensity.

When growth rates were averaged over all experiments, plants

exposed to -0.8, -0.9 and -1.15 MPa had growth rates of

-1.3, -1.6 and -2.4 mm/h, respectively, for the first 20

min.

Stress Effects on the Water Status Values of the Growing

Region and Adjacent Non-Growing Region.

Mean * and rr values of the basal 0.5 cm of

unstressed leaves of 5-day-old barley seedlings were -0.96 +

0.1 and -1.25 + 0.1 whereas mean * and rr for the adjacent

0.5 cm were -0.83 + 0.1 and -1.13 + 0.1 MPa, respectively.

Thus, while the mean values of it and Tr of the basal segment

were about 0.1 MPa lower than the corresponding values for

the next segment, the differences were not significant.

Interestingly, in most studies performed with Arivat barley

seedlings, * and IT values were about 0.2 MPa lower that

those obtained in earlier studies (Matsuda and Riazi, 1981).

Stress for up to 2 to 3 hrs caused reductions in both ir and

IT of the basal segments (Tables 10, 11 and 12), and with few
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exceptions, no significant differences were found between

values obtained for segment A and B. However, except for

Experiment H of Table 11, stress for 24 hrs effected a

greater osmotic adjustment in the growing region than in the

adjacent non-growing region.

Because t values of the growing region of

unstressed tissues were initially so low, tissues stressed

in 0.8 and 0.9 MPa solution often did not undergo much

osmotic adjustment before growth resumed (compare Figs. 14,

15, 16 and 17 with Tables. 10 and 11). However, comparisons

of growth curves to tissue t values showed that seedlings

resumed growth when tissue t were between 0.19 to 0.38 MPa

lower than the t of the nutrient medium. Although errors do

exist in both water status and growth determinations, the

data are still in accord with the view that growth under

stress conditions does not resume until tissue t drop below

that of the nutrient solution.

In plants stressed for 24 hrs or more, the

differences in * values found between the basal growing

region and the adjacent segments likely occurs because the

growing region osmotically adjusts to a greater extent.

Because 4, and Tr drop equally when plants are stressed, water

movement into cells, solute accumulation and the presence of

non-growing cells in those tissues are believed to be

factors determining differences in water status of the basal

tissues and the adjacent tissues. Solutes Involved in
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Osmotic Adjustment.

In an effort to determine if the observed osmotic

adjustment of tissues is due solely to extractable solutes,

comparisons were made between TT obtained from frozen and

thawed tissues and trr obtained after solutes were extracted,

dried and water equivalent to that present originally in

tissues were readded. These studies showed (Tables. 13, 14

and 15) that TT values obtained in the two ways were alike,

which suggests that solutes that were synthesized or

imported by tissues, are responsible for inducing osmotic

adjustment.

In order to identify compounds whose concentration

increased during the stress period, the solutes extracted

from unstressed and stressed tissues were analyzed for Total

Soluble Sugars (TSS). The results of this study showed that

the amount of TSS was about the same for expanded blade of

stressed barley seedlings leaves. The amount of TSS,

however, doubled in the basal tissues (2.3 + 0.3 mg for

unstressed vs. 4.6 + 0.1 mg for stressed tissues), but the

change in TSS accounted only for 30.3 % of the increase in

dry weight of basal tissues (Table 16). These results are

in agreement with those of Riazi et al. (1985) who found

that TSS accounted for 30 % of the increase in dry weight of

basal leaf tissues of stressed barley seedlings.
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SUMMARY AND CONCLUSION

The present work involved both field and laboratory

studies. The field studies were designed to study the

relation of vegetative growth to yield of wheat and barley

when grown under limiting water condition. The laboratory

studies were conducted to determine the effects of water

stress on leaf growth and the water status of growing and

adjacent non-growing region of the leaf.

Two spring wheats (Zaragoza and LIP-40) and four

barley (Arivat, Bold, 4-21-13, and 309-1) cultivars were

grown in The University of Arizona Marana Agricultural

Center, from Dec 10, 1985 to May 16, 1986. Plants were grown

on a Pima Clay Loam Soil, and plots of 3 x 1.2 m were

mechanically seeded at the rate of 100 seeds per row. The

whole field received a pre-planting irrigation of 150 mm and

an additional 105 mm of rainfall occurred during the growing

season.

No yield data were obtained for the wheat cultivars

because grains were harvested by birds, but differences in

plant characteristics were found between Zaragoza, which is

known to perform well under limiting moisture conditions and

root depths of LIP-40, which yields poorly when water is

withheld. Anthesis of LIP-40 (Mar 26) occurred about a week

earlier than that of Zaragoza (April 2), and root depths of

LIP-40 after anthesis reached about 100 cm, whereas root
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depths of Zaragoza was 135 cm on April 30. This suggested

that Zaragoza was able to extract water from lower depths of

the soil than LIP-40, and this view was supported by late

season soil and especially plant water status values. Flag

leaves of both cultivars showed ability to osmotically

adjust from late March onward, and in LIP-40, reduction in

AV closely paralleled reductions in IT so turgor remained

positive and relatively constant at about 0.8 MPa; in

contrast, Zaragoza underwent similar reductions in 1T, but

itr remained higher than in LIP-40, so late season turgor

values were higher. The head growth studies showed that

removal of the flag leaves lowered the rate of head dry

weight accumulation of both cultivars, however; Zaragoza was

able to obtain rates similar to those of normal plants, but

LIP-40 was not.

Yield of the barley cultivars support the

suggestion that in Arizona good grain yield can be obtained

with only one pre-planting irrigation; however, those yields

do not agree with the earlier suggestion that high yielding

cultivars have earlier maturation dates. No relationship was

found between yield and LAI or above ground dry weight, but

higher yielding cultivars had higher LAI. The soil water

content at different depths suggest that there were

differences in root depths among the barley cultivars, which

affected plant water status. Yield paralleled turgor values

at late stages of growth with Bold having the highest values
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and 309-1 the lowest. Head developmental studies indicated

that for the barley cultivars studied in this work, yield is

not related to head growth duration, but yield was related

to rates of head dry weight accumulation at later stages of

growth.

Regarding the field study, we conclude that: a) For

barleys, high yielding cultivars do not have earlier

maturity dates under dryland conditions; b) high yielding

cultivars had higher head growth rates at late stages of

growth probably because those cultivars also had higher

photosynthesizing area; which was maintained functional

because of higher leaf water potentials caused by a longer

root system or the ability of adjusting osmotically.

For the laboratory studies, Arivat barley seedlings

were stressed with nutrient solution of approximately -0.8,

-0.9 and -1.15 MPa. Water and osmotic potentials of 0.5 cm

leaf sections of growing and adjacent non-growing region

were determined psychrometrically; and leaf growth was

determined with time lapse photography. The effects of

soluble sugars on the osmotic adjustment seen in plant

tissues, was determined by comparing the osmotic potential

of extracted solutes from 20 1.0 cm long leaf sections of

stressed plants with values obtained directly by using

frozen and thawed tissues. Determination of TSS was

accomplished by modification of the procedures of Yemm and

Willis (1954).
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Exposure of seedling roots to nutrient solution

of approximately -0.8, -0.9 and -1.15 MPa caused immediate

cessation of growth, and decreased leaf lengths. Stressed

seedlings resumed growth after 32, 50 and 94 min when

stressed with -0.8, -0.9 and -1.15 MPa, respectively. The

drop in leaf length after stress induction, affected the

rate of growth after growth resumption. Water status values

of the basal elongating tissues were lower than values of

the adjacent non-elongating tissues. Osmotic potential

values of extracted solutes were similar to tissues W. Four

hours stress with nutrient solutions of approximately -0.7

and-0.8 MPa, doubled the amount of TSS in elongating leaf

tissues of stressed seedlings, but did not affect the amount

of TSS in already expanded leaf tissues.

Considering the laboratory study, our results are in

agreement with Matsuda and Riazi, 1981 and Riazi et al.

1985 and we conclude that: a) water potential of the

elongating region of barley seedling leaf is lower than the

water potential of the adjacent non-elongating region; b)

stressed seedlings resume growth when the AV of the growing

region is lower than the AV of the stressing solution; c)

osmotic adjustment is limited to elongating region of barley

seedling leaf and TSS is responsible for about 30% of the

osmotic adjustment.
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