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SmemRY 

A series of experiments was carried out in the 

Department of Agriculture, University College of North Wales, 

Bangor, during October 1987 to September 1989. The purpose 

of these was to study the effects of water stress and 

salinity stress at different stages on long (Norman), medium 

(Fenman) and short duration (Wembley) wheat varieties in 

different environments. Effects of water stress were tested 

in large pots in different types of soil. Effects of 

salinity were tested by growing plants in solution culture. 

In both experiments water stress and salinity stress were 

imposed at three major stages, tillering to stem extension 

(TL-SE), stem extension to booting (SE-BG) and booting to 

maturity (BG-MT). These were tested in each variety in 

comparison with a control of each variety. Growth 

measurements, leaf number and area, stem area, shoot number, 

plant height, nitrogen %, nitrogen uptake, dry weight per 

plant were determined at the end of each stage. Soluble 

carbohydrates were determined at anthesis. This was done to 

find out how much these growth measurements were decreased 

during each stress period. Yield and yield components were 

determined at harvest. 

In these experiments the long duration variety took a 

long time in growth during TL-SE, in comparison to mid winter 

and spring wheat varieties. The long duration variety gave 

a higher plant, more straw dry weight production and more 

leaf number than the short duration variety. The long 

duration variety also gave a higher yield than the medium and 

short duration varieties, due to larger ears, more spikelets 
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per ear, more grain number per ear and more grain number per 

spikelet. All varieties experienced higher temperatures and 

longer days during SE-BG and BG-MT in both experiments. The 

lengths of these stages therefore showed smaller variation 

between varieties. 

In water stress experiments the mixed peat-soil used in 

Experiment 2 dried out quicker than the normal field soil 

used in Experiment 1. The upper portion of the soil was 

dried before the lower portion of the soil during the stress 

period. With water stress at SE-BG and BG-MT the soil dried 

out quicker in both years. Gypsum blocks were used to give 

readings of water stress. with water stress at BG-MT the 

soil was completely dried out after the third week, in all 

varieties, due to higher plant height, higher temperature and 

more evaporation. Because of this water stress at BG-MT 

resulted in a short duration for ripening. In both water 

stress Experiments 1 and 2, in all varieties all water stress 

treatments decreased the growth measurements, decreased yield 

and yield components. In Norman water stress at TL-SE had a 

long stress period due to slow growth processes during cold 

winter. However, this stage had a similar effect on yield 

in Norman, Fenman and Wembley. In both water stress 

experiments in all varieties, water stress at SE-BG caused 

the largest reductions in growth measurements, because at 

this stage the plant had the greatest leaf area and 

temperature was higher, although the period of stress was 

only a few weeks. However, water stress at BG-MT caused the 

greatest decreases in yield. This stage showed the greatest 
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decreases in yield and yield components, due to small grain 

size, fewer fertile spikelets, small size of ear, earlier 

leaf senescence, short duration for ripening, higher 

temperature, lack of soluble carbohydrate for grain f~lling 

from stem and pollination problems at anthesis time. 

In both salinity Experiments 1 and 2, all varieties had 

a larger green leaf area, more tillers and all varieties were 

much stronger after stem extension than in the water stress 

experiments due to the solution culture teChnique. Norman was 

more strong than the other varieties because of its long 

period grown in solution culture. Salinity at TL-SE was 

more damaging than other stages in all varieties. Salinity at 

TL-SE decreased the growth measurements, such as leaf area, 

stem area, plant height, dry weight per plant. Because of the 

growth measurement reduction, grain weight per plant, grain 

number per plant, grain number per ear, grain number per 

fertile spikelet and fertile spikelet per ear were decreased 

by salinity at this stage. Salinity at SE-BG and BG-MT also 

decreased growth measurements, decreased grain yield and 

yield components. Salinity at BG-MT decreased grain yield 

and yield components more than salinity at SE-BG. In 

Experiment 2 in all varieties with salinity at BG-MT plants 

were harvested a few days before other stages and the 

control. Norman was more sensitive with salinity at TL-SE 

than the other varieties because of its long period grown 

under salt stress. Norman was much stronger with salinity 

at SE-BG. Norman gave lower yield, yield components at BG-MT 

than other varieties at this stage. 
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GENERAL INTRODUCTION 



1. 1 GENERAL INTRODUCTION 

Drought and salinity are two major environmental factors 

limiting agricultural crop production in many parts of the 

world. 

These two environmental factors are affecting arid and 

semi-arid zones, where there is a natural shortage of 

rainfall. Wheat, the plant studied in this thesis and other 

cereals such as rice, maize, sorghum and millets, are 

particularly grown in these arid and semi-arid regions. 

Wheat is grown more than other cereals on a large scale for 

consumption by human beings and animals in all parts of the 

world. 

In 1987, 220689 thousand hectares of land were used for 

wheat production and 516780 thousand metric tonnes of grain 

were harvested (F.A.O. statistics). About one third of the 

earth's land surface (47 million square km) is classed as arid 

or semi-arid. More than 20% of the earth's surface is 

directly threatened by shortage of water and inadequate 

rainfall. It is estimated that eighty million people or one

tenth of the total world population is counting for survival 

or endurance on these areas (Shakoor, 1983; Grainger, 1986). 

Drought and salinity are related to each other. Drought 

occurs in areas of low rainfall, or where there is a shortage 

of irrigation water. Salinity is most pronounced in arid and 

semi-arid regions because of insufficient annual rainfall to 

flush accumulated salts from the crop root zone. Some parts 

of the world where there is no shortage of irrigation water 

are also affected by salinity. In such areas, e.g. Iraq, 

Iran, Pakistan, India, U.S.A., etc, the salt problem arises 
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from the combination of high evaporative demand and shallow 

depth to ground water. Considerable amounts of salts are 

moved to the soil surface and accumulation occurs during 

evaporation. The term saline soil is normally used in plant 

physiology to indicate a soil with an electrolyte 

concentration which is 

plants. A large area 

inhibitory to the growth of crop 

is affected by soil salinity in 

Pakistan. About 10 million hectares from the 15 million 

hectares of canal irrigated land is affected by salinity and 

sodicity. Quite a large part of the salt affected area 

(40,000 hectares) belongs to the only irrigated land which is 

most used for agricultural production (Muhammed, 1978, 1983). 

According to Qayum and Malik (1985) wheat yield was 2.28 

tonne/h on normal soil, but it was decreased under saline 

soils respectively to 1.43 tonne/h and 0.72 tonne/h, from 

slightly and moderately salt affected soils respectively. 

One way to solve these problems 1S to choose much more 

water stress and salt tolerant varieties. 

There is also a need to study how different agronomical 

characteristics, such as average grain weight per plant, grain 

number per plant, plant height, leaf number, dry matter 

production are affected by stress. 

water stress and salinity decrease crop production 

particularly when they occur at sensitive stages. Many workers 

have determined that water stress has its greatest effects, if 

it occurs during grain filling. Wheat is most sensitive to 

salinity, during germination and during tiller appeance 

(Ayers, Brown and Wadleigh, 1952; Slayter, 1969, 1973; 

Morgan and Riggs, 1981). 
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The purpose of this study was to determine the relative 

effects of drought and salinity at different stages on 

contrasting wheat varieties. The drought and salinity stress 

were imposed at specific growth stages with a view to them 

having effects on specific growth and development processes. 

The experiments tested winter and spring wheat varieties which 

were sown at their normal time. The different varieties 

attained various growth stages at different times and as a 

consequence the weather conditions during the stress periods 

were not the same for each variety. Although this complicated 

the interpertation of results, the main purpose of the 

experiments was to determine the effects of these stresses on 

the varieties when grown under their normal conditions 

The varieties 

high vernalisation 
~ 

chosen were: Norman, a winter wheat with a 
~ 

requiement which normally experiences cool 
o 

moist growing coditions for more than half of its life cycle; 
/\ 

Fenman a winter wheat with a low vernalisation requirement and 

which is suitable for sowing in early spring; Wembley a spring 

wheat, which normally experiences higher temperatures, long 

days during most of its growing period. 

4 



CHAPTER 2 

REVIEW OF LITERATURE 



2.1 INTRODUCTION 

The topics of drought and salinity and plant and crop 

reactions to water stress and salinity have been the subject 

of many investigations by scientists. As well as numerous 

individual research papers, there are books and comprehensive 

literature reviews on these sUbjects. Therefore it is 

impossible in one thesis to review all this work. 

In this literature review only that work which is 

relevant to this project will be summarised. 

2.2 DROUGHT STRESS AND WATER STRESS COMPARED 

2.2.1 Drought stress: The terms drought stress and water 

stress are defined in different ways. The word drought belongs 

to meteorological terminology. It is a result of weather of 

hot dry wind, high temperature and low atmospheric humidity. 

It is mostly defined as a period with no significant rainfall. 

It is not a uniform phenomenon. Drought is a seasonal 

phenomenon and the time at which it occurs depends upon the 

seasonal distribution of evaporation and rainfall. Plants 

reaction to drought depends on the stage of development at 

which drought occurs, the water storage capacity of the soil 

in the root zone and atmospheric conditions affecting the 

rates of evaporation and transpiration. Drought may be 

essentially permanent, as in desert areas; seasonal, in areas 

with well defined wet and dry seasons; or random as in humid 

areas. Some plant processes are relatively insensitive to 

drought stress, others are distinctly affected (May and 

Milthorpe, 1962a; Turner, 1979). 

2.2.2 Water stress: Water stress is a condition experi-

6 



enced by plants when cells lose turgidity and have not enough 

water to carry out normal metabolic activity. It occurs when 

available soil moisture is reduced to the point where the 

plant cannot absorb it rapidly enough to compensate for 

transpiration losses. It is clear that water stress is 

increased by weather drought. If the plant is subjected to 

an artificially induced evaporative loss of water this is 

called desiccation stress. A stress that is capable of 

inducing a loss of water in the liquid phase is called an 

osmotic stress, e.g. soil salinity. 

2.3 CAUSES AND DEVELOPMENT OF WATER STRESS 

There are many factors which cause water stress by 

different ways and at different times. These depend on the 

plant, crop structure, size of plant, soil structure, type of 

soil and climatic conditions. These factors all interact to 

control the rate of water absorption and water losses (Kramer, 

1959, 1963; Vaadia et al., 1961). Solar radiation is the 

source of energy, supplying the latent heat requirement for 

the vaporization of water. Secondary sources of energy 

include scattered and reflected radiation from the sky and 

clouds which is known as sensible heat and which is 

transferred from the adjacent air, crops and soil (Slatyer, 

1967) . Water moves through the soil plant atmospheric 

pathway along a gradient of decreasing water potential 

(Gradman, 1928; Vanden Honert, 1948; Weatherley, 1965; 

Slatyer, 1967; Kramer, 1969; Van Haveren and Brown, 1972; 

Gardner et al., 1975). Water is lost from the leaf as the 

stomata open to allow the uptake of carbon dioxide from the 
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atmosphere for photosynthesis. The water loss by transpira-

tion from the leaf mesophyll cells is replaced by water drawn 

from the soil through the root, stern and leaf via the xylem 

(Passioura, 1980; Weatherley, 1982; Turner and Burch, 1983). 

An internal water deficit can develop either due to excessive 

loss of water or by slow absorption of water or by a combina

tion of both. Periods of excessive transpiration are usually 

shorter and less severe than periods of inadequate absorption 

due to low soil water availability. However, periods of hot, 

dry windy weather can cause severe damage, even to plants in 

moist soil, by causing excessive transpiration. A decrease ln 

photosynthesis occurs in plants of many species at mid day on 

sunny days. This decrease is usually attributed to closure of 

stomata (Polster, 1950; Nutman, 1973). It does not occur on 

cloudy days. Stocker et al. (1954) regard midday sprinkling of 

crops in hot weather as very beneficial by keeping leaves 

turgid and stomata open, preventing this midday decrease in 

photosynthesis. Conversely, during foggy, showery, or humid 

weather even plants in dry soil may be subjected to relatively 

small water deficits. Thus the effect of soil moisture 

supply may be greatly modified by atmospheric conditions that 

affect the rate of transpiration (Hagan, 1955; Latey and 

Peter, 1975). During the morning plants transpire at normal 

rates, but transpiration becomes rapid in hot and sunny 

weather around midday. Under these circumstances plants can 

be water stressed even though there is plenty of moisture 

available in the soil. According to Turner and Begg (1981), 

water absorption sometimes exceeds transpiration in the 

afternoon and at night because an internal water deficit still 
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exists. Hence plants can often recover from water stress at 

night-time provided that the soil moisture content is high 

enough. In different crops at different stages of growth, the 

rates of water transpiration and absorption are different in 

different climates (Salter and Goode, 1967). For example, ln 

wheat crops the rate of transpiration is greater at anthesis 

than at the tillering and stem extension stages. This is 

because at anthesis plants have got more leaves, ears, a large 

stem and also a larger rooting system. A study of how 

internal water deficits develop requlres a more detailed 

examination of the diurnal and day to day changes which occur 

in transpiration, absorption and soil and plant water 

potential. The level of plant water stress and hence of 

internal water deficits is influenced by two main factors: 

(i) the level of soil water potential and (ii) the diurnal 

lag of absorption behind transpiration. In turn each of 

these factors is influenced by other factors, both environmen

tal and physiological (Slatyer, 1969). 

2.4 CLASSIFICATION OF ADAPTATIONS TO WATER STRESS 

Different types of plant can be classified according to 

their adaptation to water stress. Plants which are adapted 

to grow in dry places cannot survive for long in wet habitats 

and vice versa. Ecologists classify plants according to the 

environmental water supply required for the normal completion 

of their life cycle (Levitt, 1972; Seddon, 1974). They have 

distinguished three major classes; hydrophytes, mesophytes 

and xerophytes. Each group is characterized by a combination 

of structural adaptations to their environment. 
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2.4.1 Hydrophytes: Hydrophytes grow where water is always 

available. The plants grow either immersed in water or 

completely submerged in free water such as in ponds or 

marshes. Hydrophytes include marine algae and sea weeds, and 

plants found in fresh water such as aquatics ranging from free 

floating ferns, e.g. Azolla filiculoides, duck weed (Lemma 

minor) to water lilies (Nymphaea alba and Nuphar lutea). 

2.4.2 Mesophytes: These types of plant normally grow where 

water availability is intermediate. These plants have a need 

for well drained soil because their leaves are exposed to 

moderately dry air. Most crop species, quite a big proportion 

of forestry trees, and those crop plants who belong to the 

temperate and tropical regions come into this category. 

2.4.3 Xerophytes: Xerophyte plants usually grow in areas 

affected by natural climatic drought, mainly in deserts or 

rocky places. Some xerophyte species normally found in 

deserts and rocky areas can also survive in areas where 

mesophytes grow (Hickel, 1967). Chamaegigas intrepidus 

normally grows as a mesophyte in shallow water pans in South 

Africa. However, during the dry season it exists in the air 

dried condition (Walter, 1950). 

No traditional crop plants are classed as xerophytes. 

However, some xerophytes can be useful for providing grazing 

in desert areas. 

2.5 DROUGHT RESISTANCE 

Levitt (1972) divided drought resistance into drought 

avoidance and drought tolerance. A drought resistant plant 

can survive periods of environmental water stress. 
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Basically, plants are drought resistant either because their 

protoplasm is able to endure dehydration without permanent 

injury or because they possess structural or physiological 

characteristics which result in avoidance or postponement of a 

lethal level of desiccation. 

A drought resistant crop variety or species can grow and 

complete its development in areas subject to periodic water 

deficits. For example some wheat varieties can produce a 

good yield by completing their development processes before 

drought starts (Chinoy, 1960). 

2.5.1 Identification of drought resistance for breeding 

purposes. 

In a drought resistance breeding programme the breeder 

must decide on the stage at which water stress will be imposed 

and the severity of water stress. Lewis and Christiansen 

(1981) suggest that stress environments be selected at a level 

that differentiates between stress susceptible and stress 

resistant genotypes. 

Quizenberry (1981) suggested that characters such as 

earliness of maturity, extensive root growth, stomatal 

control, cuticular resistance (Tazaki, 1960), stomatal number, 

cell turgor and proline accumulation have been associated with 

drought resistance (Boyer, 1982; Williams, 1984). They have 

suggested that for farmers drought resistance could be 

assessed on the basis of economic returns or on the farmer's 

own survival when his crops fail to grow to maturity. Levitt 

(1972) used a different approach. He defined the drought 

resistance of a plant as the water stress that is just 

sufficient to kill half of the plants. 
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2.6 DROUGHT AVOIDANCE 

In dry regions where soil moisture availability is low, 

plants can grow in the wet season, particularly in winter. At 

the end of the wet season plants can also complete their life 

cycle on water stored in the soil. May and Milthorpe (1962a; 

1962b) reported that when seasonal drought occurs plants with 

a short life cycle can mature before the soil water is 

exhausted. Levitt (1972) describes drought avoiding plants as 

those which maintain a high internal water potential, in spite 

of low environmental water availability. According to Cooper 

(1963) some Mediterranean grasses can grow better in cool 

weather, and they mostly complete their development before the 

summer drought. Reitz (1974) stated that each day by which 

certain varieties of wheat in Kansas and Nebraska matured 

earlier than the Kharkof variety resulted in an average 

increase in yield of 60 kgjha or more. Where early maturity 

is important, tolerance of low temperature for seed germlna

tion and seedling establishment is a valuable characteristic. 

This is because it permits planting early enough to ensure 

maturity before water becomes seriously limiting. 

2.7 DROUGHT TOLERANCE 

Drought tolerant plants can tolerate drought without 

serious loss in yield. Drought tolerance is divided into two 

main groups: (i) postponement of dehydration, (ii) tolerance 

of dehydration. 

2.7.1 Dehydration postponement: In this type injury due to 

dehydration is postponed by morphological or physiological 
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characteristics which either reduce the water loss by 

transpiration or increase water absorption. Prescence of waxy 

cuticle, responsive stomata and leaf rolling can reduce water 

loss and deep root systems increase water absorption. In 

postponement of dehydration roots playa major role. There 

are different rooting systems in different types of soil 

according to the crop or plant species (Turner, 1986). 

Gulmon and Turner (1978) mentioned the importance of mainte

nance of water for development of roots into soil and their 

continued extraction of water in the absence of rain. The 

growth of roots in deep soil layers is clearly a function of 

both genotype and environment. The interaction between these 

two often makes it difficult to distinguish genotype differ-

ences in root growth. Begg and Turner (1976) reported that 

an increase in water deficits usually leads to a greater 

root:shoot ratio. Shallow rooted crops, e.g. onlon, 

potatoes, lettuce, tomatoes, are usually injured before deep 

rooted crops. They usually suffer from both the direct 

environmental effects on plant growth and also because the 

roots are not capable of getting enough soil moisture from the 

top layers of the soil. According to Hurd (1974), differ

ences in drought tolerance of wheat in the Canadian wheat belt 

are related principally to differences in root development. 

Generally extensive root systems are effective in postponing 

dehydration, especially in deep soil. However, Kummerow 

(1980) suggested that the root system is less important than 

leaf adaptations in drought tolerance of shrubs of the 

California Chaparrals where soils are typically shallow. 

2 • 7 • 2 Dehydration tolerance: When drought occurs for a 
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long time and plants can no longer postpone dehydration, then 

most plants are injured or die. However, a few remaining 

plants show tolerance. Blum and Ebercon (1981) observed that 

plants with poor dehydration postponement characteristics 

appear to have greater dehydration tolerance. Postponement of 

dehydration allowed little selection for dehydration toler-

ance. This tolerance of dehydration is considered to appear 

at the molecular level and depends on membrane structure and 

enzyme activity (Gaff, 1980; Levitt, 1980). It depends on 

the ability of the cell to withstand mechanical injury, the 

ability of the membranes to withstand degradation and the 

ability of the membranes and cytoplasm to withstand denatura

tion of proteins. Dehydration of sunflower leaves to -1.5 

MPa caused injury to about 10% of the cells, but dehydration 

to below -2.0 MPa caused so much injury to organelles and 

membranes that recovery was impossible (Fellow and Boyer, 

1978). However Gaff (1980) reported that some 60-70 species of 

ferns and seed plants, and many species of algae, lichens, and 

mosses can be dried in dry air and will recover fully after 

they have been rewatered. 

2.8 MEASUREMENT OF WATER STRESS BY DIFFERENT METHODS 

Plant water stress can be measured either from 

measurements of soil water content or from measurements of 

plant water status. The water content of plant tissue 

varies with species, organs, tissues and age. It also varies 

with the time of day, and with the season of the year. Leaf 

water status and transpiration are often better correlated 

with atmospheric conditions than with the soil moisture 
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content (Barrs, 1968; Boyer, 1969; Slavik, 1974; Turner, 

1981). Young tissue generally has a high water content, but 

as cells mature the wall thickens and the proportion of dry 

matter increases, causing a decrease in percentage of water. 

Ackley (1954) determined that the water content of pear leaves 

decreased from 73 to 59% of their fresh weight from May to 

August, although water content per leaf increased somewhat. 

Leaves and stem tissues are most often sampled for measurement 

of plant water status. Measurement of water potential of 

roots is also necessary, because they playa role is absorbing 

the moisture from soil and in transfer of moisture to other 

parts of the plants (Kaufmann and Kramer, 

1967; Wiebe et al., 1970; Fiscus, 1972; 

1967; Slavikova, 

Hellkvist et al., 

1974; Adeoye and Rawlins, 1981). Different areas of large 

leaves can differ in water status because of unequal exposure 

to the sun (Slavik, 1963; Rawlins, 1963). 

One disadvantage of determining plant water stress 1S 

that it often involves harvesting entire plants or parts of 

plants. In the experiments reported in this thesis, use of 

these types of measurement was not possible, due to limited 

number of plants and pots available. Therefore, attention 

was focussed on measuring changes in soil water content, and 

using this as a guide to changes in root activity. Soil 

water content was determined using gypsum blocks. 

2.8.1 Electrical resistance blocks or gypsum 

resistance blocks 

The Gypsum block soil moisture meter was introduced by 

BOuyoucos and Hick (1940) as a simple and practical method of 

assessing the water content of soils under field conditions. 
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The blocks are buried in the soil and are connected by well-

insulated leads to a resistance bridge. The water content of 

the blocks changes with that of the soil, producing measurable 

changes in the electrical conductivity of the solution between 

the electrodes. The blocks can be left in the soil for 

months or possibly for a year. Gypsum blocks are sensitive 

over a wide range of matrix potentials (-0.05 to -1.5 MPa). 

They are satisfactory in dryas well as in moist soil 

(Cummings and Chandler, 1940). with different types of soil 

'field capacity' can be counted to a resistance of 400-600 

ohms while 'wilting point' would occur at a resistance of 

60,000-75,000 ohms. Resistance blocks are better in dry soil 

where tensiometers are not able to give a reliable reading. 

Resistance blocks can be calibrated against soil directly, by 

allowing them to equilibrate with a soil of a known water 

content and measuring resistance. They can also be 

calibrated against soil water tension if the relationship 

between soil water content and tension is known (Kelley, 1944; 

Kelley, et al., 1946; Haise and Kelley, 1946; Aitchison et 

al., 1951; Knapp et al., 1952; Slatyer and McIlroy, 1961). 

Gypsum resistance blocks are less sensitive to salt than nylon 

resistance blocks because of the dissolved calcium sulphate. 

Resistance readings from Gypsum blocks are unaffected by 

addition of up to about 2.2 metric tonnes of fertilizer per 

hectare (Bouyoucos, 1951). They are cheaper than other soil 

water content measurement equipment. They are very useful in 

monitoring gross changes in soil water content between 

irrigations. Also the progress of a wetting and drying front 

through the soil can be followed by the sudden reduction in 
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block resistance using a series of blocks buried at various 

depths in the soil. 

2.9 GENERAL EFFECTS OF WATER STRESS 

The general effects of water stress are reduction in 

plant size, vegetative growth and crop yield. Leaf expansion 

or leaf area, in particular, 1S severely inhibited by water 

stress (Slatyer, 1969). Decrease in leaf area results 1n 

lower light interception and hence lower yield. Studies of 

the effects of water stress have been concentrated either on 

development processes or on metabolic processes such as 

photosynthesis. Some workers believe that research would be 

more productive if physiological processes were studied at 

various stages of development. This is because some stages 

are very sensitive and even short periods of water stress 

at these times can have a large effect. Water stress affects 

every aspect of plant growth including anatomy, morphology, 

physiology and biochemistry, and nearly every process in 

plants involving turgor. Turgor pressure ishigh in enlarging 

cells, but some minimum level of turgor is necessary for cell 

expansion. Turgor is also important in relation to the 

opening of stomata and hence in photosynthesis, expansion of 

leaves and flowers and various movements in parts of the 

plants (Gale et al., 1966; Slatyer, 1969; Hsiao, 1973; 

Turner and Begg, 1978, 1981; Kozlowski, 1981; Taylor et al., 

1982) . 

2.10 EFFECTS OF WATER STRESS ON CROP YIELD AND YIELD 

COMPONENTS, PARTICULARLY IN CEREALS SUCH AS WHEAT 
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There are many reports in the literature showing that low 

soil water availability limits yield and/or that irrigation 

increases yield. The degree of yield reduction by a water 

stress or enhancement through irrigation will depend ion the 

degree, duration and timing of the stress and on the 

proportion of the total yield that comprises the economic 

yield of the crop. Because of the greater sensitivity of 

leaf development than photosynthesis and translocation to a 

water deficit crops such as pasture, tobacco and green 

vegetables (and cereals such as wheat, peas or fruit during 

reproductive growth) are often most sensitive to stress. 

Total yield and economic yield may be affected 

differently by water stress. For example, in green peas, 

lack of irrigation decreased total yield by 47% but yield of 

peas by only 36% (Anderson and White, 1974). On the other 

hand, a water deficit at a critical stage of development in a 

determinate crop can markedly decrease the economic yield with 

a smaller effect on total above ground dry matter yield. For 

example, Turner (1966) observed a 70% decrease in grain yield 

of wheat from a water deficit imposed 5 weeks prior to ear 

emergence, but only a 52% decrease in total dry matter by the 

same treatment. 

Downey (1971) reported that when water stress was imposed 

before anthesis the total above ground dry matter at harvest 

was decreased by 29% but grain yield was unaffected. However 

when water stress was allowed to develop during male meiosis 

in maize, the decrease in total dry matter was only 30% but 

grain yield was decreased by 47%. Water stress can influence 

the quality of small grain such as wheat and barley and can be 
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beneficial (Konovalov, 1959; Storrier, 1965; Turner, 1966; 

Campbell et al., 1969). When water deficit was imposed on 

wheat 5 weeks before ear emergence, the result in nitrogen 

percentage of the grain was increased by 53% over that in the 

well watered controls (Turner, 1966). An increase in nitrogen 

percentage would increase the quality of feeding and baking 

wheat and barley, but decrease the quality of malting barley. 

Cotton quality is reduced by drought stress (Marani and 

Amirav, 1971). Talha and Osman (1975) showed that water 

stress at all stages of development reduced the quality of 

sunflower oil, as indicated by the linoleic:oleic ratio, 

although both the percentage and quality of the oil was very 

low in this particular study. 

Soil nutrient status can also markedly influence water 

use by crops and hence the time of onset of drought stress 

where water supply is limited. In situations of limited 

water supply, heavy nitrogen fertilizer use, or growth of 

wheat after a legume has been shown to produce vigorous 

vegetative growth that depletes soil water and can lead to a 

lower yield than with lower fertilizer application (Barley and 

Naidu, 1964; Fischer and Kohn, 1966a, 1966b, 1966c; Bond et 

al., 1971). For example Barley and Naidu (1964) showed that 

in a dry season with soil of medium fertility, wheat yields 

were 15 to 33% lower after the application of 130 kgjha 

nitrogen than when no additional nitrogen was applied. 

Fischer and Kohn (1966a, 1966b) showed that application of 

nitrogen increased leaf area and evapo-transpiration in the 

vegetative phase and reduced the available soil water in the 

root zone at ear emergence and leaf relative water content 
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during grain filling. 

2.10.1 Sensitivity of crops to water stress at different 

stages of development 

The sensitivity of crops to moisture stress at different 

stages in their life cycle depends on the type of crop, growth 

stage, period of water stress, soil moisture conditions and 

climatic conditions. Different workers have distinguished 

growth stages in the same crop in different ways. Feekes 

(1941) divided the life cycle of wheat into 23 stages. Zadoks 

et ale (1974) identified 10 main stages. where as Zabluda 

(1939, 1940) defined six stages of development of the wheat 

plant. He suggested that the variable and often conflicting 

results obtained in drought resistance studies may be due to 

varietal differences in the time of formation of the 

reproductive organs relative to the external appearance of the 

plant. Salter and Goode (1967) have described different 

responses to water stress at various stages of growth of many 

crops. There is considerable evidence that most determinate 

cereal crops are very sensitive to water deficits from the 

time of floral initiation, during the booting stage, 

flowering, and to a lesser extent, during fruit and seed 

development. In indeterminate crops where these stages 

develop the situation is less clear. Perennial crops are 

sensitive to water deficits at the same stages, but it is 

doubtful whether the sensitivity during fruit development is 

more pronounced than it is during vegetative development. 

This is particularly the case when fruit development and 

vegetative growth are concurrent or when the rate of growth 

during a particular period largely determines the yielding 
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capacity of the crop in the following period, as is the case 

with apricot (Driu, 1964; Fischer and Hagan, 1965). 

The reproductive stages of plant growth are particularly 

sensitive to water stress. Generally water stress during 

initiation of flowering primordia and anthesis is especially 

injurious to wheat (Fischer, 1973; Siont et al., 1980). Legg 

et ale (1979) found that in barley, greater drought 

sensitivity at early drought was partly caused by reduction in 

number of grains per unit ground area, and partly by leaf area 

reduction which caused a reduction in light interception 

compared with treatments that had no or late drought. Salter 

and Goode (1967) reported the effects of drought stress at 

various stages of growth of different crops. It was found 

that wheat was specially sensitive to moisture stress during 

the shooting and earing stages of growth. According to Day 

and Intalap (1970), moisture stress during the jointing stage 

and later accelerated tiller senescence and reduced grain 

yield. Jensen and Mogensen (1984) found that when moisture 

stress was applied on the crop at any stage of development, 

the grain yield was reduced. Moisture stress prior to heading 

resulted ln an increased percentage of nitrogen in the grain. 

A number of researchers (Azzi, 1922; Moliboga, 1928; Kezer et 

al., 1931; Robertson et al., 1934 Robins and Domingo, 1962; 

Kramer, 1963; Salim, Todd and Schlehuber, 1965; Fischer, 1973; 

Morgan, 1977) have found that booting to maturity and anthesis 

were more sensitive growth stages in comparison to other 

growth stages. At these stages flowers are injured and the 

number and the size of seeds are reduced. Apex and stern 

elongation and spikelet formation of wheat are inhibited by 
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water stress at early growth stages. Lodging was reduced by 

witholding irrigation water during the vegetative stage, but 

this decreased yield and yield components. Slavik (1966) 

reported that moisture stress reduced grain yield at all 

growth stages. During tillering moisture stress reduced 

fertile tiller number; during spikelet formation it decreased 

spikelet number; during anthesis it reduced the number of 

grains and during grain growth it reduced the grain weight. 

Singh and Malik (1983) worked out that when severe stress (-15 

bars) was imposed during the planting to jointing stage grain 

yield was reduced about 34%. Straw yield and 1000 grain 

weight were also both reduced by various levels of moisture 

stress. Moisture stress of -25 bars at all growth stages 

decreased grain yield (Teare, Sionit and Kramer, 1982). Laing 

and Fischer (1977) found that semi-dwarf varieties selected 

under adequate soil moisture yielded well under reduced 

moisture supply. Monayeri et ale (1983) found that grain 

number per ear, average grain weight and grain yield per plant 

of wheat were decreased with increased soil moisture stress. A 

number of researchers (Passioura, 1977; Hodges, 1978; 

Rasmussen, 1979; Deloughery and Crookston, 1979) reported 

that moisture stress decreased harvest index. Day and 

Intalap (1970) have studied the effects of soil moisture 

stress at three stages of development, jointing, flowering 

formation and dough on the growth and grain yield of spring 

wheat planted in December. A critical period in the growth 

of wheat for moisture stress was the jointing stage. Water 

stress at jointing resulted in fewer days from planting to 

flowering, shorter plants, more lodging, lower grain yield, 
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lower grain volume weight, fewer heads per unit area and fewer 

seeds per head. Soil moisture stress at any stage of growth 

decreased grain yield. Hutchecon and Rennie (1960) 

determined that a single stress at any stage of growth 

significantly decreased grain yield of wheat especially when 

stress was applied at the dough stage. Day and Barmore (1971) 

have observed that flour yield was significantly reduced when 

water was withheld at jointing followed by the dough stage. 

The effect of drought on spike formation in wheat was studied 

in detail by Lobove (1939). The results of his work showed 

that drought during the earliest stages of spike initiation 

reduced the number of spikelets. Drought at a later stage 

when the florets began to differentiate in the spikelets, 

reduced the number of florets in the spike, though the number 

of spikelets remained unaffected. Drought at a still later 

stage, when the reproductive organs, stamens and pistils, 

began to differentiate in the florets, resulted in defective 

formation of the ovary and in partial and sometimes total 

sterility of the florets. Skazkin (1961) suggested that the 

drought resistance of plants was reduced after the appearance 

of the staminate tubercles in the spikelets of the central 

part of the spike. A high sensitivity to water shortage 

extended to the stage of pollen formation and ended after ear 

formation, flowering and fertilization had occurred. An 

analysis of the main stem of the wheat variety Lutescens 62 

indicated that water shortage in the period prior to flowering 

resulted in most of the flowers in the spike being sterile, 

thus causing the reduction in grain number. Similar results 

to those of Skazkin were reported earlier by Nosatovskij 
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(1934) who suggested that the effect of soil drought during 

ear formation was on the androecia. 

According to these workers (Skazkin, 1961; Slavik, 

1966; Gebeyehou and Knott, 1983) moisture stress during 

anthesis time, caused damage to the flower organs and 

disturbance of the sexual processes. It reduced the number of 

grains and significantly reduced grain yield, 1000 grain 

weight and length of growing period. Singh and Narang (1971) 

found that delaying the first irrigation beyond 21 days after 

sowing caused a reduction in tiller number. Clarke Townley 

Smith, McCaig and Green (1984) determined that the biological 

yield was greater under irrigated than under unirrigated 

conditions. One of the most important consequences of the 

sensitivity of cell enlargement to small water deficits is 

marked reduction in leaf area. Leaf growth is generally more 

sensitive to water stress than stomatal resistance and CO 2 

assimilation. Lower leaf area index can maintain leaf water 

potential at a higher level during the growth of the crops, 

thus reducing water stress (Woolhouse, 1967; Addicott, 1969). 

Water stress accelerates leaf senescence, because it increases 

the rate of leaf death (Mothes, 1928; Gates, 1964, 1968; 

Slatyer, 1967) and because the effects of water stress on many 

metabolic processes (such as protein and nucleic acid 

synthesis) are similar to those associated with senescence 

(Brady, 1973; Hsaio, 1973). Early maturity allows the plant 

to avoid the drought during later growth stages (Derera et 

al., 1969; McKay, 1966, 1970) and contributes in reducing 

direct evaporation from the soil, promoting a rapid 

development of leaf area. According to the literature, wheat 

24 



cultivars with earlier vegetative growth and reduced LAI are 

more suitable where the amount of available water is limiting. 

2.11 IMPORTANCE OF PHOTOSYNTHESIS UNDER DROUGHT STRESS 

Photosynthesis is progressively decreased by water 

stress and negative values may develop when stress is severe 

(El Sharkawy and Hesketh, 1964; Slatyer, 1967). It is 

assumed that this response is mediated partly by way of 

impeded CO2 supply following stomatal closure and partly by a 

direct effect of dehydration on the photosynthetic system. 

The rate of photosynthesis and size of photosynthetic surface 

after anthesis are considered important in determining yield 

in cereals. Photosynthesis of ears, stems and leaves during 

the grain filling period is generally recognized as the major 

contributor to graln yield in cereals (Allison and Watson, 

1966; Thorne, 1966; Evans et al., 1975). A reduction in 

rate of photosynthesis or size of the photosynthetic surface 

by water stress should lead to a reduction in yield. For 

example, Fischer and Kohan (1966c) showed that the yield of 

field grown wheat was inversely correlated with the rate of 

senescence of photosynthetic tissue after anthesis when soil 

moisture deficits induced senescence. In later studies also 

in wheat, Fischer (1973) showed little reduction in yield 

arising from short but severe deficits. The potential for 

compensation for short periods of stress in the grain filling 

period is therefore high. 

Wardlaw (1967) showed that under water stress, wheat 

translocated assimilates from the stem and lower leaves to the 

grain to compensate for the loss of flag leaf photosynthesis. 
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The importance of this 1S high lighted by Passioura (1976). 

He showed that about two thirds of the final grain weight came 

from redistribution of assimilates after anthesis and only one 

third from current assimilation in the period after anthesis 

in severely stressed wheat plants grown on a limited amount of 

stored water. The assimilates which are translocated are 

mainly soluble carbohydrate. These accumulate in wheat stems 

during a period when carbohydrate production in the leaves 

exceeds that required for development of the ear. Accumula-

tion follows a pronounced drift, reaching a maximum during the 

early stages of grain formation, followed by a rapid decline 

towards maturity (Barnell, 1938; Lopatecki et al., 1957). 

2.12 QUALITATIVE ESTIMATES OF WATER STRESS OR VISIBLE METHODS 

The development of plant water stress can be visually 

assessed from the appearance of leaves. In some species such 

as apple, orange, pear, leaves wilt with a small decrease in 

water content. Some crop plants or trees show decreased stem 

length, e.g. sugar cane. This can be measured simply and 

quickly using a tape and comparing with unstressed control 

plants. Leaf colour changes because of change in leaf 

orientation with decreasing turgor. It can be seen in a 

variety of plants either by the eye or by the photography with 

infrared film. For example the leaves of beans, cotton, 

alfalfa, peanuts and wheat change to bluish or dark green as 

moisture stress, or salt stresses increase. Some varieties 

show this more than others. According to O'Toole and Maya 

(1978), leaf rolling and death of leaf tips is said to be 

reliable indicator of differences in water stress among rice 
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cultivars. Similarly the leaves of water stressed maize 

crops are indicated by perceptible loss of sheen and 

development of dull pale colour long before leaf rolling 

beings. Changes in turgor pressure can also cause changes in 

some leaves. For instance sugar cane straightens its leaves, 

usually the size of the leaves depends on the turgor pressure. 

2.13 SALINITY 

2.13.1 WHAT IS SALINITY? 

The term saline soil 1S normally used in soil science to 

indicate a soil with an electrolyte concentration which is 

inhibitory to the growth of crop plants. The electrolytes 

which are particularly important are NaCl and Na 2S04 . They 

are more dominant in soil than other salts such as MgS0 4 , 

CaS0 4 , MgC1 2 , KCI and Na 2 C0 3 (Flowers et al., 1977). These 

salts are mainly found in the soil solution and are linked 

with the clay particles. There is a continuous interchange 

or exchange of salts as ions between these two sites, to 

establish an equilibrium situation. The salts found in the 

soil solution, the soluble salts, can be extracted by drainage 

or suction and those held by the clay, the exchangeable salts, 

can be exchanged. There are three major classes of salt 

affected soil, saline soils, alkaline soils, and sodic soils. 

2.13.2 Saline soil: By definition a saline soil contains in 

excess of 0.1% soluble salts (0.1% equals 2000 Ib of salts in 

the 0 to 6 inch layer of soil) (Magistad, 1945; Chapman, 

1966b) . This concentration of salt is sufficient to 
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appreciably reduce the growth and yield of most crops. 

However, the growth inhibitory effect of this concentration 

can be altered by various factors. If a fairly high moisture 

level is maintained in the soil most of the time, e.g. by 

irrigation, the concentration of salts will be reduced and 

growth not as seriously affected as if the soil were permitted 

to become quite dry (Ayers et al., 1943). According to 

Richards (1954) in a saline soil, the electrical conductivity 

of the saturation extract (ECe) is greater than 4 millimhos 

per cm at 25 0 C, the exchangeable sodium percentage is less 

than 15 and the pH reading of the saturated soil usually less 

than 8.5. In saline soils the main problem is therefore one 

of a high soluble salt concentration which reduces water 

availability and causes toxicity. The salts present in saline 

soils consist mainly of natural salts, such as the chlorides 

and sulphates of sodium, calcium and magnesium. Sodium 

seldom comprises more than half of the soluble cations and 

therefore it is not adsorbed to any significant extent in the 

soil exchange complex. Saline soils can be recognized by the 

presence of a white efflorescence on the surface or by an oily 

looking surface devoid of vegetation. 

2.13.3 Alkali soil: An alkali soil lS one 'that contains 

sufficient exchangeable sodium to interfere with the growth of 

most plants, either with or without appreciable quantities of 

soluble salts. Whereas a calcium saturated soil, for example, 

tends to be well aggregated, well aerated and be readily 

permeable to water, a sodium-saturated soil has the opposite 

characteristics and is of very poor physical structure. 

There are two types of alkali soils, saline alkali soils and 
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non-saline alkali soils. 

2.13.4 Saline alkali soils: Saline alkali soils contain 

sufficient exchangeable sodium to interfere with the growth of 

most crop plants and also contain appreciable quantities of 

soluble salts. The exchangeable sodium percentage is greater 

than 15, and the electrical conductivity of the saturation 

extract is greater than 4 millimhos per cm at 25 0 C. The pH 

value of the saturated soil is usually less than 8.5. Soils 

of the so-called black alkali type would come under this 

classification (Richards, 1954). 

2.13.5 Non-saline alkali soil: Non-saline alkali soils 

contain sufficient exchangeable sodium to interfere with the 

growth of most crop plants but do not contain appreciable 

quantities of soluble salts. The exchangeable sodium 

percentage is greater than 15, and the electrical conductivity 

of the saturation extract is less than 4 millimhos per cm at 

The pH reading of the saturated soil extract . 
1S 

usually greater than 8.5. 

2.13.6 Saline sodic soils: Saline sodic soils contain 

sufficient quantities of both soluble salts and adsorbed 

sodium to reduce the yield of most plants. By definition the 

exchangeable sodium percentage is greater than 15, and the 

electrical conductivity of the saturation extract soil is 

usually more than 4 but less than 8.5. If Gypsum is present 

in appreciable quantities, the pH may be as low as 8.2. The 

soil solution of sodic soils is relatively low in soluble 

salts and the ionic composition differs considerably from that 

of saline soils. The predominant cation is sodium because at 

high pH and in the presence of the carbonate ion, calcium and 
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magnesium are largely precipitated as calcium and magnesium 

carbonate. The anions present consist mostly of chloride, 

sulphate, and bicarbonate, with small to moderate amounts of 

carbonate, depending on the pH of the soil. If carbonates 

are present in detectable amounts in the saturation extract, 

then the pH must be above 9. The exchangeable sodium present 

has a marked influence on the chemical and physical properties 

of sodic soils. As the portion of exchangeable sodium in-

creases, the soil tends to become dispersed, less permeable to 

water and exhibits poor tilth. Sodic soils are usually 

plastic and sticky when wet and form large clods or crusts on 

drying. Their crusting tendency is a serious hazard to 

seedling emergence, and it often accounts for a poor stand of 

crops, causing reduced yield. 

2.14 CAUSES OF SALINITY 

The main causes of salinity in arid and semi-arid regions 

are rainfall, mineral weathering, 'fossil salts' and various 

surface waters and ground waters which redistribute accumulat-

ed salts, often as a result of man's activities. The soil 

contains soluble salts and rivers and well waters also 

contain salts. When water evaporates, the salts it carries 

are left behind. When there is limited rainfall and 

insufficient application of irrigation water to leach 

accumulated salts away, the soil becomes more saline with time 

(Meinzer, 1942; Eriksson, 1958). When the water table gets 

too high for applied irrigation water to do an effective job 

of leaching away the salts no matter how much water is applied 

salinity increases. In other cases the percolation rate of 
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water through the soil may be too slow to achieve an adequate 

leaching effect. Good soil drainage is generally the key to 

alleviating soil salinity. Unless good drainage can be 

provided, the salinity condition can only become increasingly 

worse. Chapman (1966b) reported that saline soils owe their 

origin to one or a combination of the following: (1) 

capillary rise of water (carrying dissolved salts), particu

larly when sub soil leaching is insufficient to remove the 

salts; (2) prevailing winds from the ocean which carry fine 

spray a short distance inland; (3) evaporation of inland seas 

and lakes; (4) inundation of land by seawater; and (5) 

inland basins lacking a drainage outlet and subject to 

periodic flooding and evaporation. The Mancos shales in utah 

are examples of saline marine deposits. The ocean may be a 

direct source of so-called cycle salt along the sea shore 

through wind by sprays (Teakle, 1937). However, the main 

sources of salts affecting irrigated agriculture are surface 

and ground waters. When snow melts in the mountains and 

rain falls, the streams become rivers and move down to the 

sea. Rivers become loaded with increasing quantities of dis

solved salts as they pass through the land, and thus the ocean 

is salty. For example, the Colorado River has a salinity 

level of around 0.87 mM (50 ppm) in the Rocky Mountains and 

around 17 mM (100 ppm) as the river nears the Gulf of 

California. The salinity of rivers is increased beyond 

natural salt loading by municipal sewage and sewage treatment 

plants and by irrigation, which leaches additional ground 

salts as well as applied fertilizer salts into the ground 

water and ultimately the rivers. In the case of the Colorado 
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River basin, approximately 50 percent of the river's salts 

comes from these human sources. In regions of high rainfall, 

dissolved CO2 in the form of carbonic acid enters the soil and 

ionizes into bicarbonate and H+. Thus the negative charged 

clay particles become acidic and the aluminium in them, which 

is precipitated at normal soil pH, comes into solution and 

also binds to the clay. Both A1 3+ and H+ are near the top of 

the lyotropic series, so they displace other cations from 

negatively charged soil particles. These cations as well as 

bicarbonate and other less strongly bound anions stay in the 

soil solution and drain into the ground water. Thus acidic 

soil not only contains toxic aluminium, which itself makes the 

soil nutrient poor, soluble aluminium enters plant cells where 

it lowers cell pH and disturbs normal metabolism. Approxi

mately 25 percent of the worlds arable land suffers from 

excess acidity and its accompanying problems. 

2.15 IONS CAUSING SALINITY OR DIRECT TOXICITY EFFECTS 

There are many different ions associated with soil 

salinity by different ways but five are the most important: 

sodium, chloride, calcium, carbonate and bicarbonate. 

2.15.1 Sodium: Na+ is generally the dominant cationic 

component of the soil solution in saline soils (Lunt, 1966). 

One of the major effects of Na+ is on soil structure - the 

effect being primarily a dispersion of soil colloids. 

Associated with this change in the aggregation of soil 

particles is a decrease in soil aeration. Incidentally, poor 

aeration appears to be associated with increased translocation 

of Na+ to the tops of plants, since Na+ exclusion (to the top) 
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is dependent on adequate aeration around the roots (Lunt, 

1966) . Sodium becomes absorbed by clay colloids and at high 

concentration causes displacement of potassium and calcium, 

leading to deterioration of soil structure. Soluble and 

exchangeable sodium and chloride are readily leached from 

soils and land can be reclaimed from the sea, e.g. in Holland, 

in 3-5 years. Sodium is an activator of transport ATP-ases 

in animals and possibly also in plants. There is evidence 

that sodium can replace potassium partly in some of its 

functions, e.g. it can sUbstitute for potassium as an osmotic 

regulator in the guard cells of some plants, and also 

halophytes. Because sodium and chloride are so ubiquitous in 

nature and such small amounts are evidently required by most 

plants, deficiency symptoms have hardly ever been observed 

although the growth of many plants is reduced in soils low in 

common salts. Sodium and chloride toxicity effects include 

reduced growth and some wilting which is followed by chloro-

sis, bronzing and necrosis. Root growth is also markedly 

affected; the roots become stunted and development of 

laterals is suppressed. Addition of sodium salts, especially 

sodium chloride, to soil stimulates the growth of some plants, 

notably sugar beet, red beet, celery and turnips and cereals, 

and sometimes induces 'succulence' but it severely inhibits 

the growth of others. 

2.15.2 Chloride: CI- salts are frequently involved, either 

partly or almost wholly, in salinity conditions. CI salts 

can be, and often are, associated with accumulations of S042-, 

HC0 3 - and C0 3
2 - ions in plants and soil (Eaton, 1966). 

According to Eaton (1966) symptoms of CI excess include 
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burning and firing of leaf tips and margins, bronzing, 

premature yellowing and abscission of leaves and, less 

frequently, chlorosis. He describes CI- toxicity symptoms 

for various crops and indicates the concentrations of CI- in 

plants associated with toxicity. For most plants the internal 

concentration of CI- closely reflects the external concentra-

tion. Beets, barley, flax, cotton, wheat, and tomatoes are 

in the high tolerance group with regard to CI-. Functional-

ly, the role of these elements(CI- in plant metabolism is 

still uncertain. The observation that chloride is essential 

for production of oxygen by isolated chloroplasts has led to 

the view that chlorides act as an electron transporting agent 

in photophosphorylation. A few chlorinated organic compounds 

have been identified in plants but there is no indication that 

they have an essential role in metabolic processes. Growth 

of lettuce, tomatoes, cabbage, and carrots (Daucus carota) is 

reduced by more than 50% in chloride deficient media. 

Chloride deficiency symptoms have been induced in tomato 

plants. 

2.15.3 Calcium: When ca 2+ is associated with S04 2 - in a 

salinity situation, the concentration of ca2+ may not be very 

high owing to the relatively low solubility of CaS04 , that lS 

approximately 25-30 meq/litre. However, when ca 2+ is 

associated with CI-, its concentration can be very high. 

There are few if any specific symptoms associated with 

excesses of ca 2+ (Chapman, 1966a) symptoms are generally 

caused by the associated anion, for example, Cl-or S04 2-

High levels of Ca 2+ in a nutrient solution were lethal to 

orchard grass when the associated anions were either CI or 
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N03-(Wadleigh et al., 1951). C 2+ "1' a excess ln SOl s lS usually 

associated with excesses of soluble salts (e.g. CaC1
2 

or 

CaC03 ) as observed by Chapman (1966a). He noted that excess 

lime can be eliminated by (NH4)2S04 or other acidifying agents 

only when it is present in relatively low concentration in the 

soils. When excess soluble salts of Ca 2+ are present, 

correction consists of leaching the salt out of the soil. 

Calcium deficiency results in early death of meristematic 

regions of stem and root. Malformation of young leaves 

causing the tips to be hooked back, is also a characteristic 

symptom. Later, the leaves may show marginal chlorosis and 

these areas eventually become necrotic. Once it is deposited 

in leaves, calcium, like sulphur, is immobilized, and symptoms 

of deficiencies tend to develop in young leaves as soon as 

supply is depleted. In the absence of calcium, roots do not 

grow well and often appear brown in colour and stunted. The 

presence of magnesium appears to enhance this effect. 

Degeneration at the apex of young fruits ('blossom end rot') 

is a common symptom of calcium deficiency in tomatoes. 

2.15.4 Carbonate and Bicarbonate: Depending on pH, only 

HC03- may be present, only C03
2- may be present, or there may 

be various proportions of these anions (Pratt, 1966). When 

C0 3
2- alone is present pH is high, organic matter is brought 

into solution, some seeps down in the soil and the rest 

accumulates in the surface of the soil and a condition known 

as 'black alkali' results. Absence of Co3
2- or HC03- in the 

soil has no adverse effect on plants. Phytotoxicity results 

when either of these ions is present in a high concentration 

(Pratt, 1966). Except for highly acid soils, HC0 3 is 

35 



present in soil, but C03
2- is present in measurable concentra

tions only in soils with a pH of approximately 8.5 or higher. 

HC0 3 has been associated with Fe chlorosis in many plants. 

High lime Fe chlorosis lS associated with calcareous soils , 

but some of these soils do not produce high lime Fe chlorosis. 

Thus, lime concentration per se is not a clear-cut diagnostic 

index, according to Pratt (1966). He stated that sodium (Na) 

soils containing high lime, that is, containing caco3 , can be 

improved only by acidification to dissolve the caco3 , so that 

Ca 2+ can replace Na+ on the exchange complex. He added 

further that the HC0 3- ion may not readily enter root cells, 

but that it would not need to enter in order to produce a high 

HC0 3 - concentration inside cells. In as much as HC0 3- is 

produced by respiration, high external concentrations of HC03 

could cause an accumulation of metabolically produced HC0 3 

inside cells. Growth of beets was reduced less by HC03- than 

was bean growth (Brown and Wadleigh, 1955). Comparison of 

cation accumulation in bean and beet leaves showed that 

treatment and chlorosis were not correlated with any particu-

lar cations or with the K/Ca ratio in both species, but rather 

with monovalent cations or the (Na + K)/(Ca + Mg) ratio. When 

given to bean plants, NaHC0 3 resulted in lowered Fe activity 

and Ca2+ concentration in leaves and enhanced K+ concentration 

(Wadleigh and Brown, 1952). Along with accumulation of K+, 

citric acid accumulates in leaves showing HC0 3 - induced 

chlorosis. It was concluded that the primary effect of the 

HC03- ion is brought about through its effect on protoplasmic 

consistency of the absorbing cells of roots, so that bean 

plants accumulate relatively more monovalent cations and 
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relatively less divalent cations. 

2.16 CLASSIFICATION OF SALT STRESS 

On the basis of their tolerance to salinity plants can be 

divided into: (1) Glycophytes which tolerate only relatively 

low salt concentrations; (2) Halophytes which are adapted to 

live in saline environments, some of them are salt resistant 

and are able to grow and maintain normal metabolic functions 

in saline conditions (Yeo, 1983). Most crop plants are gly

cophtes. 

2.16.1 Halophytes: The word halophyte literally means salt 

plant or salt lover, but it is used specifically for plants 

that can grow in the presence of high concentrations of all 

salts and tolerate relatively high concentrations of salts. 

They also tend to have relatively high values for the osmotic 

pressure of the tissue fluids. Some halophytes survive 

extremely high salt concentrations compared to the low 

concentrations that injure glycophytes. This difference is 

found both under natural and artificial conditions. 

Halophytes can grow on soils containing up to 20% salt 

although most grow on soil with 2-6% salt (Strogonov, 1964). 

They can grow in solution culture with very high salt 

concentration. They can accumulate large amounts of salts, 

e.g. a 10.1% solution in tissues of Salicornia. 

2.16.2 Glycophytes: Glycophytes are defined as 'sugar 

lovers'. They tolerate only relatively low concentrations of 

salts. Most commonly grown crop plants are glycophytes. In 

general glycophytes grow well only under non-saline condi-

tions. Yet even though most crop plants are glycophytes, 
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there is a rather wide range of salt resistance among them, 

from a maximum in beetroots to a minimum in carrots (Strogo

nov, 1964). Among grains, barley is more resistant than oat, 

which is more resistant than wheat (Ballantyne, 1962). Among 

a large number of crop plants that have been tested the most 

salt resistant are date palm, cotton, lucerne, sweet clover, 

asparagus, beets, citrus, strawberry and beans, but the order 

of resistance is not the same in all soils. 

2.17 SALT RESISTANCE 

Plants differ widely in salt resistance, from sensitive 

ones that are prevented from normal growth by low concentra

tions of NaCI to the most resistant halophytes from saline 

habitats. Among the most resistant are Rhizophora mangle which 

survives only at salinities that approximate to sea water, and 

Avicennia germinans which thrives in salinities in excess of 

sea water (Morrow and Nickerson, 1973). Among plants from 

saline habitats at least some, such as the above Rhizophora, 

are obligate halophytes, growing only in the presence of 

sufficient salt. The obligate halophytes include, both lower 

and higher plants, for instance, a blue green alga (Aphamo

thece halophytica., Tindall et al., 1977), diatoms (Paasche, 

1975), marine yeast (Rhodotorula glutinis var salinaria., Ito 

and Takada, 1976), and the higher plants Suaeda maritima and 

Salicornia europaea. Even tissue cultures from the calli of 

these two plants must be supplied with NaCI (Von hedenstroem 

and Breckle, 1974) and this requirment can not be met by 

organic solutes of the same osmolarity. 

Salt resistance depends on the age and stage of develop-
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ment of the crop. For example salt resistance is low ln 

young tomato and cotton plants. It becomes much higher by 

the bud stage, and decreases during flowering (Kovalskaia, 

1958; Penskoy, 1956). Rice shows a similar increase in 

resistance with the plant bud age (Pearson and Bernstein, 

1959) . Salinity at tillering has been found to be twice as 

inhibitory as at heading. In barley plants, varietal 

differences in salt resistance increased during plant 

development (Greenway, 1965b). There was no direct relation

ship between the salt tolerance of some halophytes during 

germination (in salt solution up to 1.0M) and the salinity of 

their respective habitats (Waisel, 1958). All the other 

species tested did show a correlation. In the case of 

soyabeans, there is also no apparent relationship between the 

salt resistance of a variety during germination and during 

later growth (Abel and Mackenzie, 1964). Two sugar cane 

varieties differed in salt resistance, again only at the stage 

of germination and during early growth (EI Gibaly and Goumah, 

1969) . After three months no negative effect on yield, 

growth and sugar content was found following watering with 

salinized water (6000 mmhos/cm). All species of crop tested 

by Choudhuri (1968) were less salt resistant at the seedling 

stage. The mechanism of salt resistance can be different ln 

seedlings and mature plants (Hunt, 1965). In the case of 

fruit trees, salt resistance increases during initial growth 

but decreases as the plant grows older, dropping abruptly 

during the period of fruiting (Devyatov, 1962). The CI- and 

Na+ contents of a more halophytic species Agropyron elongatum 

were considerably lower than those of a very resistant variety 
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of Hordeum vulgare, and were lower even when grown on highly 

saline sites (Greenway and Rogers, 1963). Similar results 

have been obtained with other plants when the salinity of 

their medium was increased progressively. Less resistant 

varieties of soyabean accumulated larger amounts of CI- (Abel 

and Mackenzie, 1964). Among cultivars of Glycine wightii, 

one group in particular was more resistant to salinity stress 

than the others (Gates et al., 1977) excluding Na and, to a 

lesser degree CI, from the plant tops to a greater degree than 

the more sensitive cultivars. Following the early definitions 

of drought resistance, then salt resistance can be divided up 

in to salt avoidance and salt tolerance. 

2.18 SALT AVOIDANCE 

There are three different methods a plant can adopt to 

avoid the salt stress of its environment. (1) Salt avoidance 

due to salt excusion and, therefore, to low salt permeability. 

(2) Salt avoidance due to salt excretion by an active lon 

extrusion pump. This would confer resistance to both the 

primary stress and the secondary salt induced deficiency 

stress (avoidance of nutrient deiciency). (3) Salt avoidance 

due to dilution, perhaps depending on a high plastic extensi

bility of cell walls (Levitt, 1980) 

2.18.1 Salt avoidance due to exclusion: When varieties of 

barley (Greenway, 1962a; 1962b) were treated with 125 or 250 

meq NaCI/litre, the less resistant variety accumulated a 

higher content of CI- and Na+ and a lower K+ content than the 

two resistant varieties. The differences were particularly 

large in the inflorescences (Greenway, 1965b). Both the 
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passive and the active uptake of CI- were higher in the less 

resistant variety. 

Even at high transpiration rates, the ascending sap attained 

only 1.5-4% of the concentration in the medium showing that 

most of the water flowed through regions of low salt perme

ability (Greenway, 1965a). 

In the case of plants possessing the exclusion mechanism, 

the roots may show an impermeability to salt up to a point, 

followed by a 'burst' of salt causing poisoning and sometimes 

death (Strogonov, 1964). The salt resistance of such plants 

depends on maintenance of impermeability to the salt in the 

presence of high external concentrations. That maintenance 

of the normal differential permeability of the cell depends on 

a balance (about 10:1) between monovalent (K+, Na+) and 

divalent (mainly ca 2 +) cations. When this balance is 

disturbed by too high a concentration of monovalent cations, 

the permeability increases, leading to injury. Therefore a 

plant with salt avoidance due to exclusion must possess a low 

permeability to Na salts even in the presence of relatively 

high salt concentrations. The avoidance mechanism may be 

achieved by salt excretion as well as by salt exclusion, and 

the two mechanisms may exist in two closely related plants. 

Avoidance of salt injury by salt exclusion is also 

dependent on temperature, thus the optimum temperature for 

growth of Chrysanthemum dropped with an increase in salinity 

(Lunt et al., 1960). This was explained by the increase in 

accumulation of Na+, ca2 +, CI- with increase in temperature. 

Sodium ions tended to be excluded from the upper leaves unless 

temperature was high. Similarly, rice suffered more salt 
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· . 0 
lnJury at 30.7 C and 63.5% R.H. than at 27.2 oC and 73.4% R.H 

(ota and Yasue, 1959). This was explained by the greater 

intake of salt at high temperature and low humidity. The 

effect of temperature is persumably due mainly to the 

increased transpiration rate rather than the increased 

absorption rate, for such small changes in temperature (and 

relative humidity) can affect large changes only in the former 

processes. 

2.18.2 Salt avoidance due to salt excretion Qy an active ion 

extrusion pump 

It is difficult to distinguish between such a passive 

exclusion and an active extrusion (or excretion) of the salt 

due to a salt extruding pump. Both must be involved in salt 

resistant plants. The impermeability must be reasonably high, 

otherwise the salt would leak in more rapidly than the cell 

could pump it out. similarly, complete impermeability is 

unlikely, and therfore even a slow leak into the cell would 

eventually lead to an injurious concentration in the absence 

of an extrusion pump. 

In some highly adapted halophytes, the extrusion 

mechanism is localized in salt glands, which, consist of both 

collecting and excreting cells, and attempts have been made to 

locate extrusion pumps in the glands (Shimony et al., 1973). 

2.18.3 Salt avoidance, due to dilution: It is dependent on 

the succulent mechanism. The cells (especially the parenchy-

rna) enlarge due to an increase in water content, which 

prevents an excessive concentration of salts in the cell sap 

(Repp, 1958). The mechanism is well developed in Atriplex 

species (Greenway et al., 1966). Marine algae such as sea 
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weeds and the submerged angiosperm eel-grass (Zstera marina) 

are also adapted to withstand high salinity. until this 

mechanism is understood, the dilution avoidance cannot be 

explained. Perhaps it depends on the maintenance of thin , 

plastically extensible cell walls, permitting continuous cell 

expansion by water uptake sufficient to balance every salt 

increment in the cell. 

The "dilution" of the cell sap due to growth has also 

been found in some moderatily salt resistant nonhalophytes. 

Barley rapidly increases its NaCI concentration during early 

tillering, but shows little further change until grain 

formation due to the rapid growth (Greenway et al., 1965). 

During senescence, when growth decelerates, there is a marked 

increase in CI- and Na+ concentration, and at anyone time the 

ion concentrations are higher at low than at high growth 

rates (Greenway and Thomas, 1965). Even the varietal salt 

resistance of twenty accessions of Glycine javanica seemed to 

be directly related to growth rate (Gates et al., 1966b). 

This is also true of gram and wheat. The slow growing 

varieties suffered more concentrations of Nacl (0.8%) during 

early seedling growth (Sarin, 1961). 

2.19 SALT TOLERANCE 

Tolerant plants are those which can tolerate toxic ions 

in thier cells. Hayward and Wadleigh (1949) and Hayward and 

Bernstein (1958) have discussed salt tolerance of crops. The 

mechanisms whereby Cl-or Na+ ions are specifically toxic to 

sensitive species remain unknown. They added that identify

ing the mechanism of salt toxicity and distinguishing features 
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of salt tolerance appear to be major tasks for research on 

salt tolerance of plants. Levitt (1972) has observed that 

the term salt tolerance has been used in the literature for 

any plant possessing salt resistance, simply on the basis of 

its ability to tolerate the salinity in the external medium. 

This would, of course, include avoidance. Crop salt 

tolerance can be defined as the ability of plants to survive 

and produce economic yield under the adverse conditions caused 

by soil salinity. Salt tolerance of agricultural crops is 

typically expressed in terms of the yield decreases associated 

with soil salinity increases, or as relative crop yield on 

saline versus non-saline soil (Maas and Hoffman, 1977). The 

salt tolerance of ornamental plants on the other hand, is 

better expressed on the basis of survival and appearance, 

because yield is not generally important for such species. 

Sodium tolerance data has been reported by Pearson (1960) for 

several important agricultural crops. He has divided 

tolerant crops into three main groups on the basis of the 

exchangeable sodium percentage (ESP) they will tolerate in the 

soil. 

(1) Moderately tolerant crops such as clover, oats, tall 

fescue, rice and Dallis grass can be grown from 20 to 40 ESP. 

(2) Tolerant crops, for example wheat, cotton, alfalfa, 

barley, tomatoes, beets can be grown up to 40 to 60 ESP. 

(3) Tolerant crops can be grown at ESP greater than 60. 

These crops include crested wheat grass, fairy way wheat 

grass, tall wheat grass, Rhodes grass. 

2.20 METHODS OF MEASURING SALINITY 
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One of the most simple and most useful ways of assessing 

the soluble salt concentration in a soil is to measure the 

electrical conductivity of the saturation extract (units, 

mhos/cm at 25 0 C). Different crops respond in different ways 

to a given soluble salt concentration and the responses can be 

quantified in terms of the electrical conductivity value. On 

the basis of electrical conductivity (EC) measurements soils 

can be grouped as follows: (U.S.A. Department of 

Agriculture) . 

Electrical conductivity 
mmhos/cm (at 25 0 C) 

0-2 

2-4 

4-8 

8-16 

>16 

Crop response 

Salinity effects on yield are 
negligible 
yields of very sensitive crops 
are reduced 
yields of many crops are reduced 

Only tolerant crops yield 
satisfactory 
Only very tolerant crops yield 
satisfactorily 

Irrigation water is divided into four classes: low 

salinity, medium salinity, high salinity and very high 

salinity. The dividing points between these classes are 

being <150, 250-750, 750-2250 and >2250 umhos/cm. This range 

includes water that can be used for irrigation of most crops 

on most soils, to waters that are not suitable for irrigation 

under ordinary conditions. 

2.21 GENERAL EFFECTS OF SALTS ON CROP GROWTH AND CROP YIELD 

The general effects of salinity on crop growth depend on 

the crop, type of salts, quantity of salts, growth stage of 

crop and climatic conditions. Hayward and Wadleigh (1949), 
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Grillot (1956), Bernstein and Hayward (1958) and Bernstein 

(1962) all report that salinity affects plant growth by three 

major ways: (1) by increasing the osmotic pressure of the 

soil solution; ( 2 ) by causing the accumulation of certain 

ions at toxic concentrations in plant tissues; (3) by 

altering the plants mineral nutrition. Hayward and Spurr 

(1943, 1944) reported that the growth reduction with increas

ing osmotic pressure of the rooting medium, has been attribut-

ed to decreased water entry or availability. However, 

Bernstein (1961) reported that water absorption capacity is 

relatively unaffected by salinity. The reduced growth 

associated with osmotic stress is attributed to the processes 

of building up the osmotic pressure of developing cells (which 

is contingent upon accumulation of solutes), to meet the 

increasing osmotic pressure of the rooting medium and still 

maintain turgor. This theory suggests that salt tolerance 

may be defined as the degree to which osmotic adjustment can 

be made without sacrificing growth. There were some examples 

about the effects of salts on crop growth. Salt exclusion is 

generally accomplished through a preferential accumulation of 

ions in the root or in certain relatively insensitive tissues 

of the shoot of the plants exposed to moderate concentration 

in the rooting medium. The ability of salt stressed grasses 

to partition ions in their leaves was first recognised by 

Greenway (1962). 

Exclusion of sodium and chloride from salt sensitive, 

metabolically active tissues in the shoot is a salt resistance 

mechanism found in a variety of crop plants (Greenway and 

Munns, 1980; Wyn Jones, 1981; Lauchli, 1984). 

46 



2.22 PLANT AND STAGES OF PLANT SENSITIVITY UNDER THE SALINE 

CONDITIONS 

Plant sensitivity to salinity mostly depends on the stage 

of plant growth, period of exposure to salt, weather condi-

tions and salt concentrations. Plant sensitivity to salinity 

often varies with plant growth stage (Maas and Hoffman, 1977). 

Some cereals are more sensitive during the emergence and early 

seedling growth stages than during either germination or the 

later growth stages, including grain development. Sugarbeet 

and safflower, on the other hand, are more sensitive during 

germination. To avoid a crop failure, the grower must know 

the salt sensitivity of his crops at each of their growth 

stages, and adopt appropriate management practices to minimize 

salinity damage. 

The classification of crops according to salt tolerance 

fails to reveal certain specific problems because some plants 

are especially sensitive to salinity during certain stages 

(Bernstein and Hayward, 1958; Bernstein, 1961). For 

example, rice is quite tolerant during germination but becomes 

very sensitive during the seedling stage, and again somewhat 

so during the fertilization of the florets (Pearson and 

Bernstein, 1958). Rice can germinate at salinities up to 10 or 

15 mmhos/cm, but the plants usually die if the salinity is ln 

excess of 5 or 6 mmhos/cm during the seedling stage (Pearson 

and Ayers, 1958). Corn appears to be appreciably more tolerant 

during germination than the later stage of growth. sugar-

beet, on the other hand, can tolerate salinity levels of only 

about 4 mmhos/cm in the saturation extract during germination 
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but can easily tolerate three times this salt level once the 

young seedlings are well established. Barley is like rice in 

being more sensitive to salinity during the seedling stage 

than at earlier or later growth stages. 

Occasionally, special practices may be required to permit 

a crop to survive during phases of minimum salt tolerance. 

For example, the paddy field is sometimes drained and refilled 

with fresh water to lower the salinity during the critical, 

sensitive flowering stage of rice. Special bedding practices 

have been developed to minimize salt accumulation around 

germinating seeds and for poor stands of furrow-irrigated row 

crops. Pearson (1960) reported that the deciduous fruits, 

nuts, citrus and avocado are extremely sensitive at the range 

of ESP values 2 to 10. Beans are sensitive at the ESP value 

10-20. Kingsbury et ale (1984) reported that wheat is more 

sensitive during germination. (Francois et al., 1986), they 

presented the grain yield parameters of two Triticum wheat 

species. In 1982, bread wheat grain yield, as well as all 

parameters associated with grain yield, showed no significant 

reduction with soil salinity up to 10.8 dsjm. However in 

1984, with higher soil salinities, grain yield was signifi-

cantly reduced. The decreased yield resulted from decreased 

seed weight per spike and individual seed weight (expressed as 

the weight of 100 seeds). The number of spikes harvested per 

unit area was not affected by salinity. Straw yield of both 

species was more sensitive to salinity than grain yield, with 

thresholds of 4.5 dsjm for bread wheat and 3.2 dsjm for the 

durum cultivars, the reduction in each unit increase in 

salinity above these thresholds was less than that for grain 
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yield at 2.6 and 2.5% for the bread and durum cultivars , 
respectively. Corn (Kaddah and Ghowail, 1964), rice 

(Pearson, 1959) and sorghum (Francois et al., 1984) show a 

greater reduction in grain yield than straw yield under saline 

conditions. Abdul-Halim et ale (1988) did an experiment on 

Mexipak wheat (Triticum aestivum L). Mexipak proved to have 

high yield, good quality (Adary, 1973; Hassan and AI-Sabti, 

1973) and was relatively salt tolerant (Abdul Halim et al., 

1985) . Results showed that increasing the soil salinity from 

1.7 to 11.0 ds/m, and decreasing the available soil water from 

75 to 25% resulted in independent and significant decreases in 

Maxipak wheat growth and yield components at different stages 

of plant development. Root growth showed more sensitivity to 

both available soil water and soil salinity level than other 

components. It has been concluded that at soil salinity 

levels of more than 8.0 ds/m available soil water became a 

limiting factor on wheat growth and the maintenance of 75% of 

available soil water during the growth period is recommended 

to obtain satisfactory grain yield. 

Bernal et ale (1974), found differences In germination 

due to variety and these were clearly evident after seven days 

exposure to salinity. In these experiments some wheat 

varieties (Nadadores, Potan, Sonora, and Nuri) germinated at 

moderately high salinity levels (-20 atm) whereas seed from 

other varieies (Ciano and Cajeme) were some what less 

tolerant showing a 50% germination decrement at -16 atm. These 

findings indicate strong varietal effects at the germination 

stage as well as a relatively high tolerance to salinity. In 

the experiments, of Francois et al., (1988), salinity reduced 
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vegetative growth less than grain yield in Cananea 79 but more 

in Beaguelita 'sr. Both cultivars were slightly less salt 

tolerant at germination than they were after the three leaf 

stage of growth. Chipa and Lal (1985), grew Kharachia 65, HD 

2009, Kalyan Sona, Raj 1114, Raj 911 and Raj 821 in the soil 

with salinity ranging Ece from 4.2 to 18.1 mmhos/cm. Plant 

height, effective tiller number and grain and straw yield 

decreased with increasing salinity above Ece 8.1 mmhos/cm. 

Karachia 65 was the most salt tollerant with HD 2009 > Kalyan 

Sona > Raj 1114 > Raj 821 > Raj 911. Mass and Hoffman, 

(1976), reported that barley, corn, rice, and wheat are more 

sensitive during emergence and early seedling growth than 

during germination and later stages of growth and grain 

development. (Abdel halim et al., 1976: Abdul halim et al., 

1985) reported for wheat, that shoot dry matter at tillering 

stage and root dry weight at maturity were depressed more than 

other wheat yield components at the higher soil salinity 

levels of 9.4 and 11.0 dsm- 1 . Mass et al., (1986), found that 

total grain yield per plant was decreased most by salination 

during the vegetative stage and least during the grain 

maturation stage. The effect of salinity on yield at the 

reproductive stage was intermediate. Although moderate 

salinity levels increased grain yield in some cases. Larik and 

Saheal (1986), found percentage germination of all cv. of 

wheat decreased with increasing salt concentration. NaCI was 

more deleterious than Na2So4 . Tritcale was most salt tolerant 

at germination and also most salt sensitive at the seedling 

stage under Nacl salinization. Adverse effects of both salts 

were more pronounced on root than on shoot. 
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2.23 VISUAL SYMPTOMS OF PLANTS AFFECTED BY SALINITY 

Visual salt toxicity symptoms usually do not appear until 

significant yield depression has already occurred. Therefore 

little can usually be done to increase crop yields after such 

symptoms appear. Measuring the EC of soil saturation 

extracts is a much better 'early warning' criterion for 

predicting crop yield depression as a consequence of root zone 

salinity than is the appearance of toxicity symptoms in 

plants. Plants affected by salinity are generally stunted. 

Leaves are smaller, though they may be thicker than those of 

normal plants. Leaves of salt affected plants are often a 

darker green than leaves of normal plants. In some grass 

species and crucifers, thickened layers of surface wax may 

cause a bluish green cast. Stunting of fruit development may 

also be evident (Hayward and Magistad, 1946). Unless the 

salt concentration is high enough to result in a burning or 

firing of leaves, there may be no symptoms other than 

stunting. Osmotically stressed plants may not show distinc

tive symptoms, however a comparison with normal plants growing 

in the same environment reveals the extent of salt inhibition 

(Bernstein, 1975). Soil salinity measurements, together with 

careful established salt tolerance data, aid in the diagnosis 

of suspected salt problems, salinity usually varies greatly 

across a salt affected field. The variation may extend from 

barren ears to ears of near-normal plant growth. Trees, 

vines, shrubs and vegetables such as beans exhibit leaf injury 

manifested by characteristic tip and marginal burning and in 

some cases, necrotic leaf damage. Such symptoms are often 
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associated with elevated concentration of specific ions in the 

leaves. 

species. 

Bronzing is also a characteristic symptom in some 

The frequency and length of root hairs of citrus 

were reduced by high concentration of CI- salts and there were 

numerous anatomical alterations (Hayward and Blair, 1942). 

2.24 EFFECTS OF STRESS AT DIFFERENT STAGES AND ITS 

RELATIONSHIP WITH PLANT DEVELOPMENT 

This section describes the development of a cereal plant 

during the stages in which stress was imposed in these experi-

ments. It is presented as a framework for discussing the 

effects of the treatments. 

All the organs of the shoot arise as primordia which are 

initiated by changes in patterns of cell division and growth 

at the shoot apex. The physiological and morphological 

changes at the apex presage changes in the external form of 

the plant. It is important to know how the environmental 

stresses (water stress and salinity stress) affect plant 

development and final yield in different crops. In some cases 

the plant response to a treatment is related to the activity 

of cells in the shoot apex or another meristem. When a 

treatment is applied at certain stages of development it may 

produce changes which lead to reduction in yield. For that 

purpose it is important to know the critical stage and to be 

able to assess it. 

2.24.1 Development during the period start of tillering to 

stem extension 

The apex forms in the seed during embryo development. 

When the seed is mature the embryo has already initiated three 
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or four leaf primordia. After germination more leaves are 

initiated on the dome shaped apex. During this period the 

dome initiates between eight and fifteen leaves, depending on 

variety, time of sowing and type of environment. After a 

full complement of leaves for that shoot has been initiated a 

phase of spikelet initiation follows and an embryo ear is 

formed. The transition from vegetative to floral phase is 

marked by elongation of the apex, which becomes cylindrical in 

form. The wheat plant at this stage is a seedling and the apex 

will remain at the vegetative stage from germination until 

between four and eight leaves have emerged on the main shoot. 

Generally winter wheat produces more leaves at this stage, 

compared to mid-duration and spring wheat varieties. Spikelet 

primordia are first recognised at the double ridges stage. 

After the double ridges stage, spikelet development proceeds 

and the primordia of florets and of floral organs are laid 

down in sequence. At about the time when spikelet initiation 

is complete stem elongation and rapid ear growth occur. 

During this stage further development of spikelets occurs. 

Each spikelet primordium in the embryo ear will eventually 

initiate eight to ten floret primordia. After the initiation 

of glume primordia the florets start to form. The lemma 

primordia are initiated first and then the axillary meristems 

differentiate to form the other floral structures. At the 

same time as the development of the spikelets proceeds the 

meristematic dome of the shoot apex continues to initiate more 

spikelets. 

Leaf emergence and tillering also occur during the 

period TL-SE. Tiller buds arise from meristems in the axils of 
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leaves. A ridge of tissue is initiated and a swelling 

develops around its flanks to form the prophyll primordium. 

The growth and emergence of leaves and the growth and 

emergence of tillers are closely in phase with each other. 

The initiation of a tiller can be seen when the subtending 

leaf is fully expanded (Kirby and Fairs, 1970, 1972; Kirby 

and Riggs, 1978; Masle Meynard and Sebilotle, 1981). A 

tiller emerges when the third leaf following it has emerged so 

that tiller 2 emerges when leaf 5 emerges. Because of this 

ordered sequence of emergence of tillers, which is related to 

the number of leaves on the main shoot, a plant has a 

tillering potential which can be assessed and which under 

ideal conditions it will reach. 

Usually all leaves will have been initiated by the start 

of tillering so that stress should have only a small effect on 

leaf number. The plant is producing spikelets and at the 

start of stem extension spikelet initiation ceases, so that 

stress should have a larger effect on total spikelet number. 

During TL-SE tillers are being produced so that stress at this 

time should also have a big effect on tiller production. 

Although leaf number is fixed, leaf area is increasing and 

that will also be affected by stresses. 

2.24.2 Development during the period stem extension 

to booting 

stem extension starts from when the first node is 

detectable and when the ear is at the stamen initiation phase. 

The apex at this time is about 1.2 to 4 mm long. At this 

stage winter wheat has 11 to 13 leaves appeared, mid-winter 

wheat varieties 9 to 11 leaves and spring wheat varieties 8 to 
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10 leaves. During this period the florets mature 

preparation for the final phase of the life cycle, grain 

filling and ripening. The embryo ears grow from about 3 mm 

long at the beginning of the phase to 80 mm long at anthesis. 

At the beginning of the phase the plant normally has produced 

its full complement of tillers, and the main shoot and each 

tiller has the potential to produce an ear. Therefore, at 

this point in the cycle of the plant the potential number of 

ears and spikelets per ear has been determined. In addition 

to the increase in the growth rate of the ear, stem growth 

starts at about the anther primordium stage, and occurs 

concurrently with ear growth. During this phase some of the 

developing ears die, and florets die in wheat. This may be 

due to the increase in the growth rate of the ears and stem, 

leaving insufficient resources (e.g. carbohydrate from 

photosynthesis or nitrogen compounds) to support the growth of 

all potential ears and florets. It is the smallest spikelets 

or florets with the lowest growth rate which are least able to 

compete for resources and it is these which die. Although a 

proportion of florets die ln all cereal plants, stress due to 

such factors as drought, salinity, disease or excessive plant 

population will exacerbate the loss. Of central importance 

during this phase of growth and development is the role of 

certain cells in the anther and carpel which synchronously 

undergo meiosis and give rise to pollen in the anthers, and 

ovules in the embryo sac in the carpel. At meiosis the 

florets appear to be particularly vulnerable to stress. 

Experiments have shown that drought at this stage may lead to 

impaired development, floret sterility and reduction in grain 
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(Tottman and Makepeace, 1979; Kirby and Appleyard, 1981). 

Total number of spikelets is now fixed. stress at this time 

influences the proportion of fertile and infertile spikelet _ 

that is a decreased number of fertile and increased number of 

infertile spikelets. SE-BG is also normally a phase of 

tiller death and stress at this time may result in more tiller 

death. SE-BG is also a phase of rapid crop growth. stress at 

this time can result in a large decrease in leaf area and dry 

matter production especially soluble carbohydrates in the stem 

and area of flag leaf, both of which are important for grain 

filling. 

2.24.3 Development during booting to maturity 

By this time most of the yield components are fixed, 

stress at this time should mainly affect yield by affecting 

grain growth. It should have relatively small effects on 

number of leaves and spikelets. At booting the rapidly 

growing ear 1S enclosed by the flag leaf sheath. It is easy 

to split open the leaf sheath and remove the ear. The 

meristematic dome has initiated nine floret primordia, the 

last of which is present only as a bump. The dome probably 

would not produce any more primordia. The glumes partially 

enclose the florets and the lemmas of florets 1 and 2 

completely enclose the stamens and other structures. Small 

awns are present on lemmas 2 and 3. stamen primordia are 

visible in the upper florets. Meiosis occurs during the green 

anther stage, when the anthers are about 1 mm long. Meiosis 

in the carpel and the anthers takes place at almost the same 

time. After completing this process anthers will turn a 

yellow colour. Anthesis occurs in all ears in the crop 
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within a few days. This can be clearly seen in open

flowering types where the crop has a mass of anthers hanging 

from the ears, and gaping florets. Following fertilization 

there is a period of very rapid cell division during which 

most of the cells of the endosperm are formed. Following 

this phase and overlapping it is a phase of cell growth and 

differentiation and deposition of starch in the endosperm. 

In parallel with the growth of the endosperm the fertilized 

egg cell gives rise by cell division to the embryo. At 

maturity this will already have formed the shoot apex and 

leaves and will comprise about 15% of the grain dry weight. 

During grain growth dry weight increases, slowly at first and 

then with a long period of almost constant growth rate. 

During the period of uniform growth the grain will be 

increasing in dry weight by about 1.5 mg per day. Finally 

the growth rate slows down to zero as the grain reaches 

maximum dry weight. Fresh weight also increases steadily at 

first but attains a maximum before the dry weight and then 

declines. During the period anthesis to harvest the leaves on 

the ear bearing shoots slowly senesce (Sofield et al., 1977; 

Vos, 1981). 
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CHAPTER 3 

WATER STRESS EXPERIMENTS 



3.1 INTRODUCTION 

The experiments were conducted at Aber Farm, University 

College of North Wales, Bangor, U.K. There were two 

experiments. The first started in october 1987 and the 

second in October 1988. The main purpose of the experiments 

was to see the effect of water stress at three different 

stages on three different wheat varieties. Wheat varieties 

selected were of long, medium and short duration. 

3.2 MATERIALS AND METHODS 

Both experiments were conducted in an unheated glasshouse 

and did not use supplementary light. 

3.2.1 Cultural conditions: The experiments were done in 

pots. Due to the limited number of pots available two sizes 

were used. Twenty four pots 40 cm x 40 cm square surface and 

76 cm deep and 24 round pots 38 cm diameter and 56 cm deep 

were used. Pots of different sizes were allocated to the 

different blocks of the experiments. Large, deep pots were 

used in an attempt to create conditions suitable for root 

growth (Hurd, 1964, 1968). 

In the bottom of the pots grit was placed to a depth of 

soil approximately 12 to 15 cm to clear a drainage system, as 

shown in Figure 1. In the first year field soil was used. 

Soil was collected from a field that had a previously grown 

spring barley and grass for silage and grazing. The soil type 

was the Denbigh series, which is a dark brown slightly stoney 

clay loam (soil Survey of England and Wales 1984). In the 

second year peat was mixed in with the soil by proportion 2:3 

by volume to improve the fertility and structure of the soil. 
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Figure 1. Large plastic pots used in water stress experiI1J2nts 
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Plants were regularly watered when required, except during the 

water stress periods, when no water was applied. Three 

varieties were tested. They were: Norman, a winter wheat; 

Fenman, a winter wheat with a low vernalisation requirement; 

Wembley, a -spring wheat. The seeds of Norman and Fenman were 

supplied by the Plant Breeding Institute, Cambridge, U.K. and 

the seed of Wembley was supplied from a commercial seed 

supplier. Details of sowing and harvesting dates of all 

treatments and varieties are shown in Table 1. Four water 

stress periods were tested: (1) From the start of tillering 

to the start of stem extension (first node detectable) (TL

SE); (2) From the start of stem extension to the start of 

booting (SE-BG); ( 3 ) From the start of booting to maturity 

(BG-MT); (4) Control (water as required). Growth stages were 

identified using the Zadoks Decimal Growth stage Key (Zadoks 

et al., 1974). watering was stopped when the appropriate 

stage was shown clearly in 75% of all plants. Rewatering 

started when the following stage was shown in 75% of all 

plants. The details of the periods of withholding water in 

all varieties with starting dates and stopping dates and total 

days under water stress are presented in the results section 

3.3.2 (Table 6). In the second experiment during the stress 

period between stem extension and booting stage stressed 

plants of Norman and Fenman showed symptoms of severe water 

stress. To avoid death of these plants, they were given a 

small amount of water on two occasions. 

3.2.2 Experimental design: A randomized complete block 

design was used in both experiments. The pots of different 

varieties were placed in separate, but adjacent parts of the 
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Table 1 Dates of sowing and harvesting and total number of 

days from sowing to harvest (in parentheses) for 

the three varieties of wheat and four treatments 

tested in water stress Experiments 1 and 2. 

Experiment 1 

Date of sowing 

Dates of harvesting 
water stress period 

Tillering to stem extension 
Total days 

stem extension to booting 
Total days 

Booting to maturity 
Total days 

control 
Total days 

Experiment 2 
Date of sowing 

Dates of harvesting 
Water stress period 

Tillering to stem extension 
Total days 

stem extension to booting 
Total days 

Booting to maturity 
Total days 

Control 
Total days 

varieties 

Norman Fenman 

16.11.87 22.2.88 

23.6.88 
(220) 

23.6.88 
(220 ) 

12.6.88 
(209) 

23.6.88 
(220) 

22.10.88 

29.6.89 
(250) 

29.6.89 
(250 ) 

6.6.89 
(227) 

29.6.89 
( 250) 
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6.7.88 
(135) 

6.7.88 
(135 ) 

23.6.88 
(122) 

6.7.88 
(135) 

20.2.89 

14.7.89 
(144) 

14.7.89 
(144) 

30.6.89 
(130) 

14.7.89 
(144) 

Wembley 

7.4.88 

1.8.88 
(117) 

1.8.88 
(117) 

13.7.88 
(98) 

1.8.88 
(117) 

8.4.89 

28.7.89 
(111) 

28.7.89 
(111) 

14.7.89 
(97) 

28.7.89 
(111) 



glasshouse to avoid shading of late sown plants (e.g. of 

Wembley) by early sown plants (e.g. of Norman). Blocks were 

located in similar positions inside the glasshouse. Four 

replications were used. In a block all pots were the same 

size. 

3.2.3 Sowing: All varieties were sown at the same planting 

density of 300 plants per m2 . Before seed was sown the 

germination percentage was checked, using a germination 

incubator. For each variety 800 seeds at random were taken out 

from the seed bag. 100 seeds were put in each of eight petri 

dishes on moist filter paper and placed in an incubator set at 

2SoC. The petri dishes were checked regularly until no further 

germination was recorded. The mean germination percentage and 

S.E of the mean values of each variety are shown in Table 2. 

All yarieties had a germination % of between 80 and 90%. As 

a precaution some extra seeds were sown in a small pot to fill 

gaps where seed had not germinated. Phosphorus and potassium 

as 0-24-24 compound fertilizer was mixed into the surface of 

the pots before sowing at the rate of 80 kg P20s/ha and 80 kg 

K2o/ha. The quantities required were calculated for each pot 

separately. S.33 gram were applied to the large pots and 3.78 

gram were applied to the small pots. Nitrogen fertilizer was 

applied as ammonium nitrate (34.S% N) to all pots at the rate 

of 200 kg N/ha. Half of this was applied at the start of til

lering stage and the other half at the start of booting stage. 

4.63 gram ammonium nitrate was added to the large pots and 

3.28 grams to small pots. This practice was followed for all 

varieties. 

3.2.4 Soil water content: Soil water content was measured 
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Table 2 Germination percentage of seeds of the different 

wheat varieties (Norman, Fenman and Wembley) used 

in both water stress and salinity Experiments 

1 and 2. 

Mean of germination S.E.of mean 
percentage 

Experiment 1 
Norman 85.75 1.39 

Fenman 86.25 1.28 

Wembley 88.12 2.12 

Experiment 2 
Norman 89.63 1.22 

Fenman 87.88 1.30 

Wembley 88.88 1.73 
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using gypsum resistance blocks (Model 5201, Soil Moisture 

Equipment Corporation, U.S.A.). In the first experiment 

there was one resistance block placed at a depth of 46 cm in 

the centre of all the pots in two blocks of the experiment. 

In Experiment 2, there were two resistance blocks placed at 

depths 46 cm and 23 cm in all pots in two blocks of the 

experiment. The gypsum resistance blocks were installed before 

germination but after sowing by using an auger to take out the 

soil. Resistance was measured weekly with a resistance bridge 

meter (Cat. No. 5500, Soil Moisture Equipment Corporation, 

U.S.A.), during the water stress stages. The relationship 

between bridge reading and soil water content was determined 

by equilibrating the blocks with soil of known water content 

in a plastic bowl. In the first experiment the relationship 

between soil water co~tent and tension was determined using a 

pressure membrane apparatus shown as in Figure 2. It was not 

possible to repeat this in Experiment 2 due to malfunction in 

the equipment. Some workers have done gypsum block calibra-
e 

tion by placing than in the p~ssure membrane apparatus and 

measuring the resistance under various pressures (Haise and 

Kelley 1946). Such calibration permits estimation of the 

metric potential of the goil from the resistance readings of 

--the blocks. Therefore in these experiments the resistance 

blocks were calibrated using the same soil that was used for 

the gypsum blocks calibration curve (Kelley, 1944; Kelley et 

al., 1946; Aitchison et al., 1951; Knapp et al., 1952; 

Slatyer and McIlroy, 1961). The calibration curves are shown 

in Figures 3 and 4. In both experiments when soil moisture 

content (%) decreased, the ,gypsum block resistance reading was 
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Fig.3: Relationship between soil moisture content % and resistance 
reading for field soil used in hperiment 1 
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increased. In Experiment 1 the maximum moisture % tested was 

29% and the minimum resistance was 100 ohms. The lowest 

moisture % was 7% and the maximum gypsum block resistance 

reading was 1700 ohms. In Experiment 2, the trend was very 

similar, but soil moisture % was different because peat had 

been mixed with the soil. The maximum soil moisture tested was 

17% and the minimum resistance was 100 ohms. The lowest 

moisture % tested was 7% and the maximum resistance reading 

was 1400 ohms. The curves were used to relate the gypsum 

block readings from the pots to soil moisture-%. 

3.2.5 Plaht measurements 

3.2.5.1 Leaf number: The total number of leaves appeared 

was counted on four fixed plants per pot at two week inter-

valse The third, fifth and seventh leaves were marked with 

white paint to help in recognizing leaf number. 

3.2.5.2 Number of tillers: The total number of tillers was 

recorded on four fixed plants in each pot at two week 

intervals. One coloured plastic wire ring was placed on the 

main shoot to help in recognizing the plants. Plant height 

was measured on the same four plants at two week intervals. 

3.2.5.3 Growth analysis: Destructive harvests for growth 

analysis were carried out at the end of each stress period and 

at anthesis. At each harvest four plants were removed from 

each pot. Plants were harvested systmatically starting from 

one side of the pot and working across the pot. Leaf area, 

stem area, ear area, dry weight and nitrogen % were recorded. 

Leaf area and stem area were measured in cm 2 using an 

automatic area meter (Model AAM-7, Hayashi Denkoh Co Ltd, 
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.Tokyo, Japan). Ear area was determined from measurements of 

length and width multiplied by 2. It was assumed that only 

half of the ear would be lit at anyone time, in the same way 

that calculation of leaf area includes only one leaf surface. 

To calculate total green leaf area per plant it was assumed 

that one surface of leaves, one surface of stems and two 

surfaces of ears intercepted light. To determine dry weight 

the plants were put in paper bags, and dried at 70 to BOoC for 

2 to 3 days. 

3.2.5.4 Soluble carbohydrate: After drying the material was 

ground to pass through a 2 mm sieve. Soluble carbohydrates 

were determined using the method of Deriaz (1961) and Thomas 

(1977). 

3.2.5.5 Nitrogen analysis: The nitrogen % of dried ground 

plant material was determined using the Kjeldahl method 

(A.O.A.C., 1955). 

3.2.5.6 Grain growth: Grain growth measurements started 14 

days after anthesis and continued weekly until harvest. At 

each harvest two main shoot ears were removed from each pot of 

two replications. The ears were dried at 70 to BOoC in an 

oven for two to three days. The grains were threshed out, 

counted, then again dried and weighed to determine average 

grain weight. For each pot grain weight was plotted against 

time in days after anthesis. Rate of grain growth (mg/day) 

was determined as the slope of a linear regression (~=mx+c) 

fitted through the points of the linear phase of grain growth. 

Start of grain growth was determined by extrapolating the 

fitted regression back to zero grain weight. The end of grain 

growth was determined by extrapolating the fitted regression 
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line to grain weight at the final harvest. Rate and duration 

of grain growth were calculated separately for each sampled 

pot and effects of variety and water stress and variety and 

salinity were determined by putting these values into an 

analysis of variance. An example of the data from one pot of 

control treatment of Norman in the water stress Experiment 1, 

together with the fitted regression equation is shown ln 

Figure 5. The calculation is shown below: 

Days after Average grain 
anthesis weight (mg) 

14 16.37 
~ 

21 29.30 

28 40.18 

35 44.50 

42 55.89 

From linear regression intercept (c)= -0.45. Slope (m) = +1.35 

Start of grain growth = value of x at y = 0 = -c/m 

- -(-0.45)/ 1.35 = 0.33 days after anthesis 

End of grain growth = value of x at y = final weight 

= y-c/m =55.89-(-0.45)/1.35 = 41.73 days after anthesis 

Duration - End - start =41.73 -0.33 =41.40 days after 

anthesis 

The values of the slope and intercept, for water stress 

experiment 1 together with their standard errors, are shown in 

Table 3. It can be seen that linear regression always gave a 

good fit to the data, and values of the linear correlation 

coefficient ranged between 0.97 and 1.00. A similar method has 

been used by other workers (wright and Hughes, 1987a). 
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Fig.5. Relationship between average grain weight and time 
(days after anthesis) for one pot in water stress 
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Table 3 Values of the slope, intercept and linear corre

lation coefficient in the relationship between 

average grain weight and time in days after 

anthesis. 

varieties and Slope ±S.E. Intercept ±S.E. R 
treatments value 

Replication 1 
Norman 
Tillering to stem extension 1.30 0.18 -1.62 5.43 0.97 
Stem extension to booting 1.42 0.16 -2.63 4.76 0.98 
Booting to maturity 1.00 0.21 +1.73 4.60 0.98 
Control 1.37 0.11 -0.68 3.18 0.99 
Fenman 
Tillering to stem extension 1.62 0.10 -12.00 2.59 0.99 
Stem extension to booting 1.84 0.16 -13.70 4.03 0.99 
Booting to maturity 1.56 0.02 -6.47 0.46 1.00 
Control 1.95 0.01 -14.20 0.32 1.00 
Wembley 
Tillering to stem extension 1.20 0.12 -1.40 3.15 0.99 
Stem extension to booting 1.32 0.10 -2.45 2.35 0.99 
Booting to maturity 1.20 0.03 +1.32 0.59 0.99 
Control 1.25 0.03 +1.55 0.69 0.99 

Replication 2 
Norman 
Tillering to stem extension 1.21 0.10 -1.60 2.86 0.99 
Stem extension to booting 1.15 0.17 +2.98 4.99 0.97 
Booting to maturity 1.17 0.15 -1.46 3.23 0.99 
Control 1.35 0.12 -0.45 3.43 0.99 
Fenman 
Tillering to stem extension 1.83 0.13 -12.40 3.22 0.99 
Stem extension to booting 1.63 0.10 -9.24 2.59 0.99 
Booting to maturity 1.30 0.97 -0.99 2.10 0.99 

Control 1.78 0.24 -11.20 6.09 0.98 
Wembley 
'Tillering to stem extension 1.28 0.17 -2.46 4.40 0.98 
Stem extension to booting 1.26 0.10 +0.35 2.58 0.99 

Booting to maturity 1.40 0.26 -2.41 5.66 0.98 

Control 1.35 0.15 -4.13 3.83 0.99 
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3.2.5.7 Yield and yield components 

Approximately 30 plants were remaining in the large pots 

and 15 plants were remaining in small pots. These were 

harvested at maturity to determine yield and yield components. 

All ears were counted. The number of fertile and infertile 

spikelets were counted on a random sample of ten ears per pot. 

straw length was measured on a random sample of 10 stems per 

pot. Ear and straw dry weight were recorded by drying in an 

oven at 70-80 o C for 2 to 3 days. The ears were threshed 

using a small scale threshing machine. Number of grains was 

determined using an electronic seed counter (Numigral Tecator 

Hogames, Sweden). The grains and straw were then ground, and 

the ground material was used to determine nitrogen % using the 

Kjeldahl method (A.O.A.C., 1955). Grain weight per plant, 

number of grains per plant, number of ears per plant, number 

of fertile and infertile spikelets per ear, number of grains 

per ear, number of grains per spikelet, harvest index, and 

average grain weight were calculated. 

3.2.6 WEATHER RECORD 

Daylength was obtained from tables of the smithsonian 

Institute (Anon, 1966). Hours of bright sunshine were 

recorded at a field site, approximately 800 meter from the 

glasshouse. Maximum and minimum temperatures inside the 

glasshouse were recorded daily using a thermometer. 

3.2.7 USE OF PESTICIDE AND INSECTICIDE 

The plants were regularly checked. powdery mildew and 

aphids were the main problems attacking the plants. It was 
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noticed that sometimes pests were first attacking the stressed 

plants. As soon as plants became affected, they were 

sprayed. The fungicide fenpropimorph (Mistral, Rhone and 

poulenc) was used to control powdery mildew and dimethoate 

systemic insecticide (Murphy's insecticide, Rhone and Poulenc) 

was used to control aphids. Both chemicals were applied the 

recomendad rate and in the recommendad amount of water 

according to the manufactuer's recommendations. 
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3.3 RESULTS 

3.3.1 WEATHER CONDITIONS EXPERIENCED DURING THE EXPERIMENTS 

Daylength, hours of bright sunshine and mean temperature 

were calculated for each experiment from 20 October, just 

before the earliest sowing of Norman was made. 

3.3.1.1 Daylength: Weekly average daylength is shown in 

Figure 6. Daylength decreased until 10 weeks. During this 

time daylength was only 8 hours and then it increased and the 

highest average daylength was 18 hours. 

3.3.1.2 Average hours of bright sunshine: 

Weekly averages of daily hours of bright sunshine are 

shown in Figure 7. In both years the trend was very similar. 

In the first year, 1987-88, hours of bright sunshine fluctuat-

ed between 0 to 4 hours up to 20 weeks. Then it increased 

and the highest recorded sunshine hours was 9 to 10 hours, 

which was after 25 weeks. In Experiment 2, 1988-89, the 

trend was very similar, sun hours fluctuated between 0 to 5 

hours up to 20 weeks. 

3.3.1.3 Weekly average of daily temperature during growing 

season 

Both water stress and salinity experiments in 1987-88 

were planted in the same glasshouse and experienced the same 

average weekly temperatures, which are shown in Figure 8. In 

these experiments, temperature was fluctuating between 5°C and 

10°C up to 17 weeks. After 17 weeks it increased up to 25°C. 

Weekly averages of daily temperatures recorded in the 

glasshouse during 1988-89 water stress Experiment 2 are shown 

in Figure 9. The average temperature was fluctuating between 

7 and 15°C up to 25 weeks. It then increased up to a maximum 

75 



20 

18 

~ 
t" 16 

s::= 
~ 14 
~ 

~ 12 
~ 

..J ~ 10 
0\ Q,) 

Q,) 

~ 8 
Q,) 

:sa 6 
~ 
Q,) 

I> 4 
< 

2 

0 

Fig.6. Average weekly day length (hours) for both water 
stress and salinity Experiments 1 and 2 

I 

0 5 10 15 20 25 30 35 40 45 50 
Weeks start after 20th October 



Fig.?: Average weekly hours of bright sunshine during growing of 
varietes in both water stress and salinity Experiments 
1 and 2. 
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After 30 weeks it was always above 22 oC. 

In both years in both experiments, the trend of tempera

ture was very similar, for the water stress and for the 

salinity experiments. Norman variety was sown early and it 

experienced low temperatures during its early growth. Fenman 

also experienced low temperature but for a shorter period than 

Norman. Wembley variety was grown, when temperatures were 

higher and all the time above 20oC. 

3.3.1.4 Average daily hours of bright sunshine at different 

stages 

Average daily hours of bright sunshine during stress 

periods for the water stress and salinity Experiments 1 and 2, 

are shown in Table 4. In Experiments 1 and 2, in Norman, there 

were few bright sun hours during the stress period TL-SE. 

Average hours of bright sunshine were much higher in the later 

stress periods, and for the other varieties. Average hours of 

bright sunshine during the stress period BG-MT were similar 

for all varieties. The average hours of bright sunshine 

during the whole growth period were higher in Experiment 2 

than in Experiment 1, and especially during the stress period 

BG-MT. The general trend was that the short duration 

varieties and later stress periods experienced longer hours of 

bright sunshine. 

3.3.1.5 Average temperature at different stages 

Table 5 shows the average temperatures experienced by 

each variety during the stress periods for water stress 

Experiments 1 and 2. 

In both years the average temperatures experienced by 

Norman during TL-SE were approximately half those experienced 
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Table 4 Average hours of bright sunshine per day during 
stress periods in water stress and salinity 
Experiments 1 and 2. 

varieties 

stress period Norman Fenman Wembley 

Experiment 1 
Tillering to stem extension 1.45 6.34 7.13 

stem extension to booting 5.34 7.35 8.59 

Booting to maturity 7.38 7.21 6.65 

Control 3.61 5.33 6.73 

Experiment 2 
Tillering to stem extension 1.75 4.92 8.44 

stem extension to booting 4.44 8.90 8.40 

Booting to maturity 8.32 8.60 8.53 

Control 4.08 6.43 7.65 

Table 5 Average temperatures (oC) experienced by each variety 
during stress periods in water stress Experiments 
1 and 2. 

varieties 

stress period Norman Fenman Wembley 

Experiment 1 
Tillering to stem extension 11.05 18.86 20.25 

stem extension to booting 16.61 20.12 21.22 

Booting to maturity 22.11 22.79 22.59 

Control (whole growth period) 13.26 17.65 21.23 

Experiment 2 
Tillering to stem extension 10.67 16.98 23.76 

stem extension to booting 14.97 23.76 22.25 

Booting to maturity 23.16 25.54 26.52 

Control (whole growth period) 15.35 19.36 24.06 
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by Wembley. The average temperatures experienced during SE-BG 

were also much lower for Norman than for Fenman and Wembley. 

Average temperatures experienced during BG-MT were similar for 

all varieties. Over the whole growth period the average 

temperature experienced increased as the duration of the 

variety decreased. Average temperatures were also higher in 

Experiment 2 than in Experiment 1. 

3.3.2 DATES OF WATER STRESS STARTING AND STOPPING PERIOD 

In these experiments comparing each variety at each stage 

the stress periods were longer in Norman than in the other 

varieties, except for BG-MT in Experiment 2 as shown in Table 

6. This was because Norman was sown earlier and experienced 

cold temperatures and shorter days during its development. For 

the stages TL-SE and SE-BG Norman took a longer time in 

Experiment 2 than in Experiment 1, because of the earlier 

sowing, and plants reached the start of these stages earlier 

when temperature lower and days were shorter. For Fenman the 

period TL-SE was longer in Experiment 2 than in Experiment 1 

due to lower temperature. In Wembley the period TL-SE was 

shorter in Experiment 2 than in Experiment 1 due to higher 

temperature. In both years in Fenman and Wembley the length of 

the periods SE-BG and BG-MT were similar. The period from SE

BG was shorter period than TL-SE and BG-MT, but not in Norman 

in Experiment 2. In both years in Fenman and Wembley the 

stress period SE-BG was very short and shorter than in Norman. 

3.3.3 SOIL MOISTURE CONTENT 

In Experiments 1 and 2 water stress at TL-SE had a much 
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Table 6 Dates of starting and stopping water stress and 

total days under stress at each stage for each 

variety in Experiments 1 and 2 * 

stages 

Tillering stem extension Booting 
to to to 

stem extension booting maturity 
Experiment 1 
Norman 
Date stress started 8.2.88 5.4.88 2.5.88 
Date stress stopped 5.4.88 2.5.88 12.6.88 
Total days under stress 57 27 41 

Fenman 
Date stress started 5.4.88 30.4.88 15.5.88 
Date stress stopped 30.4.88 15.6.88 23.6.88 
Total days under stress 25 15 39 

Wembley 
Date stress started 28.4.88 19.5.88 29.5.88 
Date stress stopped 19.5.88 29.5.88 13.7.88 
Total days under stress 21 11 39 

Experiment 2 
Norman 
Date stress started 7.12.88 3.3.89 2.5.89 
Date stress stopped 3.3.89 2.5.89 6.6.89 
Total days under stress 86 60 34 

Fenman 
Date stress started 3.4.89 9.5.89 22.5.89 
Date stress stopped 9.5.89 22.5.89 30.6.89 
Total days under stress 36 14 39 

Wembley 
Date stress started 9.5.89 25.5.89 5.6.89 
Date stress stopped 25.5.89 5.6.89 14.7.89 
Total days under stress 17 12 39 

* The control plants were not water stressed. 
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smaller effect on soil moisture % in Norman than in Fenman and 

Wembley as shown in Tables 7 to 9. As the soil dried out then 

the resistance readings became high and out of range of the 

original calibration (Figure 3 and 4). In these cases 

estimated values of soil moisture percentage were calculated 

assuming that moisture content decreased linearly with 

resistance reading. These values are shown in the table in 

parentheses. In Norman moisture % decreased slowly. In 

Fenman and Wembley it decreased much more quickly. The final 

moisture % reached was lower in Fenman than in Norman and 

Wembley in Experiment 1. In Experiment 2 the final % reached 

was much lower in Wembley than in Fenman and Norman. In 

Experiment 2 in Norman and Fenman water stress at TL-SE 

decreased moisture % more at 23 cm than at 46 cm. In 

Experiment 1 in Fenman water stress at TL-SE started to 

decrease soil moisture % after the first week and it reached a 

soil moisture content of 15.05%. In Experiment 2 the gypsum 

block at 46 cm started to show decreased soil moisture % after 

the fourth week and it reached a soil moisture content of 

13.00%. The gypsum block at 23 cm gave a lower moisture 

content of 9.15% in the last week of the stress period. In 

Experiment 1, in Wembley water stress at TL-SE decreased soil 

moisture % only in the last week. In Experiment 2 the gypsum 

block placed at 46 cm started to give a lower soil moisture 

reading after the third week. In the fourth week it showed a 

moisture content of 1.68%. The gypsum block at 23 cm down 

showed a very rapid decrease in soil moisture % after the 

second week. In the control all varieties had a similar soil 

moisture % at all stages and there were no differences during 
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Table 7 Soil moisture % during stress periods in Experiment 

1. (Gypsum block placed 46 cm down). Each value is 

the mean of two Gypsum blocks. 

varieties 
Stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 

varieties 
Stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 

varieties 
Stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 

Norman 
TL-SE Control 

28.7 
28.7 
24.0 
23.6 
23.0 
21.5 

28.5 
28.5 
27.5 
27.1 
28.0 
27.2 

Norman 
SE-BG Control 

27.8 28.0 
26.6 27.6 
20.9 27.1 
17.3 28.0 
8.5 27.3 

* 
Norman 

BG-MT Control 

19.1 
14.5 
7.2 

* 

24.9 
21.7 
26.6 

* 

Fenman 
TL-SE Control 

28.0 
26.0 
23.9 
16.0 
15.0 

28.2 
27.6 
27.6 
28.0 
27.6 

Fenman 
SE-BG Control 

28.0 27.0 
24.9 26.5 
22.5 26.7 

Fenman 
BG-MT Control 

22.7 
19.2 
12.5 

24.0 
26.4 
24.0 

Wembley 
TL-SE Control 

28.0 
28.0 
28.0 
19.8 

28.0 
28.0 
28.0 
28.0 

Wembley 
SE-BG Control 

24.3 28.5 
20.3 28.7 

Wembley 
BG-MT Control 

25.0 
21.1 
13.1 

28.7 
25.2 
23.6 

* No resistance reading after this week due to extreme 
drying of soil. 
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Table 8 Soil moisture % during stress periods in Experiment 

2. (Gypsum block placed 46 cm down) Each value is 

the mean of two Gypsum blocks. 

varieties 
Stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

varieties 
Stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Varieties 
Stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 

Norman 
TL-SE Control 

16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.1 
16.1 
15.0 
13.3 

16.4 
16.4 
16.4 
16.4 
16.4 
16.5 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 

Norman 
SE-BG Control 

16.4 16.4 
16.4 16.4 
16.4 16.4 
14.0 16.4 
(1.4) 16.4 
(0.8) 16.4 

* 16.4 

* 16.4 

* 16.4 

* 16.4 

Norman 
BG-MT Control 

16.4 16.4 
14.2 16.4 
(4.4) 16.4 

* 16.4 

* 16.4 

* 16.4 

Fenman 
TL-SE Control 

16.4 
16.4 
16.4 
16.4 
15.9 
13.0 

16.5 
16.4 
16.4 
16.4 
16.4 
16.4 

Fenman 
SE-BG Control 

15.1 16.4 
12.2 16.4 

* 16.4 

Fenman 
BG-MT Control 

15.2 16.00 
(3 . 3 ) 16.00 

* 16.00 

* 16.00 

Wernbley 
TL-SE Control 

16.4 16.4 
16.4 16.4 
10.2 16.4 
(1.7) 16.4 

Wembley 
SE-BG Control 

15.4 16.4 
10.2 16.4 
(4.1) 16.4 

Wembley 
BG-MT Control 

16.0 16.4 
14.3 16.4 

9.3 16.5 
8.3 16.4 

(1.1) 16.5 

* 16.3 

* No resistance reading after this week due to extreme 
drying of soil 
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Table 9 Soil moisture % during stress periods in Experiment 

2. (Gypsum block placed 23 cm down). Each value is 

the mean of two Gypsum blocks. 

varieties 
stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

varieties 
stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Varieties 
stress period 
Weeks after start 
of stress period 

1 
2 
3 
4 
5 
6 

Norman 
TL-SE Control 

16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.0 
15.2 
14.1 
9.3 
8.3 

16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 
16.4 

Norman 
SE-BG Control 

16.4 16.4 
16.4 16.4 
13.5 16.4 
(1.0) 16.4 

* 16.4 

* 16.4 

* 16.4 

* 16.4 

* 16.4 

* 16.4 

Norman 
BG-MT Control 

16.2 16.4 
11.0 16.4 

* 16.4 

* 16.4 

* 16.4 

* 16.4 

Fenman 
TL-SE Control 

16.4 16.4 
16.4 16.4 
16.4 16.4 
16.0 16.4 
14.0 16.4 
9.1 16.4 

Fenman 
SE-BG Control 

14.3 16.4 
(1.0) 16.4 

* 16.4 

Fenman 
BG-MT Control 

15.1 16.4 
(3.2) 16.4 

* 16.4 

* 16.4 

Wembley 
TL-SE Control 

16.4 16.4 
14.9 16.4 
(0.8) 16.4 

* 16.4 

Wembley 
SE-BG Control 

15.1 16.4 
8.4 16.4 

(1.1) 16.4 

Wembley 
BG-MT Control 

16.4 16.4 
13.1 16.4 
(1.0) 16.4 

* 16.4 

* No resistance reading after this week due to extreme 
drying of soil. 
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the growth periods. 

In Experiment 1, ln Norman water stress at SE-BG started 

to decrease soil moisture % after the second week and the 

readings were out of range after the sixth week. In 

Experiment 2 the gypsum block at 46 cm depth showed a 

decreased soil moisture % after the fourth week and the 

readings were out of range after the seventh week. In 

Experiment 2 at 23 cm soil moisture % decreased after the 

second week and the readings were out of range after the fifth 

week. In Experiment 1 in Fenman water stress at SE-BG, 

decreased soil moisture % after the first week. In the last 

week of the stress period soil moisture was 22.75%. In 

Experiment 2 in Fenman water stress at SE-BG decreased soil 

moisture % in the second week. In the third week the 

readings were out of range. In Fenman water stress at SE-BG 

rapidly decreased moisture content at 23 cm depth and after 

the second week the readings were out of range. In Experi

ment 1 in Wembley water stress at SE-BG slightly decreased 

soil moisture % in the second week. In Experiment 2 in 

Wembley water stress at SE-BG started to decrease moisture % 

after the second week. By the last week it had declined to 

4.08%. In Wembley water stress at SE-BG in Experiment 2 

decreased soil moisture content at 23 cm depth, in the second 

week. Moisture % was 1.11 in the third week. In both 

experiments in all varieties water stress at BG-MT, rapidly 

depleted soil moisture and the readings were out of range in 

the fourth week. 
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3.3.4 NUMBER OF LEAVES APPEARED ON THE MAIN STEM 

The effects of variety on the number of leaves appeared 

on the main stem are shown in Figure 10. 

In Experiment 2 water stress at SE-BG resulted in a 

small but significant decrease in the number of leaves 

appeared on the main stem. Norman had a greater number of 

leaves on the main stem than Fenman and Wembley in the 

control. In both years in Norman, leaf appearance took 170-

180 days. In Fenman it took 80 to 100 days and in Wembley 50 

to 60 days. During growing of Norman, there was lower 

temperature from germination to stem extension, and it took a 

long time for leaves to appear. During growing of Fenman it 

was mid winter from germination to stem extension, and it was 

very cold up to time of tiller appearance. After that time 

temperature increased and the leaves appeared steadily in 

Fenman. In Wembley all leaves appeared very quickly due to 

higher temperature and short duration variety. 

3.3.5 NUMBER OF SHOOTS PER PLANT 

The general pattern of tillering was that plants produced 

between 2 and 5 shoots shown in Figure 11 to 13. After 

maximum number of shoots was reached some shoots died. 

However it was noted that fewer shoots died in the control 

treatments as shown in Figures 12 to 13. 

Generally all stress treatments decreased the number of 

shoots in all varieties. In some cases shoot number were 

decreased by the end of the stress period and in some cases 

shoot number started to decrease at the start of the stress 

period. It was dependent on temperature, plant height and 
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Fig.10: Number of leaves appeared on main stem of control 
plants in water stress EIperiments 1 and 2 
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Fig.11: Effect of water stress on shoot number per plant in 

Norman variety in water stress Experiment 1 and 2. 
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Fig.12: Effect of water stress on shoot number per plant in 

Fenman variety in water stress Experiment 1 and 2. 
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Fig.13: Effect of water stress on shoot number per plant in 

lembley variety in water stress hperiment 1 and 2. 
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period of stress. For example, ln Norman water stress at TL

SE, started to decrease shoot number at the end of the stress 

period (Figure 11). In Fenman and Wembley in Experiment 1 and 

2, water stress started to decrease shoot number after the 

second week of the stress period (Figures 12 and 13). Water 

stress at SE-BG started to decrease number of shoots per plant 

at the start of the stress period in all varieties. The 

decrease was sometimes significant. At the start of booting 

the ears had emerged and shoot death was complete. However, 

during the period BG-MT in the water stress treatments, some 

death of shoots with ears occurred. These ears contained no 

grain at harvest, although they were counted as ears in the 

determination of yield components. 

3.3.6 PLANT HEIGHT OF MAIN STEM 

The results are described stage by stage for each variety 

and for Experiments 1 and 2 and are shown in Figures 14 to 16. 

The effects of water stress on plant height were very 

similar in both years in all varieties. Generally plant 

height was decreased by all water stress treatments during 

stress periods and then recovery occurred. In some cases the 

effect of water stress was significant, but mostly it was not 

significant. Water stress at TL-SE had no significant effect 

on plant height in Norman (Figure 14). In both Experiments 1 

and 2 in Fenman water stress at TL-SE decreased plant height 

but later the plants recovered (Figure 15). In Wembley in 

both years water stress at TL-SE decreased plant height during 

the stress period (Figure 16). Recovery took place in 

Experiment 1 but not in Experiment 2. In Norman, Fenman and 
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FigJ4: Effect of water stress on plant height of main stem of 

Norman variety in water stress Experiment 1 and 2. 
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Fig.15: Effect of water stress on plant hei,ht of main stem of 
Fenman variety in water stress EIperiment 1 and 2. 

160 

140 

130 

S120 

~ 110 
~ 100 

f., 90 
.~ 

GJ 80 
~ 
~ 

d 
«S -~ 

-

70 

60 

50 

40 

30 

20 

130 

120 

110 

Experiment 1 

I I I I 

TL SE BG 

30 40 60 60 70 80 gO 100 

Days after sowing Fenlllan 

Experiment 2 

I • I I 

Staees 
-.- TL-SJ: 
...•.. SJ:-80 
.... SO-liT 
-e-. Cont.rol 

a 100 

~ 90 
BG Stages TL SE 

:::i 80 

.~ 70 
GJ 
~ 60 

~ 50 

!! 40 
~ 

30 

20 

10l-~~~~~-r~-r~-r~~~~~~~~ 
30 40 60 60 70 80 gO 100 110 

Days after sowing Fenman 

TL = Tillering; SE = Stem eltension; BG = Bootin, 

I = SA of mean 

96 

...... TL-SE 

..•.. SE-BG 
•••• BG-liT 
-&-. Control 



Fig.16: Effect of 'Water stress on plant height of main stem of 

Jembley variety in water stress Experiment 1 and 2. 
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Wembley, water stress at SE-BG decreased plant height and then 

recovery occurred in Experiment 1 but not in Experiment 2. 

water stress at BG-MT had little effect on Norman (Figure 14), 

but decreased plant height in Fenman in both years (Figure 

15). Water stress at BG-MT had no significant effect on 

plant height in Wembley (Figure 16). 

3.3.7 SIGNIFICANCE OF MAIN EFFECTS AND INTERACTIONS IN 

GROWTH ANALYSIS AND YIELD DATA 

To determine the effects of water stress and variety on 

growth and yield the data for growth parameters recorded at 

the end of each stress period and for yield and yield 

components of each variety were pooled before analysis of 

variance was performed. 

All tests of significance were made at the 5% probability 

level. Where treatment effects were found to be significant 

treatment means were then compared by calculating a least 

significant difference (LSD) using the values of the standard 

error of a treatment mean and of Q from tables of the 

Studentized Range. The test is referred to as Tukey's test 

(Zar, 1984). 

L.S.D. S.E. of means x Q (k, df) 

k number of means to be compared 

df residual degrees of freedom 

S.E. - the standard error of the treatment means being 

compared. 

In the results tables, N.S. indicates not significant. 

All data were analysed on the DEC 20 or VAXA computing 

facilities available at U.C.N.W., Bangor, using GENSTAT or 
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MINITAB statistical packages. 

In all water stress and salinity experiments in both 

years, generally the interactions were significant for grain 

yield and almost all yield components. For some results the 

interactions were not significant. These were for infertile 

spikelets per ear, plant height" leaf number, grain nitrogen 

%, straw nitrogen % and nitrogen uptake per plant. The main 

effects of variety and main effects of stress at different 

stages are presented in order to show the main trends in the 

data, and also because for some parameters the interaction was 

significant in one experiment but not both. In both water 

stress and salinity experiments in both years, generally there 

were no significant interactions for the growth characteris-

tics recorded at different stages. 

The varieties were sown at different times and therefore 

experienced different climatic conditions during growth and in 

particular during different stress periods. However, stress 

was imposed at the same stage of developm~nt in each variety, 

and therefore results for all varieties and stress treatments 

were combined for analysis of variance. 

3.3.8 MAIN EFFECT OF WATER STRESS AT DIFFERENT STAGES ON 

GROWTH CHARACTERISTICS 

3.3.8.1 I Main effect of water stress at stem extension - -

In both Experiments 1 and 2, leaf area, stem area, dry 

weight per plant and nitrogen uptake per plant at stem 

extension were significantly decreased by water stress at TL-

SE (Table 10). Nitrogen % was decreased significantly in 

Experiment I, but not in Experiment 2. 
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Table 10 Main effect of water stress at stem extension on 

growth characters in Experiments 1 and 2. 

stages 

TL-SE Control S.E.M. L.S.D. 
(P=0.05) 

Experiment 1 
(cm2 ) Leaf area per plant 120.50 181.00 7.79 23.15 

stem area per plant (cm2 ) 10.95 17.41 0.71 2.12 

Dry weight per plant (g) 0.71 1.10 0.03 0.08 

Nitrogen g,. 
0 2.65 3.50 0.13 0.38 

Nitrogen uptake per plant 0.02 0.04 0.0016 0.0047 
(g) 

Experiment 2 
Leaf area per plant (cm2 ) 98.50 154.80 3.93 11.68 

stem area per plant (cm2 ) 8.97 14.25 0.35 1.05 

Dry weight per plant (g) 0.63 0.91 0.032 0.09 

Nitrogen g,. 
0 3.27 3.40 0.12 N.S. 

Nitrogen uptake per plant 0.02 0.031 0.0013 0.0037 
(g) 
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3.3.8.2 Main effect of water stress at booting 

In Experiment 1 water stress at SE-BG resulted in all 

growth characters measured at booting having significantly 

lower values than the control except nitrogen % (Table 11). 

In Experiment 2 water stress at SE-BG significantly decreased 

leaf area, stem area, dry weight, nitrogen % and nitrogen 

uptake per plant at booting. The data values for water 

stress at SE-BG were lower than those for water stress at TL

SE and the control, except nitrogen %, which was significantly 

lower than TL-SE only. 

3.3.8.3 Main effect of water stress at anthesis 

In Experiments 1 and 2, total leaf area (except flag leaf 

area which was measured separately), flag leaf area, stem 

area, ear area, dry weight per plant and nitrogen % at 

anthesis were significantly affected by water stress at 

different stages (Table 12). In both years nitrogen uptake per 

plant was not significantly different. In Experiment 1, 

generally all water stress treatments had a significantly 

lower value of all parameters compared to the control. In 

Experiment 1 the three stressed treatments showed no signifi

cant differences in leaf area, flag leaf area, stem area and 

dry weight per plant. water stress at SE-BG has given 

significantly higher nitrogen % than the other treatments in 

Experiment 1. In Experiment 1, there were no significant 

differences in nitrogen uptake per plant between stress 

treatments and the control. Generally in Experiment 2, all 

water stress treatments decreased all measured parameters. 

Leaf area per plant was significantly lower in all water 

stress treatments compared to the control. Flag leaf area 
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Table 11 Main effect of water stress at different stages on 

different growth characters at booting in 

Experiments 1 and 2. 

stages 

TL-SE SE-BG Control S.E.M. L.S.D. 
(P=0.05) 

Experi1llent 1 
Leaf area per plant 181.80 138.00 269.50 16.09 56.47 

(cm2 ) 
stem area per plant 28.00 23.10 40.60 1.93 6.78 

(cm2 ) 
Dry weight per plant 1.78 1.81 2.85 0.16 0.57 

(g) 
Nitrogen % 2.62 1.92 2.16 0.12 0.41 

Nitrogen uptake per 0.044 0.033 0.060 0.0035 0.12 
plant ( g) 

Experi1llent 2 
Leaf area per plant 145.20 76.70 197.40 6.63 23.28 

(cm2 ) 
stem area per plant 30.27 22.08 37.04 0.95 3.35 
(cm2 ) 
Dry weight per plant 2.53 2.26 3.50 0.17 0.60 

(g) 
Nitrogen % 2.52 2.19 2.12 0.50 0.18 

Nitrogen uptake per 0.034 0.039 0.052 0.0022 0.0079 
plant ( g) 
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Table 12 Main effect of water stress at different stages on 

growth characters at anthesis in Experiments 

1 and 2. 

stages 

TL-SE SE-BG BG-MT Control S.E.M. L.S.D. 
(P=0.05) 

Experiment 1 
Leaf area per 126.30 125.70 90.70 179.10 9.64 36.82 
plant (cm2 ) 
Flag leaf area 39.50 28.00 38.00 52.90 2.55 9.93 
per plant (cm2 ) 
Ear area ~er 34.40 32.70 33.90 44.80 2.09 7.97 
plant (cm ) 
stem area per 45.70 41.70 43.30 61.70 2.45 9.37 
plant (cm2 ) 
Dry weight per 3.59 3.11 3.43 4.77 0.19 0.71 
plant ( g) 
Nitrogen % 1.41 1.63 1.44 1.36 0.047 0.18 

Nitrogen uptake 0.051 0.050 0.049 0.065 0.0035 N.S. 
per plant (g) 
Soluble 0.55 0.56 0.60 0.60 0.026 N.S. 
carbohydrate ~ 0 

Soluble 11.48 10.26 13.00 17.37 0.99 3.78 
carbohydrate 
Content (mg) 
per plant 

Experiment 2 
Leaf area per 129.80 88.50 42.00 181.60 6.63 25.31 
plant (cm2 ) 
Flag leaf area 50.50 26.90 25.60 45.40 4.88 18.64 
per plant (cm2 ) 
Ear area ~er 42.60 34.40 52.80 55.90 3.64 13.91 

plant (cm ) 
Stem area per 49.10 30.90 39.60 53.00 2.27 8.67 

plant (cm2 ) 
Dry weight per 3.74 2.50 3.56 4.31 0.29 1.10 

plant ( g) 
Nitrogen % 2.02 2.14 1.66 1.79 0.094 0.36 

Nitrogen uptake 0.051 0.046 0.042 0.056 0.0048 N.S. 

per plant ( g) 0.14 Soluble 0.65 0.64 0.78 0.72 0.035 

carbohydrate ~ 0 

Soluble 16.79 9.52 17.01 19.76 1.50 5.73 

carbohydrate 
content (mg) 
per plant 
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and stem area per plant was significantly decreased by water 

stress at SE-BG and BG-MT. Ear area per plant were signifi

cantly decreased by water stress at SE-BG. Dry weight per 

plant was significantly decreased by water stress at SE-BG. 

water stress at TL-SE and BG-MT gave dry weight per plant non-

significantly lower than the control. Nitrogen % was 

significantly increased by water stress at SE-BG in both 

years. water stress at TL-SE also increased nitrogen % but not 

significantly. There were no significant effects of time of 

water stress on nitrogen uptake per plant. 

In Experiment 1 soluble carbohydrate % was not signifi

cantly affected by water stress but it was in Experiment 2. 

In Experiment 2 water stress at SE-BG gave soluble carbohy

drate % significantly lower than water stress at BG-MT. The 

other treatments were not significantly different from each 

other. In Experiment 1 soluble carbohydrate content was 

significantly decreased by water stress at TL-SE, SE-BG and 

BG-MT. In Experiment 2 soluble carbohydrate content was 

significantly decreased with water stress at SE-BG. 

3.3.9 MAIN EFFECT OF VARIETIES ON GROWTH CHARACTERISICS 

IN WATER STRESS EXPERIMENTS 1 AND 2 

3.3.9.1 Main effect of varieties on growth characteristics 

at stem extension 

In Experiment 1, there was no significant effect of 

variety on leaf area, stem area, nitrogen uptake per plant at 

stem extension (Table 13). However, dry weight per plant and 

nitrogen % showed significant differences between varieties. 

Dry weight per plant was significantly higher in Norman than 
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Table 13 Main effect of varieties on growth characters at stem 

extension in water stress Experiments 1 and 2. 

varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

Experiment 1 
Leaf area per plant 165.40 134.50 152.20 9.54 N.S. 

(cm2 ) 
stem area per plant 15.76 12.84 13.94 0.87 N.S. 

(cm2 ) 
Dry weight per plant ( g) 1.18 0.81 0.71 0.04 0.12 

Nitrogen ~ 0 2.17 3.02 4.05 0.16 0.56 

Nitrogen uptake per 0.027 0.025 0.029 0.0019 N.S. 
plant ( g) 

Experiment 2 
Leaf area per plant 142.40 119.10 118.50 4.82 17.39 

(cm2 ) 
stem area per plant 12.38 11.67 10.78 0.43 N.S. 

(cm2 ) 
Dry weight per plant (g) 1.03 0.83 0.45 0.039 0.14 

Nitrogen ~ 0 3.20 3.37 3.44 0.14 N.S. 

Nitrogen uptake per 0.033 0.028 0.016 0.0015 0.0055 
plant ( g) 
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in Fenman and Wembley. Wembley had a significantly higher 

nitrogen % than Fenman. Fenman had significantly higher 

nitrogen % than Norman. 

significantly higher leaf 

In Experiment 2 Norman had a 

area, dry weight, and nitrogen 

uptake per plant than Fenman. These parameters were 

significantly higher in Fenman than in Wembley, except leaf 

area per plant. There were no significant differences 

between varieties in stem area and nitrogen %. 

3.3.9.2 Main effect of varieties on growth characteristics 

at booting 

In Experiment 1, there were no significant differences in 

leaf area and stem area between varieties at booting (Table 

14). Dry weight per plant was significantly higher in Norman 

than in Wembley. Wembley had a significantly lower dry weight 

per plant than Fenman. Nitrogen % and nitrogen uptake per 

plant were lower in Norman compared to Fenman. In Experiment 

2 Norman had a significantly higher leaf area, stem area, dry 

weight and nitrogen uptake per plant than Fenman and Wembley. 

Norman had a significantly lower nitrogen % than Fenman and 

Wembley. 

3.3.9.3 Main effect of varieties on growth characteristics 

at anthesis 

In Experiment 1, Norman had a significantly higher leaf 

area and dry weight per plant than Wembley (Table 15). 

Wembley had a significantly lower leaf area and dry weight per 

plant than Fenman. Wembley had significantly higher flag leaf 

area per plant than Norman. In Experiment 1, stem area, ear 

area, nitrogen % and nitrogen uptake per plant, showed no 

significant differences between varieties. In Experiment 2, 

106 



Table 14 Main effect of varieties on growth characters at 

booting in water stress Experiments 1 and 2 

varieties 

Norman Fenman Wembley S.E.M L.S.D. 
(P=0.05) 

Experiment 1 
Leaf area per 

(cm2 ) 
plant 176.90 209.40 203.00 16.09 N.S. 

stem area per 
(cm2 ) 

plant 32.70 31.40 127.60 1.93 N.S. 

Dry weight per plant 2.56 2.29 1.59 0.16 0.57 
(g) 

Nitrogen s,. 
0 1.50 2.35 2.85 0.12 0.41 

Nitrogen uptake per 0.039 0.053 0.044 0.0035 0.012 
plant ( g) 

Experiment 2 
Leaf area per 

(cm2 ) 
plant 216.00 92.10 111.10 6.63 23.28 

stem area per 
(cm2 ) 

plant 52.88 22.59 13.93 0.95 3.35 

Dry weight per plant 6.02 1.44 0.82 0.17 0.60 
(g) 

Nitrogen s,. 
0 1.10 2.55 3.17 0.05 0.18 

Nitrogen uptake per 0.065 0.036 0.025 0.0022 0.0079 
plant ( g) 

107 



Table 15 Main effect of varieties on growth characters at 

anthesis in water stress Experiment 1 and 2. 

Experiment 1 
leaf area 

(cm2 ) 
per plant 

Flag leaf area per 
plant (cm2 ) 

Ear area per plant 
(cm2 ) 

stem area per plant 
(cm2 ) 

Dry weight per plant 
(g) 

Nitrogen % 

Nitrogen uptake per 
plant ( g) 

Soluble carbohydrate 9,-
0 

Soluble carbohydrate 
content (mg) per plant 

Experiment 2 
Leaf area per 

(cm2 ) 
plant 

Flag leaf area per 
plant (cm2 ) 

Ear area per plant 
(cm2 ) 

Stem area per plant 
(cm2 ) 

Dry weight per plant ( g) 

Nitrogen % 

Nitrogen uptake per 
plant ( g) 

Soluble carbohydrate 9,-
0 

Soluble carbohydrate 
content (mg) per plant 

Varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

158.50 134.90 98.00 8.35 28.87 

26.80 47.90 44.10 2.20 7.63 

37.90 36.10 35.30 1.81 N.S. 

47.90 47.10 49.30 2.13 N.S. 

4.03 3.86 3.29 0.16 0.56 

1.49 1.51 1.37 0.041 N.S. 

0.069 0.069 0.05 0.0030 N.S. 

0.54 0.64 0.56 0.022 0.078 

6.98 17.73 14.37 0.86 2.97 

131.30 117.80 82.40 5.74 21.62 

52.20 35.90 23.20 4.23 14.68 

59.60 41.40 39.80 3.15 10.94 

60.30 39.50 28.20 1.99 6.82 

7.16 1.86 1.56 0.25 0.86 

0.98 2.22 2.50 0.081 0.28 

0.07 0.04 0.04 0.0042 0.015 

1.20 0.50 0.39 0.031 0.11 

40.66 4.35 2.29 1.30 4.49 
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at anthesis Norman had a significantly higher leaf area, flag 

leaf area, stem area, ear area, dry weight and nitrogen uptake 

per plant compared to Wembley. However, Norman had a lower 

nitrogen % than Fenman and Wembley. The values for Fenman 

were generally in between those for Norman and Wembley. 

Wembley had a leaf area and stem area significantly lower than 

Fenman. For other parameters Wembley generally gave results 

which were not significantly lower than Fenman. 

In Experiment 1, Fenman had a higher soluble carbohydrate 

% and content than Norman and Wembley. In Experiment 2, 

Norman had a significantly higher soluble carbohydrate % than 

Fenman and Fenman had a significantly higher value than 

Wembley. In Experiment 2, soluble carbohydrate content was 

significantly higher in Norman in comparison to Fenman and 

Wembley. 

3.3.10 MAIN EFFECT OF WATER STRESS AT DIFFERENT STAGES ON 

GRAIN YIELD, YIELD COMPONENTS AND OTHER CHARACTERS 

IN EXPERIMENTS 1 AND 2 

The results are presented in two sections, the variety x 

water stress interaction was significant for many, but not 

all, yield components in both years. Therefore, to show the 

main trends for varieties and water stress at different 

stages, the main effects of these factors are presented and 

discussed briefly. 

The effects of water stress at different stages on yield 

and yield components and other characters recorded at harvest 

in Experiments 1 and 2 are shown in Tables 16 and 17 respec

tively. Generally grain yield and yield components are 
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Table 16 Main effects of water stress at different growth stages 

on yield and yield components and other characters 

recorded at harvest - Experiment 1. 

Grain weight per 
plant (g) 

Average grain weight 
(mg) 

Number of grains per 
plant 

Number of ears per 
plant 

Number of grains 
per ear 

Fertile spikelets 
per ear 

Number of grains per 
fertile spikelet 

Infertile spikelet 
per ear 

Harvest index % 

straw dry weight per 
plant (g) 

Plant height of main 
stem (cm) 

Number of leaves on 
main stem 

Nitrogen % in grain 

Nitrogen % in straw 

Nitrogen uptake per 
plant (grain + straw) 
(g) 
Average grain weight 

of grain growth (mg) 
Rate of grain growth 

(mgjday) 
Duration of grain 

growth (days) 

stages 

TL-SE SE-BG BG-MT Control S.E.M. L.S.D. 
(p=0.05) 

2.26 2.47 1.15 3.26 0.075 0.29 

43.30 44.64 29.14 46.57 0.83 3.16 

54.20 58.76 45.03 74.68 1.76 6.73 

1.42 1.44 1.42 1.74 0.038 0.14 

38.84 41.46 32.62 44.14 1.26 4.83 

17.02 17.84 17.63 18.76 0.23 0.88 

2.28 2.33 1.85 2.34 0.068 0.26 

4.05 3.36 4.01 2.63 0.18 0.68 

45.38 47.46 36.44 48.43 1.00 3.81 

2.70 2.81 1.96 3.58 0.12 0.45 

84.02 82.33 74.83 83.22 0.66 2.54 

10.00 10.00 10.00 10.00 N.S. 

1.86 1.90 1.90 1.78 0.098 N.S. 

0.51 0.62 0.60 0.39 0.036 0.14 

0.056 0.064 0.034 0.072 0.0027 0.010 

44.05 46.08 34.11 48.42 0.89 3.74 

1.39 1.44 1.28 1.51 0.050 0.21 

34.25 34.67 26.79 33.32 0.78 3.28 
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Table 17 Main effects of water stress at different growth 

stages on yield and yield components and other 

characters recorded at harvest - Experiment 2 

Grain weight per 
plant (g) 
Average grain weight 

(mg) 
Number of grains per 

plant 
Number of ears per 

plant 
Number grains per 

ear 
Fertile spikelets 

per ear 
Number of gralns per 

fertile spikelet 
Infertile spikelets 

per ear 
Harvest index % 

straw dry weight per 
plant (g) 

Plant height of main 
stem (cm) 

Number of leaves on 
main stem 

Nitrogen % in grain 

Nitrogen % ln straw 

stages 

TL-SE SE-BG BG-MT Control S.E.M. L.S.D. 
(P=0.05) 

1.80 1.77 0.92 3.10 0.14 0.54 

32.03 34.14 22.23 34.67 1.22 4.67 

56.5 51.4 43.5 89.5 3.38 12.91 

1.52 1.53 1.41 1.94 0.051 0.20 

38.70 35.19 30.50 47.37 1.51 5.77 

16.86 16.42 16.38 18.90 0.28 1.067 

2.22 2.12 1.83 2.45 0.085 0.33 

3.03 4.12 4.52 2.40 0.20 0.76 

48.16 46.27 34.29 52.58 1.75 6.68 

2.00 2.11 2.073 2.89 0.13 0.49 

71.81 69.40 63.21 74.69 1.043 3.98 

10.33 10.25 10.33 10.33 0.024 0.092 

2.01 2.20 2.97 1.97 0.050 0.19 

0.57 0.64 0.86 0.54 0.053 0.20 

Nitrogen uptake per 0.043 0.049 0.042 0.070 0.0025 0.0096 
plant (grain + straw) 

(g) 
Average grain weight 35.50 36.75 24.20 38.83 0.99 4.14 
of grain growth (mg) 

Rate of grain growth 1.05 1.04 0.68 1.11 0.070 0.29 
(mgjday) 
Duration of grain 34.71 35.88 37.19 35.06 1.78 N.S. 

growth (days) 
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described in detail in the interaction tables 20 to 28. Water 

stress at different stages significantly affected grain yield 

and yield components in both Experiments 1 and 2. Generally 

all water stress treatments decreased grain yield and yield 

components compared to the control. Particularly, water 

stress at BG-MT significantly decreased grain yield and yield 

components. However, the number of infertile spikelets per 

ear, grain nitrogen % and straw nitrogen % were increased by 

the water stress treatments. 

In Experiment 1 water stress at TL-SE and BG-MT resulted 

in a significantly higher number of infertile spikelets per 

ear than the control. with water stress at SE-BG the number 

of infertile spikelets was not significantly higher than the 

control and not significantly lower than TL-SE and BG-MT. In 

Experiment 2 with water stress at SE-BG and BG-MT the number 

of infertile spikelets was significantly higher than the 

control. water stress at TL-SE gave a significantly lower 

number of infertile spikelets than water stress at SE-BG and 

BG-MT, but not significantly higher than the control. 

In both years water stress at BG-MT significantly 

decreased plant height. Plant height was relatively 

unaffected by water stress at other stages. water stress had 

no significant effects on number of leaves on the main stem in 

Experiment 1. In Experiment 2 water stress at SE-BG resulted 

in a very small but significant decrease in the number of 

leaves on the main stern. This was because in Fenman and 

Wembley all replicates of each variety had the same number of 

leaves, whereas in Norman two of the four replicates had an 

average of 13 leaves and the other two replicates had an 
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average of 12.5 leaves. There were no significant effects of 

water stress on grain nitrogen % in Experiment 1. In 

Experiment 2 water stress at BG-MT resulted in a significantly 

higher grain nitrogen % compared to all other treatments. In 

Experiment 1, water stress at BG-MT and SE-BG has given straw 

nitrogen % significantly higher than the control but not 

significantly higher than TL-SE. Both stages SE-BG and BG-MT 

had no significant differences to each other. In Experiment 

2, water stress at BG-MT significantly increased straw 

nitrogen % compared to TL-SE, SE-BG and control. In 

Experiment 1 water stress at BG-MT significantly decreased 

nitrogen uptake per plant in comparison to water stress at TL

SE, SE-BG and the control. In Experiment 2 all water stress 

treatments gave a nitrogen uptake per plant significantly 

lower than the control. In Experiment 1 average grain 

weight, rate, and duration of grain growth were significantly 

decreased by water stress at BG-MT. Water stress at TL-SE 

and SE-BG had no significant effects. Similar trends were 

present in Experiment 2, except that the duration of grain 

growth was not significantly affected. 

3.3.11 MAIN EFFECT OF VARIETIES ON YIELD, YIELD COMPONENTS 

AND OTHER CHARACTERS IN EXPERIMENTS 1 AND 2 

The main effects of varieties on yield, yield components 

and other characters recorded at harvest for water stress, 

Experiments 1 and 2 are shown in Tables 18 and 19 respective

ly. 

The effects of variety on grain yield and yield compo

nents were generally significant except for grain number per 
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Table 18 Main effects of varieties on yield, yield components 

and other characters recorded at harvest in water 

stress - Experiment 1. 

---.------------------------------------------------

Grain weight per 
plant (g) 

Average grain weight 
(mg) 

Number of grains per 
plant 

Number of ears per 
plant 

Number of grains per 
ear 

Fertile spikelets per 
ear 

Number of grain per 
fertile spikelet 

Infertile spikelets 
per ear 

Harvest index % 

straw dry weight per 
plant (g) 

Plant height of main 
stem (cm) 

Number of leaves on 
main stem 

Nitrogen % in grain 

Nitrogen % in straw 

Varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

2.16 2.53 2.16 0.065 0.22 

34.66 41.93 46.15 0.72 2.48 

59.65 59.05 55.80 1.53 N.S. 

1.27 1.49 1.76 0.033 0.11 

46.64 39.44 31.70 1.09 3.78 

18.33 17.37 17.75 0.20 0.69 

2.54 2.27 1.79 0.059 0.20 

4.13 2.59 3.82 0.15 0.54 

37.42 49.71 46.15 0.86 2.99 

3.45 2.46 2.39 0.102 0.36 

89.13 81.04 73.13 0.57 1.99 

11.00 10.00 9.00 

1.73 1.94 1.91 0.085 N.S. 

0.55 0.38 0.75 0.031 0.11 

Nitrogen uptake per 0.053 0.057 0.059 0.0023 N.S. 
plant (grain + straw) 
( g) 

Average grain weight 40.80 47.50 42.04 0.77 2.90 
of grain growth (mg) 

Rate of grain growth 1.24 1.69 1.29 0.043 0.16 
(mgjday) 

Duration of grain 37.22 27.91 31.64 0.68 2.55 
growth (days) 
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Table 19 Main effects of varieties on yield, yield comp

onents and other characters recorded at harvest 

in water stress Experiment 2. 

Grain weight per 
plant (g) 

Average grain weight 
(mg) 

Number of grains per 
plant 

Number of ears per 
plant 

Number of grains per 
ear 

Fertile spikelets per 
ear 

Number of grains per 
fertile spikelet 

Infertile spikelets 
per ear 

Harvest index % 

straw dry weight per 
plant (g) 

Plant height of main 
stem (cm) 

Number of leaves on 
main stem 

Nitrogen % in grain 

Nitrogen % in straw 

Varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

2.42 1.99 1.37 0.12 0.42 

30.74 31.32 30.25 1.058 N.S. 

77.4 58.7 44.3 2.93 10.16 

1.41 1.74 1.65 0.044 0.15 

54.37 32.91 26.55 1.31 4.54 

20.02 16.48 14.92 0.24 0.84 

2.71 1.99 1.77 0.074 0.26 

4.48 2.75 3.33 0.17 0.59 

39.55 45.83 50.60 1.51 5.25 

3.43 2.09 1.28 0.11 0.38 

85.19 65.62 58.55 0.90 3.13 

12.94 10.00 8.00 0.021 0.072 

1.82 2.29 2.76 0.043 0.15 

0.34 0.73 0.89 0.046 0.16 

Nitrogen uptake per 0.051 0.055 0.048 0.0022 N.S. 
plant (grain + straw) 
(g) 

Average grain weight 34.10 33.68 33.67 0.86 N.S. 
of grain growth (mg) 

Rate of grain growth 1.01 0.98 0.92 0.060 N.S. 
(mgjday) 

Duration of grain 35.10 35.11 36.92 0.15 N.S. 
growth (days) 
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plant in Experiment 1 and average grain weight (mg) in 

Experiment 2 which were not significant. In Experiment 1, 

Fenman had a significantly higher grain weight than the other 

varieties. In Experiment 2, Norman had a significantly higher 

grain weight than Fenman and Wembley. 

In Experiment 1 Norman had the highest grain number per 

ear and per fertile spikelet, and the highest number of 

fertile spikelets per ear. However, it had the lowest number 

of ears per plant and average grain weight. Similar trends 

were present in Experiment 2, except that there was no 

significant difference between varieties in average grain 

weight. 

The number of infertile spikelets per ear has given 

significant differences in varieties in both years. Both 

years' results were similar. Norman had significantly more 

infertile spikelets per ear than Fenman, but not significantly 

more than Wembley. There were significant differences in 

both years in plant height between varieties. In both years 

Wembley had shorter plant height than Fenman which was shorter 

than Norman. The interaction between water stress and 

varieties for number of leaves per plant was not significant 

in Experiment 1, but it was in Experiment 2. In Experiment 1 

Norman had 11 Fenman 10 and Wembley had 9 leaves. In 

Experiment 2, results, Norman had 12.94, Fenman had 10 and 

Wembley had 8 leaves. In both years Norman had more leaves 

than Fenman, which had more leaves than Wembley. Grain 

nitrogen % was higher in Wembley and Fenman than in Norman, 

but this was significant in Experiment 2 only. In both years 

Wembley had a significantly higher straw nitrogen % than 
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Norman. In Experiment 1, Fenman had a significantly higher 

average grain weight and rate of grain growth than Norman and 

Wembley. Norman had a significantly longer duration of grain 

growth than Fenman and Wembley, Fenman had a significantly 

shorter duration of grain growth than Wembley. In Experiment 

2 average grain weight, rate and duration of grain growth were 

not significantly affected by variety. 

In these experiments, at final harvest there were no 

significant effects of water stress in Experiments 1 and 2 on 

the number of detectable stem nodes on the main stem as shown 

in Table 20. The values of this character were similar in 

both experiments, but were different between varieties. In 

both experiments Norman had more dectable stem nodes than 

Fenman and Fenman had more than Wembley, as found by Kirby et 

ale (1985b). 

The numbers of detectable stem nodes were similar for 

each variety in the water stress experiments. 

3.3.12 EFFECTS OF VARIETIES AND WATER STRESS ON YIELD, YIELD 

COMPONENTS AND OTHER CHARACTERS RECORDED AT HARVEST 

3.3.12.1 Grain weight per plant i9l 

In both years all water stress treatments decreased grain 

weight per plant, but for individual varieties the decrease 

was not always significant (Table 21). Water stress at BG-MT 

significantly decreased grain weight per plant in all 

varieties in Experiment 1. 

In Experiment 1, in Norman with water stress at TL-SE 

grain weight per plant was significantly lower than with water 

stress at SE-BG, and applied water stress at SE-BG resulted in 
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Table 20 Detectable stem nodes on the main stem of plants 

of different wheat varieties, Norman, Fenman and 

Wembley in water stress Experiments 1 and 2. 

variety 

Experiment 1 

Norman 

Fenman 

Wembley 

Experiment 2 

Norman 

Fenman 

Wembley 

Water stress Experiments 

Mean 

5.7 

4.6 

3.6 

5.7 

4.6 

3.6 

S.E.of mean 
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0.153 

0.163 

0.163 

0.153 

0.163 

0.163 



Table 21 Effect of varieties and water stress on grain 

weight per plant (g) in Experiments 1 and 2 

Varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 1.59 2.72 2.45 

stem extension to booting 2.38 2.60 2.43 

Booting to maturity 1.07 1.41 0.96 

Control 3.61 3.39 2.78 

S.E. of means - 0.13; L.S.D. (P = 0.05) = 0.64 

Experiment 2 

Tillering to stem extension 2.37 1.67 1.36 

stem extension to booting 2.23 1.77 1.30 

Booting to maturity 1.16 0.84 0.77 

Control 3.93 3.33 2.04 

S.E. of means = 0.24; L.S.D. (P 0.05) - N.S. 
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a significantly lower grain weight per plant than the control. 

In Fenman and Wembley water stress at TL-SE non-significantly 

decreased the grain weight per plant compared to the control. 

water stress at SE-BG resulted in significantly lower grain 

weight per plant compared to the control in Fenman but not 

significantly less compared to the control in Wembley. In 

the controls Wembley had a significantly lower grain weight 

per plant than Norman and Fenman. The Norman control gave a 

grain weight per plant not significantly higher than the 

Fenman control. 

The interaction between water stress and variety was not 

significant in Experiment 2. The main effects of water 

stress at different stages (Table 16 and 17) showed that all 

water stress treatments significantly decreased grain weight 

per plant compared to the control. In particular water stress 

at BG-MT gave significantly much lower than TL-SE, SE-BG. 

The main effect of variety was also significant. Norman gave 

significantly higher grain weight per plant than Fenman and 

Fenman gave significantly higher than Wembley. 

3.3.12.2 Average grain weight (mg) 

In Experiment lowing to water stress average grain 

weight was significantly less at BG-MT compared to the control 

in all varieties (Table 22). In Norman average grain weight 

was lower with water stress at TL-SE than with water stress at 

SE-BG but this was not significant. with water stress at SE-BG 

average grain weight was lower compared to the control but not 

significantly. In Fenman with water stress at TL-SE average 

grain weight was not significantly lower than with water 

stress at SE-BG and the control. In Wembley water stress at 
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Table 22 Effect of varieties and water stress on average 

grain weight (mg) in Experiments 1 and 2 

varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 34.12 44.82 50.97 

stem extension to booting 37.94 47.15 48.84 

Booting to maturity 23.19 28.94 35.27 

Control 43.38 46.82 49.50 

s . E . 0 f means = 1. 43 ; L. S . D. (P - o. 05) - 7. 085 

Experiment 2 

Tillering to stem extension 29.89 36.22 29.97 

stem extension to booting 39.86 32.49 30.09 

Booting to maturity 18.60 21.18 26.91 

Control 34.60 35.40 34.02 

S.E. of means = 2.12; L.S.D. (P - 0.05) - 10.48 
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TL-SE and SE-BG had no significant effects on average grain 

weight. In both Experiments 1 and 2 in the controls the 

varieties showed no significant differences in average grain 

weight. In Experiment 2 with water stress at BG-MT average 

grain weight was significantly lower compared to the control 

in Norman and Fenman but not significantly in Wembley. with 

water stress at BG-MT average grain weight was lower than in 

the other treatments in all varieties, in some cases this was 

significant and in some non-significant. In Norman with 

water stress at TL-SE average grain weight was significantly 

lower than with water stress at SE-BG. water stress at TL-SE 

non-significantly decreased average grain weight compared to 

the control. In Norman water stress at SE-BG has given 

average graln weight higher than the control but not 

significantly. In Fenman with water stress at TL-SE average 

grain weight was not significantly higher than SE-BG and the 

control. water stress at SE-BG resulted in a non-

significantly less average grain weight compared to the 

control. In Wembley water stress at TL-SE and SE-BG resulted 

in similar average grain weight. At these stages average 

grain weight was not significantly less than the control. 

3.3.12.3 Number of grains per plant 

In Experiment 1, the results show that water stress at 

BG-MT gave a significantly lower number of grains per plant 

than the control in all varieties (Table 23). In Norman 

water stress at TL-SE gave significantly fewer grains per 

plant in comparison to water stress at SE-BG, water stress at 

SE-BG gave significantly fewer grain per plant than the 

control. In Fenman water stress at TL-SE decreased numbers 
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Table 23 Effect of varieties and water stress on number 

of grains per plant in Experiments 1 and 2 

Varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 46.3 60.7 55.6 

stem extension to booting 63.0 55.3 58.0 

Booting to maturity 45.9 47.9 41.3 

control 83.3 72.4 68.3 

S.E. of means = 3.053; L.S.D. (P - 0.05) - 15.11 

Experiment 2 

Tillering to stem extension 78.7 45.7 45.1 

stem extension to booting 55.9 54.3 44.1 

Booting to maturity 61.9 40.2 28.4 

Control 113.3 94.5 59.7 

S.E. of means = 5.85; L.S.D. (P 0.05) - 28.95 
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of grain per plant but this was not significant in comparison 

to the control. Water stress at SE-BG resulted in signifi

cantly fewer number of grains per plant compared to the 

control in Fenman. In Wembley with water stress at TL-SE and 

SE-BG numbers of grains per plant were non-significantly less, 

compared to the control, and non-significantly higher than 

water stress at BG-MT. Norman had more grains per plant than 

Fenman. Fenman had more grains per plant than Wembley, but 

the differences between the varieties were not significant. 

In Experiment 2 the trends were very similar to Experi

ment 1. Water stress at BG-MT gave significantly lower number 

of grains per plant compared to the control in all varieties. 

In Norman and Fenman all water stress treatments significantly 

decreased number of grain per plant. In Norman water stress 

at TL-SE gave non-significantly higher number of grain per 

plant than SE-BG, but significantly less compared to the 

control. In Fenman water stress at SE-BG decrease number of 

grain per plant significantly compared to the control. In 

Wembley water stress at TL-SE and SE-BG has given non

significantly fewer grains per plant than the control. In 

the control Wembley had significantly fewer grains per plant 

than Norman but not Fenman. 

3.3.12.4 Number of ears per plant 

The interaction between water stress and variety for 

number of ears per plant (Table 24), was not significant in 

Experiment 1, but it was in Experiment 2. However , in 

Experiment 1 the main effects of water stress and variety were 

significant. All water stress treatments significantly 

decreased number of ears per plant but there were no signifi-

124 



Table 24 Effect of varieties and water stress on number of 

ears per plant in Experiments 1 and 2 

varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 1.09 1.47 1.69 

stem extension to booting 1.32 1.36 1.64 

Booting to maturity 1.15 1.42 1.71 

Control 1.50 1.72 2.01 

s . E . 0 f means - O. 065 ; L. S . D . (P = O. 05) = N. S . 

Experiment 2 

Tillering to stem extension 1.36 1.43 1.76 

stem extension to booting 1.15 1.91 1.55 

Booting to maturity 1.52 1.34 1.37 

Control 1.62 2.26 1.94 

S.E. of means = 0.089; L.S.D. (P - 0.05)= 0.44 
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cant differences between them. Norman gave significantly 

lower number of ears per plant than Fenman and Fenman gave 

lower than Wembley. In Experiment 2 in all varieties, all 

water stress treatments decreased number of ears per plant. 

In Norman water stress at SE-BG significantly decreased number 

of ears per plant. Water stress at TL-SE gave non signifi

cantly similar to BG-MT in Norman, both stages had a lower 

number of ears per plant than the control but not significant

ly. In Fenman water stress at TL-SE and BG-MT has given 

significantly lower number of ears per plant than SE-BG and 

the control. In Wembley water stress at BG-MT resulted in 

significantly fewer number of ears per plant compared to the 

control but not significantly less than water stress at TL-SE 

and SE-BG. Water stress at TL-SE and SE-BG has given non-

significantly lower number of ears per plant than the control. 

In the controls Fenman had significantly more ears per plant 

than Norman but not significantly more than the Wembley 

control. 

3.3.12.5 Number of grains per ear 

For number of grains per ear (Table 25) the interaction 

between variety and water stress was not significant in 

Experiment 1 but it was in Experiment 2. In Experiment 1, 

the main effects of water stress and the main effects of 

variety were significant. Water stress at BG-MT gave a 

significantly lower number of grains per ear than TL-SE and 

the control. Water stress at TL-SE gave a significantly 

lower number of grains per ear than the control but not 

significantly less than SE-BG. Norman gave a significantly 

higher number of grains per ear than Fenman and Fenman 
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Table 25 Effect of varieties and water stress on number of 

grains per ear in Experiments 1 and 2 

varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 42.3 41.3 32.9 

stem extension to booting 48.0 40.8 35.6 

Booting to maturity 40.1 33.5 24.3 

Control 56.2 42.2 34.0 

S.E. of means - 2.19; L.S.D. (P - 0.05) = N.S. 

Experiment 2 

Tillering to stem extension 58.8 31.7 25.6 

stem extension to booting 48.8 28.3 28.5 

Booting to maturity 40.5 29.8 21.2 

Control 69.4 41.8 30.9 

S.E. of means = 2.61; L.S.D. (P - 0.05) = 12.94 
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significantly higher than Wembley. 

In Experiment 2 water stress at all stages decreased 

number of grains per ear compared to the control, but the 

decrease was not significant for all varieties and stages. In 

all varieties water stress at TL-SE resulted in fewer grains 

per ear than the control, but this was not statistically 

significant. In Norman water stress at SE-BG and BG-MT 

significantly decreased number of grains per ear compared to 

the control. In Fenman water stress at SE-BG gave signifi

cantly lower number of grains per ear compared to the 

control. In Fenman and Wembley water stress at BG-MT gave a 

non-significantly lower number of grains per ear than the 

control. In the controls Norman had significantly more 

grains per ear than Fenman and Wembley. 

3.3.12.6 Fertile spikelets per ear 

In comparison to other yield components the number of 

fertile spikelets per ear was relatively less affected by 

water stress (Table 26). In Experiment 1, water stress at SE

BG and BG-MT had no significant effects on the number of 

fertile spikelets per ear in all varieties. Water stress at 

TL-SE, resulted in a significant decrease in Norman compared 

to the control, but not in Fenman and Wembley. In the 

controls Norman had significantly more fertile spikelets per 

ear than Fenman. Fenman had fewer fertile spikelets per ear 

than Wembley, but this was not significant. In Experiment 2, 

in Norman water stress at TL-SE decreased the number of 

fertile spikelets per ear but this was not significant. 

Water stress at SE-BG resulted ln a significantly lower number 

of fertile spikelets per ear compared to the control but not 
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Table 26 Effect of varieties and water stress on number of 

fertile spikelets per ear in Experiments 1 and 2 

Varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 16.65 17.52 16.89 

stem extension to booting 18.45 17.02 18.05 

Booting to maturity 18.23 16.95 17.73 

Control 19.98 17.98 18.33 

s . E . 0 f means - O. 40 ; L. S . D . (P - O. 05 ) = 1. 97 

Experiment 2 

Tillering to stem extension 19.82 16.17 14.58 

stem extension to booting 18.33 15.85 15.07 

Booting to maturity 20.20 15.93 13.00 

Control 21.73 17.95 17.02 

s . E. 0 f means - o. 48 ; L. S . D . (P - o. 05) = 2. 39 
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significantly lower than water stress at TL-SE and BG-MT. In 

Fenman water stress at TL-SE resulted in slightly more fertile 

spikelets per ear than water stress at SE-BG and BG-MT, but 

slightly lower compared to the control. These differences 

were not significant. In Fenman with water stress at SE-BG 

the number of fertile spikelets per ear was not significantly 

lower than the control. In Wembley water stress at TL-SE and 

BG-MT gave significantly less fertile spikelets per ear than 

the control. In the controls Norman had significantly more 

fertile spikelets per ear than Fenman and Wembley. 

3.3.12.7 Number of grains per fertile spikelet 

The interaction between variety and water stress (Table 

27) for number of grains per fertile spikelet was not 

significant in Experiment 1, but it was significant in 

Experiment 2. In Experiment 1 the main effects of water 

stress and the main effects of variety were significant. 

water stress at BG-MT significantly decreased number of grains 

per fertile spikelet lower than TL-SE, SE-BG and control. 

Water stress at TL-SE, SE-BG were not significantly different 

to each other and the control. Norman had significantly more 

grains per fertile spikelet than Fenman and Fenman had 

significantly more than Wembley. 

In Experiment 2, generally all water stress treatments 

had a lower grain number per fertile spikelet compared to the 

control but some were not significant. water stress at BG-MT 

significantly decreased number of grains per fertile spikelet 

in Norman, but not in Fenman and Wembley. water stress at 

TL-SE and SE-BG decreased number of grains per fertile 

spikelet but this was not significant. In the controls Norman 

130 



Table 27 Effect of varieties and water stress on number 

of grains per fertile spikelet in Experiments 

1 and 2. 

Varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 2.5 2.4 2.0 

stem extension to booting 2.6 2.4 2.0 

Booting to maturity 2.2 2.0 1.4 

Control 2.8 2.4 1.9 

s . E . 0 f means 0 . 12 ; L. S . D. (P - o. 05) - N. S . 

Experiment 2 

Tillering to stem extension 3.0 2.0 1.8 

stem extension to booting 2.7 1.8 1.9 

Booting to maturity 2.0 1.9 1.6 

Control 3.2 2.3 1.8 

S.E. of means - 0.15; L.S.D. (P - 0.05) = 0.73 
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had significantly more number of grains per fertile spikelet 

than Wembley. 

3.3.12.8 Harvest index % 

In Experiment 1, water stress at BG-MT significantly de

creased harvest index in all varieties (Table 28). In Norman 

with water stress at TL-SE harvest index was not significantly 

decreased compared to water stress at SE-BG. Water stress at 

TL-SE resulted in a significantly lower harvest index compared 

to the control in Norman. In Wembley and Fenman water stress 

at TL-SE and SE-BG had no significant effects on harvest 

index. In the controls Norman had a significantly lower 

harvest index than Fenman. 

In Experiment 2 the interaction of variety and stages was 

not significant. The main effects of water stress at stages 

and varieties were significant. Water stress at BG-MT 

significantly decreased harvest index lower than water stress 

at TL-SE, SE-BG and the control. Harvest index was not 

significantly different between water stress at TL-SE, SE-BG 

and control. In varieties Wembley had a non significantly 

higher harvest index than Fenman and Fenman had significantly 

higher than Norman. 

3.3.12.9 straw dry weight per plant i9l 

In Experiment 1 (Table 29), straw dry weight per plant was 

significantly decreased by water stress at TL-SE, SE-BG and 

BG-MT in Norman. Water stress at TL-SE and SE-BG gave 

significantly higher straw weight per plant than water stress 

at BG-MT in Norman. In Fenman and Wembley water stress at 

all stages decreased straw weight per plant but the effects 

were not statistically significant except with BG-MT in 
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Table 28 Effect of varieties and water stress on harvest 

index (%) in Experiments 1 and 2. 

stress period 

Experiment 1 

Tillering to stem extension 

stem extension to booting 

Booting to maturity 

control 

Norman 

32.75 

40.22 

34.08 

42.63 

varieties 

Fenman 

52.42 

53.32 

39.96 

53.14 

S.E. of means = 1.73; L.S.D. (P - 0.05) - 7.77 

Experiment 2 

Tillering to stem extension 41.09 52.44 

stem extension to booting 42.59 46.07 

Booting to maturity 25.04 32.82 

Control 49.50 51.98 

S.E. of means 3.028; L.S.D. (P - 0.05) - N.S. 
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Wembley 

50.97 

48.84 

35.27 

49.50 

50.95 

50.16 

45.02 

56.27 



Table 29 Effect of varieties and water stress on straw dry 

weight per plant (g) in Experiments 1 and 2. 

varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 3.24 2.48 2.39 

stem extension to booting 3.59 2.28 2.55 

Booting to maturity 2.07 2.06 1.75 

control 4.88 2.99 2.86 

S.E. of means - 0.20; L.S.D. (P = 0.05) = 1.01 

Experiment 2 

Tillering to stem extension 3.22 1.48 1.30 

stem extension to booting 3.01 2.02 1.30 

Booting to maturity 3.57 1.71 0.94 

Control 3.94 3.15 1.58 

s . E . 0 f mean = O. 22; l. S . D. (P - o. 05) - 1. 10 
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wembley. In the control Norman had a significantly higher 

straw weight per plant than Fenman and Wembley which were not 

significantly different. The results of Experiment 2 show that 

straw weight per plant was decreased by all water stress 

treatments. In Fenman water stress at all stages significantly 

decreased straw weight per plant compared to the control. In 

Norman and Wembley water stress at all stages had no signifi

cant effects on straw weight per plant. However, in both 

varieties water stress treatments resulted in less straw 

weight per plant than the control. In the controls Norman 

and Fenman had significantly higher straw weight per plant 

than Wembley. 
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3.4 DISCUSSION 

3.4.1 DIFFERENCES IN RESPONSE BETWEEN WATER STRESS 

EXPERIMENTS 1 AND 2 

Many workers have reported decreasing of yield and yield 

components by water stress. It depends upon crop, crop 

stages, period of water stress, type of soil, climatic 

conditions as shown in the literature review (Kramer, 1959, 

1963; Vaadia et al., 1961). In both water stress experiments, 

generally all water stress treatments in all varieties 

decreased the yield and yield components and all growth 

characters either less or more by different processes as found 

by other workers (Salter and Goode, 1967; Jensen and 

Mogensen, 1984). There was greater reduction in yield, yield 

components and in growth characters in Experiment 2 in 

comparison to Experiment 1, as shown in Tables 30 and 31. This 

could be due to differences in climate or soil type. Over the 

whole growth period, both temperature and the number of hours 

of bright sunshine were higher in Experiment 2 than in 

Experiment 1. Therefore rates of evapotranspiration were 

probably higher in Experiment 2 than in Experiment 1. 

There was a clear difference between the normal field 

soil, used in Experiment 1 and the mixed peat soil used in 

Experiment 2. These are shown in mixed peat soil Figures 2 and 

3, and also in Tables 7 to 9. The results of the calibration 

of the resistance blocks suggested that the soil used in 

Experiment 1 had a higher moisture holding capacity than the 

soil used in Experiment 2. At the lowest resistance readings 

the soil used in Experiment 1 had a moisture content of 28% 
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Table 30 Percentage reduction in yield and yield components 

due to water stress in Experiment 1 

Yield and Yield Components 

Experiment 1 

Grain weight per plant (g) 

Average grain weight (mg) 

Grain number per plant 

Ear number per plant 

Grain number per ear 

Fertile spikelet per ear 

Grain number per fertile 
spikelet 

Infertile spikelet per ear 

Harvest index % 

straw dry weight per plant (g) 

Plant height of main stem (cm) 

Leaf number on main stem 

Nitrogen % in grain 

Nitrogen % ln straw 

Nitrogen uptake per plant (g) 

Final average grain weight of 
grain growth (mg) 

Rate of grain growth (mg/day) 

Duration of grain growth (days) 

TL-SE % 

30.67 

7.02 

27.42 

18.39 

12.00 

9.28 

2.56 

-53.99 

6.30 

24.58 

-0.96 

0.00 

-4.50 

-30.77 

22.22 

9.03 

7.95 

-2.79 
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stages 

SE-BG % BG-MT % 

24.23 64.70 

4.14 37.40 

21.32 39.70 

17.24 18.40 

6.07 26.10 

4.90 6.00 

0.42 20.90 

-27.76 -52.40 

2.00 24.80 

21.51 45.30 

1.07 10.10 

0.00 0.00 

-6.74 -6.70 

56.41 84.60 

11.11 52.80 

4.83 29.60 

4.64 15.20 

-4.05 19.60 



Table 31 Percentage reduction in yield and yield components 

due to water stress in Experiment 2 

yield and Yield Components 

Experiment 2 

Grain weight per plant (g) 

Average grain weight (mg) 

Grain number per plant 

Ears number per plant 

Grain number per ear 

Fertile spikelet per ear 

Grain number per fertile 
spikelet 

Infertile spikelet per ear 

Harvest index % 

straw dry weight per plant (g) 

Plant height of main stem (cm) 

Leaf number on main stem 

Nitrogen % in grain 

Nitrogen % in straw 

Nitrogen uptake per plant (g) 

Final average graln weight of 
grain growth (mg) 

Rate of grain growth (mg/day) 

Duration of grain growth (days) 

TL-SE % 

41.90 

7.61 

36.87 

21.65 

18.30 

10.79 

9.39 

-26.38 

8.41 

30.79 

3.86 

0.00 

-2.18 

-5.55 

38.57 

8.58 

5.14 

0.99 
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stages 

SE-BG % BG-MT % 

44.80 70.30 

1.53 35.88 

42.57 51.39 

21.13 27.32 

25.71 35.61 

13.12 13.33 

13.47 25.31 

-71.66 -88.33 

12.00 34.79 

26.99 28.27 

7.08 15.37 

0.77 0.00 

-11.68 -55.76 

-18.52 -59.26 

30.00 40.00 

5.36 37.68 

6.49 38.74 

-2.33 -6.08 



where as the soil used in Experiment 2 had moisture content of 

17%. At the highest resistance readings both soils had a 

moisture content of 8%. Although the resistance readings do 

not corresspond with field capacity and permanent wilting 

point, the results suggest that the soil used in Experiment 1 

may have had a higher available water capacity. 

The following sections discuss in more detail the 

effects of water stress at different stages on the different 

varieties in Experiment 1 and 2. The final section discusses 

differences between varieties in the water stress experiments 

3.4.2 

3.4.2.1 

EFFECT OF WATER STRESS AT DIFFERENT STAGES 

Effect of water stress during tillering to stem 

extension. 

During this stage after the final leaf has been initiat-

ed, spikelets start to appear (Kirby and Faris, 1970, 1972; 

Kirby and Riggs, 1978; Kirby et al., 1982, 1985b). Water 

stress at TL-SE decreased leaf area, stem area and dry weight 

per plant at stem extension similarly in both years. Reduction 

in leaf area index in response to drought has been found by 

other workers (Boyer, 1970). In research work carried out in 

India (Choudhury and Kumar, 1980), moisture stress from sowing 

to maximum tillering stage resulted in a reduction in leaf 

area. Water stress decreased nitrogen % ln Experiment 1 but 

not in Experiment 2, although the reasons for this are not 

clear. At later stages water stress usually increases nitrogen 

%. Slavik (1966) and Singh and Narang (1971) also found that 

the nitrogen % increased as the dry weight per plant decreased 

due to water stress. In both experiments nitrogen uptake was 

139 



similar due to similar dry weight per plant. Richards and 

Wadleigh (1952) reported that nitrogen concentrations are 

generally higher in stress treatments. Leaf number is 

determined before tillering, so it was assumed that none of 

the treatments had any affect on leaf number. Water stress at 

SE-BG resulted in a small decrease in number of leaves due to 

severe water stress as reported by (Kirby and Faris, 1970, 

1972; Kirby and Riggs, 1978; Kirby et al., 1982, 1985b). Water 

stress at TL-SE decreased number of tillers as shown in 

figures 11 to 13. Other workers (Slavik, 1966; Singh and 

Narang, 1971; Innes et al., 1981; Chaturvedi at al., 1981) 

have also found that water stress at tillering to stem 

extension decreased growth measurements and tiller number as 

well as yield and yield components. In these experiments 

during TL-SE in Norman temperature was low and there were few 

bright sunshine hours so that this stage was longer than in 

other varieties. Kirby et al. (1982, 1985b), Biryukov and 

Lyashok (1983) and Schofield et al. (1988) found that winter 

wheat varieties took a long time during growing from tillering 

to stem extension. During TL-SE in Norman, due to low 

temperature and fewer sun hours the stress had its major 

effect at the end of the stress period. During the early part 

of the stress period there was little evapotranspiration from 

the plant and soil, and the gypsum block readings started to 

decrease only at the end of the stress period. In Fenman and 

Wembley, during TL-SE, temperature was higher so that growth 

was rapidly decreased, due to rapid soil drying and greater 

loss of water from leaves. In these varieties the gypsum 

readings started to decrease earlier and the soil reached a 
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lower moisture content at the end of the stress period, 

particularly in Wembley, although the stress period was 

shorter. with these varieties at this stage number of tillers 

was decreased at the start of the water stress period. 

Biryukov and Lyashok (1983) found that water stress at TL-SE 

decreased shoot number and ~ 
growth measu~ents faster in spring 

wheat varieties because of high temperature.' The upper surface 

of the soil dried before and quicker than the lower surface of 

the soil. A water stress during TL-SE decreased the growth 

e. ... 
measurments of all varletles. ThlS suggests that the stressed 

~ 

plants were not able to get sufficient water from the lower 

portion of the soil or other hand at this stage roots are not 

able reach lower than below 9" (Salter and Goode, 1967). Plant 

height was unaffected by water stress during TL-SE, except in 

Wembley in Experiment 2, where soil moisture content was 

rapidly decreased. Salter and Goode (1967) found that with 

moisture stress at any stage plant height was decreased. They 

have also reported that on stopping stress plant height 

increases faster. In these experiments only Fenman in 

Experiment 2 gave similar results to the above. Biryukov and 

Lyashok (1983) found that water stress at TL-SE decreased 

number of shoots and plant height in spring wheat varieties. 

Gales and Wilson (1981) subjected winter wheat plants grown in 

the field to drought at different stages of growth but none of 

the treatments significantly decreased grain yield. These 

workers found that under drought total shoot dry weight and 

plant height was decreased but effects on straw were greater 

than effects on grain yield. 

If water stress at younger stages causes a reduction in 
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leaf area, stem area, dry weight per plant and nitrogen uptake 

per plant, then the plant will have a problem to improve its 

further development. In these experiments following water 

stress at TL-SE the measured growth parameters had not 

recovered at the booting harvest, because only a very short 

period had elapased since stopping water stress. Some recovery 

had taken place by anthesis, but still the values of the 

growth measurments of the TL-SE treatment were lower compared 

to the control shown in Table 32. Following water stress 

during TL-SE dry weight per plant at stem extension was 64% 

and 69% of the control in Experiments 1 and 2 respectively. 

The corresponding values at booting were 62% and 72% and at 

anthesis 75% and 87%. 

Water stress at TL-SE increased the nitrogen % at booting 

and at anthesis in both experiments as reported by other 

workers (Asana and Basu, 1963; Slavik, 1966; Singh and Narang, 

1971). Aggrawal and Sinha (1987) found that following early 

water stress which produced a reduction of growth there can be 

recovery at later stages. However stressed plants still had 

decreased yield and yield components. Grain yield and yield 

components were affected by water stress at TL-SE by different 

amounts in different varieties as found by other workers 

(Biryukouv and Lyashok, 1983; Davidson and Campbell, 1984; 

Beranek, 1986). Grain weight per plant was decreased due to 

decreases in grain number per plant. This was decreased due to 

effects on number of ears per plant and number of fertile 

spiklets per ear as found by Volkova and Udovenko (1985). 

These workers found that drought at the vegetative stage 

decreased grain yield, number of grains per plant and other 
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Table 32 Percentage reduction in growth characters at 

anthesis due to water stress in both 

Experiment 1 and 2 

stages 

Growth characters TL-SE 9.,-
0 SE-BG ~ 

0 BG-MT % 

Experiment 1 

Leaf area per plant (cm2 ) 29.48 29.82 49.36 

Flag leaf area per plant (cm2 ) 25.33 47.07 28.17 

Ear area per plant (cm2 ) 23.21 27.09 24.33 

stem area per plant (cm2 ) 25.93 32.41 29.82 

Dry weight per plant ( g) 24.74 34.80 28.09 

Nitrogen 9.,-
0 -3.68 -19.85 -5.88 

Nitrogen uptake per plant ( g) 9.57 11.35 13.12 

Soluble carbohydrate 9.,-
0 8.33 6.67 0.00 

Soluble carbohydrate content 33.91 40.93 25.16 
(mg per plant) 

Experiment 2 

Leaf area per plant (cm2 ) 28.52 51.27 76.87 

Flag leaf area per plant (cm2 ) -11.23 40.75 43.61 

Ear area per plant (cm2 ) 23.79 38.46 5.55 

Stem area per plant (cm2 ) 11.13 41.70 25.28 

Dry weight per plant ( g) 13.23 41.99 17.40 

Nitrogen 9.,- -12.68 -19.55 7.26 
0 

Nitrogen uptake per plant ( g) 8.93 17.86 25.00 

Soluble carbohydrate % 9.72 11.11 -8.33 

Soluble carbohydrate content 15.03 51.82 13.92 
(mg per plant) 
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components. The decrease in grain yield due to water stress at 

TL-SE was greater in Norman in Experiment 1 than in Experiment 

2. This was due to a greater decrease in 1000 grain weight and 

number of grains per plant. Although the stress period was 

much shorter in Experiment 1 than in Experiment 2, in 

Experiment 1 the roots started to extract moisture from 46cm 3 

weeks after the start of the stress period. In Experiment 2, 

roots started to extract moisture from 46cm, 8 weeks after 

the start of the stress period. Average grain weight was 

significantly decreased by water stress at TL-SE only in 

Norman in Experiment 1, It was also decreased in Wembley in 

Experiment 2, but not significantly. Grain number per ear was 

decreased by water stress at TL-SE ln all varieties. The 

reduction was greater in Norman due to greater decrease in 

number of fertile spikelets per ear. Water stress at TL-SE 

decreased the number of fertile spikelets in Norman and 

Wembley. The decreases are expected as the number of fertile 

spikelets is being determined at this time. The decrease was 

significant in Wembley in Experiment 2 and Norman in Experi

ment 1, possibly due to increased water stress and higher 

temperature although the same effects were not noted in Fenman 

in Experiment 1. Frank et al. (1987) found that water stress 

starting 12 days after seedling emergence produced a shorter 

spikelet development stage resulting in fewer spiklets per 

ear. Austin et al. (1980) and Thorne et al. (1988) found that 

winter wheat produced many spikelets. Similarly in these 

experiments Norman had more spikelets than Fenman and 

Wembley. After water stress at TL-SE the growth measurements 

for Fenman were in between those of Norman and Wembley. In 

144 



Fenman harvest index, number of grains per fertile spikelet, 

fertile spiklets per ear, grains per ear and average weight 

were not much affected by water stress at TL-SE. During growth 

of this variety the first few weeks had low temperature then 

it had a high temperature as shown in Figures 8 and 9. It may 

be that the contrasting low and high temperature for a shorter 

period resulted in a smaller effect on these components and 

measurements. However in Fenman, grain weight per plant, 

number of the grains per plant and straw dry weight per plant 

were decreased more in Experiment 2, although temperature was 

higher and soil moisture % reached lower values in Experi

ment 1. 

3.4.2.2 Effect of water stress during stem extension to 

booting 

stem extension starts from when the first node is 

detectable. During this period the embryo ear grows from about 

30mm long at the beginning of the phase to 80mm long at 

anthesis. At the beginning of the phase the plant normally has 

produced its full complement of tillers, and the main sh90t 

and each tiller has the potential to produce an ear. At this 

time the final number of spikelet has been determined. SE-BG 

is also a phase of rapid growth (Kirby and Appleyard, 1981; 

Kirby et al., 1985b). Because all leaves on the main stem had 

appeared there was little effect of water stress on number of 

leaves. other wokers (Kirby and Faris, 1970, 1972; Kirby and 

Riggs, 1978; Kirby et al., 1982, 1985a) have reported that if 

very severe stress occurs at later stages the number of leaves 

can be decreased. 

As reported by other workers (Boyer, 1968; Acevedo et 
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al., 1971; Watts, 1974) water stress resulted in large 

decreases in leaf area, possibly because of a decreased rate 

of leaf expansion. The decreases in leaf area and dry weight 

due to water stress were greater with water stress at SE-BG 

than with water stress at TL-SE. Water stress at SE-BG 

decreased stem area and dry weight per plant similarly in both 

years as found by Baker et ale (1986). Leaf area was 

decreased more in Experiment 2 than in Experiment 1, possibly 

because of higher temperature and greater soil drying. At this 

stage stem area should also have been affected more in 

Experiment 2 than Experiment 1. However it was not as affected 

due to more tillers stem area was higher (Kirby and Faris, 

1970, 1972). In Experiment 1 nitrogen percentage was decreased 

by 11 % but in Experiment 2 it was increased by 3%. The 

reasons for this difference are not clear. In Experiment 2 

nitrogen uptake per plant was higher than in Experiment 1 

because of a higher dry weight per plant. 

Dry matter production can be decreased due to decreases 

in leaf area and stem area. In these experiments dry matter 

production was decreased more due to lower leaf and stem area 

in Experiment 2 than Experiment 1. During the SE-BG and BG-MT 

treatments plants were tall and all leaves had appeared (Kirby 

et al., 1982, 1985a, 1985b). During these treatments tempera

ture was between 16 0 C and 26 0 C and duration of bright 

sunshine was between 4 and 9 hours, so there was a high rate 

of evaporation from the plant and soil. Soil moisture % was 

decreased more quickly at SE-BG than at TL-SE, particularly in 

Experiment 2. Hence stress at this time had large effects on 

growth, although the stress period was shorter. During the SE-
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BG stress period some lower leaves and shoots died. Particu

larly in Experiment 2, plants of Norman and Fenman also needed 

watering to avoid death. Singh and Malik (1983) and Jensen and 

Mogensen (1984) also found that at later stages plants have a 

higher rate of evapotranspiration. Salter and Goode (1967) 

also reported that evapotranspiration was faster at later 

stages than at earlier stages. Cereal crops are short and have 

a low leaf area in the winter season and have a low water 

requirement at that time. However in spring they get taller as 

the season changes. Various workers (Konovalov, 1959; Storri

er, 1965; Turner, 1966; Campbell et al., 1969) have concluded 

from studies of yield components that a plant is most 

sensitive to water stress during its period of rapid develop

ment. Rapid development usually occurs at periods of high 

temperature (Gallagher, 1979; Kirby et al., 1982). Hence water 

stress at SE-BG would be expected to cause a large decrease in 

yield. 

In these experiments water stress at SE-BG decreased the 

tiller number per plant of all varieties. In Experiment 2 the 

decrease in tillering was faster in all varieties, because of 

high temperature and more evapotranspiration. Day and Intalap 

(1970) have also reported that moisture stress during the 

jointing stage and at later stages accelerated tiller 

sencescence and reduced grain yield. Aspinall, et ale (1964), 

Bingham (1966), Campbell et ale (1969), Day and Intalap (1970) 

and Fischer (1973) have all reported reduction in number of 

ear bearing tillers with water stress in wheat. Salter and 

Goode (1967) and Jensen and Mogensen (1984) reported the 

effects of drought stress at various stage of growth in 
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different crops. In these experiments death of tillers was 

possibly because the roots of tillers had not reached the 

lower horizons of the soil and hence were unable to extract 

enough moisture. The gypsum block readings showed that there 

was very little moisture at soil depth 23cm down after three 

weeks of water stress at SE-BG in all varieties in Experiment 

2. 

In all varieties plant height was decreased only in 

Experiment 2 and it did not recover again, possibly because 

of high temperature and more evapo-transpiration. Water stress 

d I d 
. l . at SE-BG cause arger ecreases ln Rant helght than at other 

I' 
stages. Similar results have been reported by Salter and Goode 

(1967) . 

In these experiments following water stress at SE-BG the 

measured growth parameters had not recovered at the anthesis 

harvest because only a very short period had elapased since 

stopping stress. The growth parameters were much lower at 

anthesis in both experiments as shown in Table 32. Hower, 

they showed a little recovery in dry weight per plant at 

maturity. Following water stress during SE-BG dry weight per 

plant at booting was 64% and 65% of the controls in Experi-

ments 1 and 2 respectively. The corresponding values at 

anthesis were 66% and 58% and at maturity 79% and 73%. Water 

stress at SE-BG increased the nitrogen percentage at anthesis 

and at maturity in both experiments as reported by other 

workers (Asana and Basu, 1963; Slavik, 1966; Singh and Narang, 

1971). Jensen and Mogensen (1984) found that when moisture 

stress was applied at any stage of development grain yield was 

reduced. Moisture stress prior to heading resulted in a 
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reduction in grain yield. In these experiments nitrogen % was 

also increased in the grain. 

By stem extension total spikelet number is fixed (Kirby 

and Riggs, 1978: Kirby and Appleyard, 1981: Kirby et al., 

1985b). However stress could have an effect on the number of 

fertile spikelets and this was found in Experiment 2. 

water stress at SE-BG decreased grain yield and most of 

the yield components in both years. In some varieties the 

reduction in yield and yield components was greater in 

Experiment 1 and in others it was greater in Experiment 2, due 

to different reasons. Grain weight per plant was decreased 

more in Experiment 2 than in Experiment 1. This was mainly due 

to greater decrease in number of grains per plant and fertile 

spikelets per ear. Similarly Singh and Malik (1983) also found 

that severe stress (-15 bars) imposed during the planting to 

jointing stage reduced grain yield to about 34%. Straw yield 

and 1000 grain weight were also both reduced by various 

levels of moisture stress. Day and Barmore (1971) have 

observed that grain yield was significantly reduced, when 

water was withheld at jointing followed by the dough stage. In 

the experiments here straw yield, average grain weight, har-

vest index, and grain number per fertile spikelet were not 

affected by water stress at SE-BG. Some workers (Day and 

Intalp, 1970: Fischer, 1973; Jensen and Mogensen, 1984) have 

reported that water stress at earlier stages caused a smaller 

reduction in yield and yield components than at later stage, 

such as anthesis time. 

with water stress at SE-BG the yield decreases were 

larger in Norman than in Fenman and larger in Fenman than in 
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Wembley. These differences between varieties were associated 

with differences in number of grains per plant and per ear, 

which were decreased most in Norman and least in Wembley. This 

suggests that the long duration variety was more sensitive 

than the other varieties, possibly due to its larger leaf area 

resulting in more evapotranspiration. 

3.4.2.3 Effects of water stress during booting to maturity 

By this the time number of ears and spikelets per ear 

are fixed and stress at this time should mainly affect grain 

growth. During this time pollination occurs and hence stress 

at this time may also affect fertile spikelet number and grain 

number (Sofield et al., 1977; Kirby and Appleyard, 1981). 

During BG-MT average temperature and hours of bright sunshine 

were higher than in other water stress periods. The plants 

were taller and had a large leaf area for transpiration. These 

conditions favoured evapotranspiration and resulted in rapid 

drying of soil. Davidson and Campbell (1984) also reported 

that the rate and amount of water used by the plants was 

greatest at high day and night temperatures. The gypsum blocks 

gave no readings 3 weeks after the start of this stress period 

in all varieties except in Wembley in Experiment 2. Hence 

stress developed more quickly at this than at earlier periods. 

Also the plants had no chance to recover as they had at 

earlier stages. Therefore as a result water stress at this 

stage had the largest effects on yield as reported by other 

workers (Salter and Goode 1967; Levitt, 1980). 

Aggarwal and Sinha (1987) concluded that maintenance of 

high leaf area index at anthesis is desirable for obtaining 

high grain yield in stressed plants. In these experiments 
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water stress at BG-MT caused large decreases in growth 

par~~~rs at anthesis, despite the short period under stress 

from booting to anthesis. Observations showed that water 

stress at this time resulted in rapid senescence as found by 

Friend et al. (1962) and Levitt (1981). These workers reported 

that leaf senescence occurs as plants get taller and this is 

quicker during booting to maturity, particularly with drought 

and high temperature. water stress at BG-MT decreased leaf 

area more than stem area and the stems remained green as found 

by Kirby and Faris (1970, 1972) but leaf senescence was rapid. 

This delayed senescence of the stem after all leaves have died 

has been found in other crops (Dodd and Scarisbrick, 1986). 

The decrease in leaf area was greater in Experiment 2, which 

experienced higher temperature and longer hours of bright 

sunshine than Experiment 1. The flag leaf is one of the most 

important leaves of the plant for grain yield. Biswas and 

MandaI (1987) found that flag leaf removal at any stage of 

growth hastened senescence and decreased grain mass, grain 

mass per ear, harvest index and sink activity. In these 

experiments flag leaf area per plant at anthesis was decreased 

by water stress at all stages except at TL-SE in Experiment 1. 

Water stress at SE-BG and BG-MT decreased flag leaf area more 

than water stress at TL-SE. Water stress at SE-BG decreased 

flag leaf area most because this stress occurred at the time 

when the flag leaf was extending. with water stress at TL-SE, 

compensatory growth occurred in Experiment 2, so that it had 

higher flag leaf area than the controls at anthesis. In these 

experiments with water stress at BG-MT nitrogen % was 

increased in Experiment 1. However the trends of nitrogen % 
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during growth measurements are not clear. Sometimes stress 

decreased nitrogen % and sometimes it increased the nitrogen 

%. Most workers have found that stress increases nitrogen %. 

Spiertz and Ellen (1978) found in their experiments that 

water soluble carbohydrate reserves in the stem can play an 

important role as a carbohydrate source for the grains when 

the production of assimilates by current photosynthesis is 

reduced, due to progressive senescence of the photosynthesis-

ing tissue. In these experiments soluble carbohydrate % was 

not much affected in Experiment 1 but in Experiment 2 soluble 

carbohydrate % was increased, may be due to high temperature 

and more drought. Dolnicki and Kukula (1987) in their 

experiments on rye and triticale showed an increase in sugar 

content during severe frost. Dougherty et ale (1975a) found 

that irrigation tended to lower levels of water soluble 

carbohydrate in preanthesis ears of Aotea and Arawa wheat 

varieties and reduce grain set. In these experiments the 

results are very similar. with this water stress at BG-MT 

-----
resulted in~higher soluble carbohydrate % under water stress 

treatment and fewer grains per plant. The above authors 

reported that poor grain set occurred in wheat which had a 

lower level of water soluble carbohydrate in the ear during 

the period of rapid ear growth. Fisher (1973) and Morgan 

(1977) have found that anthesis was a more sensitive growth 

stage in comparison to other growth stages. If water stress 

occurs at anthesis flowers are injured and the size of seed is 

reduced. 

water stress at BG-MT resulted in maturity occurring 10 

to 20 days earlier than in the other stress treatments and the 
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control as found by other workers (Salter and Goode, 1967; 

Levitt 1980; Jensen and Mogensen, 1984). water stress at 

booting to maturity also caused greater decreases in average 

grains weight, grain number per plant, number of grain per 

ear, fertile spikelets per ear, number of grains per fertile 

spikelet and increases in number of infertile spikelets per 

ear than water stress at other periods in both years shown in 

Table 30 and 31. Plant height was also decreased more by water 

stress at BG-MT than at other stress periods. These results 

are in agreement with those of other workers (Asana et al., 

1958; Robins and Domingo, 1962; Slavik, 1966; Salter and 

Goode, 1967; Fisher, 1973; Morgen, 1977; Morgen and Riggs, 

1981; Gebeyehou and Knott, 1983). Many other crops are also 

most sensitive to drought stress at the flowering stage such 

as barley, sorghum and maize (Salter and Good 1967). 

Water stress at BG-MT caused greater decreases in yield 

and yield components in Experiment 2. This was probably due to 

higher temperature and more bright sunshine hours quicker 

evapotranspiration in this experiment. Karmar (1963), Salim, 

Todd and Schehuber (1965) and Robbins and Domingo (1962) have 

all syggested that severe soil moisture stress must be avoided 

from booting to maturity for maximum wheat yield. In these 

experiments harvest index was decreased by 24 and 34% in 

Experiments 1 and 2 respectively. At other stages it was 

decreased by only 2 to 12%. with water stress at BG-MT the 

decreases in grain weight were much larger than the decreases 

in straw weight. with water stress at earlier periods the 

decreases in grain weight and straw weight were more similar, 

so that harvest index was affected to a lesser extent. 
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other workers have also reported that moisture stress 

decreases harvest index (Passioura, 1977; Hodges, 1978; 

Rasmussen, 1979; Deloughery and Crookston, 1979). 

water stress at BG-MT increased nitrogen % in the grain. 

The increase was greater in Experiment 2, possibly due to 

higher temperature and more moisture stress as found by Laing 

and Fischer (1977) and Law et al. (1978). Jensen and Mogensen 

(1984) found that moisture stress prior to heading resulted in 

an increased percentage of nitrogen in the grain. 

The duration of the period from booting to maturity was 

similar in all varieties except for Norman in Experiment 2. In 

this case this variety took fewer days than the other 

varieties possibly due to its earlier sowing. Levitt (1980) 

also found that early sowing resulted in early maturity. 

water stress at BG-MT decreased grain yield more than at 

other stages mainly as it caused a larger reduction in average 

grain weight. Average grain weight was decreased by 35 to 37% 

with water 'stress at BG-MT and by only 1 to 7% at other 

stages. Bruckner and Frohberg (1987) found that high tempera

tures during grain filling tended to stop grain growth 

prematurely and hasten physiological maturity. In these 

experiments water stress at BG-MT decreased the rate of grain 

growth more than water stress at other stages. However 

Mogensen and Talukder (1987) found that growth rate of grain 

was higher with water stress during grain filling compared 

with unstressed treatments. Duration of grain growth was sli

ghtly increased in Experiment 2 but decreased in Experiment 1. 

In these experiments (Wembley) average grain weight was 

lower in the short duration_variety than in the longer 
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duration wheat varieties. 

There was little evidence to suggest that water stress at 

BG-MT decreased yield more in anyone variety than another. 

water stress decreased grain weight per plant of Norman, 

Fenman and Wembley by 70%, 58%, and 65%, respectively in 

Experiment 1 and by 70%, 75%, and 62%, in Experiment 2. 

Average grain weight was decreased less in Wembley (29%, 21% 

in Experiment 1 and 2 respectively) than in Norman (47%, 37%) 

and Fenman (38%, 40%). 

The longer duration varieties had larger leaf area at 

anthesis and as a consequence the soil dried out very quickly, 

resulting in rapid senescence. In Wembley, leaf area was lower 

at anthesis, soil drying was less rapid and hence average 

grain weight was less affected. 

3.4.3 INCREASE IN DRY WEIGHT PER PLANT BETWEEN ANTHESIS 

AND HARVEST AND CONTRIBUTION OF STEM RESERVE TO 

GRAIN FILLING 

The contribution of stem reserve to grain filling and 

increase in dry weight between anthesis and harvest were 

calculted by following the method of Gallagher, Biscoe and 

Scott (1975). If the,increase in total crop dry weight is less 

than grain weight, it means that stem reserves have been used 

for grain filling. If the increase in total crop dry weight is 

more than grain weight it means no contribution of stem 

reserves to grain filling. 

Increase in dry weight between anthesis and harvest was 

calculated as: 

Total dry weight per plant 
at harvest (g) 

- Total dry w~ight per plant 
at antesis (g) 

~ 
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The contribution of stem reserves to final grain weight 
was calculated as: 

Grain weight per plant 
at harvest (g) 

Increase in dry weight 
per plant (g) 

In the water stress experiments the coefficients of 

variation for grain weight per plant (11%, 26% ln Experiments 

1 and 2) were lower than those for increase in dry weight 

between anthesis and harvest (42.7%, 78.5%) and for contribu-

tion of stem reserve to grain filling (369%, 358%). These very 

high coefficients make it difficult to detect significant 

differences between treatments. 

3.4.3 1 Increase in dry weight per plant between anthesis 

and harvest. 

The increase in dry weight between anthesis and harvest 

was significantly decreased by water stress at BG-MT in both 

experiments and at TL-SE in Experiment 2 as shown in Table 

33. It was significantly lower in Norman than in other 

varieties in Experiment 2 only shown in Table 34. The variety 

X water stress interaction was significant in Experiment 1 but 

not in Experiment 2 as shown in Table 35. The increase in dry 

weight between anthesis and harvest was greater in Norman than 

in Fenman in the control, but not in the stressed treatments. 

3.4.3.2 stem reserve contribution to grain filling. 

The interaction between water stress and variety for stem 

reserve contribution to grain yield was also significant in 

Experiment 1 but not in Experiment 2 as shown in Table 36. In 

Experiment 1, in Norman there was no contribution of stem re

serves with water stress at TL-SE, SE-BG and in the control 

but there was a contribution with water stress at BG-MT. In 

Fenman stem reserves made a larger contribution to grain 
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Table 33 Main effects of water stress at different growth stages 
~ on increase in dry weight between anthesis and maturity 

and stem reserve contribution to grain yield in 
Experiments 1 and 2. 

stages 
TL-SE SE-BG BG-MT Control S.E.M.L.S.D. 

(P=0.05) 

Experiment 1 
Increase in dry weight 2.22 2.81 0.28 2.92 0.25 0.75 
between anthesis and 
maturity (g) per plant 
stem reserve 0.04 -0.34 0.87 0.34 0.24 0.92 
contribution to grain 
yield ( g) per plant 

Experiment 2 
Increase in dry weight 1.07 2.26 0.21 2.73 0.36 1.36 
between anthesis 
maturity (g) per plant 
stem reserve 0.72 -0.49 0.71 0.37 0.34 1.29 
contribution to grain 
yield (g) per plant 

Table 34 Main effects of varieties on increase in dry weight 
between anthesis and maturity and stem reserve 
contribution to grain yield in water 
stress Experiments 1 and 2. 

Experiment 1 
Increase in dry weight 
between anthesis and 
maturity ( g) per plant 
stem reserve 
contribution to grain 
yield (g) per plant 

Experiment 2 
Increase in dry weight 
between anthesis and 
maturity (g) per plant 
stem reserve 
contribution to grain 
Yield (g) per plant 

varieties 
Norman Fenman Wembley S.E.M. L.S.D. 

(P=0.05) 

2.38 1.75 2.04 0.22 N.S. 

-0.22 0.78 0.11 0.21 0.72 

0.31 2.72 1.68 0.31 1.46 

2.11 -0.82 -0.31 0.30 1.01 
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Table 35 Effect of varieties and water stress on increase 

in dry weight (gram per plant) between anthesis 

and maturity in Experiments 1 and 2. 

varieties 

stress period Norman Fenman Wembley 

Experi1nent 1 

Tillering to stem extension 2.38 2.36 1.91 

stem extension to booting 3.09 2.55 2.80 

Booting to maturity -0.08 0.21 0.94 

Control 4.37 1.88 2.52 

S.E. of means = 0.44; L.S.D. (P = 0.05) = 2.18 

Experi1nent 2 

Tillering to stem extension -0.34 2.03 1.53 

stem extension to booting 2.02 2.77 1.99 

Booting to maturity -1.00 0.97 0.67 

Control 0.55 5.09 2.54 

S.E. of means - 0.62; L.S.D. (P - 0.05) = N.S. 
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Table 36 \ Effect of varieties and water stress on stem 

reserve contribution to grain yield in 

Experiment 1 and 2. 

stress period 

Experiment 1 

Tillering to stem extension 

stem extension to booting 

Booting to maturity 

Control 

Norman 

-0.80 

-0.71 

1.39 

-0.76 

Varieties 

Fenman 

0.36 

0.05 

0.20 

1.52 

S.E. of means - 0.42; L.S.D. (P - 0.05) - 2.06 

Experiment 2 

Tillering to stem extension -0.26 -0.37 

stem extension to booting 0.21 -1.00 

Booting to maturity -2.15 -1.14 

Control 3.38 -1.76 

S.E. of means - 0.58; L.S.D. (P = 0.05) = N.S. 
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Wembley 

0.56 

-0.38 

0.02 

0.26 

-0.17 

-0.69 

0.10 

-0.51 



filling with water stress at TL-SE, BG-MT and in the control 

than with water stress at and SE-BG. In Wembley stem reserve 

made a contribution to grain filling in the control and with 

water stress at TL-SE. In the control Fenman had a signifi

cantly higher stem reserve contribution than Norman. 

In Experiment 2 the main effects of variety and water 

stress were significant shown in Tables 33 and 34. stem 

reserve contribution was significantly higher in Norman than 

in Fenman and Wembley. In these varieties stem reserves made 

no contribution to grain filling. Water stress at TL-SE and 

BG-MT resulted in similar and higher contributions than water 

stress at SE-BG and in the control shown in Table 33. with 

water stress at SE-BG stem reserves made no contribution to 

grain filling. 

An attempt was made to relate the data for soluble 

carbohydrate content at anthesis with the estimated contribu

tions of stem reserve to grain filling. Most of the reserves 

which are retranslocated are soluble carbohydrate (Rawson and 

Evans 1971). These workers measured the contribution of 

soluble carbohydrates to grain yield under different condi

tions, but found that they could have contributed only a small 

proportion to grain filling. This was less than 5% in 

cultivars, and possibly up to 9.3% in Mexico 120 and 12.2% in 

Sonora. Yu et ale (1964) and Wardlaw and Porter (1967) have 

reported that reserves contributed 10% at most. 

In these experiments comparing tables (12) and (33) shows 

that there were no relationships between two sets of results. 

Whereas the total contents of soluble carbohydrate were in the 

range 9.52to 19.16mg per plant, the estimated stem reserve 

160 



contribution to grain yield varied between nothing and 870 mg 

per plant. In Experiment 1 soluble carbohydrate content was 

decreased by water stress at all stages, whereas stem reserves 

made a contribution to grain yield only in the plants stressed 

from BG-MT and in the controls. There was some evidence of a 

relationship in Experiment 2, in which water stress at SE-BG 

resulted in a significant decrease in soluble carbohydrate 

content and no contribution of stem reserves to grain filling. 

However data for the other treatments were inconsistent. The 

increase in dry weight between anthesis and harvest were 

compared with the final average grain weight and rate of grain 

growth (Tables 14 and 15 were compared with Table 33). It 

shows that faster rate and lowest increase were observed with 

water stress BG-MT, which gave lowest average grain weight in 
~ 

both years, as repoted by Spiertz (1977). At other stages the 
A 

trends were not clear. 

In between varieties comparison of (tables 15 and 34) 

shows that soluble carbohydrate content and stem reserve 

contribution to grain yield were both greatest in Fenman in 

Experiment 1 and Norman in Experiment 2. However data for the 

other varieties were not consistent. In between varieties 

comparison of increase, rate of grain growth and average grain 

weight shows no clear trends. 
e 

The negative values in the tables show that the inc~ase 

in dry weight between anthesis and harvest was greater than 
~ 

grain weight and hence there was no con~bution of stem 

reserve to grain filling. 
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3.4.4 RELATIONSHIP BETWEEN YIELD AND YIELD COMPONENTS 

Values of the correlation coefficient between grain yield 

and the various yield components were calculated combining the 

data for all treatments and are shown in Table 37 for 

Experiment 1 and 2 respectively. 

In both experiments grain weight per plant was positively 

correlated with average grain weight per plant, number of 

grain per plant, number of grain per ear. Grain weight per 

plant was not correlated with number of ears per plant in both 

experiments. Grain weight per plant was correlated with 

fertile spikelets per ear and number of grains per fertile 

spikelet in Experiment 2 but not in Experiment 1. Grain weight 

per plant was also correlated with straw weight per plant in 

both experiments and harvest index in Experiment 1 only. The 

number of grains per plant was correlated with the number of 

fertile spikelets per ear and number of grains per ear in both 

years. Number of grain per ear was positively correlated with 

fertile spikelet per ear in both years. 

In the tables for yield and yield components, the 

abbreviations are used: 

GWPP 

AGWM 

GNPP 

ENPP 

GNPE 

FSPE 

GNPFS 

HIND 

Grain weight per plant (g) 

Average grain weight (mg) 

Grain number per plant 

Number of ears per plant 

Number of grain per ear 

Fertile spikelets per ear 

Number of grain per fertile spikelets 

Harvest index % 
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Table 37 Values of the linear correlation coefficient between the grain yield, yield 

components in water stress Experiments 1 and 2. 

Experiment 1 
GWPP AGWM GNPP ENPP GNPE FSPE GNPFS HIND 

Average grain weight (mg) 0.77* 
Grain number per plant 0.94* 0.58* 
Ear number per plant 0.40NS 0.66* 0.39NS 
Grain number per ear 0.60* 0.04NS 0.68* -0.41NS 
Fertile spikelet per ear 0.47NS 0.07NS 0.71* -0.21NS 0.57* 
Grain number per 0.53NS 0.03NS 0.54NS -0.54NS 0.96* 0.31NS 
fertile spikelet 

Harvest index % 0.73* 0.86* 0.52NS 0.55NS 0.04NS -0.04NS 0.06NS 
straw weight 0.66* 0.22NS 0.79* -0.08NS 0.86* 0.68* 0.78* -O.OlNS 
per plant ( g) 

Experi.Jtent 2 

~ 
Average grain weight (mg) ~ 0.62* 

w Grain number per plant 0.94* 0.32NS 
Ear number per plant 0.39NS 0.20NS 0.39NS 
Grain number per ear 0.79* 0.28NS 0.86* -0.13NS 
Fertile spikelet per ear 0.70* 0.10NS 0.84* -O.OlNS 0.91* 
Grain number per 0.77* 0.35NS 0.80* -0.20NS 0.98* 0.83* 
fertile spikelet 

Harvest index % 0.40NS 0.76* 0.14NS 0.49NS -0.10NS -0.28NS -0.06NS 
straw weight 0.70* 0.08NS 0.84* 0.03NS 0.89* 0.95* 0.82* -0.35* 
per plant (g) 

NS = P > 0.05 

* = 0.01 < P < 0.05 



3.4.5 RELATIONSHIP BETWEEN FINAL AVERAGE GRAIN WEIGHT, 

RATE AND DURATION OF GRAIN GROWTH AND TOTAL 

LEAFAREA AT ANTHESIS. 

The values of the correlation coefficient between average 

grain weight, rate and duration of grain growth and total leaf 

area at anthesis are shown in table 38. 

A number of workers (Asana and Basu, 1963; Welbank et 

al., 1966; Sofield et al., 1977; Spiertz, 1977; Mogensen and 

Talukder, 1987; Spiertz and Vos, 1984) have reported that 

grain yield depends on the leaf area index at anthesis and 

upon how long the leaves and other green parts of the plants 

stay green. The green leaf area of the plant available for 

filling the grain depends on the temperature and stress. 

Therefore the relationship between these characters, final 

average grain weight, rate and duration of grain growth and 

total leaf area at anthesis were examined. 

In these experiments final average grain weight was 

positively correlated with total leaf area index in both 

experiments. Rate and duration of grain growth were correlated 

with total leaf area index in Experiment 2 only. The correla-

tion between rate and duration of grain growth was only 

significant in Experiment 2. 
~ 

This suggests that high leaf area at anthesis inc~ases 

the rate and duration of grain growth and increases average 

grain weight. It is also important that the leaves stay green 

for aslong as possible, but leaf area duration was not 

measured in these experiments. 
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Table 38 Values of the linear correlation coefficient between 
the final average grain weight, rate of grain growth, 
duration of grain growth and total leaf area (leaf+ 
flagleaf+stem+ear) at anthesis in water stress 
Experiments 1 and 2. 

Experiment 1 

Final average 
grain weight 

(mg) 

Rate of grain growth 0.75* 
(mgjday) 

Duration of grain -0.23 N.S. 
growth per plant (days) 
Total leaf area per 0.60* 
plant (cm) 

Experiment 2 

Rate of grain growth 0.95* 
(mgjday) 

Duration of grain -0.34 N.S. 
growth per plant (days) 
Total leaf area per 0.61* 
plant (cm) 

N.S. = P > 0.05 

Rate of grain 
growth (mgj 

day) 

-0.38 N.S. 

0.38 N.S. 

-0.60* 

0.71* 

* - 0.01 < P < 0.05 
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3.4.6 DIFFERENCES BETWEEN VARIETIES 

In both these experiments, long, medium, and short 

duration wheat varieties were tested. Long duration wheat 

varieties (Norman) are sown in October. These varieties 

produce 11 to 13 leaves although this depends upon the sowing 

time. These varieties which require vernalization take a 

long time from germination to stem elongation. Long duration 

varieties grow under lower temperature for 4 to 6 months 

compared to mid duration and spring wheat varieties. In 

these experiments because of low temperature and few hours of 

bright sunshine the leaves of these varieties were large and 

narrow. In these experiments the long duration variety 

(Norman) produced 1 to 3 tillers, a large strong stem, 5 to 6 

stem nodes, large ears, more spikelets, higher grain yield, 

higher average grain weight, higher grain number and dry 

matter production than spring varieties as found by Austin et 

al., (1980). Medium duration wheat varieties are normally 

sown by mid winter, approximately February. These varieties 
( !{-

grow for a short time before vernalization, approximately 1 to 
I 

2 months. In these experiments, Fenman produced 9 to 10 

leaves, 2 to 4 tillers, medium size ear, plant height 

approximately 70 to 80 cm of main stem, and 4 to 5 detectable 

stem nodes. Short duration or spring wheat varieties are 

normally sown after 15th March. They produce more tillers 

after germination within a few weeks because of more bright 

sunshine and high temperature. In these experiments, Wembley 

produced 8 to 9 leaves, had a short straw length and only 3 to 

4 detectable stem nodes appeared. In these experiments 

spring wheat variety (Wembley) had a lower average grain 
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weight because of short duration during grain filling. In 

these experiments, Wembley gave lower yield, lower number of 

grains per plant, lower average grain weight, increased 

infertile spikelets per ear, increased nitrogen % in grain and 

straw as found by other workers (Riggs and Hayter, 1975; 

Laing and Fischer, 1977; Law et al., 1978). 

In these Experiments Norman was the most sensitive 

variety at all stages under water stress. This was because 

this variety had a long period to grow and to complete each 

period. The other varieties were mostly sensitive at BG-MT but 

still less sensitive than Norman. Fenman and Wembley at TL-SE 

and SE-BG were tolerant varieties. 
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CHAPTER 4 

SALINITY EXPERIMENTS 



4.1 INTRODUCTION 

. The two experiments, Experiment 1 (October 1987-September 

1988) and Experiment 2 (October 1988 to September 1989), were 

carried out at Aber Farm, U.C.N.W., Bangor. The main purpose 

of the experiments was to determine the effects of salinity at 

three growth stages on three contrasting wheat varieties. The 

varieties tested were the same as those used in the water 

stress experiments, so that the effects of water stress and 

salinity could be compared. 

4.2 MATERIALS AND METHODS 

In both experiments plants were grown in unheated 

glasshouses and no supplementary lighting was used. 

4.2.1 Germination: Seeds of all varieties were first 

tested in an incubator at 25 0 C to check the germination %. 

The germination % of each variety was approximately 80 to 90% 

(details of germination percentage are shown in section 

3.2.3). At the start of each sowing sufficient seeds were put 

in muslin cloth and soaked under running taps overnight. The 

seeds were placed on capillary matting stretchedover a plastic 

grid reinforced by wires and placed on top of a plastic bowl. 

The bowl size was 340 x 270 x 130 mm. There was 5g 'Phostr-

ogenl (PhostrogenLtd., Corwen, Clwyd) used in the bowls to 

supply nutrients and· the bowls were filled with tap water. To 

ensure adequate nutrient and moisture supply to the germinat

ing seeds, wicks of capillary matting were always put inside 

in the water. The seeds were covered with newspaper for two to 

four days for darkness. When germination started the news-
, .,. 
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papers were removed. Pregermination took between 12 to 15 

days. It was done in a growth room set at 25 0 C with 

continuous lighting. Seedlings were transplanted when the 

shoots were approximately 8 cm long and had one leaf emerged. 

4.2.2 Transplanting: Seedlings were transplanted into 

holes in polystyrene lids. Each lid was bored with 16 holes 

using a 9 mm heated cork borer. The lids were placed on 11 

litre capacity plastic containers containing the hydroponic 

solution culture. The containers were 23cm x 23 cm surface by 

23 cm deep as shown in Figures 17 to 19. Seeds were supported 

by foam in each hole. sixteen plants were sown per lid. 

The spacing between plants and row to row was approximately 6 

cm. The plant density was calculated to be 300 plants per 

m2 . The pots were painted with bituminised black paint on the 

outside to prevent growth of algae in the nutrient solution. 

Also the polystyrene lids were painted black on the surface 

and sides. Dates of sowing, transplanting and harvesting of 

all varieties are shown in Table 39. 

4.2.3 Nutrient solution culture: The nutrient solution in 

the pots was changed every two weeks. Ten grams of Phostrogen 

was added to each pot to supply macro nutrients. The 

composition of Phostrogen is listed below: 

Total nitrogen 

Phosphorous pentoxide 

Potassium oxide 

Magnesium 

Manganese 

10% 

10% 

27% 

13% 

0.02% 

Micronutrients were supplied by modified Long Ashton 

solution (Hewitt, 966). The micronutrients were first prepared 

170 



~Lid 

_____ Container 

Aerator 

______ Cork 

Figure 1 7 GroNth container used in salinity experinEnts 

Growth container, showing aeration line, drainage 
hole and lid 
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FiblITe 18 Expanded di~"Tam of supportive foam collar ar01md 
seedling and position of seed in collar. 

r-"--' ...- - - .- --~ 
• 

• • • • 
Lid 

• • • • 
Air hole 

I • !L • 
Foam collar 

t • • 
L---

Figure 19 

6 em ,Container lip 
~ _____ -..J 

Polystyrene lid, showing spacing between holes, 
plus sectional view showing foam collar seated 
in lid. 
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Table 39 Dates of sowing, transplanting, harvesting and 
total number of days from sowing to harvest (in 
parentheses) for the three varieties of wheat 
and four treatments tested in salinity stress 
experiments 

Experiment 1 
Date pre-germination started 

Date of transplanting 
Date of harvesting individual 
treatments 

Tillering to stem extension 
Total days 

stem extension to booting 
Total days 

Booting to maturity 
Total days 

control 
Total days 

Experiment 2 
Date pre-germination started 

Date of transplanting 
Date of harvesting individual 
treatments 

Tillering to stem extension 
Total days 

stem extension to booting 
Total days 

Booting to maturity 
(at anthesis time) 
Total days 

Control 
Total days 

Norman 

22.10.87 

6.11.87 

22.6.88 
(245 ) 

22.6.88 
(245) 

22.6.88 
(245) 

22.6.88 
(245) 

2.11.88 

13.11.88 

23.6.89 
(233) 

23.6.89 
(233) 

6.6.89 

(216 ) 

23.6.89 
(233) 
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Variety 

Fenman 

22.2.88 

8.3.88 

9.7.88 
(138) 

9.7.88 
(138) 

9.7.88 
(138) 

9.7.88 
(138) 

3.3.89 

15.3.89 

14.7.89 
(132) 

14.7.89 
(132) 

30.6.89 

(118) 

14.7.89 
(132) 

Wembley 

7.4.88 

17.4.88 

7.8.88 
(122) 

7.8.88 
(122) 

27.7.88 
(111) 

7.8.88 
(122) 

5.4.89 

17.4.89 

28.7.89 
(114) 

28.7.89 
(114) 

14.7.89 

(100) 

28.7.89 
(114) 



as stock solutions which were added to each pot. The 

quantities of each micronutrient were as follows: 

Micronutrient stock solution (roM) Amount added per pot 

(ml) 

MnS04·H20 99.97 1 

CuS04 ·5H2O 10.01 1 

ZnS04·7H20 10.45 1 

H3P04 501.35 1 

Na2 ·Mo4 ·2H2O 5.00 1 

Fe.EDTA 101.70 5 

Air was supplied from a compressor. It was supplied to 

each pot for all replications. 

working condition. 

It was checked regularly for 

4.2.4 varieties and salinity treatments tested 

Three varieties were tested. 

winter variety of long duration; 

They were: Norman a 

Fenman, a mid winter 

variety, with low vernalization requirement and suitable for 

spring sowing; Wembley, a spring variety of short duration. 

The seeds of Norman and Fenman were supplied by the Plant 

Breeding Institute, Cambridge, U.K. 

supplied by U.C.N.W., Bangor, U.K. 

The seed of Wembley was 

The four treatments 

tested involved introducing salinity into the nutrient 

solution during the following growth stages. (1) From the 

start of tillering to the start of stem extension (first node 

detectable), (2) from the start of stem extension to the start 

of booting, (3) from the start of booting to maturity, (4) 

control (no salt applied). stress was applied when the 

174 



appropriate stage was shown in 75% of all plants and was 

stopped when the following stage was shown in 75% of plants. 

The dates of starting and stopping stress are shown in results 

sections Table 41. The level of salinity introduced was 125 

roM NaCI. For conv~nience~Molar solution was used. The sodium 

chloride salt was mixed with added calcium chloride by 

proportion 0.2 mM CaCI 2 : 125 mM NaCI, to maintain the 

postassium/sodium ratio (Gorham et al., 1985). Both salts 

were dissolved to make stock solutions when introducing 

salinity. The salts were applied in two increments. Two-

thirds of the salts were applied on the first day of the 

stress period. After two or three days the remaining one 

third was applied. 

4.2.5 Experimental design: A randomized complete blocks 

design was used in both experiments. The varieties were sown 

in separate, but adjacent parts of the glasshouse to avoid 

shading of late sown plants (e.g. of Wembley) by early sown 

plants (e.g. of Norman). Blocks were located in similar 

positions inside the glasshouse. There were six replications 

in each experiment. Four replications were used for 

determination of tiller number, leaf number, plant height and 

for harvesting at maturity. Two replications were used for 

destructive harvests. 

4.2.6 Measurements: Leaf appearance stage, shoot number 

and plant height were recorded on the central four plants of 

each pot of four replications at two week intervals. Leaf 

appearance was counted as the number of leaves appeared on the 

main shoot. The third, fifth and seventh leaves were marked 

with white fluid to help in recognizing the leaves. Plant 
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height was measured from the surface of the polystyrene sheet 

to the tip of the top leaf. 

4.2.7 Growth analysis: For growth analysis two plants were 

harvested from each pot from two replications at the end of 

each stress period. Leaf area, stem area, dry weight and 

nitrogen % were recorded in the same way as the water stress 

experiments (Section 3.2.5). At anthesis an additional two 

plants were harvested. At this stage the percentage of water 

soluble carbohydrates were also determined using the method of 

Deriaz (1961), Thomas (1977), as in the water stress experi

ments (Section 3.2.5.4). Nitrogen % was determined using the 

Kjeldahl method (A.O.A.C., 1955). 

4.2.B Grain growth analysis: Starting fourteen days after 

anthesis two main shoot ears were harvested each week from 

each pot of two replications. The ears were dried at 70 to 

BOoC in an oven for two to three days. After drying the ears 

were threshed and then the grains were redried. Then the 

grains were counted and weighed to obtain average grain 

weight. Rate and duration of grain growth were calculated as 

in the water stress experiments (Section 3.2.5.6). 

4.2.9 Harvest yield and yield components 

All 16 plants from each pot of four replications were 

harvested at maturity. The plants were harvested by cutting 

the stems at the surface of the polystyrene sheet. The 

harvesting dates of each treatment are shown in Table 39. 

The ears were counted and then ten ears were selected at 

random to count the number of fertile and infertile spikelets. 

Straw length was measured on 10 stems selected at random. 

Height was measured from the harvested point to the top of the 
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ears. The harvested samples were then separated into ears 

and straw. After drying both samples were weighed. The 

ears were threshed using a small scale threshing machine. 

Grain numbers were counted by using an automatic seed 

counter (Numigrale-Tecator Hogames, Sweden). Then the grains 

were weighed. After milling the straw and the flour of wheat 

was used to determine nitrogen % using the Kjedahl method 

(A.O.A.C., 1955). Finally all the yield components were 

calculated. Number of grains per plant, number of ears per 

plant, grain weight per plant, number of grains per ear, 

number of grains per spike, number of fertile and infertile 

spikelets per ear, average grain weight and harvest index were 

calculated. 

4.2.10 Temperature: Daily maXlmum and minimum temperature 

were recorded throughout the experiments uSlng a thermometer 

inside the glasshouse. 

4.2.11 Pesticide and insecticide: The plants were checked 

from time to time for the presence of pests and diseases. 

Powdery mildew and aphids were the main problems noted. 

Powdery mildew was controlled using the fungicide fenpropi

morph (Mistral, Rhone and Poulenc) at the recommended dose. 

Aphids were controlled by spraying dimethoate systematic 

insecticide (Murphy insecticide, Rhone and Poulenc) at the 

recommended dose. 
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4.3.1 

4.3 RESULTS 

WEATHER CONDITIONS EXPERIENCED DURING THE SALINITY 

EXPERIMENTS 

Salinity Experiment 1 was done in the same glasshouse as 

water stress Experiment 1, and weather conditions experienced 

are described in Sections 3.3.1 and 3.3.1.3. Salinity 

Experiment 2 experienced similar daylength and sun hours as 

water stress Experiment 2 and these are described in Sections 

3.3.1.1, 3.3.1.2 and 3.3.1.4. 

4.3.1.1 Average temperature during growing varieties in 

salinity Experiment ~ 

Average temperatures recorded in the glass house during 

salinity Experiment 2 are shown in Figure 20. Average 

temperature ranged between 6 and 15 0 C up to 25 weeks. After 

25 weeks, it increased up to 32 oC. Norman experienced cold 

temperature up stem extension after which temperature 

increased. Fenman experienced a shorter time under cold 

temperature because it was sown in February. When Wembley 

was sown the temperature was around 16oC. When all varieties 

were harvested the temperature was more than 24 oC. 

4.3.1.2 Average temperature at different growth stages in 

salinity Experiments 1 and ~ 

Average temperatures (oC) experienced by each variety 

during stress periods in salinity Experiments 1 and 2 are 

shown in Table 40. In both years during different stages in 

different varieties, the temperature trend was very similar. 

In both years the average temperatures experienced by Norman 

during TL-SE were approximately half those experienced by 
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Table 40 Average temperature (oC) experienced by each 
variety during stress periods in salinity 
Experiments 1 and 2 

varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 7.80 16.19 20.12 

stem extension to booting 14.01 20.12 21.72 

Booting to maturity 21.23 22.44 22.61 

Control 13.26 15.95 21.45 

Experiment 2 

Tillering to stem extension 11.60 16.39 19.15 

stem extension to booting 14.27 21.4 20.29 

Booting to maturity 19.50 22.08 22.90 

Control 14.32 18.72 21.18 
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wembley. The average temperatures experienced during SE-BG 

were also much lower in Norman than in Fenman and Wembley. 

Average temperatures experienced during BG-MT were similar for 

all varieties. Over the whole growth period the average 

temperature experienced increased as the duration of the 

variety decreased. Average temperatures were also higher in 

Experiment 2 than in Experiment 1. In both years for Norman 

temperatures were particularly low during TL-SE. 

4.3.2 DATES OF STARTING AND STOPPING SALINITY STRESS 

The durations of the different stages are shown in table 

41. The durations of the stress periods TL-SE and SE-BG were 

longer in Norman than in Fenman, and generally longer in 

Fenman than in Wembley. The duration of the period BG-MT 

showed much smaller variation between varieties. It was longer 

in Norman than in Wembley in Experiment 1, but there was 

little difference in the length of this period between 

varieties in Experiment 2. 

4.3.3 NUMBER OF LEAVES APPEARED ON THE MAIN STEM 

In salinity Experiments 1 and 2, the number of leaves 

appeared on the main stem of the different varieties are shown 

in Figure 21. Norman had more leaves than Fenman and Fenman 

had more leaves than Wembley. In Norman leaf appearance took 

between 180-190 days, in Fenman it took 80 to 90 days and in 

Wembley it took 50 to 60 days. During growing of Norman, from 

germination to stem extension, there was cold season. Up to 

that time leaves appeared slowly, but after stem extension 

leaves appeared more quickly. Fenman was sown during 
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Table 41 Dates of starting and stopping salinity stress 

and total days under stress at each stage for 

each variety in Experiments 1 and 2* 

Experiment 1 

Norman 

Date stress started 
Date stress stopped 
Total days under stress 

Fenman 

Date stress started 
Date stress stopped 
Total days under stress 

Wembley 

Date stress started 
Date stress stopped 
Total days under stress 

Experiment 2 
Norman 
Date stress started 
Date stress stopped 
Total days under stress 

Fenman 
Date stress started 
Date stress stopped 
Total days under stress 

Wembley 
Date stress started 
Date stress stopped 
Total days under stress 

stages 

Tillering 
to 

stem extension 

stem extension 

28.11.87 
9.3.88 

103 

28.3.88 
25.4.88 

29 

27.4.88 
14.5.88 

18 

14.12.88 
3.3.89 

80 

3.4.89 
9.5.89 

66 

27.4.89 
18.5.89 

22 

to 
booting 

9.3.88 
21.4.88 

43 

25.4.88 
13.5.88 

18 

15.5.88 
29.5.88 

15 

3.3.89 
2.5.89 

60 

9.5.89 
22.5.89 

17 

16.5.89 
5.6.89 

21 

* The control plants were not salinity stressed. 
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Booting 
to 

maturity 

21.4.88 
22.6.88 

63 

13.5.88 
9.7.88 

57 

29.5.88 
2.7.88 

35 

25.4.89 
6.6.89 

43 

22.5.89 
30.6.89 

40 

5.6.89 
14.7.89 

39 



Fig.21: Number of leaves appeared on main stem of control 

plants in salinity Experiment 1 and 2. 
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February and experienced short cold periods. In Fenman the 

first few leaves appeared steadily then other leaves 

appeared very quickly. In Wembley leaves appeared very 

quickly, because of high temperatures, long days, and because 

Wembley is a short duration variety. 

In both experiments salinity at TL-SE slightly decreased 

the number of leaves on the main stem in Norman but not in 

Fenman and Wembley. The number of leaves was decreased from 12 

in the control to 11 with salinity at TL-SE in Norman in 

Experiment 1 and from 13 to 12 in Experiment 2. Salinity at 

other stages had no effect on number of leaves. For each 

treatment the final number of leaves per plant was the same in 

each replicate, so that for this data the error mean square 

was zero. It was thus not possible to compute the analysis of 

variance for this parameter. 

4.3.4 NUMBER OF SHOOTS PER PLANT 

The effects of salinity at different stages on number of 

shoots per plant are shown in Figures 22 to 24. At some 

points there were significant differences between treatments 

and at some there were not. Salinity at TL-SE generally 

decreased number of shoots per plant and it did not recover 

again except in Norman in Experiment 1, where it was slightly 

increased later on (Figure 22). Applied salinity at SE-BG 

also decreased number of shoots per plant during the stress 

period and it did not recover again in all varieties in both 

years. Salinity at BG-MT decreased number of shoots per plant 

in Norman (Figure 22) and Fenman (Figure 23) but not in 

Wembley (Figure 24). Salinity at SE-BG had the greatest 
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Fig.22: Effect of salinity on shoot number per plant in 
Norman variety in salinity Experiment 1 and 2. 
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Fig.23: Effect of salinity on shoot number per plant in 
Fenman variety in salinity Experiment 1 and 2. 
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Fig.24: Effect of salinity on shoot number per plant in 
'embley variety in salinity Experiment 1 and 2. 
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. 

effects on number of shoots per plant and also on number of 

ears per plant. There was little tiller death in Norman and 

some in Fenman and Wembley. However in Experiment 2 in Norman 

number of shoots was increased, and then it was constant all 

the time in control. In Fenman and Wembley the control has 

given very similar results in both years to Norman. 

4.3.5 PLANT HEIGHT OF MAIN STEM 

The affect of salinity on plant height at different 

stages are shown ln Figures 25 to 27. 

In both experiments in all varieties generally all 

salinity treatments significantly decreased plant height 

during the stress period. In both Experiments 1 and 2 in 

Norman salinity at TL-SE decreased plant height and it did not 

recover (Figure 25). In Fenman salinity at TL-SE decreased 

plant height then it recovered agaln only ln Experiment 1 

(Figure 26). In both Experiments 1 and 2 in Wembley, 

salinity at TL-SE gave a similar plant height during the 

stress period then after 55 days it increased plant height but 

not significantly (Figure 27). In both Experiments 1 and 2, in 

Norman, salinity at SE-BG decreased plant height during the 

stress period then it did not recover again (Figure 25). In 

Fenman, salinity at SE-BG slightly decreased plant height in 

Experiment 1 (Figure 26). In Experiment 2, salinity at SE-BG 

had a greater effect and significantly decreased plant height 

(Figure 26). In Wembley, salinity at SE-BG showed very 

similar results to Fenman in both experiments (Figure 27. 

Generally in both experiments in all varieties salinity at BG

MT gave similar plant height to control. This was sometimes 

significant and sometimes not significant. 
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Fig.25: Effect of salinity on plant height of main stem of 
Norman variety in salinity Elperiment 1 and 2. 
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Fig.26: Effect of salinity on plant height of main stem of 
Fenman variety in salinity Experiment 1 and 2. 
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Fig.27: Effect of salinity on plant height of main stem of 
Jembley vuiety in salinity Experiment 1 and 2. 
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4.3.6. SIGNIFICANCE OF MAIN EFFECTS AND INTERACTIONS 

As reported earlier (section 3.3.7) in the growth 

analysis data collected at stem extension, booting and 

anthesis the interactions between variety and salinity were 

N.S. Hence data are presented as main effects only. 

4.3.7. MAIN EFFECT OF SALINITY AT DIFFERENT STAGES FOR 

GROWTH CHARACTERISTICS IN SALINITY EXPERIMENTS 

1 AND 2 

4.3.7.1 Main effect of salinity at stem extension 

In general, in both years, salinity at TL-SE resulted in 

significant decreases in leaf area, stem area, dry weight and 

nitrogen uptake per plant (Table 42). Nitrogen % was also 

decreased by salinity but this was not significant. 

4.3.7.2 Main effect of salinity at booting 

In general, in both years, salinity at TL-SE and SE-BG 

significantly decreased leaf area, stem area and dry weight 

per plant (Table 43). In general, salinity at TL-SE resulted 

in significantly lower values of these parameters than 

salinity at SE-BG. Nitrogen % was increased by salinity but 

this was not significant. In both Experiments 1 and 2, 

nitrogen uptake per plant was significantly lower with 

salinity at TL-SE compared to SE-BG, and SE-BG gave signifi

cantly lower values compared to the control. 

4.3.7.3 Main effect of salinity at anthesis 

At anthesis, leaf area, stem area, flag leaf area, ear 

area, dry weight per plant and nitrogen uptake per plant were 

decreased by all salinity treatments (Table 44). In both 

years generally salinity at TL-SE caused the greatest decrease 
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Table 42 Main effects of salinity at different stages on 

growth characters at stem extension in 

Experiments 1 and 2 

stages 

TL-SE Control S.E.M. L.S.D. 
(P=0.05) 

ExperilDent 1 
(cm2 ) Leaf area per plant 134.80 216.20 8.04 27.82 

stem area per plant (cm2 ) 27.90 27.90 9.05 N.S. 

Dry weight per plant (g) 0.97 1.58 0.30 1.022 

Nitrogen ~ 0 4.38 4.63 0.097 N.S. 

Nitrogen uptake per plant 0.043 0.073 0.0038 0.013 
(g) 

ExperilDent 2 
Leaf area per plant (cm2 ) 109.00 266.00 10.04 34.74 

stem area per plant (cm2 ) 28.70 86.60 9.13 31.59 

Dry weight per plant ( g) 0.93 2.01 0.07 0.25 

Nitrogen % 3.92 4.04 0.06 N.S. 

Nitrogen uptake per plant 0.036 0.081 0.0034 0.012 

(g) 
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Table 43 Main effects of salinity at different stages on 

different growth characters at booting in 

Experiments 1 and 2 

stages 

TL-SE SE-BG Control S.E.M. L.S.D. 
(P=0.05) 

Experilllent 1 

Leaf area per plant 239.00 515.00 847.00 40.03 158.11 
(cm2 ) 

stem area per plant 49.00 79.00 241.00 68.38 N.S. 
(cm2 ) 

Dry weight per plant 2.81 5.29 9.18 0.62 2.46 
(g) 

Nitrogen % 3.15 2.97 2.76 0.13 N.S. 

Nitrogen uptake per 0.085 0.150 0.240 0.016 0.063 
plant ( g) 

Experilllent 2 
Leaf area per plant 204.00 364.00 519.00 24.75 97.76 

(cm2 ) 
stem area per plant 41.50 62.80 83.30 4.47 17.65 

(cm2 ) 
Dry weight per plant 2.66 4.29 7.07 0.47 1.87 

(g) 
Nitrogen % 2.64 2.42 2.12 0.10 N.S. 

Nitrogen uptake per 0.06 0.11 0.15 0.0096 0.038 

plant ( g) 
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Table 44 Main effect of salinity at different stages on 

different growth characters at anthesis in 

Experiments 1 and 2 

stage 

TL-SE SE-BG BG-MT Control S.E.M. L.S.D. 
(P=0.05) 

Experiment 1 
Leaf area per 191.00 408.00 
plant (cm2 ) 

357.00 524.00 36.63 153.85 

Flag leaf area 75.90 164.40 171.20 195.30 16.77 70.43 
per plant (cm2 ) 
Ear area ~er 72.20 157.40 128.20 185.30 14.79 62.13 
plant (cm ) 
stem area per 87.70 151.30 137.50 195.20 8.97 37.67 
plant(cm2 ) 
Dry weight per 6.08 11.70 10.34 14.82 0.26 1.079 
plant ( g) 
Nitrogen % 2.62 2.35 2.06 2.03 0.14 0.58 
Nitrogen uptake 0.16 0.26 0.21 0.30 0.12 0.049 
per plant ( g) 

Soluble 0.37 0.37 0.50 0.57 0.04 N.S. 
carbohydrate % 

Soluble 17.00 39.90 42.10 68.20 8.17 34.31 
carbohydrate content 
(rng per plant) 

Experiment 2 
Leaf area per 86.00 293.00 309.00 367.00 21.22 89.11 
plant (cm2 ) 
Flag leaf area 50.10 83.60 126.50 178.50 6.34 26.64 
per plant (cm2 ) 
Ear area ~er 60.00 84.80 110.90 137.90 7.46 31.33 
plant (cm ) 
Stern area per 71.90 95.40 103.20 154.80 6.004 25.22 
plant (cm2 ) 
Dry weight per 4.71 6.61 9.57 12.28 0.76 3.179 

plant ( g) 
Nitrogen % 2.17 2.21 1.97 1.89 0.12 0.149 

Nitrogen uptake 0.10 0.14 0.19 0.21 0.0091 0.038 

per plant ( g) 
Soluble 0.55 0.49 0.61 0.69 0.04 N.S. 

carbohydrate % 
Soluble 7.50 9.40 16.80 24.30 1.52 6.39 

carbohydrate content 
(rng per plant) 
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in all parameters compared to the control. 

In both years, salinity at SE-BG and BG-MT decreased leaf 

area, stem area, ear area and nitrogen uptake per plant 

compared to the control, but this was not always significant. 

Nitrogen % was significantly higher at TL-SE compared to 

control, but not significantly higher than SE-BG, BG-MT. 

Salinity at TL-SE and SE-BG increased nitrogen % but this was 

not always significant. 

In both Experiments 1 and 2, salinity had no significant 

effects on soluble carbohydrate %, although salinity at SE-BG 

resulted in less soluble carbohydrate % compared to the con-

trol. There were significant effects of salinity on soluble 

carbohydrate content in both years. All salinity treatments 

decreased soluble carbohydrate content. In Experiment 1 and 

2 salinity at TL-SE resulted in significantly less soluble 

carbohydrate content compared to the control. In Experiment 

2 salinity at SE-BG and BG-MT significantly decreased soluble 

carbohydrate content compared to the control. 

4.3.8 MAIN EFFECT OF VARIETIES FOR GROWTH CHARACTERISTICS 

IN SALINITY EXPERIMENTS 1 AND 2 

4.3.8.1 Main effect of varieties on growth characteristics 

at stem extension 

In Experiment 1, leaf area per plant and nitrogen uptake 

per plant at stem extension were significantly higher in 

Norman than Fenman (Table 45). Fenman had a leaf area 

significantly higher than Wembley, but nitrogen uptake was not 

significantly higher than Wembley. In Experiment 1, the 

effects of variety on stem area, dry weight, and nitrogen % 
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Table 45 Main effect of varieties on growth characters at 

stem extension in salinity Experiments 1 and 2 

Experiment 1 
Leaf area per plant 

(cm2 ) 
stem area per plant 

(cm2 ) 
Dry weight per plant 

( g) 
Nitrogen % 

Nitrogen uptake per 
plant (g) 

Experiment2 
Leaf area per plant 

(cm2 ) 
stem area per plant 

(cm2 ) 
Dry weight per plant 

( g) 
Nitrogen % 

Nitrogen uptake per 
plant (g) 

varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

196.10 180.40 150.00 3.21 13.93 

29.10 19.20 35.40 11.089 N.S. 

1.50 1.23 1.10 0.36 N.S. 

5.30 3.75 4.46 0.12 N.S. 

0.080 0.046 0.048 0.0047 0.020 

130.00 223.00 211.00 12.30 53.38 

125.80 23.30 23.80 11.18 48.52 

1.35 1.83 1.24 0.089 0.39 

4.31 3.62 3.99 0.076 0.33 

0.059 0.066 0.049 0.0041 N.S. 
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were not significant. In Experiment 2, leaf area per plant was 

significantly lower ln Norman than in Fenman and Wembley. 

stem area was significantly higher in Norman than in Fenman 

and Wembley. Norman gave dry weight per plant and nitrogen % 

significantly higher than Fenman. Mostly in all parameters 

there were no significant differences between Fenman and 

Wembley. Nitrogen uptake per plant showed no significant 

differences between varieties. 

4.3.8.2 Main effect of varieties on growth characteristics 

at booting 

In Experiment 1, leaf area, dry weight, nitrogen % and 

nitrogen uptake per plant has given significant results (Table 

46). For stem area there were no significant differences be

tween varieties. In Norman, leaf area and dry weight per plant 

were significantly higher than in Fenman and Wembley. Between 

Wembley and Fenman there were no significant differences. 

Norman had a significantly lower nitrogen % than Fenman but 

not significantly lower than Wembley. Nitrogen uptake per 

plant was significantly higher in Norman than in Wembley and 

Fenman. In Experiment 2, at SE-BG the effects of variety on 

leaf area, stem area, dry weight, nitrogen uptake per plant 

were significant. Wembley had a significantly higher leaf 

area and stem area than Norman and Fenman. Dry weight and 

nitrogen uptake per plant were significantly higher in Norman 

compared to Fenman in Experiment 2. Nitrogen % was not 

significantly affected by variety. 

4.3.8.3 Main effect of varieties on growth characteristics 

at anthesis 

At anthesis in both experiments all parameters showed 
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Table 46 Main effect of varieties on growth characters at 

booting in salinity Experiments 1 and 2 

varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

Experiment 1 
Leaf area per 

(cm2 ) 
plant 785.00 367.00 449.00 40.028 158.11 

stern area per 
(cm2 ) 

plant 123.00 58.00 184.00 68.39 N.S. 

Dry weight per plant 9.86 3.58 3.85 0.62 2.46 
( g) 

Nitrogen % 2.67 3.28 2.93 0.13 0.52 

Nitrogen uptake per 0.26 0.12 0.11 0.016 0.063 
plant ( g) 

Experiment 2 
Leaf area per 

(cm2 ) 
plant 313.00 266.00 508.00 24.75 97.76 

stern area per plant 46.70 57.80 83.20 4.46 17.62 
(cm2 ) 

Dry weight per plant 6.91 2.19 4.93 0.47 1.87 
(g) 

Nitrogen % 2.30 2.30 2.59 0.10 N.S. 

Nitrogen uptake per 0.15 0.05 0.12 0.0096 0.038 
plant (g) 
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significance, except nitrogen % which showed no significant 

effects (Table 47). In Experiment 1, Norman had a significant

ly higher leaf area, stem area, flag leaf area, dry weight and 

nitrogen uptake per plant than Wembley and Fenman. Nitrogen % 

was not significantly affected by variety in both Experiments. 

In Experiment 2 at anthesis Norman had a significantly higher 

leaf area, stem area, flag leaf area, ear area, dry weight and 

nitrogen uptake per plant than Fenman. Wembley had a 

significantly higher stem area, flag leaf area per plant than 

Fenman. In Wembley dry weight and nitrogen uptake per plant 

were not significantly different to Fenman. 

Soluble carbohydrate % was not significant in Experiment 

1 but it was significant in Experiment 2. In Experiment 2, 

Fenman had a soluble carbohydrate % significantly lower than 

Norman and Wembley. Soluble carbohydrate content showed 

significant differences between varieties in both Experiments 

1 and 2. 

In both years, Norman had a significantly higher soluble 

carbohydrate content than Fenman and Wembley. In Experiment 

2, Wembley had a significantly higher soluble carbohydrate 

content than Fenman. 

4 • 3 • 9 SIGNIFICANCE OF MAIN EFFECTS AND INTERACTIONS FOR 

GRAIN YIELD, YIELD COMPONENTS AND OTHER 

CHARACTERS RECORDED AT HARVEST 

Generally in salinity Experiments 1 and 2, the interac

tion between varieties and stages was significant for grain 

yield and most yield components. In some cases, the 

interaction was not significant in one but not both years, but 
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Table 47 Main effect of varieties on growth characters at 

anthesis in salinity Experiments 1 and 2 

ExperiJDent 1 

Varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

Leaf area per plant 553.00 230.00 327.00 31.75 119.69 
(cm2 ) 

Flag leaf area per 222.50 127.20 105.20 14.52 54.74 
plant (cm2 ) 

Ear area per plant 199.90 108.20 99.20 12.81 48.28 
(cm2 ) 

stem 2area per plant 202.80 99.20 126.90 7.77 29.29 
(cm ) 

Dry weight per plant 17.46 7.61 7.13 0.93 3.52 
(g) 

Nitrogen % 2.14 2.25 2.42 0.12 N.S. 

Nitrogen uptake per 0.36 0.16 0.17 0.010 0.04 
plant (g) 

Soluble Scarbohydrate % 0.51 0.49 0.36 0.035 N.S. 

Soluble carbohydrate 73.30 31.30 20.70 7.072 26.66 
content (mg per plant) 

ExperiJDent 2 
Leaf area per plant 314.00 206.00 271.00 18.38 69.32 

(cm2 ) 
Flag leaf area per 113.80 82.40 132.90 5.49 20.71 

plant (cm2 ) 
Ear area per plant 103.20 43.80 148.20 6.46 24.34 

(cm2 ) 
Stem area per plant 125.00 69.90 124.10 5.20 19.59 

(cm2 ) 
Dry weight per plant 11.09 6.47 7.31 0.66 2.47 

( g) 
Nitrogen % 1.89 2.23 2.06 0.10 N.S. 

Nitrogen uptake per 
plant (g) 

Soluble carbohydrate % 

carbohydrate content 
(mg per plant) 

0.19 

0.66 

21.80 

0.14 

0.45 

8.40 
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the main effects of variety or salinity were significant. 

These results are interpreted from the main effects of 

varieties and main effects of salinity where 

appropriate. 

4.3.10 MAIN EFFECTS OF SALINITY AT DIFFERENT STAGES, ON 

GRAIN YIELD, YIELD COMPONENTS, AND OTHER 

CHARACTERISTICS 

To show the main trends for varieties and salinity stress 

at stages the main effects of these factors are presented and 

discussed briefly. 

The effects of salinity stress at different stages on 

yield and yield components other characteristics recorded at 

harvest in Experiments 1 and 2 are shown in Tables 48 and 49 

respectively. Generally all grain yield and yield components 

were significantly decreased in both Experiments 1 and 2 

except number of grains per fertile spikelet and harvest index 

in Experiment 1. Particularly salinity at TL-SE in Experiment 

2 significantly decreased grain weight per plant, number of 

grains per plant, number of ears per plant, number of grains 

per ear, fertile spikelets per ear, number of grains per 

fertile spikelet, harvest index, straw dry weight per plant 

and plant height more than salinity at other stages. Average 

grain weight was significantly decreased by salinity at BG-MT 

in both Experiments 1 and 2. 

In Experiment 1, salinity at BG-MT significantly 

increased the number of infertile spikelets per ear. Salinity 

at TL-SE and SE-BG gave no significant effects. In Experiment 

2 all salinity treatments significantly increased the number 

of infertile spikelets per ear. In Experiment 1 salinity at 
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Table 48 Main effects of salinity at different growth stages 

on yield, yield components and other characters 

recorded at harvest - Experiment 1 

Grain weight per 
plant (g) 

Average grain weight 
(mg) 

Number of grains per 
plant 

Number of ears per 
plant 

Number of grains per 
ear 

Fertile spikelet per 
ear 

Number of grains per 
fertile spikele 

Infertile spikelet 
per ear 

Harvest index % 

straw dry weight per 
plant (g) 

Plant height of main 
stem (cm) 

Number of leaves on 
main stem 

Nitrogen % ln grain 

Nitrogen % ln straw 

Nitrogen uptake per 
plant (grain + straw) 

( g) 
Final average grain 

weight of grain 
growth (mg) 

Rate of grain growth 
growth (mg/day) 

Duration of grain 
growth (days) 

stages 

TL-SE SE-BG BG-MT Control S.E.M. L.S.D. 
(P=0.05) 

5.31 6.72 5.77 9.15 0.33 1.25 

39.26 38.06 34.32 42.51 0.84 3.21 

135.9 177.0 166.1 214.7 7.051 26.93 

3.39 3.99 3.92 4.35 0.13 0.49 

44.24 46.29 45.47 52.11 1.48 5.66 

17.43 18.30 17.79 19.29 0.29 1.10 

2.52 2.51 2.51 2.65 0.066 N. s. 

2.39 2.78 3.32 2.23 0.13 0.49 

46.89 43.29 44.06 46.17 1.39 N.S. 

6.18 8.91 7.43 10.98 0.40 1.53 

78.14 80.36 76.94 81.59 0.93 3.55 

10.00 10.33 10.33 10.33 N. S. 

2.78 2.83 2.93 2.67 0.67 N. S. 

1.70 1.62 1.15 1.23 0.094 0.36 

0.25 0.33 0.26 0.38 0.013 0.05 

39.48 40.64 33.99 42.56 1.12 4.70 

1.16 1.21 0.96 1.33 0.065 0.21 

34.44 34.37 36.71 31.88 1.84 N.S. 
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Table 49 Main effects of salinity at different growth stages 

on yield, yield components and other characters 

recorded at harvest - Experiment 2 

stages 

TL-SE SE-BG BG-MT Control S.E.M. L.S.D. 
(P=0.05) 

Grain weight per 2.09 4.32 4.44 7.36 0.17 0.66 
plant ( g) 

Average grain weight 33.40 34.34 30.59 38.51 1.00 3.79 
(mg) 

Number of grains per 61.9 125.4 146.2 190.7 4.92 18.80 
plant 

Number of ears per 2.34 3.49 4.07 4.45 0.11 0.43 
plant 

Number of grains per 28.02 38.26 39.40 45.04 1.72 6.57 
ear 

Fertile spikelet per 14.44 15.80 15.95 18.01 0.25 0.9 
ear 

Number of grains per 1.92 2.39 2.44 2.46 0.086 0.33 
fertile spikelet 

Infertile spikelet 3.83 4.00 4.25 2.44 0.17 0.66 
per ear 

Harvest index ~ 
0 36.41 42.40 41.54 45.96 1.17 4.46 

Root dry weight per 0.68 1.10 1.26 1.53 0.086 0.327 
plant ( g) 

straw dry weight per 3.55 5.91 6.30 9.20 0.32 0.98 
plant ( g) 

Plant height of main 65.05 74.05 74.36 79.65 0.82 3.14 

stem (cm) 
Number of leaves on 10.29 10.65 10.69 10.67 0.033 0.13 

main stem 
Nitrogen ~ 

0 in grain 2.86 2.88 3.02 2.60 0.054 0.20 

Nitrogen % in straw 2.00 1.66 1.07 1.24 0.089 0.34 

Nitrogen uptake per 0.13 0.23 0.20 0.30 0.008 0.032 

plant (grain + straw) 
( g) N.S. Final Average grain 40.26 41.44 39.37 44.72 1.37 

weight of grain growth 
(mg) 0.098 N. S. Rate of grain growth 0.89 0.97 0.98 1.10 

(mg/day) 40.9 4.31 N.S. 
Duration of grain 41.7 46.1 42.6 

growth (days) 

204 



all stages decreased plant height (length of straw and ears) 

at maturity but this was significant for BG-MT only. In these 

experiments root dry weight per plant was measured only in 

Experiment 2. It was significantly lower with salinity at TL

SE than with salinity at other stages and in the control. In 

Experiment 2 all salinity treatments resulted in a significant 

decrease in plant height but plant height was decreased most 

by salinity at TL-SE. There were no significant effects of 

salinity on leaf number in Experiment 1. In Experiment 2 

salinity at TL-SE resulted in significantly fewer leaves than 

the other treatments and the control. In Experiment 1, there 

were no significant effects of salinity on the nitrogen % of 

grain. In Experiment 2, all salinity treatments significantly 

increased nitrogen % in grain. Salinity at BG-MT had higher 

nitrogen % in grain. In both years salinity at TL-SE and SE-BG 

resulted in a significant increase in straw nitrogen %. 

In Experiment 1 all salinity treatments decreased 

nitrogen uptake per plant (straw + grain) but the greatest 

decreases were observed with salinity at TL-SE and BG-MT. The 

same trends were present in Experiment 2. 

In Experiment 1, salinity at BG-MT resulted in a 

significantly lower average grain weight and rate of grain 

growth compared to the control. Salinity at TL-SE and SE-BG 

had no significant effects on average grain weight and rate of 

grain growth. Duration of grain growth was not significantly 

affected by salinity. In Experiment 2, average grain weight, 

rate and duration of grain growth were not significantly 

affected by salinity. 
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4.3.11 MAIN EFFECTS OF VARIETIES ON GRAIN YIELD, YIELD 

COMPONENTS AND OTHER CHARACTERS 

The main effects of varieties on grain yield and yield 

components and other characteristics recorded at harvest for 

salinity stress Experiments 1 and 2 are shown in Tables 50 and 

51 respectively. The main effect of variety was generally 

significant for grain yield and yield components in these 

experiments except for grain number per plant in Experiment 2. 

In both Experiments 1 and 2, Norman had significantly higher 

number of grains per ear, fertile spikelets per ear, number of 

grains per fertile spikelet and straw dry weight per plant 

than other varieties. Also in Experiment 1 only Norman had 

significantly higher grain weight per plant and number of 

grains per plant. In Experiment 2 only Fenman had a signifi

cantly increased grain weight per plant. In both Experiments 1 

and 2, Fenman had the higher average grain weight and harvest 

index. However, Wembley had a significantly higher number of 

ears per plant and infertile spikelets per ear in both 

Experiments 1 and 2. 

There were significant differences between the varieties 

in number of infertile spikelets per ear, Fenman had least and 

Wembley had the most. Dry weight of root per plant was 

significantly higher in Norman than Fenman and Wembley, and 

Fenman had non significantly lower than Wembley. Effect of 

salinity on plant height showed significant differences in 

Experiments 1 and 2. In both years, Norman gave plant height 

significantly higher compared to Fenman and Wembley. Fenman 

had a significantly higher plant height than Wembley in 

Experiment 1 but not in Experiment 2. In Experiment 1 Norman 
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ble 50 Main effects of varieties on yield and yield 

components and other characters recorded at 

harvest in salinity - Experiment 1 

varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

~ain weight per 
plant (g) 
rerage grain weight 
weight (mg) 
Imber of grains 
per plant 

Imber of ears 
per plant 

Imber of grains 
per ear 
~rtile spikelet 
per ear 

1mber of grains per 
fertile spikelet 

lfertile spikelet 
per ear 

'irvest index % 

::raw dry weight 
per plant (g) 

Lant height of main 
stem (cm) 

Imber of leaves on 
main stem 

Ltrogen % in grain 

Ltrogen % ln straw 

Ltrogen uptake per 
)lant (grain + straw) 

( g) 
Lnal Average grain 
~ight of grain 
growth (mg) 

'ite of grain growth 
(mg/day) 

Iration of grain 
growth (days) 

8.21 6.40 5.60 0.28 0.98 

39.41 39.52 36.69 0.73 2.53 

205.80 161.70 151.40 6.10 21.18 

3.16 3.39 5.18 0.11 0.39 

64.13 47.75 29.19 1.28 4.45 

19.72 17.88 17.02 0.25 0.86 

3.25 2.67 1.72 0.057 0.20 

2.39 1.66 3.98 0.11 0.39 

40.73 49.89 44.68 1.20 4.17 

11.66 6.61 6.85 0.35 1.2 

88.90 76.87 72.00 0.81 2.79 

12.00 10.00 9.00 N.S. 

2.73 2.75 2.93 0.058 0.20 

1.48 1.24 1.55 0.081 0.28 

0.39 0.26 0.27 0.11 0.04 

41.14 39.66 36.71 0.97 3.65 

1.29 1.12 1.08 0.057 0.21 

31.95 36.59 34.50 1.60 N.S. 
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Table 51 Main effects of varieties on yield, yield 

components and other characters recorded at 

harvest in salinity - Experiment 2 

Varieties 

Norman Fenman Wembley S.E.M. L.S.D. 
(P=0.05) 

Grain weight per 
plant (g) 

Average grain 
weight (mg) 

4.31 5.06 4.29 0.15 

32.25 37.31 33.07 0.86 

Number of grains per 
plant 

133.50 129.70 129.90 4.26 

Number of ears per 
plant 

Number of grains 
per ear 

Fertile spikelet 
per ear 

Number of grains per 
fertile spikelet 

Infertile spikelet 
per ear 

Harvest index % 

Root dry weight per 
plant (g) 

straw dry weight per 
plant (g) 

Plant height of main 
stem (cm) 

~umber of leaves on 
main stem 

~itrogen % In grain 

~itrogen % In straw 

2.49 3.56 4.72 0.095 

51.13 34.43 27.48 1.49 

17.59 15.78 14.78 0.21 

2.88 2.17 1.86 0.074 

3.27 2.92 4.71 0.15 

32.85 46.95 44.94 1.01 

1.26 1.00 1.17 0.074 

8.36 5.18 5.19 0.27 

82.25 69.63 67.96 0.75 

12.67 10.00 9.05 0.029 

2.96 2.72 2.59 0.046 

1.69 1.34 1.44 0.077 

~itrogen uptake per 0.25 0.20 0.19 0.0074 

plant (grain + straw) 
(g) 

~inal Average grain 37.42 48.06 38.87 1.18 

weight of grain growth 
(mg) 

~te of grain growth 0.94 1.24 0.79 0.084 

(mg/day) 
uration of grain 40.00 39.70 48.70 3.73 

growth (days) 
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0.56 

2.98 

N.S. 

0.33 

5.17 

0.75 

0.26 

0.52 

3.50 

0.26 

0.96 

2.62 

0.099 

0.16 

0.27 

0.03 

4.47 

0.32 

N.S. 



had 12 leaves, Fenman 10 leaves and Wembley 9 leaves on the 

main stem. In Experiment 2, leaf number was significantly 

different. Norman had significantly more leaves than Fenman 

and Fenman had non significantly higher leaf number than 

Wembley on the main stem. In Experiment 1, Norman and Fenman 

had a grain nitrogen % lower than Wembley. In Experiment 2, 

Norman had a grain nitrogen % higher than Fenman and Wembley. 

There were significant differences between the varieties in 

nitrogen % in the straw. In both years straw nitrogen % was 

greater in Norman and Wembley than in Fenman. In both 

Experiments 1 and 2, Norman had a significantly higher 

nitrogen uptake per plant than Fenman and Wembley. However, 

Fenman and Wembley had nitrogen uptake per plant similar to 

each other in both years. In Experiments 1 and 2, average 

grain weight and rate of grain growth and rate of showed 

significant differences between varieties. Wembley had a 

significantly lower average grain weight (from grain growth 

analysis) than Norman in Experiment 1. In Experiment 2, Fenman 

had a significantly higher average grain weight than Norman 

and Wembley. Rate of grain growth were lowest in Wembley in 

both years. In both Experiments 1 and 2, duration of grain 

growth was not significantly different in the varieties. 

In these experiments, at final harvest there were no 

significant effects of salinity in Experiments 1 and 2 on the 

number of detectable stem nodes on the main stem as shown in 

Table 52. The values of this character were similar in both 

experiments, but were different between varieties. In both 

years in both experiments Norman had more dectable stem nodes 

than Fenman and Fenman had more than Wembley, as found by 
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Table 52 Detectable stem nodes on the main stem of plants 

of different wheat varieties, Norman, Fenman and 

Wembley in salinity Experiments 1 and 2. 

variety 

Experiment 1 

Norman 

Fenman 

Wembley 

Experiment 2 

Norman 

Fenman 

Wembley 

Salinity Experiments 

Mean 

5.7 

4.7 

3.7 

5.6 

4.6 

3.6 

S.E.of mean 

0.153 

0.153 

0.153 
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Kirby et ale (1985b). 

The numbers of detectable stem nodes were similar for 

each variety in the salinity experiments. 

4.3.12 EFFECTS OF VARIETIES AND SALINITY ON YIELD AND 

YIELD COMPONENTS AND OTHER CHARACTERISTICS IN 

SALINITY EXPERIMENTS 1 AND 2 

4.3.12.1 Grain weight per plant igl 

In Experiments 1 and 2 there were significant differences 

in grain weight per plant between varieties and stages (Table 

53). In both years in all varieties salinity decreased grain 

weight per plant. In Experiments 1 and 2, in Norman salinity 

at TL-SE resulted in a significantly lower grain weight per 

plant than salinity at SE-BG, BG-MT and control. Salinity at 

SE-BG and BG-MT has given significantly less grain weight per 

plant compared to the control in Norman in both years. In 

Fenman in Experiment 1, salinity at TL-SE gave non-signifi

cantly less grain weight per plant compared to SE-BG and 

control. In Experiment 1, in Fenman salinity at SE-BG and BG

MT nonsignificantly decreased grain weight per plant compared 

to the control. However, in Experiment 2, grain weight per 

plant was significantly decreased by salinity at SE-BG and BG

MT compared to the control. In Experiment 1, in Wembley 

salinity at TL-SE gave non-significantly less than the control 

but in Experiment 2 it gave significantly less than the 

control. In Wembley salinity at SE-BG resulted in a grain 

weight per plant which was not significantly lower the 

control in both years. In both years in Wembley salinity at 

BG-MT has given significantly less grain weight per plant 
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Table 53 Effect of varieties and salinity on grain weight 

per plant (g) in Experiments 1 and 2 

stress period 
varieties 

Norman Fenman Wembley 

ExperiDlent 1 

Tillering to stem extension 4.97 5.56 5.42 

stem extension to booting 7.67 6.83 5.68 

Booting to maturity 7.75 5.47 4.08 

Control 12.45 7.75 7.26 

S.E. of means - 0.57; L.S.D. (P - 0.05) - 2.80 

ExperiDlent 2 

Tillering to stem extension 1.54 1.30 3.44 

stem extension to booting 3.38 5.23 4.35 

Booting to maturity 4.17 5.29 3.87 

Control 8.14 8.43 5.51 

S.E. of means - 0.30; L.S.D. (P - 0.05) - 1.48 
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compared to the control. In the controls in both years 

Norman had a significantly higher grain weight per plant than 

Wembley. Fenman gave significantly higher grain weight per 

plant than Wembley in Experiment 2 but not in Experiment 1. 

4.3.12.2 Average grain weight (mg) 

In Experiment 1, the variety x salinity interaction for 

average grain weight was not significant, but it was in 

Experiment 2 (Table 54). However in Experiment 1, the main 

effects of stage and variety were significant. Salinity at 

BG-MT significantly decreased average grain weight compared to 

TL-SE, SE-BG and control. Salinity at SE-BG gave signifi

cantly lower average grain weight than the control. Salinity 

at SE-BG gave similar average grain weight to TL-SE, but not 

significant. In varieties average grain weight was signifi-

cantly higher in Norman and Fenman than in Wembley. Between 

Norman and Fenman there was no significant difference in 

average grain weight. 

In Experiment 2, In Norman salinity at BG-MT gave average 

grain weight, which was nonsignificantly lower than salinity 

at TL-SE and SE-BG. Salinity at BG-MT gave significantly 

lower average grain weight than the control. Salinity at SE

BG resulted in a non-significantly lower average grain weight 

compared to salinity at TL-SE. In Fenman salinity at TL-SE 

gave an average grain weight which was significantly lower 

compared to salinity at SE-BG and the control but not 

significantly lower than salinity at BG-MT. Salt stress at 

BG-MT gave average grain weight significantly less compared to 

control. In Wembley salinity at TL-SE has given average 

grain weight similar to control. Salinity at SE-BG gave 
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Table 54 Effect of varieties and salinity on average grain 

weight (mg) in Experiments 1 and 2 

varieties 
stress period 

Norman Fenman Wembley 

EXperiment 1 

Tillering to stem extension 39.28 41.71 36.79 

stem extension to booting 38.61 39.04 36.54 

Booting to maturity 36.81 34.98 31.17 

Control 42.93 42.34 42.25 

S.E. of means = 1.46; L.S.D. (P = 0.05) - N.S. 

Experiment 2 

Tillering to stem extension 34.80 30.30 35.00 

stem extension to booting 29.80 40.90 32.30 

Booting to maturity 27.40 34.50 29.60 

Control 36.61 43.60 35.40 

S.E. of means - 1.72; L.S.D. (P - 0.05) - 8.51 
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average grain weight which was not significantly lower than 

the control. Salinity at BG-MT has given average grain weight 

non significantly less than the control and all stage in 

wembley. Norman and Wembley control had non-significantly 

similar average grain weight and both varieties had non

significantly less than Fenman. 

4.3.12.3 Number of grains per plant 

In both years the interaction was significant for number 

of grains per plant (Table 55). All salinity treatments 

decreased number of grains per plant in all varieties. In 

Experiment 1, in Norman all salinity treatments significantly 

decreased number of grains per plant. Salinity at TL-SE gave 

significantly lower number of grains per plant than salinity 

at SE-BG and BG-MT. Salinity decreased number of grains per 

plant in Fenman and Wembley at all stages but this was not 

statistically significant. In the control Norman gave 

significantly higher number of grains per plant than Fenman 

and Wembley. 

In Experiment 2, in Norman, salinity at TL-SE resulted in 

significantly lower 

salinity at SE-BG, 

resulted ln number 

number of grains per plant compared to 

BG-MT and control. Salinity at SE-BG 

of grains per plant which was non-

significantly lower compared to salinity at BG-MT. Salinity 

at BG-MT resulted in a significantly lower number of grains 

per plant than the control in Norman. In Fenman salinity at 

TL-SE had significantly lower number of grains per plant than 

salinity at SE-BG. Salinity at SE-BG resulted in a lower 

number of grains per plant than salinity at BG-MT but this was 

not significant. Salinity at BG-MT resulted in a number of 
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Table 55 Effect of varieties and salinity on number of 

grains per plant in Experiments 1 and 2 

stress period 
varieties 

Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 126.4 133.3 148.0 

stem extension to booting 196.1 174.3 154.7 

Booting to maturity 211.3 156.2 130.9 

Control 289.6 182.9 171.8 

S.E. of means - 12.21; L.S.D. (P - 0.05) - 60.46 

Experiment 2 

Tillering to stem extension 45.3 42.9 97.6 

stem extension to booting 113.3 128.3 134.6 

Booting to maturity 152.5 154.0 132.0 

Control 223.0 193.5 155.5 

S.E. of means - 8.52; L.S.D. (P - 0.05) - 42.18 
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grains per plant which was non-significantly lower than the 

control. In Wembley also salinity at TL-SE resulted in a 

number of grains per plant which was non-significantly lower 

than salinity at SE-BG. Salinity at SE-BG resulted in number 

of grains per plant which was not significantly lower than in 

the control in Wembley. In the control Norman had a number 

of grains per plant significantly higher than Wembley. In 

Fenman the control had a number of grains per plant which was 

not significantly higher than in Wembley and not significantly 

less than in Norman. 

4.3.12.4 Number of ears per plant 

In both years the interaction of salinity x variety was 

significant for number of ears per plant (Table 56). In both 

years all salinity treatments in all varieties decreased 

number of ears per plant except in Fenman salinity at SE-BG in 

Exper iment 1. 

In both years in Norman salinity at TL-SE has given a 

significantly lower number of ears per plant than the control. 

In Norman salinity at SE-BG and BG-MT non-significantly 

decreased the number of ears per plant. In Experiment 2 ln 

Norman salinity at SE-BG gave significantly less number of 

ears per plant than the control. with salinity at BG-MT the 

number of ears per plant was not significantly lower than the 

control. In Fenman the number of ears per plant was not 

significantly lower at TL-SE in Experiment 1, but in 

Experiment 2 salinity at TL-SE significantly decreased the 

number of ears per plant compared to other stages and the 

control. In Experiments 1 and 2, in Fenman salinity at BG-MT 

gave a similar number of ears per plant to the control, but 
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Table 56 Effect of varieties and salinity on number of 

ears per plant in Experiments 1 and 2 

Varieties 
stress period 

Norman Fenman Wembley 

ExperiJnent 1 

Tillering to stem extension 2.1 3.1 5.0 

stem extension to booting 3.2 3.6 5.2 

Booting to maturity 3.4 3.4 5.1 

control 4.0 3.5 5.5 

S.E. of means - 0.22; L.S.D. (P - 0.05) - 1.11 

ExperiDlent 2 

Tillering to stem extension 1.3 1.8 3.9 

stem extension to booting 2.3 3.5 4.6 

Booting to maturity 2.7 4.4 5.1 

Control 3.6 4.5 5.2 

S.E. of means - 0.20; L.S.D. (P - 0.05) - 0.95 
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little less than the control. In Experiment 1, in Fenman, 

salinity at SE-BG slightly increased the number of ears per 

plant but not significantly. In Wembley all salinity treat

ments decreased the number of ears per plant but in most cases 

this was not significant. In Wembley ln Experiment 2, 

salinity at TL-SE significantly decreased the number of ears 

per plant. In both experiments in the control, Norman had 

significantly lower number of ears per plant than Wembley. In 

Experiment 1 Fenman had non-significantly lower than Norman 

and in Experiment 2 Fenman had non-significantly higher than 

Norman control. 

4.3.12.5 Fertile spikelets per ear 

In Experiment 1 the variety x salinity interaction was 

not significant for fertile spikelets per ear but in 

Experiment 2 it was (Table 57). In Experiment 1, the main 

effects of salinity and variety were significant. All salinity 

treatments gave significantly less fertile spikelets per ear 

than the control. All salinity stress treatments had no 

significant differences between each other. In varieties 

Norman had significantly more fertile spikelets per ear than 

Fenman and Wembley. Fenman and Wembley had no significant 

differences in fertile spikelets per ear. 

In Experiment 2, salinity at TL-SE has given 

significantly lower fertile spikelets per ear compared to the 

control in all varieties. In Norman, salinity at SE-BG and BG

MT also gave significantly less fertile spikelets per ear than 

the control. In Experiment 2, in Fenman and Wembley salt 

stress at SE-BG and BG-MT has given non-significantly less 

fertile spikelets compared to the control in both varieties. 
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Table 57 Effect of varieties and salinity on fertile 

spikelet per ear in Experiments 1 and 2 

Varieties 
stress period 

Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 18.4 17.4 16.5 

stem extension to booting 20.0 17.3 17.6 

Booting to maturity 19.0 18.2 16.2 

Control 21.5 18.6 17.8 

S.E. of means - 0.50; L.S.D. (P - 0.05) - N.S. 

Experiment 2 

Tillering to stem extension 15.4 14.2 13.7 

stem extension to booting 17.6 15.2 14.7 

Booting to maturity 16.5 16.9 14.5 

Control 20.9 16.9 16.3 

S.E. of means - 0.43: L.S.D. (P - 0.05) - 2.12 
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In the control in both years Norman had 

spikelets per ear than Fenman and Wembley. 

4.3.12.6 Number of grains per fertile spikelet 

more fertile 

For number of grains per fertile spikelet the variety x 

salinity interaction was not significant in Experiment 1, but 

in Experiment 2 it was (Table 58). In Experiment 1, only the 

main effect of variety was significant. Norman had signifi-

cantly more grains per fertile spikelet than Fenman and Fenman 

had more than Wembley. 

In Experiment 2, in Norman salinity at TL-SE and SE-BG 

the number of grains per fertile spikelet was not signifi

cantly less than in the control. Salinity at BG-MT gave a 

grain number per fertile spikelet which was not significantly 

higher than salinity at SE-BG and control. Salinity at TL-SE 

in Fenman significantly decreased number of grains per fertile 

spikelet lower than the control. In Fenman salinity at SE-BG 

and BG-MT gave non-significantly less number of grains per 

fertile spikelet than the control. In Wembley salinity at 

TL-SE and BG-MT gave number of grains per fertile spikelet 

similar to control, but not significantly. In Wembley 

salinity at SE-BG non-significantly increased number of grains 

per fertile spikelet compared to salinity at BG-MT and the 

control. In the control, Norman had a non-significantly 

higher number of grains per fertile spikelet than Fenman and 

Wembley. Wembley control had a lower number of grains per 

fertile spikelet than Fenman but this was not significant. 

4.3.12.7 Harvest index % 

In Experiment 1, for harvest index there was a signifi

cant interaction between varieties and stages, but it was not 
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Table 58 Effect of varieties and salinity on number of 

grains per fertile spikelet in Experiments 

1 and 2 

Varieties 
stress period 

Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 3.25 2.48 1.83 

stem extension to booting 3.00 2.82 1.70 

Booting to maturity 3.35 2.57 1.60 

control 3.39 2.81 1.75 

S.E. of means - 0.11; L.S.D. (P - 0.05) - N.S. 

Experiment 2 

Tillering to stem extension 2.30 1.66 1.81 

stem extension to booting 2.82 2.36 2.00 

Booting to maturity 3.46 2.09 1.78 

Control 2.96 2.56 1.85 

S.E. of means - 0.15; L.S.D. = 0.73 
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significant in Experiment 2 (Table 59). In Experiment 1 in 

Norman, salinity had no significant effect on harvest index. 

In Experiment 1, in Fenman, salinity at TL-SE, SE-BG and BG-MT 

resulted in a non-significant increase in harvest index 

compared to the control. In Experiment 1 in Wembley, 

salinity at TL-SE gave a harvest index slightly higher than 

the control but this was not significant. In Experiment 1, 

in Wembley, salinity at SE-BG and BG-MT gave non-significantly 

lower harvest index than the control. In the controls all 

varieties were not significantly different to each other in 

Experiment 1. 

In Experiment 2, the main effects of stages and variety 

were significant. Salinity at TL-SE significantly decreased 

the harvest index compared to SE-BG, BG-MT and control. 

Salinity at SE-BG and BG-MT had no significant difference to 

each other and the control. In varieties Norman had a 

significantly lower harvest index than Fenman and Wembley. 

Fenman and Wembley had a non significant higher in harvest 

index. 

4.3.12.8 Straw dry weight per plant i9l 

In both years for straw weight per plant, the variety x 

stages interaction was significant (Table 60). Generally all 

salinity treatments decreased straw dry weight per plant in 

both years. In Experiments 1 and 2, in Norman, salinity TL

SE, SE-BG and BG-MT gave significantly lower straw weight than 

the control. The straw dry weights for salinity at SE-BG and 

BG-MT were not significantly different to each other. In 

Fenman in Experiments 1 and 2, salinity at TL-SE gave 

significantly lower straw dry weight per plant than the 
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Table 59 Effect of varieties and salinity on harvest 

index % in Experiments 1 and 2 

stress period 
varieties 

Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 39.30 52.51 48.86 

stem extension to booting 37.72 48.06 44.08 

Booting to maturity 42.74 51.75 37.69 

Control 43.16 47.23 48.10 

S.E. of means - 2.40; L.S.D. (P - 0.05) = 11.90 

Experiment 2 

Tillering to stem extension 27.92 37.26 44.05 

stem extension to booting 31.87 49.71 45.63 

Booting to maturity 34.69 47.79 42.14 

Control 36.90 53.04 47.94 

S.E. of means - 2.022; L.S.D. - N.S. 
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Table 60 Effect of varieties and salinity on straw dry 

weigth per plant (g) in Experiments 1 and 2 

Varieties 
stress period 

Norman Fenman Wembley 

EXperiDent 1 

Tillering to stem extension 7.76 5.12 5.66 

stem extension to booting 12.16 7.39 7.18 

Booting to maturity 10.46 5.10 6.74 

control 16.28 8.83 7.83 

S.E. of means - 0.70; L.S.D. (P = 0.05) = 3.05 

Experiment 2 

Tillering to stem extension 4.14 2.22 4.31 

stem extension to booting 7.32 5.24 5.17 

Booting to maturity 7.85 5.77 5.29 

Control 14.13 5.29 5.98 

S.E. of means - 0.55; L.S.D. (P = 0.05) - 2.71 
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control. Salinity at SE-BG in both years gave a lower straw 

dry weight per plant than the control, but this was not 

significant. In Fenman in Experiment 1 salinity at BG-MT 

gave a significantly lower straw dry weight per plant than the 

control. In Wembley in Experiments 1 and 2 all salinity 

treatments decreased straw weight per plant but not signifi

cantly. All salinity treatments were not significantly 

different to each other. 

In both Experiments 1 and 2, the Norman control had a 

significantly higher straw dry weight per plant than Fenman 

and Wembley. In both years, Fenman and Wembley had straw 

weight per plant, which were not significantly different to 

each other. 
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4.4 DISCUSSION 

4.4. 1 DIFFERENCES BETWEEN SALINITY EXPERIMENTS 1 AND 2 

Generally in both experiments, salinity at all stages, in 

all varieties, decreased grain yield, yield components and 

growth characters. In Experiment 2 there were greater 

reductions in yield, yield components and growth characters 

than in Experiment 1. Norman was sown earlier in Experiment 1 

so it had more time under salt during TL-SE than in Experiment 

2. There was higher temperatures during growing of Fenman and 

Wembley in Experiment 2. Temperature was also higher during 

growing of Norman after stem extension. These higher 

temperatures possibly resulted in faster uptake of water and 

salt and more severe internal water deficits and effects of 

toxic concentrations of Na and CI. 

4.4.2 BEHAVIOUR OF VARIETIES UNDER SOLUTION CULTURE AND IN 

SALT STRESS 

In solution culture the plants were affected straight 

away by applied salt at any stage (Bower and Wadleigh, 1948; 

Bernstein, 1963). Generally all varieties produced a large 

leaf area during the growing time. All varieties produced 

coleoptile tillers in solution culture but not in the water 

stress experiments. Wembley produced more tillers than other 

varieties because during this time the temperature was higher, 

days were long with more sunshine. Fenman produced more 

tillers than Norman. In Norman during TL-SE leaves were 

large and narrow, because of the cold weather. In solution 

culture small tillers continually appeared until maturity. 
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Approximately 5 to 15 tillers were always noticed on the 

control plants. Fewer tillers were produced on the plants 

grown in pots in the water stress experiments. These tillers 

some times died during growing then new ones appeared. This 

death and re-emergence of tillers is probably because of light 

interception and the solution culture technique used. In 

field crops small tillers at the base of the crop often die 

due to shading by taller main stems. There was no shading 

effect in these experiments. Sunlight was present at the base 

of the plants as they were grown in pots. Tillers may also 

die due to shortage of nutrients, but in these experiments in 

solution culture, water and nutrients were freely available. 

These small tillers always produced 2 to 4 leaves. Because 

of more tillers, higher plant height and more leaves, the 

straw weight per plant after stem extension was always much 

higher in the control in all varieties than in the water 

stress experiments. In solution culture after stem extension 

plants of Norman were much stronger and had thicker stems than 

those of Fenman and Wembley varieties. Fenman and Wembley 

plants were stronger in solution culture than in the water 

stress experiments. There was a lodging problem in Norman, 

particularly it was noticed at BG-MT stage and in the control. 

At maturity there were 4 to 5 green leaves in all 

varieties in the control. Some upper leaves were also green 

with salinity at TL-SE, and SE-BG. However the ears were 

mature and had turned yellow in colour and contained filled 

grains. This lack of senescence of leaves did not occur in the 

water stress experiments where maturity developed naturally. 

It was due to continued supply of nutrients and water in 
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solution culture experiments. 

colour changed to dark green. 

In the stressed plants leaf 

Salt stressed plants also had 

more wax on upper and lower surfaces and on the stem (Hayward 

and Magistad, 1946). It was also noticed that aphids we;e 

first attacking the stressed plants (Gauch and Wadleigh, 1944; 

Rush and Epstein, 1976). 

4.4.3 EFFECT OF SALINITY AT DIFFERENT STAGES 

The effect of salinity depends on the stage of plant 

growth, period of exposure to salt, weather conditions and 

salt concentration (Maas and Hoffman, 1977). 

In these experiments generally salinity at all stages 

decreased shoot number, plant height, leaf area, other growth 

measurements, and grain yield and yield components in both 

experiments, either less or more (Rawson, 1986). When salt 

was applied at any stage it decreased growth measurements 

during the stress period. At some stages a small amount of 

recovery occurred and at some stages the plant did not recover 

completely again. Particularly salt stress at TL-SE much 

decreased growth measurements (Gauch and Wadleigh, 1944). 

4.4.3.1 Effect of salinty during tillering to stem extension 

Crop development during the from phase tillering to stem 

extension has been described in the literature review in 

se t ' 3 23 1 3 23 2 3 23 3 and discused in relation to c lons . ., . ., . . 

water stress in sections 3.4.2.1, 3.4.2.2, 3.4.2.3. 

This section discusses how salinity during this phase 

affects growth and yield. During the phase TL-SE number of 

leaves on the main stem increased from 7 to 8 in Norman, 5 to 

6 in Fenman and 4 to 5 in Wembley. AT TL-SE Norman experienced 
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a long stress period. This was because during this stage 

temperature was low and there were fewer hours of bright 

sunshine and shorter days, so that the first stem node 

appeared very late. In Fenman and Wembley at TL-SE it was vice 

versa. These experienced higher temperature, more bright 

sunshine and longer days. A number of workers (Kirby et al., 

1982; Bakerr et al., 1986; Wright and Hughes, 1987b) have 

shown that in cereals development rate is influenced by 

temperature and daylength, and that development rate increases 

as these factors increase. The differences in temperature and 

bright sunshine would also influence rate of transpiration and 

hence salt uptake. Salt uptake would be expected to be slower 

in Norman, but faster in Fenman and Wembley, as these 

varieties experienced warmer and sunnier conditions during the 

TL-SE stage. 

Salinity at TL-SE slightly decreased leaf number on the 

main stem only in Norman in both experiments. This variety was 

under stress for a long time and it has been shown that severe 

stress can affect leaf number by affecting primoridia 

production during the vegtative stage (Maas and Poss, 1989). 

Rawson (1986) also found that salinity decreased vegetative 

growth. The reductions in shoot number per plant, number of 

leaves and other growth characters resulted in the decreases 

in yield and yield components. with salinity at this stage 

some leaf death occured. More leaves died in Norman during TL

SE than ln Fenman and Wembley. Particularly in Norman, 

salinity at TL-SE stunted growth and leaves were smaller as 

found by Shainberg and oster (1978). Salinity at TL-SE 

decreased number of shoots in all varieties in both 
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experiments as found by other workers (Elkady et al., 1981; 

Rawson, 1986 and Kumar et al., 1983; and Haqqani et al., 

1984). Number of tillers did not recover again except in 

Norman in Experiment 1. These tillers appeared very late 

possibly because of the continued water supply in the solution 

culture. Although they produced ears these remained green and 

did not contribute to yield . In these experiments with 

salinity at TL-SE more shoots died in Fenman in both 

experiments than in Norman and Wembley. A similar trend was 

observed in the water stress Experiment 1, although here shoot 

death also occurred in Wembley. In field grown wheat crops the 

plants normally produce more tillers than survive to produce 

ears. This death of shoots is attributed partly to competition 

for light within the crop as it is the smaller shoots at the 

base of the crop which die. Shoot death was probably lower in 

these experiments than in normal field crops because the 

plants were grown in pots, which were spaced apart and hence 

received light at the base. In these experiments at TL-SE root 

growth was not measured in both years. Root dry weight was 

recorded in Experiment 2 only at final harvest. However 

observations showed that there was much less root growth at 

the stem extension stage in Norman than ln the other 

varieties. In Experiment 2 salinity during TL-SE resulted in 

significantly lower dry weight of root at final harvest than 

salinity at other stages. Abdul halim et al., (1988) found 

that root growth showed more sensitivity to both available 

soil water and soil salinity level than other components in 

Wheat varieties. Similarly Asana and Kale (1974) established 

that salinity depressed root growth more than shoot growth and 
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it also reduced tillering, leaf size, shoot height, 1000 grain 

weight, grain yield and dry matter production. 

salinity at TL-SE decreased plant height during the 

stress period more than at other stages in all varieties, and 

as found by other workers (Asana and Kale 1974). It was 

decreased most in Experiment 2. It did not recover again in 

Norman and Fenman in Experiment 2. In Wembley in both 

experiments after stopping salt stress, plant height recovered 

faster possibly because the stress period was shorter. Maas et 

al., (1986) also found in two sorghum cultivars that plant 

height was decreased by salinity during the vegetative stage 

but was not affected by salinity at later stages. Total grain 

yield per plant was decreased most by salination during the 

vegetative stage and least during maturation stage. 

Salinity at TL-SE decreased leaf area, stem area, dry 

weight per plant, nitrogen % in straw and nitrogen uptake per 

plant in both experiments. Salinity at TL-SE decreased leaf 

area, stem area and dry weight per plant at stem extension 

more in Experiment 2 than in Experiment 1. In Norman this may 

be due to high temperature and more bright sunshine. Leaf area 

was decreased more because at this stage more leaves died. 

Rawson (1986) found that leaf area, number of tillers and dry 

matter production were reduced by salininty. Maas (1986) 

reported that barley, corn, cowpeas, rice, sorghum and wheat 

were most sensitive during early seedling growth and then 

became increasingly tolerant during later stages of growth and 

development. Salinity had no significant effect on nitrogen 

percentage, but decreased total nitrogen uptake in both 

experiments because it decreased dry matter production. Torres 
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and Bingham (1973), Heikal (1977) and Gorham et ale (1986) 

also found total plant nitrogen decreased by salinity. 

Recovery at later stages is important. If plants do not 

recover at later stages then yield and yield components, will 

be markedly affected. Recovery depends upon growth stage, crop 

and how much stress is applied. Maas (1986) reported that 

cereal crops are most sensitive to salinity during the 

vegetative stage. They are unable to achieve full recovery 

from this early stress. In these experiments with salinity at 

TL-SE plants did not recover at later growth stages as 

reported by Maas (1986). Plants stressed at TL-SE had lower 

values of growth parameters than those stressed at later gowth 

periods in the harvests carried out at booting and anthesis 

and also had lower yield even though the TL-SE stress period 

had finished much earlier. Salinity at TL-SE decreased all 

growth parameters at the booting harvest. These growth 

parameters could have recovered at anthesis but in fact they 

were decreased more as shown in Table 61. This suggests that 

salts are remained in the roots and in plants after the stress 

period had finished. A number of workers have reported that 

cereal crops are most sensitive to salt stress during 

vegetative stages ( Ayers et al., 1952; Danielson and Russell, 

1957 K' btl 1984· Maas 1986,· Larik and Saheel, ; lngs ury ~ ~., ' , 

1986 ). 

In Experiment 1 the dry weight per plant of the stressed 

plants was 61%, 31%, 42%, and 56% of the control at stem exten

sion, booting, anthesis, and at maturity values respectively. 

The corresponding values in Experiment 2 were 46%, 38%, 38%, 
~ 

39%. This suggests that some recovery occured, but also this 
~ 
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Table 61 Percentage decrease in growth measurement recorded 

at anthesis due to salinity stress at different 

stages in salinity Experiments 1 and 2 

stages 

Growth characters TL-SE % SE-BG ~ 0 BG-MT % 

Experilllent 1 
(cm2 ) Leaf area per plant 63.55 22.14 31.87 

Flag leaf area per plant (cm2 ) 61.14 15.82 12.34 

Ear area per plant (cm2 ) 61.04 15.06 30.82 

stem area per plant (cm2 ) 55.07 22.49 29.56 

Dry weight per plant (g) 58.97 21.05 30.23 

Nitrogen ~ 0 in straw -29.06 -15.76 -1.48 

Nitrogen uptake per plant (g) 46.67 13.33 30.00 

Soluble carbohydrate ~ 0 35.09 35.09 12.28 

Soluble carbohydrate content 75.07 41.50 38.27 
(mg per plant) 

Experilllent 2 
(cm2 ) Leaf area per plant 76.57 20.16 20.16 

Flag leaf area per plant (cm2 ) 71.93 53.17 53.17 

Ear area per plant (cm2 ) 56.49 38.51 38.51 

Stem area per plant (cm2 ) 53.55 38.37 38.37 

Dry weight per plant ( g) 61.65 46.17 46.17 

Nitrogen ~ in straw -14.81 -16.93 ' -16.93 
0 

Nitrogen uptake per plant (g) 52.86 33.33 33.33 

Soluble carbohydrate ~ 20.29 28.99 28.99 
0 

Soluble carbohydrate content 69.14 61.32 61.32 

(mg per plant) 
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recovery was not complete due to the reductions in leaf area 

and dry weight per plant at later stages. Soluble carbohydrate 

% and soluble carbohydrate content were decreased by salinity 

at TL-SE shown in Table 61. Frank et ale (1989) found that 

concentrations of water soluble carbohydrates were greater in 

stems, increasing rapidly as plants developed. Concentration 

of water soluble carbohydrate in leaf tissue changed only 

slightly during development and was smaller than in stems. 

Main plant stems had a higher water soluble carbohydrate 

concentration than tiller stems. Water soluble carbohydrate of 

tillers stems decreased as tiller position increased from the 

main stem. They suggested that water soluble carbohydrate 

concentration in the stem is an important factor in determin-

ing total tiller number and survival. In these Experiments the 

concentration of water soluble carbohydrate in separate leaves 

and stems was not determined, but it is assumed that most of 

these were in the stem. Lowest production and greatest death 

of tillers was observed with salinity at TL-SE. This treatment 

also had the lowest concentration and total content of water 

soluble carbohydrate. In these experiments with salinity at 

TL-SE stems were shorter and had a lower leaf area, due to 

salt stress so they had a lower soluble carbohydrate % at 

anthesis. Nelson and Spollen (1987) reported that wheat 

normally accumulates carbohydrate as fructans, particularly in 

stem tissue. Similarly other workers (Archbold, 1940; Archbold 

and Mukerjee, 1942) also reported the phenomenon of carbohy

drate accumulation in the stems of cereals as well as in many 

other grasses 

the decreases 

at the stage of flowering. 
o 

in soluble carbhydrate % 
A 
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drate content were greatest in Experiment 1, but the reduction 

in growth was greatest in Experiment 2. Some other workers 

(Munns et al., 1982) found that NaCI treatments increased the 

concentration of soluble carbohydrate in the elongating 

tissues of the growing leaf, while starch did not change. 

These findings disagree with the results of the present study. 

In these experiments Norman had higher soluble carohydrate 

than other varieties as rported by Daniels et al., (1982), 

larger stems had a more carbohydrates. 

In these Experiments salinity at TL-SE decreased grain 

weight per plant, number of grains per plant, number of ears 

per plant, number of spikelets per ear, straw dry weight per 

plant, and nitrogen uptake per plant more than at other 

stages. These characters were decreased more in Experiment 2 

than Experiment 1 shown in Tables 62 and 63. In Norman this 

may be due to high temperature and more bright sun hours at 

this stage. The several workers (Ayers et al., 1952; Asana 

and Kale, 1974; Bernal Bingham and Oertli, 1974; Joshi, 1976; 

Kumar et al., 1983; Haqqani, Rauf and Zahid, 1984; Rawson, 

1986) all found that salinity at the vegetative stage 

decreased number of tillers, plant height, yield and yield 

components more than at other stages. Most crops are more 

sensitive to salinity under hot, dry conditions than under 

cool humid ones Maas (1986) . 
~ grain weight were Rate of grain gowth and average 

J' ---------
decreased by salinity but not significantly. Brucker and 

Frohberg (1987) and Mogensen and Talukder (1987) have reported 

that average grain weight, rate and duration of grain growth 

are mostly decreased if stress occurs during BG-MT or at 
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Table 62 Percentage decrease in yield and yield component 

and other characters recorded at harvest due to 

salinity stress at different stages in 

Experiment 1 

Experiment 1 

Grain weight per plant (g) 

Average grain weight (mg) 

Grain number per plant 

Ears number per plant 

Grain number per ear 

Fertile spikelet per ear 

Grain number per fertile 
spikelet 

Infertile spikelet per ear 

Harvest index % 

straw dry weight per plant 
( g) 

Plant height of main stem 
(cm) 

Leaf number on main stem 

Nitrogen % grain 

Nitrogen % in straw 

Nitrogen uptake per plant 
(g) 

Final average grain weight of 
grain growth (mg) 

Rate of grain growth (mgjday) 

Duration of grain growth 
(days) 

TL-SE % 

41.97 

7.65 

36.70 

22.07 

15.10 

9.64 

4.91 

-7.17 

-1.56 

43.72 

4.22 

3.19 

-4.12 

-38.21 

34.21 

7.24 

12.78 

-8.03 
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stages 

SE-BG % BG-MT% 

26.58 36.94 

10.47 19.27 

17.56 22.64 

8.28 9.89 

11.17 12.74 

5.13 7.78 

5.28 5.28 

-24.66 -48.88 

6.24 4.57 

18.85 32.33 

1.51 5.67 

0.00 0.00 

-5.99 -9.74 

-31.71 6.50 

13.16 31.58 

4.51 20.14 

9.02 27.82 

-7.81 -15.15 



Table 63 Percentage decrease in yield and yield component 

and other characters recorded at harvest due to 

salinity stress at different stages in 

Experiment 2 

Experiment 2 

Grain weight per plant (g) 

Average grain weight (mg) 

Grain number per plant 

Ears number per plant 

Grain number per ear 

Fertile spikelet per ear 

Grain number per fertile 
spikelet 

Infertile spikelet per ear 

Harvest index % 

straw dry weight per plant 
(g) 

Plant height of main stern 
(cm) 

Leaf number on main stern 

Nitrogen % in grain 

Nitrogen % in straw 

Nitrogen upake per plant 
(g) 

Final average grain weight of 
grain growth (mg) 

Rate of grain growth (mgjday) 

Duration of grain growth 
(days) 

TL-SE % 

71.60 

13.27 

67.54 

47.42 

37.79 

19.82 

21.95 

-56.97 

20.78 

61.41 

18.33 

3.56 

-10.00 

-61.29 

56.67 

9.97 

19.09 

-1.56 
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stages 

SE-BG % BG-MT % 

41.30 39.67 

10.83 20.57 

34.24 23.34 

21.57 8.54 

15.05 12.52 

12.27 11.44 

2.85 0.81 

-63.93 -74.18 

7.75 9.62 

35.76 31.52 

7.03 6.64 

0.19 -0.19 

-10.00 -16.15 

-33.87 13.71 

23.33 33.33 

7.33 11.96 

11.82 10.91 

-12.71 -4.16 



flowering, or at anthesis. Similarly stem reserves 

important character during grain filling. They 

are an 

average grain weight (Rawson and Hofstra, 1969; Rawson and 

Evans, 1971; Jensen and Mogensen, 1984). In Experiment 1 grain 

weight per plant, number of grains per plant, number of ears 

per plant, harvest index and straw dry weight per plant were 

decreased more in Norman than in other varieties. A similar 

trend was evident in Experiment 2. However the decreases in 

these characters were larger in Experiment 2 than in Experi

ment 1. In Fenman this was because during TL-SE the stress 

period was longer with more bright sun hours in Experiment 2. 

These components were decreased more in Norman at TL-SE 

because the stress lasted longer in Norman. As found by 

Francois et ale (1988) salinity reduced vegetative growth less 

than grain yield. These results suggest that a long stress 

period, with relatively low evaporative conditions (and hence 

low salt uptake) is possibly more damaging to yield than a 

short period of stress at higher temperature. 

4.4.3.2 Effect of salinity stress during stem extension to 

booting 

At this stage the terminal spikelet has been formed and 

the floral structures develop as the ear grows and the stem 

elongates as has been discussed in the literature review 

(3.23.1, 3.23.2, 3.23.3) and in the water stress experiments 

section (3.4.2.1, 3.4.2.2, 3.4.2.3). In the salinity 

experiments at stem extension the plants were taller, had more 

tillers and more biomass than plants in the water stress 

experiments. This is probably due to the solution culture 
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technique used, which meant that plants were continuously 

supplied with water and nutrients. The phase SE-BG in the 

salinity experiments was shorter, than other phases for all 

varieties in both experiments, except in Norman in Experiment 

2 where the phase was longer, due to late sowing. During this 

phase Fenman and Wembley experienced higher temperature and 

more bright sun hours than Norman in both years. Norman 

experienced higher temperature and more bright sun hours than 

during TL-SE. This would be expected to result in faster 

uptake of salt than during TL-SE. Salinity at SE-BG had no 

effect on number of main stem leaves in all varieties as all 

leaves were formed on the apex when stress started as has 

been disscussed in section (3.23.1, 3.23.2, 3.23.3). 

Salinity at SE-BG decreased number of shoots at the 

start of salt stress. This suggests that salt affected the 

plants straight away, possibly because high temperature and 

long days resulted in rapid salt uptake. It could also be due 

to an osmotic effect. The decreases in number of shoots were 

less than those brought about by salinity at TL-SE, as found 

by Abdul Halim et ale (1988). 

Salinity at SE-BG had a small effect on plant height in 

Experiment I, and a slightly larger effect in Experiment 2 ln 

all varieties. Abdel Halim et ale (1976) and Abdul Halim et 

ale (1985; 1988) also found that salinity had a small effect 

on plant height at booting, and at later stages and at 

harvest. However the decreases in plant height at harvest were 

smaller than at other stages. Maas et ale (1986) also reported 

that plant height in sorghum was not affected by salinity at 

later stages. 
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In these experiments it was noticed that root growth was 

rapid after stem elongation as found by Ma (1987). Salinity at 

SE-BG significantly decreased, leaf area, dry weight and 

nitrogen uptake per plant. All these characters showed similar 

reductions in Experiment 1 and 2. stem area showed a greater 

decrease in Experiment 1 in Norman. S~linity at this stage had 

a smaller effect than at TL-SE, because this stage had a 

shorter stress period. Many workers (Asana and Kale, 1974; 

Abdel Halim et al., 1976; Francois et al., 1986; Maas, 1986; 

Rawson, 1986; Abdul Halim et al., 1985, 1988) have reported 

that salinity decreases growth measurements, yield and yield 

components at this stage, but less than at TL-SE. 

Various workers have reported that the effects of 

salinity are different in different crops at different stages, 

and that different growth characters are affected. Heikal 

(1977) found that total nitrogen content of leaves of 

safflower and sunflower increased progressively with increase 

in salinity levels. Bernstein (1962) has reported an increased 

nitrogen content of plants at high levels of NaCI, and Chen et 

ale (1964) demonstrated that total nitrogen concentration in 

the aerial parts of citrus seedlings due to translocation from 

roots. On the other hand Heikal (1977) reported that salinity 

induced a reduction in the total nitrogen content of wheat and 

radish. Similarly Hutton (1971) with leguminous plants, Lashin 

and Atanasiu (1972) with cotton and Shimose (1973) with rice 

reported that salinity resulted in a reduction in total 

nitrogen content. In these experiments salinity at SE-BG 

resulted in a small increase in the nitrogen % at SE-BG as 

found by Mashhady et ale (1982) and Heikal (1977). However 
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nitrogen uptake per plant was decreased due to decrease in the 

dry weight per plant. 

Salinity at SE-BG caused reductions in growth parameters, 

leaf area, stem area, ear area, dry weight per plant at 

anthesis shown in Table 61. They were decreased similarly in 

both experiments, except flag leaf area per plant which was 

decreased less in Experiment 1, may be due to compensatory 

growth after the end of the stress period. These growth 

parameters had not recovered fully by anthesis because only a 

short time had elapsed since stopping stress. However these 

parameters were decreased less than with salinity at TL-SE. 

Many workers (Maas 1986; Mass et al., 1986; Francois et al., 

1986; Maas and Poss, 1989) have reported that applied salinity 

during growth periods decreases the growth parameters at later 

stages. Maas et ale (1986) also reported in sorghum that 

salinity during the booting stage decreased flag leaf area, 

yield and yield components, and hastened complete plant 

maturity. similarly in these experiments salinity at SE-BG 

decreased the flag leaf area, and yield and yield components. 

Grain yield from plants stressed during either the vegetative, 

reproductive or maturation stage became less sensitive to 

salinity the later plants were stressed. In the experiments 

here at anthesis time soluble carbohydrate % was decreased 

(although not significantly) by salinity at SE-BG, similar to 

TL-SE although the stress period was shorter. Aslam et ale 

(1986) found that plants grown at higher NaCI often contain 

more carbohydrates than plants grown at low NaCI. Munns et ale 

(1982) found in barley that carbohydrate status of the 

youngest leaf was higher after 5 days of salt treatment than 
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in the control, especially in the most rapidly elongating 

region, while that of the older leaves was slightly lower. 

water stressed plants also have higher total reserve of 

carbohydrate concentration than controls (eg. Ackerson, 1981). 

However in these experiments soluble carbohydrate content was 

lower in the stressed plants than controls due to the lower 

soluble carbohydrate % and lower dry weight per plant. 

The total dry weight per plant of the stressed plants 

expressed as a percentage of the controls was 58%, and 61% at 

bootl'ng, 7900-, and 54Q..o, at anthesl' d 81 0 d 64° t ~ ~ s an ~,an ~ a 

maturity respectively in Experiments 1 and 2. This suggest 

that some recovery took place in Experiment 1 but there was no 

recovery in Experiment 2, In Norman and Wembley this is 

possibly because they had a longer stress period at SE-BG in 

Experiment 2 than in Experiment 1. 

In both Experiments 1 and 2 salinity at SE-BG caused 

reductions of yield and yield components, grain weight per 

plant, number of grains per plant, fertile spikelets per ear, 

number of grains per fertile spikelet, straw dry weight per 

plant and nitrogen uptake per plant shown in Tables 62 and 63. 

All these yield components were significantly decreased in 

both experiments except number of grains per plant in 

Experiment 1. Francois et ale (1989) showed that straw yield 

was more sensitive than was grain yield in rye crop. Harvest 

index was not significantly affected by salinity at SE-BG in 

both years. These yield components were decreased more in 

Experiment 2. In Norman and Wembley the stress period at SE-BG 

was longer in Experiment 2 than in Experiment 1, but at this 

stage in both years the temperature was similar. 
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Grain yield was decreased more than other yield 

components. It was mainly due to decreases in number of grains 

per plant, grain number per ear and number of ears per plant. 

These yield and yield components were decreased less at SE-BG 

than at TL-SE shown in Tables 62 and 63. Many workers (Maas 

and Hoffman, 1977; Haqqani, Rauf and Zahid, 1984; Maas, 1986; 

Maas et al., 1986; Rawson, 1986; Francois et al., 1986; Abdul 

Halim, 1988; Francois et al., 1988, 1989; Maas and Poss, 1989) 

have reported that yield and yield components were less 

affected with salinity applied at later growth stages. In 

these experiments nitrogen percentage in grain and nitrogen 

percentage in straw i~reased under salt stress at SE-BG. It 
I' 

was increased more in straw than in grain yield. Salinity at 

SE-BG resulted in decreases in average grain weight due to de-

crease in rate of grain growth although this was not always 

significant. Duration of grain growth was not significantly 

affected. As mentioned in earlier sections (3.4.2.1, 3.4.2.2, 

4.4.3.1) these factors were little affected during earlier 

growth periods by applied stress. These characters can be more 

affected by stress during development of grain (Kirby and 

Appleyard, 1981; Mogensen and Talukder, 1987). 

In Fenman and Wembley the SE-BG stress period was much 

shorter than in Norman. The plants were exposed to salinity 

for only 2 to 3 weeks yet yield was still significantly 

decreased. These results suggest that the processes of 

tillering and ear development are very sensitive to salinity. 

Grain weight per plant was decreased d~e to decreases in 

number of grains and ears per plant. Number of fertile 

spikelets per ear and average grain weight were relatively 
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little affected as these components are determined at other 

times in the life of the crop. The decreases in numbers of 

grains and ears per plant were less in Fenman and Wembley , 

which experienced a short stress period, than in Norman, in 

which the stress period was longer. Norman reached this stage 

earlier than Fenman and Wembley , at a time when temperature 

was lower, and sun hours were shorter and hence when salt 

uptake was probably slower. However yield was decreased. All 

varieties were sensitive to salinity at this stage. 

4.4.3.3 Effect of salinity stress during booting to maturity 

During this stage ear emergence occurs. and the anthers 

and pollen become visible on the ears. Afterwards grain 

filling occurs (Kirby and Appleyard, 1981) and average grain 

weight, duration and rate of grain growth can be decreased by 

stress at this stage (Kirby and Appleyard, 1981; Mogensen and 

Talukder 1987). At anthesis the plants grown in solution 

culture were taller and had a larger green leaf area than 

plants grown in pots in the water stress experiments. During 

this stage mean temperature experienced was similar in both 

years, but was 2 to 3 0 C lower in Norman than in Fenman and 

Wembley. Hours of bright sunshine were longer in Experiment 2 

than in Experiment 1, and hence in Experiment 2 all varieties 

stressed at this stage were harvested 10 to 14 days earlier 

than in Experiment 1. At this stage Norman and Fenman had a 

longer stress period in Experiment 1 than in Experiment 2, 

possibly due to the earlier sowing period. When plants 

stressed at this stage were harvested, some leaves were still 

green. Only the ears had completely senesced naturally. This 

is due to the solution culture technique used as found by 
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Hayward and Magistad (1946). With water stress at this stage 

all plants died quickly in both years as found by Mothes 

(1928), Gates (1964, 1968) and Slatyer (1967). Salinity at BG

MT had smaller effects on tillering than at earlier growth 

stages. Some tillers with an ear were dead at final harvest. 

These were counted as ears but they contained no grain at this 

stage. Salinity at BG-MT had no chance to decrease tiller 

production as this had ceased by this time. Many workers 

(Francois et al., 1986; 1988; Maas 1986) have reported that 

salinity has a smaller effect on number of tillers, plant 

height, yield and yield components when applied at later 

growth stages, booting and at anthesis. Haqqani et al. (1984) 

found that increasing soil salinity and sodicity reduced the 

number of ear bearing and non ear bearing, the number of 

spikelets per ear, 1000 grain weight, straw weight and grain 

yield. 

Final height was decreased significantly in both experi

ments, although the decrease was small. Abdul Halim et al. 

(1988) found that in mexipak wheat cultivars salinity caused a 

small decrease in height at later growth stages. Similarly 

Maas et al., (1986) found that plant height was not affected 

by salinity at later stages in sorghum. 

Salinity at BG-MT decreased leaf area, flag leaf area, 

stem area, dry weight, nitrogen uptake, soluble carbohydrate % 

and soluble carbohydrate content per plant at anthesis ln 

both experiments shown in Table 61. However the decreases in 

these characters were smaller than with salinity at TL-SE 

because this stage had a shorter stress period as found by 

many workers (Francois et al., 1986, 1988, 1989; Abdul Halim 
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et al., 1986). In these experiments flag leaf area and dry 

weight per plant were decreased more in Experiment 2, possibly 

because there were more sun hours. Maas et ale (1986) found 

that salinity during the booting stage decreased flag leaf 

area in sorghum. Soluble carbohydrate % was not significantly 

affected in both experiments. However, Downton (1977), found 

that carbohydrate concentration (sugar and starch on a dry 

weight basis) was decreased by 20 to 40% in leaves of 

grapevines at 75 mM NaCI, showing the reduced growth was due 

to reduction in photosynthesis. Munns et ale (1982) on the 

other hand found for barley that the carbohydrate status of 

the youngest leaf was higher after 5 days of salt treatment 

than in the control, especially in the most rapidly elongating 

region, while that of the older leaves was slightly lower. 

Soluble carbohydrate content was decreased more in Experiment 

2 than in Experiment 1, due to greater reduction in dry weight 

per plant and soluble carbohydrate %. 

At anthesis nitrogen % was increased but not 

significantly. It was increased more in Experiment 2. In both 

experiments salinity at all stages increased nitrogen % at 

anthesis. However nitrogen uptake was significantly decreased 

due to decreases in dry weight per plant. Nitrogen uptake was 

decreased most with salinity at TL-SE. Similarly other workers 

(Heikal, 1977; Torres and Bingham, 1973; Mashhady, Sayed and 

Heikal, 1982) have reported decreased nitrogen content in 

wheat under salinity stress. 

Recovery was calculated by expressing dry weight per 

plant of the stressed treatments as a % of the unstressed 

controls. with salinity at BG-MT dry weight per plant at 
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anthesis was 70% and 78% of the controls in Experiments 1 and 

2 respectively. At maturity the corresponding values were 68% 

and 69% respectively. With salinity at this stage there was no 

chance for recovery because stress continued up to maturity. 

In both experiments grain yield and straw dry matter pro-
e-

duction was dec~sed more than other yield components. In both 

years salinity at SE-BG and BG-MT decreased yield and yield 

components less than salinity at TL-SE shown in Tables 62 and 

63. A number of workers (Asana and Kale, 1974; Bernal, Bingham 

and Oertli, 1974; Kumar, Chauhan and Singh, 1981; Kumar, 1983; 

Maas, 1986; Maas, et al., 1986; Francois et al., 1986, 1988, 

1989; Abdul Halim et al., 1988) have reported that salinity 

decreases yield and yield components less, when it occurs at 

booting, anthesis and at later stages. Salinity at BG-MT also 

decreased yield and yield components more than salinity at SE-

BG in Experiment 1. This is also possibly because there was no 

recovery time and salt stress continued up to maturity. 

However with salinity at BG-MT the numbers of infertile 

spikelets per ear were increased more than with salinity at 

TL-SE and SE-BG. As reported by Kirby and Appleyard (1981) 

during BG-MT any stress can affect spiklet number. Haqqani et 

ale (1984) also reported that similar decreases in spikelets 

per ear, 1000 grain weight, and straw and grain yield. 

Average grain weight is a major factor of grain yield. It 

depends on the rate and duration of grain growth and amount of 

reserve carbohydrate. These processes depend on the leaf area 

index present at anthesis and depend upon how long the leaves 

and other parts of the plant stay green as reported by Nass 

and Reiser (1975) and Bruckner and Frohberg (1987). The 
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reduction in rate of grain growth due to salinity is probably 

due to the large reduction in leaf area. In these experiments 

average grain weight was less affected by salinity at BG-MT 

compared to water stress. This is possibly due to the solution 

culture technique used. In this system plant leaves did not 

senesce quickly as in the water stress experiments as reported 

by Mogensen and Talukder (1987). Salinity at BG-MT had similar 

effects on average grain weight, decreasing it by 19% and 21% 

as shown in Tables 62 and 63 respectively in Experiments 1 and 

2. Salinity at BG-MT caused a greater reduction in average 

grain weight than salinity at TL-SE and SE-BG. The duration of 

grain growth was not significantly affected in the experiments 

although it was increased. However in the water stress 

experiments it was decreased. In salinity Experiment 2 it was 

increased due to earlier harvesting of plants. Therefore in 

these salinity experiments average grain weight, rate and 

duration of grain growth were less affected by salinity than 

by water stress as the plants stayed greener for longer due to 

the solution culture technique used. Nass and Reiser (1975) 

and Bruckner and Frohberg (1987) reported that salinity 

reduced the rate of grain growth and decreased the average 

grain weight. In these experiments with salinity at BG-MT, 

grain weight per plant, average grain weight and number of 

grains per plant were more affected than other yield 

components in all varieties. The decreases in yield components 

of the three varieties were not consistent in the two 

experiments. Grain number per plant, ear number per plant, 

fertile spikelet per ear and straw dry weight per plant were 

decreased more in Norman than in other varieties. However 
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grain weight per plant and average grain weight were decreased 

most in Norman in Experiment 2 and in Wembley in Experiment 1. 

Fenman had grain weight per plant between Norman and Wembley. 

These results suggest that at BG-MT Norman is more sensitive 

than other varieties ln most yield components. However for 

grain weight per plant there was no consistent trend in 

Experiments land 2. Results obtained by other workers (Joshi, 

1976; Chipa and Lal, 1985; Francois et al., 1988)., also this 

suggests that variety differences in response to salinity do 

exist. 

4.4.4 INCREASE IN DRY WEIGHT PER PLANT BETWEEN ANTHESIS 

AND HARVEST AND CONTRIBUTION OF STEM RESERVES TO 

GRAIN FILLING 

The increase in dry weight per plant between anthesis and 

harvest and contribution of stem reserves to grain filling 

was calculated using the method of Gallgher, Biscoe and Scott 

(1975) and following the procedure used in the water stress 

experiments (section 3.4.3). 

Increases in dry weight per plant between anthesis and 

maturity are shown in Table 64. The increases in this 

experiment were much larger than those noted in the water 

stress experiment (shown ln Table 35). This is possibly a 

consequence of the growlng technique used. In the water stress 

experiment all shoots died, whereas in solution culture plants 

continued to grow and tiller. Therefore the incre~e in dry 

weight noted is made up of 2 components: (1) The increase in 

dry weight of stems and ears present at anthesis (2) Increase 

in dry weight due to extra tillers produced between anthesis 
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Table 64 Effect of varieties and salinity stress on 

increase in dry weight (gram per plant) 

between anthesis and maturity in Experiment 

1 and 2. 

Varieties 

stress period Norman Fenman Wembley 

Experiment 1 

Tillering to stem extension 5.02 6.54 6.02 

stem extension to booting 3.70 7.94 7.42 

Booting to maturity 3.05 2.94 8.49 

control 9.78 6.99 4.45 

S.E. of means = 2.50; L.S.D. (P = 0.05) = N.S. 

Experiment 2 

Tillering to stem extension 1.47 0.75 3.23 

stem extension to booting 5.56 6.03 5.20 

Booting to maturity 2.86 6.25 1.68 

Control 6.54 8.73 4.84 

S.E. of means = 2.75; L.S.D. (P = 0.05) = N.S. 
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and harvest. This means that where many extra tillers were 

produced than the increase in dry weight between anthesis and 

maturity is an over estimate of the true increase. Hence the 

calculated contribution from stem reserves is an under 

estimate of the true contribution. 

There were no significant effects of salinity X variety 

interaction on increase in dry weight and an stem reserve 

contribution to grain yield (Table 64 and 65). Generally the 

main effects of salinity and the main effects of variety were 

not significant (Table 66 and 67). In Experiment 1 the 

contribution of stem reserves to grain filling was greater in 

Norman than in Fenman and Wembley, where they made no 

contribution. All other effects were not significant. 

The coefficients of variation for grain weight in the 

salinity experiments (13%, 18% in Experiment 1 and 2) were 

much lower than those for the increase in dry weight between 

anthesis and harvest (58%, 88%) and the calculated 

contribution of stem reserve to graln filling (622%, 3732%). 

These very high coefficients make it difficult to detect 

significant differences between treatments. 

This is possiably a consequence of the small sample size 

which was used to determine dry weight at anthesis. Grain 

weight at harvest, which was dete~mined on a much larger 

sample, had a much lower coefficient of variation. It is 

suggested that in any future work much larger samples should 

be taken at anthesis. This may not be possible in pot 

experiments where sample size is limited by the number of 

plants available in a pot, as was the case in these experi

ments. An alternative would be to increase the number of 
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Table 65 Effect of varieties and salinity stress on stem 

reserve contribution to grain yield (g) per 

plant in Experiments 1 and 2. 

stress period 

Experiment 1 

Tillering to stem extension 

stem extension to booting 

Booting to maturity 

Control 

Norman 

-0.16 

4.92 

4.83 

2.98 

varieties 

Fenman 

-1.05 

-1.92 

1.74 

0.42 

S.E. of means - 2.50; L.S.D. (P = 0.05) = N.S. 

Experiment 2 

Tillering to stem extension -0.09 0.50 

stem extension to booting -0.13 -0.61 

Booting to maturity 1.33 -1.10 

Control 1.99 -0.25 

S.E. of means = 2.35; L.S.D. (P - 0.05) = N.S. 
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Wembley 

-1.48 

-1.82 

-4.33 

2.67 

-0.24 

-0.71 

2.05 

0.44 



Table 66 Main effec~s of sal~nity stress at different growth 
stages on lncrease ln dry weight between anthesis 
a~d ma~urity.a~d stem reserve contribution to grain 
Yleld ln sallnlty Experiments 1 and 2. 

stages 
TL-SE SE-BG BG-MT Control S.E.M. L.S.D. 

(P=0.05) 

Experiment 1 
Increase in dry weight 5.86 6.35 4.83 7.07 1.44 N.S. between anthesis and 
maturity (g) per plant 
stem reserve -0.89 0.39 
contribution to grain 

0.75 2.02 1.44 N.S. 

yield ( g) per plant 

Experiment 2 
Increase in dry weight 1.82 5.59 3.60 6.70 1.58 N.S. 
between anthesis 
maturity ( g) per plant 
stem reserve 0.06 -1.15 0.76 0.69 1.35 5.19 
contribution to grain 
yield ( g) per plant 

Table 67 Main effects of varieties on increase in dry weight 
between anthesis and maturity and stem reserve 
contribution to grain yield in salinity 
Experiments 1 and 2. 

Experiment 1 
Increase in dry weight 
between anthesis and 
maturity (g) per plant 
stem reserve 
contribution to grain 
yield ( g) per plant 

Experiment 2 
Increase in dry weight 
between anthesis and 
maturity ( g) per plant 
stem reserve 
contribution to grain 
Yield (g) per plant 

varieties 
Norman Fenman Wembley S.E.M. L.S.D. 

(P=0.05) 

5.39 6.10 6.59 1.24 N.S. 

3.14 -0.20 -1.24 1.24 4.33 

4.11 5.44 3.74 1.38 N.S. 

0.26 -0.37 0.38 1.18 N.S. 
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replicates, and to have separate replicates for growth 

analysis and yield determination. However, in practise, this 

would probably result in being able to test fewer treatments. 

The negative values in the tables show that the incrase 

in dry weight between anthesis and harvest was greater than 

grain weight and hence there was no contibution of stem 

reserve to grain filling. 

4.4.5 RELATIONSHIPS BETWEEN YIELD AND YIELD COMPONENTS 

In these experiments yield was significantly correlated 

to all yield components except grains per fertile spikelet and 

harvest index in Experiment 1 shown in Table 68. In Experiment 

2 the correlation between yield and number of grains per 

fertile spikelet was not significant. Number of grains per 

plant were significantly correlated with fertile spikelet per 

ear in both year. Fertile spikelets were significantly 

correlated with grain number per fertile spikelet. 

In the tables for yield and yield components, the 

abbreviations are used: 

GWPP 

AGWM 

GNPP 
., 
I ENPP 

~. 

FSPE 

GNPFS 

HIND 

Grain weight per plant (g) 

= Average grain weight (mg) 

Grain number per plant 

= Number of ears per plant 

Fertile spikelets per ear 

= Number of grain per fertile spikelets 

Harvest index % 
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, 
Table 68 Values of the linear correlation coefficient between the grain yield, 

yield components in salinity Experiments 1 and 2. 

Exprilllent 1 
GWPP AGWM GNPP ENPP FSPE GNPFS HIND 

Average grain weight (mg) 0.63* 
Grain number per plant 0.97* 0.44NS 
Ear number per plant -0.05NS -0.23NS -0.15NS 
Fertile spikelet per ear 0.85* 0.52NS 0.84* -0.40NS 
Grain number per 0.57* 0.04NS 0.56* -0.82* 0.77* 
fertile spikelet 

Harvest index % -0.06NS 0.31NS -0.14NS 0.08NS -0.29NS -0.19NS 
straw weight 0.89* 0.41NS 0.91* -0.13NS 0.90* 0.61* -0.50NS 

per plant ( g) 

ExperiDtent 2 

I:\) Average grain weight (mg) 0.63* 
01 Grain number per plant 0.95* 0.37NS 
m Ear number per plant 0.60NS 0.28NS 0.63* 

Fertile spikelet per ear 0.65* 0.19NS 0.71* -O.OlNS 
Grain number per 0.36NS -0.04NS 0.46NS -0.31NS 0.67* 
fertile spikelet 

Harvest index % 0.58* 0.61* 0.46NS 0.80* -0.16NS -0.35NS 
straw weight 0.62* 0.04NS 0.74* 0.11NS 0.92* 0.67* -0.18NS 
per plant ,(g) 

NS = P > 0.05 

* = 0.01 < P < 0.05 



4.4.6 RELATIONSHIP BETWEEN FINAL AVERAGE GRAIN WEGHT, RATE 

AND DURATION OF GRAIN GROWTH AND TOTAL LEAF AREA 

AT ANTHESIS 

In both experiments final average grain weight was 

significantly correlated with rate of grain growth and with 

duration of grain growth in Experiment 1 shown in Table 69. 

Final average grain weight was not significantly correlated 

with total leaf area at anthesis in both experiments. Rate of 

grain growth was significantly negatively correlated with 

duration of grain growth. Duration of grain growth was 

significantly negatively correlatedwith total leaf area at 

anthesis in Experiment 1 but not in Experiment 2. 

This means that high average grain weight is achieved by 

having a fast rate and short duration of grain growth. This 

was correlated with a high leaf area at anthesis in one 

experiment. The results also suggest that salinity decreases 

average grain weight by decreasing rate of grain growth. 

4.4.7 EFFECTS OF SALINITY ON DIFFERENT VARIETIES 

Comparing the three varieties used in these experiments, 

Norman had increased grain weight per plant in Experiment 1 

only. In both experiments Norman had a higher grain number 

per plant, grain number per ear, grain number per fertile 

spikelet, fertile spikelet per ear, straw weight per plant, 

leaf number on main stem, nitrogen uptake per plant. Norman 

also had more infertile spikelets per ear and faster rate of 

grain growth. 

All varieties were particularly sensitive to salinity at 

TL-SE, which decreased growth measurements and yield components, 
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Table 69 Values of the linear correlation coefficient between 
the final average grain weight, rate of grain growth, 
duration of grin gorwth and total leaf area 
(leaf+flag leaf+stem+ear) at anthesis in salinity 
Experiments 1 and 2. 

Experiment 1 

Final average 
weight (mg) 

Rate of grain growth 0.94* 
(days) 

Duration of grain -0.83* 
growth per plant (days) 
Total leaf area per 0.40 N.S. 
plant (cm) 

Experiment 2 

Rate of grain growth 
(days) 

Duration of grain 
growth per plant (days) 
Total leaf area per 
plant (cm) 

N.S. - P > 0.05 

0.85* 

-0.44 N.S. 

0.23 N.S 

Rate of grain 
growth (mgj 

day) 

-0.92* 

0.59* 

-0.70* 

-0.15 N.S 

* = 0.01 < P < 0.05 
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Duration of 
grain gro
wth per pl
ant (days) 

-0.58* 

0.15 N.S 



particularly grain number per plant and ear number per plant more 

than at SE-BG, BG-MT. In varieties Norman was most sensitive at 

TL-SE. It had much greater reduction in shoot number, plant 

height, leaf number, leaf area, ear number per plant and 

harvest index at maturity (Tables, 45, 46, 59, 61, 62, 63). 

Wembley variety was less sensitive at TL-SE. It had more 

shoot numbers and higher values of growth measurements than 

other varieties at this stage. As it had more shoots it had 

more ears per plant at maturity. Wembley variety was most 

sensitive in yield and yield components at maturity. Wembley 

showed the greatest decrease in grain weight per plant, grain 

number per plant, grain number per ear, grain number per 

fertile spikelet, fertile spikelets per ear, nitrogen % in 

graln, nitrogen uptake per plant. Wembley showed an 

increased number of infertile spikelets per ear, and duration 

of grain growth. Fenman was generally between Norman and 

Wembley in growth measurements, yield and yield components. 

Therefore, Norman or other long duration varieties which 

have a long TL-SE period are less useful for breeding work. 

However these varieties may be more suitable for plant 

breeders during the stages SE-BG and BG-MT. Possibly a 

growth retardant could be used to stop lodging, and increase 

yield, yield components and dry matter production under 

salinity. Fenman, Wembley and other shorter duration 

varieties which have shorter periods at TL-SE and SE-BG may be 

more suitable for plant breeding work, where stress is 

normally experienced during these periods. 
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5.0 CONCLUSIONS AND SUGGESTIONS FOR FURTHER EXPERIMENTS 

Generally in both experiments, both stresses decreased 

growth measurements, yield and yield components at all stages 

in all varieties. In the water stress experiments, yield and 

yield components of all varieties were most susceptible at BG

MT. Growth measurements were decreased most by water stress at 

SE-BG. In the salinity experiments all varieties showed the 

greatest decrease in growth measurements, yield and yield 

components with salinity at TL-SE rather than at SE-BG or BG

MT. 

Grain weight per plant, average grain weight, grain 

number per ear, fertile spikelets per ear, grain number per 

fertile spikelet were decreased more by water stress than by 

salinity at BG-MT. However leaf area, stem area, dry weight 

per plant, grain weight per plant, number of grains per ear, 

fertile spikelets, number of grains per fertile spikelets were 

decreased more by salinity than by water stress at TL-SE. 

In varieties, Norman was more sensitive at TL-SE in the 

salinity experiments than in the water stress experiments. 

This variety was less affected at SE-BG and BG-MT in the 

salinity experiments but not in the water stress experiments. 

Generally Norman was more sensitive than other varieties at 

BG-MT in the salinity experiments. 

In these experiments, the varieties were not tested under 

similar climatic conditions. As weather conditions can 

influence the effect of stress, then ideally we should compare 

long, medium and short duration varieties under identical 

climatic conditions. 
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Different amounts of water at different stages could also 

be tested in these varieties because sometimes in tropical 

countries drought occurs for a very short period. Water 

potential measurements in plants, leaves and shoots are also 

important because sometimes water is present in the soil but 

hot wind and high temperature cause injury straightaway to the 

plants by desiccation. 

experiments. 

This was not measured in these 

In the salinity experiments ion (Na+, CI-) uptake was not 

measured. It should be measured in long, medium and short 

duration varieties at different stages. In these experiments 

apical development was also not recorded. It is quite 

important to look at apical development to see how the 

primordia are affected at different stages by water stress and 

salinity stress in long, medium and short duration varieties. 

In these experiments salt was applied in only one quantity and 

only one salt (NaCI) was tested. Testing other salts in 

different amounts may give different results. Growth 

regulators may also be helpful during stress conditions. One 

more important and good suggestion is that these stresses 

should be applied together in these varieties in a randomized 

factorial split plot design, with hormones and nitrogen 

fertilizer, because in most tropical countries the salt and 

drought problems occur together. Farmers are also crying 

about the nitrogen fertilizer effect during growing crops, 

under drought and salinity problems. 

In addition, the effects of stress on stem reserve 

contribution to yield and its relationship with water soluble 
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carbohydrate should be examined in more detail using larger 

samples than were used in these experiments. The effects of 

stress on the number of endosperm cells in the grain should 

also be examined. Early stress may limit yield by limiting the 

number of these cells. 

263 



BIBLIOGRAPHY 



BIBLIOGRAPHY 

Aamodt, o.s. (193~)., A machine for testing the resistance of 
plants to lnJury by atmospheric drought. Canadian 
Journal of Research, 12: 788-795. 

Aamodt, o.s. and Johnstone, W.H. (1936). Studies on drought 
resistance in spring wheat. Canadian Journal of 
Research, 14: 122-152. 

Abdel Halim, M.A., Raafat, A.M., Ashur, N.I and Nour, T.A., 
(1976): Effects of sulphate salinity on growth, chemical 
constltuent and yield of Egyptian wheat. Egyptian 
Journal of Agronomy, 1: 201-121. 

Abdul Halim, R.K., Ahmed, A.A., Salih, H.M. and Abdul Rahim, 
A.M. (1985). Salt tolerance of mexipak wheat (Triticum 
aestivum) to chloride salts in relation to soil 
moisture. Journal of Agriculture Water Resources 
Research, 4 (4): 39-54. 

Abdul Halim, R.K., Salih, H.M., Ahmed, A.A. and Abdul Rahim, 
A.M. (1988). Growth and development of maxipak wheat 
as affected by soil salinity and moisture levels. 
Plant and Soil, 112: 255-259. 

Abel, G. and Mackenzie, A.J. (1964). Salt tolerance of 
soybean varieties (Glycine max L. Merrill) during 
germination and later growth. Crop Science, 4: 157-
161. 

Abu-Shakra, S., Akhtar, M. and Bray, D.W. (1969). Influence 
of irrigation interval and plant density on alfalfa seed 
production. Agronomy Journal, 61: 569-571. 

Acevedo, E., Hasiao, T.C., Henderson, D.W. (1971). Immediate 
and subsequent growth responses of maize leaves to 
changes in water status. Plant Physiology, 48: 631-636. 

Ackerson, R.C. (1981). osmoregulation in cotton in response to 
water stress. 11. Leaf carbohydrate status in relation 
to osmotic adjustment. Plant Physiology, 67: 489-493. 

Ackley, W.B. (1954). Seasonal and diurnal changes in the 
water contents and water deficits of Bartlett Pear 
leaves. Plant Physiology, 29: 445-448. 

Adary, A.H. (1973). Effect of seeding on growth development, 
yield components and quality of three br~ad wheat 
varieties. M.Sc. Thesis, College of Agrlculture, 
University of Baghdad, Iraq. 

Addicott, F.T. (1969). Ageing, senesce~ce and abs~ission in 
plants. Phytogerontology of Hortlculture SClence, 4: 
14-16. 

265 



Adeoye, K.B. and Rawlins, S.L. (1981). A split-root 
technique for measuring root water potential. Plant 
Physiology, 68: 44-47. 

Aggarwal, P.K., .Sinha, S.K. (1987). Response of droughted 
wheat to ~ld season water application, recovery in leaf 
area and lts effect on grain yield. Australian Journal 
of Plant Physiology, 14: 227-237. 

Aitchison, G.D., Butler, P.F. and Gurr, C.G. (1951). 
Te~hniques associated with the use of gypsum block soil 
mOlsture meters. Australian Journal of Applied Science 
2: 56-75. ' 

Allison, J.C.S. and watson, D.J. (1966). The production and 
distribution of dry matter in maize after flowering. 
Annals of Botany (N.S.), 30: 365-381. 

Anderson, J.A.D. and White, J.G.H. (1974). New Zealand 
Journal of Experimental Agriculture, 2: 165-171 (Cited 
in Begg, J.E. and Turner, N.C. (1976). Crop water 
deficits. Advances in Agronomy, 28: 161-216). 

Angus, J.F., Nix, H.A., Russel, J.S. and Kruizinga, J.E. 
(1980). Water use, growth and yield of wheat in a sub
tropical environment. Australian Journal of 
Agricultural Research, 31: 873-886. 

Anon (1966). smithsonian Meteorological Tables. 
Washington: smithsonian Institution. 

A.O.A.C. (1955). Official Methods of Analysis, Ed. 8. 
Association of Official Agricultural Chemists: 
Washington, D.C. 

Archbold, H.K. (1940). Fructosans in the monocotyledons. New 
Phyotlogist, 39: 185-219. 

Archbold, H.K and Mukerjee, B.N., (1942). Physiological 
studies in plant nutrition. XIV. Sugar metabolism in the 
barly stem in relation to ear development. Annals of 
Botany, 18: 363-385 

Asana, R.D. and Basu, R.N. (1963). Studies in physiological 
analysis of yield. VI. Analysis of the effects of water 
stress on grain development in wheat. Indian Journal of 
Plant Physiology, 6: 1-13. 

Asana, R.D. and Kale, V.R. (1974). 
of four varieties of wheat. 
Physiology, 8: 5-22. 

A study of salt tolerance 
Indian Journal of Plant 

A S . . A 0 and Ray, D. (1958). Studies in sana, R.D., alnl, .. 
physiological analysis of yield. III. The rate of 
grain development in wheat in relation to photosynthetic 
surface and soil moisture. Physiologia Plantarum, 11: 
655-665. 

266 



Aslam, Z.',Jesche, W.O., Barrett-Lennard, E.G., Setter, T.L., 
Watkln, E. and Greenway, H. (1986). Effects of NaCI on 
growth, ,ion rela~ions and carbohydrate status of leaves 
of Atrlplex amlnocola, and the ion relations and 
car?ohydrate status of the leaves, Plant Cell and 
Envlronment, 9: 571-580. ---

Aspinall, D., Nicholls, P.B. and May, L.H. (1964). The 
effect o~ soil moisture stress on the growth of barley 
(vegetatlve development and grain yield) . Australian 
Journal of Agricultural Research, 15: 729-745. 

Atkinson, M.R., Findlay, G.P., Hope, A.B., Ptiman, M.G., 
~addler, H.D.W. and West, K.R. (1967). Salt regulation 
ln the mangroves Rhizophora mucronatalam and Aegiolitis 
annulta R.Br. Australian Journal of Biological 
Science, 20: 589-599. 

Atsomon, D., Bush, M., and Evans, L.T. (1986). Effects of 
environmental conditions on expression of the 'gigas' 
characters in wheat. Australian Journal of Plant 
Physiology, 13: 365-379. 

Austin, R.B., Bingham, J., Blackwell, R.D., Evans, L.T., Ford, 
M.A., Morgan, C.L. and Taylor, M. (1980). Genetic im
provements in winter wheat yields since 1900 and 
associated physiological changes. Journal of 
Agricultural Science, Cambridge, 94: 675-689. 

Austin, R.B., Edrich, J.A., Ford, M.A., and Blackwell, R.D. 
(1977) The fate of the dry matter carbohydrates and 14C 
lost from the leaves and stems of wheat during grain 
filling. Annals of Botany, 41: 1309-1321. 

Austin, R.B., Ford, M.A., Morgan, C.L. and Parker, M.L. 
(1981). Photosynthesis in wheat and allied species. 
Annual Report of Plant Breeding Institute, Cambridge 
(1980), pp. 100-102. 

Ayers, A.D., Brown, J.W. and Wadleigh, C.H. (1952). Salt 
tolerance of barley and wheat in soil plots receiving 
several salinization regimes. Agronomy Journal, 44: 
307-310. 

Ayers, A.D., Wadleigh, C.H. and Magistad, o.c. (1943). The 
interrelationships of salt concentration and soil 
moisture content with the growth of beans. American 
Society of Agronomy, 35: 796-810. 

Azzi, G. (1922). critical period of wheat as regards rain. 
International Review of Science Practice of Agriculture, 
13: 1184-1185. 

Bagga, A. K., Ghare, M. M. and Asana, R. D. ( 1973) . 
Journal of Agricultural Science, 43: 225-229. 
by Begg, J.E. and Turner, N.C. 1976). Crop 
deficits. Advances in Agronomy, 28: 161-216). 

267 

Indian 
(Cited 
water 



Bakerr, J.T., Pinter, P.J., Reginatoo, J.R., Kanemassuu, E.T. 
(19~6). Eff~cts of temperature on leaf appearance in 
sprlng and wlnter wheat cultivars. Agronomy Journal 78. 
605-613. ' . 

Baker, C.K., Gallagher, J.N. and Monteith, J.H. (1980). Day
length change and leaf appearance in winter wheat. 
Plant, Cell and Environment, 3: 285-287. 

Baker, D.N. and Musgrave, R.B. (1964). The effect of low 
level moisture stresses on the rate of apparent 
photosynthesis in corn. Crop Science, 4: 249-253. 

Ballantyne, A.K. (1962). Tolerance of cereal crops to saline 
soils in Saskatchewan. Canadian Journal of Soil 
Science, 42: 61-67. 

Barley, K. P. and Naidu, N. A. (1964). The performance of 
three Australian wheat varieties at high levels of 
nitrogen supply. Australian Journal of Experimental 
Agriculture and Animal Husbandry, 4: 39-48. 

Barnell, H.R. (1938). Distribution of carbohydrates between 
component parts of the wheat plant at various times 
during the season. New Phytologist, 37: 85-112. 

Barrs, H.D. (1968). Determination of water deficits in plant 
tissues. In "Water Deficits and Plant Growth" (T. T. 
Kozlowski, ed.), Vol. 1, pp. 235-368. Academic Press, 
New York. 

Barrs, H.D. and Weatherley, P.E. (1962). A re-examination of 
the relative turgidity technique for estimating water 
deficits in leaves. Australian Journal of Biological 
Science, 15: 413-428. 

Begg, J.E. and Turner, N.C. (1976). Crop water deficits. 
Advances in Agronomy, 28: 161-217. 

Beranek, V. (1986). The dynanmics of tillering in spring 
wheat: total tillering rate and the proportion of the 
different tillers in a spring wheat stand. Rostlinna 
Vyroba, 26: 191-199. 

Bernal, C.T., Bingham, F.T. and Oertli, J. (1974). Soil 
fertility and plant nutrition, salt tolerance of Mexican 
wheat. II. Relation to variable sodium chloride and 
length of growing season. Soil Science Society of 
America Proceedings, 38: 777-780. 

Bernstein, L. (1959). Salt tolerance of vegetable crops in 
the West. united States of America Department of 
Agriculture Information Bulletin, 205: 5PP. 

Bernstein, L. (1961). Osmotic adjustment of plants to saline 
media. 1. Steady state. American Journal of Botany, 
48: 904-918. 

268 



Bernstein, L., (1962). Salt-affected soils and plants. In 
Proceedlngs of the Paris Symposium. UNESCO Arid-Zone 
Research, 18: 139-174. Paris (France). 

Bernstein, L. (1963). Tolerance of plants to salinity Paper 
No. 3518. Transactions of American Society of Civil 
Engineers, 128: 561-579. 

Bernstein L. (1975). 
plant growth. 
295-299 

Effects of salinity and sodicity on 
Annual Review of Phytopathology, 13: 

Bernstein, L., Francois, L.E. and Clark, R.A. (1974). 
Intera~tive effects of salinity and fertility on yields 
of graln and vegetables. Agronomy Journal 66: 412-
421. ' 

Bernstein, L. and Hayward, H.E. (1958). Physiology of salt 
tolerance. Annual Review of Plant Physiology, 9: 25-
46. 

Berry, W.L. and Thomson, W.W. (1967). Composition of salt 
secreted by salt glands of Tamarix ophylla. Canadian 
Journal of Botany, 45: 1774-1775. 

Bhardwaj, S. N. (1962). Physiological studies on sal t 
tolerance in crop plants. XVII. Influence of iso
osmotic concentration of NaCI and sucrose on early 
seedling growth of wheat. Aqra University Journal of 
Research Science, 11: 69-74. 

Bhivare, V.N. and Nimbalkar, J.D. (1984). Salt stress 
effects on growth and mineral nutrition of French beans. 
Plant and Soil, 80: 91-98. 

Bingham, J. (1966). Varietal response in wheat to water 
supply in the field and male sterility caused by a 
period of drought in a glasshouse experiment. Annals 
of Applied Biology, 57: 365-377. 

Bingham, J. (1969). The physiological determinants of grain 
yield in cereals. Agriculture Progress, 44: 30-42. 

Bingham, J. Blackman, J.A., Angus, W.J. and Newman~ R.A. 
(1983). Response to sowing date. In Wheat, GUlde to 
Varieties from the Plant Breading Institute, pp. 20-23. 
National Seed Development Organization, U.K., Cambridge. 

Biryukov, S.V. and Lyashok, A.K. (1983). Heat and drought 
resistance of wheat. Seleksiya-i = Semenovodstvo 
U.S.S.R, 2: 13-14. 

Biswas, A.K. MandaI, S.K. (1987). Grai~ filli~g in Relation, to 
monocarpic senescence of wheat In varylng source- slnk 
ratios. Biologia Plantarum, 30: 42-47 

Bl um, A. (1973). Components analysis of yield responses to 

269 



drought of Sorghum hybrids. 
9: 159-167. 

Experimental Agriculture, 

Blum, A. and Ebercon, A. (1981). Cell membrane stability as 
a measure of drought and heat tolerance in wheat. Crop 
Science, 21: 43-47. 

Blum, A., Golan, G., Mayer, J., Simmena, B., Shipler, L., 
Bura, J. (1989). The drought responses of land races of 
wheat from the northern Negev Desert in Israel. 
Euphytica, 43: 76-87. 

Bond, J.J., Power, J.F. and Willis, W.O. (1971). Soil water 
extraction by nitrogen fertilized spring wheat. 
Agronomy Journal, 63: 280-283. 

Borlaug, N.E. and Anderson, R.G. and Hanson, H. 
Wheat in the Third World. Westview Press, 
Colorado. 

(1982) . 
Boulder, 

Bouyoucos, G.J. (1951). Effect of fertilizers on the plaster 
of Paris electrical resistance method of measuring soil 
moisture in the field. Journal of American Society of 
Agronomy, 43: 508-511. 

Bouyoucos, G.J. and Hick, M.A. (1940). An electrical 
resistance method for the continuous measurement of soil 
moisture under field conditions. Munich Agriculture 
Experimental station Technical Bulletin, 172. 

Bower, C.A. and Wadleigh, C.H. (1948). Growth and cationic 
accumulation by four species of plants as influenced by 
various levels of exchangeable sodium. Soil Science 
society of America Proceedings, 13: 42-54. 

Boyer, J.S. (1968). Relationship of water potential to growth 
of leaves. Plant Physiology. Lancaster, 43: 1056-1062. 

Boyer, J.S. 
plants. 
364. 

(1969) . Measurement of the water status of 
Annual Review of Plant Physiology, 20: 351-

Boyer, J.S. (1970). Leaf enlargment and metabolic rates in 
corn, soybean ans sunflower at various leaf water 
potentials. Plant Physiology, Lancaster, 46: 233-235. 

Boyer, J. S . ( 1982) . 
Science, 218: 

Plant productivity and environment. 
443-448. 

Bradfield, A.E. and Flood, A.E. (1950). 
carbohydrates of fruit plants. Nature, 166: 

Soluble 
264-265. 

Brady, C. J. (1973). Changes accompany i ng growth and 
senescence and effect of physiological stress. In 
"Chemistry and Biochemistry of Herbage" (G. W. Butler, 
R.W. Bailey~ds.), Vol. 2: pp. 317-350. Academic 
Press, London. 

270 



Brouwer, R. (1~63). The ~nfluence of the suction tension of 
t~e nu~rlent Solutlons on growth, transpiration and 
dlffus~on pressure d~fficit on bean leaves (Phaseolus 
vulgarls). Acta. Botanlca. Nearlandica, 12: 248-261. 

Bruckner, P.L. and Frohberg, R.C. (1987). Rate and duration of 
grain filling in spring wheat. Crop Science 27: 451-
455. ' 

Brown, J.W. and Wadleigh, C.H. (1955). Influence of sodium 
bicarbonate on the growth and chlorosis of garden beet. 
Botanical Gazette, 116: 201-209. 

Brownwell, P.F. and Crossland, C.J. (1972). The requirement 
for sodium as a micronutrient by species having the C4 
dicarboxylic photosynthetic pathway. Plant Physiology, 
49: 794-797. 

Bulman, P. and Hunt, L.A. (1988). Relationships among 
tillering, spike number and grain yield in winter wheat 
(Triticum aestivum L.) in ontario. Candian Journal of 
Plant Science, 68: 583-596. 

Campbell, C.A., Pelton, W.L. and Nielsen, K.F. (1969). 
Influence of solar radiation and soil moisture on growth 
and yield of Chinook wheat. Canadian Journal of Plant 
Science, 49: 685-699. 

Champigny, M.L. and Talouizte, A. (1986). Dependence of 
nitrate reduction on root soluble carbohydrate in wheat 
seedlings. Fundamental ecological and Agricultural 
aspects of nitrogen metabolism in higher plants [edited 
Qy Lambers, ~ Neeteson, J.J. and Stulen. ~. 279-282. 

Chapman, H.D. (1966a). Calcium. In "Diagnostic criteria 
for plants and soils". Division of Agriculture 
Science, University of California, Berkeley, pp. 65-92. 

Chapman, H.D. (1966b). Alkali and saline ~oils. In 
"Diagnostic criteria for Plants and SOlIs" (H. D. 
Chapman, ed.). Division of Agriculture Science, 
University of California, Berkeley, pp. 510-532. 

Chaturvedi G.S. Aggarwal, P.K. Singh., A.K., Joshi, M.G. and 
Sinh~, S.K. (1981). Effect of irrigation on tillering in 
wheat, triticale, and barley in a water limited 
environment. Irrigation science, 2: 225-235. 

Chen, D., Kessler, B., and Monselise, S.B. (1964). Studies on 
water regime and nitrogen metabolism of citrus seedling 
growen under water stress. Plant Physiology, 39: 379-
386. 

Chipa, B.R., Lal, P. (1985). Effect of soil salinity ?n yield, 
and attributes and nutrient uptake by dlff~rent 
varieties of wheat. Anales- de- Edafologla-y
Agrobiologia, 44: 1681-1691. 

271 



Chinoy, J.J. (1960). Physiology of drought resistance in 
wheat. 1. Ef!ect of wilting at different stages of 
growth on survlval values of eight varieties of wheat 
belonging to seven species. Phyton (Buenos Aires), 14: 
147-157. 

Choudhuri, G.N. (1968). Effect of soil salinity 
germination and survival of some steppe plants 
Washington. Ecology, 49: 645-471. 

on 
in 

Choudury, P.N. and Kumar, V. (1980). The sensitivity of growth 
and yield of dwarft wheat to water stress at three 
growth stages. Irrigation Science, 1: 223-231. 

Clarke, J.M., Townley-Smith, T.F., 
D.G. (1984). Growth analysis 
of varying drought resistance. 
541. 

McCaig, T.N. and Green, 
of spring wheat cultivars 

Crop Science, 24: 537-

Clements, H. F. (1964). Interaction of factors affecting 
yield. Annual Review of Plant Physiology, 15: 409-422. 

Cooper, J.P. (1963). Species and population differences in 
climatic response. In "Environmental Control of Plant 
Growth" (L.T. Evans, ed.), 381-403. Academic Press, 
New York. 

cummings, R.W. and Chandler, R.F. (1940). A field comparison 
of the electrothermal and gypsum block electrical 
resistance methods with the tensiometer method for 
estimating soil moisture in situ. Soil Science Society 
of America Proceedings, 5: 80-85. 

Daniels, R.W., Alcock, M.B. and Scarisbrick, D.H. (1982). A 
reappraisal of stem reserve contribution to grain yield 
in spring barley (Hordeum vulgare). Journal of 
Agricultural Science, Cambridge, 98: 347-355. 

Danielson, R.E. and Russell, M.B. (1957). Ion absorption by 
corn roots as influenced by moisture and aeration. 
Soil Science society of America Proceedings, 21: 3-6. 

Davidson, D.F. (1987). The influence of water deficits on the 
tiller production and survival in spring wheat (Triticum 
aestivum L.). Dissertation Abstracts International, B. 
(Science and Engnearing) 47: (10) 4011B. 

Davidson, H.R. and Campbell, C.A. (1984),' Growt? rates, 
harvest index and moisture use of manltou sprlng wheat 
as influenced by nitrogen, temperature and moisture. 
Canadian Journal of Plant science, 64: 825-839. 

Day, A.D. and Barmore, M.A. (1971). Effect of soil moisture 
stress on the yield and quantity of flour from wheat 
(Triticum aestivum L.). Agronomy Journal, 63: 115-116. 

Day, A.D. and Intalap, S. (1970). Some effects o~ ~oil 
moisture stress on the growth of wheat (Trltlcum 

272 



aestivum L. em TheIl). Agronomy Journal, 62: 27-29. 
Delance, R., Gre7nway, H., Munns, R. and Gibbs, J. (1982). Ion 

concen~rat1on and carbohydrate status of the elongating 
leaf t1ssue o~ Hord~um vulgare growing at high external 
NaCI. 1 Relat1onsh1p between solute concentration and 
growth. Journal of Experimental Botany, 33: 557-573. 

Deleoughery, R.L. and Crookston, R.K. (1979). Harvest index 
of corn, affected by population density, maturity rating 
and env1ronment. Agronomy Journal, 71: 577-580. 

Deriaz, R.E. (1961). Routine analysis of carbohydrates and 
lignin in herbage. Journal of the Science of Food and 
Agriculture, 12: 152-160. 

Derera, N.F., Marshall, D.R. and Balaam, 
Genetic variability in root development 
drought tolerance in spring wheats. 
Agriculture, 5: 327-337. 

L.N. (1969). 
in relation to 

Experimental 

Devyatov, A.S. (1962) Changes with age 1n the salt 
tolerance of fruit crops. Agrobiologiya, 3: 383-387. 

Dodd, M. and Scarisbrick, D. (1986). Harvesting evening 
primrose. Arable Farming, 14: 28-29. 

Dolnicki, A., Kukula, K. (1987). Sugar content of seedings of 
triticale strrains differing in frost hardiness. Acta 
Agraria et Silvestria, 26: 3-24. 

Dougherty, C.T., Rooney, K.R., Scott, W.R. and Langer, R.H.M. 
(1975a). Levels of water soluble carbohydrate in the pre 
anthesis ear of wheat, and grain set per spikelet. New 
Zealand Journal of Agricultural Research, 18: 351-360. 

Dougherty, C.T., Scott, W.R. and Langer, R.H.M. (1975). 
Effects of sowing rate, irrigation and nitrogen on the 
components of yield of spring sown semi-dwarf and 
standard New Zealand wheat. New Zealand Journal of 
Agricultural Research, 18: 197-207. 

Dov pasternak (1987). Salt tolerance and crop production-A 
comperhensive approach. Annual Review of Phytopathalogy, 
25: 271-291. 

Downey, L.A. (1971). Effect of gypsum and drought stress on 
maize (Zea mays L.): Growth, Light, Absorption and 
Yield. Agronomy Journal, 63: 569-572. 

Downton, W.J.S. (1977). Photosynthesis in salt-stressed 
grape vines. Australian Journal of Plant Physiology, 
4: 183-192. 

Eaton, F.M. (1966). Chlorine. In "Diagno~tic criteri? for 
plants and soils". Division of Agr1culture SC1ence 
University of California, Berkeley, pp. 98-135. 

Eh Ii g, C • F • ( 19 6 0) . Effects of salinity on four varieties of 

273 



tab17 grapes,grown in sand culture. Proceedings of the 
Amerlcan Soclety of Horticulture Science, 76: 323-33~ 

Ehlig, C:F., G~r~ner, W.R. and Clark, M. (1968). Effect of 
sOlI sallnlt~ on water potentials and transpiration in 
pepper (Capslcum frutescens). Agronomy Journal 60. 
249-253. ' . 

El Gibaly, H. and Goumah, H. (1969). The effect of 
sa~inization on the growth and yield of sugar cane. 
Beltr. Trop. Subtrop. Landwirt. Tropenveterinaermed. 7: 
27-39. ' 

EI-Kady, M.M., Mansour, M.A., EI-Seoud, I.A., EI-Sheweikh, 
A.E. (1981). A comparative study on two Mexican wheat 
varieties and the local variety Giza 155 grown under 
different levels of salinity. Monoufeia- Journal of 
Agricultural Research, 4: 1-95. 

EI-Sharkawy, M. A. and Hesketh, J. D. (1964). Effects of 
temperature and water deficit on leaf photosynthetic 
rates of different species. Crop Science, 4: 514-518. 

Ellis, R.P. and Russell G.R. (1984). Plant development and 
grain yield in spring and winter barley. Journal of 
Agricultural Science Cambridge, 102: 85-96. 

Erikson, E. (1958). The chemical climate and saline soils in 
the arid zones. In "Arid Zone Research. X. 
Climatology, Reviews of Research", UNESCO, pp. 147-180 

Evans, L.T. and Dunstone, R.L. (1970). Some physiological 
aspects of evolution in wheat. Australian Journal of 
Biological Science, 23: 725-741. 

Evans, L.T., Wardlaw, I.F. and Fischer, R.A. (1975). 
In "Crop Physiology" (L.T. Evans, ed.), pp. 
Cambridge University Press, London and New York. 

Wheat. 
101-149. 

Evenari, M. (1960). Plant physiology and arid zone research. 
Arid Zone Research, 18: 175-195. 

Feekes, W. (1941). De tarwe en haar milieu. Versl. Tech. 
Tarwe Commiss., Groningen, 17 (Cited by Salter, P.J. and 
Goode, J.E. In Crop responses to water at different 
stages of growth). Commonwealth Agricultural Bureaux, 
Farnham Royal Buckinghamshire, England. 

Fellow, R.J. and Boyer, J.S. (1978). Altered ultrastructure 
of cells of sunflower leaves having low water potential. 
Protoplasma, 93: 381-395. 

Fenster, C.R. (1980). Soil management for rainfed wheat 
production. Proceedings of 3rd International Wheat 
Conference, Madrid, Spain, pp. 306-323. 

Fischer, R.A. (1973). The effect of water stre~s at various 
stages of development on yield processes ln wheat. In 

274 



"Plant response to climatic factors" (R.O. Slatyer, 
ed.), pp. 233-241. UNESCO, Paris. 

Fischer, R.A. (1983). Wheat, pp.129-54 In "symposium on 
potential productivity of field cr~ps under different 
environments". ed,s. W.H; Smith and S.J; Banta, 526 pp. 
International Rlce Research Institute, los Banos, 
Phillippines. 

Fischer, R.A. and Hagan, R.M. (1965). Plant water relations, 
irrigation, management and crop yield. Experimental 
Agriculture, 1: 161-177. 

Fischer, R.A. and Kohan, G.D. (1966a). The relationship 
between evapotranspiration and growth in wheat crop. 
Australian Journal of Agricultural Research, 17: 255-
267. 

Fischer, R.A. and Kohan, G.D. (1966b). 
and relative turgidity of leaves 
Australian Journal of Agricultural 
280. 

Soil water relations 
in the wheat crop. 
Research, 17: 269-

Fischer, R.A. and Kohan, G.D. (1966c). The relationship of 
grain yield to vegetative growth and post- flowering 
leaf area in the wheat crop under conditions of limited 
soil moisture. Austral ian Journal of Agricultural 
Research, 17: 281-295. 

Fiscus, E.L. (1972). In situ measurement of root water 
potential. Plant Physiology, 50: 191-193. 

Flowers, T.J., Troke, P.F. and Yeo, A.R. (1977). The 
mechanism of salt tolerance in halophytes. Annual 
Review of Plant Physiology, 77: 89-121. 

Francois, L.E., Donovan, T.J., Lorenz, K. and Maas, E.V. 
(1989). Effect of salinity on rye grain yield, quality, 
vegetative growth and emergence. Agronomy Journal, 81: 
707-712. 

Francois, L.E., Donovan, T. and Maas, E.V. (1984). Salinity 
effects on seed yield, growth and germination of grain 
Sorghum. Agronomy Journal, 76: 741-744. 

Francois, L.E., Donovan, T.J., Maas, E.V. and Rubenthaler, 
G.L. (1988). Effect of salinity on grain yield and 
quality, vegetative growth and germination of triticale. 
Agronomy Journal, 80: 642-647. 

Francois, L.E., Maas, E.V., Donovan, T:J. ?nd Youngs, ~.L. 
(1986) . Effect of salinity o~ gr~ln Yleld ~nd quallty, 
vegetative growth, and germlnatlon of seml-dwarf and 
Durum wheat. Agronomy Journal, 78: 1053-1058. 

Frank, A.B., Bauer, A. and Black, A.L. (1987). Effects of air 
temperature and water stress on apex development in 
spring wheat. Crop science, 27: 113-116. 

275 



Frank, ~.B., Bauer, A., and Black, A.L., (1989). Carbohydrate 
Nltrogen and Phosphorus concentrations of spring wheat 
leaves and stems. Agronomy Journal, 81: 524-528. 

Friend, D.J.~., Hels~n, V.A. and Fischer, J.E. (1962). Leaf 
~rowth.ln Marquls wheat, as regulated temperature, light 
lntenslty, and day length. Canadian Journal of Botany 
40: 1299-1311. - , 

Gaff, D.F. (1980). Protoplasmic tolerance of extreme water 
stress. In "Adaptation of plants to water and high 
temperature stress" (N.C. Turner and P.J. Kramer, eds.), 
pp. 207-230. Wiley, New York. 

Gale, J. and Hagan, R.M. (1966). Plant antitranspirants. 
Annual Review of Plant Physiology, 17: 269-282. 

Gales, K. (1963). Yield variation of wheat and barley in 
Britain in relation to crop growth and conditions. 
Journal of the Science of Food and Agriculture, 34: 
1085-1104. 

Gales, K., Wilson, N.j. (1981). Effects of water shortage on 
the yield of winter wheat. Annals of Applied Biology, 
99: 323-334. 

Gallagher, J.N. (1979). Field studies of cereal leaf growth. 
1. Initiation and expension in relation to temperature 
and ontogeny. Journal of Experimental of Botany, 30: 
625-636. 

Gallagher, J.N., Biscoe, P.V. and Scott, R.K. (1975). Barley 
and its environment. V. Stability of grain weight. 
Journal of Applied Ecology, 12: 319-336. 

Gardner, W.R., Jury, W.A. and Knight, J. (1975). Water uptake 
by vegetation. In "Heat and Mass Transfer in the 
Biosphere. h Transfer Processes in Plant Environment" 
(D.A. de Varies and N.H. Afgan, eds.), pp. 443-456. 
Halsted Press, Washington, D.C. 

Gates, C.T. (1955a). The response of the young tomato plant 
to a brief period of water shortage. (The whole plant 
and its principal parts). Australian Journal of 
Biological Science, 8: 196-214. 

Gates, C.T. (1955b). The response of the young to~at~ ~lant 
to a brief period of water shortage.. (T~e lndl~ldual 
leaves) . Australian Journal of Blologlcal SClence, 
8: 215-230. 

Gates, C. T. (1964). The effect of water stress on plant 
growth. Journal of Australian Institute of Agriculture 
Science, 30: 3-22. 

Gates, C.T. (1968). Water deficits and growth of herbaceous 
plants. In "Water deficits and plant growth" (T.T. 

276 



Kozlowski, ed.), 2: 135-190. Academic Press, New York. 

Gates, C.T., Haydock, K.P. and Claringbold, P.J. (1966b). 
Resp?nse to sali~ity ,in Glycine. 11. Differences in 
cultlvars of Glyclne Javan~ca in dry weight, nitrogen 
and, water content: Australlan Journal of Experimental 
Agrlculture and Anlmal Husbandry, 6: 374-379. 

Gates, C.T., Haydock, K.P. and Robin, M.F. (1977). Response 
to sal ini ty in glycine. IV. Salt concentration and 
the content of phosphorus, potassium sodium and 
chloride, in cultivars of Glycine wightii (G. javanica). 
Australlan Journal of Experimental Agriculture and 
Animal Husbandry, 10: 99-110. ---

Gauch, H.G. and Eaton, F.M. (1942). Effect of saline 
substrate on hourly levels of carbohydrate and inorganic 
constituents of barley plants. Plant Physiology, 17: 
422-434. 

Gauch, H.G. and Wadleigh, C.H. (1942). The influence of 
saline substrates upon the absorption of nutrients by 
bean plants. Proceedings of the American Society of 
Horticulture Science, 41: 360-364. 

Gauch, H.G. and Wadleigh, C.H. (1944). Effect of high salt 
concentration on the growth of bean plants. Botanical 
Gazette, 105: 379-387. 

Gebeyehou, G. and Knott, D.R. (1983). Response of durum 
wheat cultivars to water stress in the field and 
greenhouse. Canadian Journal of Plant Science, 63: 
801-814. 

Gibbson, T.S. (1988). Carbohydrate metabolism and phosphorus 
salinity interactions in wheat (Triticum aesivum). Plant 
and Soil, 111: 25-35. 

Glass, A.D.M. and Siddiqui, M.Y. (1985). Nitrate inhibition 
of chloride influx in barley: implications for a 
proposed chloride homeostat. Journal of Experimental 
Botany, 36: 65-66. 

Gorham, J., Forster, B.P., Budrewicz, E., Wyn Jones, R.G., 
Miller, T.E. and Law, C.N (1986). Salt tolerance in the 
triticeae: Solute accumulation and distribution ~n an 
Amphiploid derived from Triticum ae~tivum cv. Chlnese 
spring and Thinopyrum bessarablcum. Journal of 
Experimental Botany, 37: 1435-1449. 

Gorham, J., Wyn Jones, R.W. and McDonnell, E. (1985). Some 
mechanisms of salt tolerance in crop plants. Plant and 
Soil, 89: 15-40. 

Gradman, H. (1928). Jahrb. wiss. Bot., 69: 1-100) (Cited by 
Begg, J.E. and Turner, N.C. (1976). Crop water 
deficits. Advances in Agronomy, 28: 161-216. 

277 



Grainger, A. (1986). Desertification. how people make 
deserts. how people stop and why they don't. An 
ear~hscan paperback, International Institute for 
Envlronment and Development, 1986. 

Greenway, H. (19~2a). Plant response to saline substrates. 
Growth and lon uptake of several varieties of Hordeum 
vulgare during and after sodium chloride treatment. 
Australian Journal of Biological Science, 5: 16-38. 

Greenway, H. (1962b). Plant response to saline substrates. 
I I. ChI 0 :: ide, ' sod i u man d pot ass i u m up t a k e and 
translocatlon ln young plants of Hordeum vulgare during 
and after a short sodium chloride treatment. 
Australian Journal of Biological Science, 15: 39-57. 

Greenway, H. (1965a). Plant response to Saline substrates. 1V. 
Chloride uptake by Hordeum vulgare as affected by 
inhibitors, transpiration and nutrients in the medium. 
Australian Journal of Biological Science, 18: 249-268. 

Greenway, H. (1965b). Plant response to saline substrates. 
VII. Growth and ion uptake throughout plant development 
in two varieties of Hordeum vulgare. Australian 
Journal of Biological Science, 18: 763-779. 

Greenway, H., Gunn, A., Pitman, M.G. and Thomas, D.A. (1965). 
Plant response to saline substrates. VI. Chloride, 
sodium and Potassium uptake and distribution within the 
plant during Pontogenesis of Hordeum vulgare. Australian 
Journal of Biological Science, 18: 525-540. 

Greenway, H., Gunn, A. and Thomas, D.A. (1966). Plant 
responses to saline substrates. VIII. Regulation of 
ion concentrations in salt sensitive and halophytic 
species. Australian Journal of Biological Science, 19: 
741-756. 

Greenway, H. and Munns, R.A. (1980). Mechanism of salt 
tolerance in non-halophytes. Annual Review of Plant 
Physiology, 31: 149-190. 

Greenway, H. and Rogers, A. (1963). 
Agropyron elongatum on saline 
with a salt-tolerant variety of 
and Soil, 18: 21-30. 

Growth and ion uptake of 
substrates, as compared 
Hordeum vulgare. Plant 

Greenway, H. and Thomas, D.A. (1965). p~ant ~espons~ to, s~line 
substrates. V. Chloride regulatlon ln the lndlvld~al 
organs of Hordeum vulgare during treatment with sodlum 
chloride. Australian Journal of Biological science, 18: 
505-524. 

Gregory, P.J. and Marshall, B. and Biscoe, P.V. (198~). 
Nutrient relations of winter wheat. 3. Nitrogen ~pta e, 
photosynthesis of flag leaves an~ translocat~on of 
nitrogen to grain. Journal of Agrlcultural SClence, 
Cambridge, 96: 539-547. 

278 



Grillot, G. (1956). Reviews of Research, UNESCO Arid Zone 
Research, IV, pp. 9-35. UNESCO, Paris. (Cited by 
Lowell, E.A. (1964). Salinity in relation to 
irrigation. Advances in Agronomy, 16: 139-180). 

Gulmon, S.L. and Turner, N.C. (1978). Differences in root 
and shoo~ d7velopment of tomato (Lycopersicon esculentum 
L.) varletles across contrasting soil environments 
Plant and Soil, 49: 127-136. . 

Hagan, R.M. (1955). International Horticultural Congress. 
Wageningen. Netherlands, Report 14, pp. 82-98. 

Hagan, R.M., Vaadia, Y. and Russel, M.B. (1959). 
Interpretation of plant responses to soil moisture 
regimes. Advances in Agronomy, 11: 77-99. 

Haise, H.R. and Kelley, O.J. (1946). Relation of moisture 
tension to heat transfer and electrical resistance in 
plaster of Paris blocks. Soil science, 61: 411-422. 

Hanks, R.J., Sullivan, T.E., Hunsaker, V.E. (1977). Corn 
and alfalfa production as influenced by irrigation and 
salinity. Soil Science Society of American Journal, 41: 
606-610. 

Hannon, N.J. and Barber, H.N. (1972). The mechanism of salt 
tolerance in naturally selected populations of grasses. 
Search, 3: 259-260. 

Haqqani, A.M., Rauf, A. and Zahid, M.A. (1984). Salt 
tolerance studies on wheat in farmers fields. Pakistan 
Journal of Agricultural Research, 5: 78-82. 

Hassan, U.A., Ogunlela, V.B., Sinha, T.D. (1987). Agronomic 
performance of wheat (Tritcum aestivum L.) as influenced 
by moisture stress at various growth stages and seeding 
rate. Journal of Agronomy and Crop Science, 158: 172-
180. 

Hassan, N.A.K. and AI-Sabti, A. (1973). Studies on soil fer
tility and fertilizers in Iraq. 1. Effect of urea and 
ammonium sulfate on wheat using different rate and 
methods of application including the economical aspects. 
Scientific Research Foundation Bulletin No. 43, Baghdad, 
Iraq. 

Hayward, H.E. 
Salinity 
Agronomy, 

(1958) . (cited by Lowell, 
in relation to irrigation. 

E.A. (1964). 
Advances in 

16: 139-180. 

Hayward, H.E. and Bernstein, L. (1958). Plant growth 
relationships on salt affected soils. Botanical 
Review, 24: 584-635. 

H a yw a r d , H . E. and B I air, W. M . ( 19 4 2) . So mer e s po n s e s 0 f 
Valencia orange seedlings to varying concentrations of 

279 



chloride and hydrogen ions. 
Botany, 29: 148-155. American Journal of 

Haywar~, I:I.E. ,and Mag,isted, O.C. (1946). The salt problem in 
lrrl,gatlon agr~c~l ture (Research at the United states 
Reglonal sallnl~y Laboratory). United states 
Department of Agrlculture, Miscellaneous Publ' t' 607 lca lons, 

Hayward, H.E. and Spurr, W.B. (1943). Effect of osmotic 
concentration of substrate on the entry of water into 
corn roots. Botanical Gazette, 105: 152-164. 

Hayward, H.E. and Spurr, W.B. (1944). 
concentrations of inorganic and 
entry of water into corn roots. 
106: 131-139. 

Effects of iso-osmotic 
organic substrates on 

Botanical Gazette, 

Hayward, H.E. and Wadleigh, C.H. (1949). Plant growth on 
saline and alkali soils. Advances in Agronomy, 1: 1-
38. 

Hell k vis t,' J., R i ,c h a r d, G. P. and Jar vis, P . G . ( 1 9 7 4) . 
Vertlcal gradlents of water potential and tissue water 
relations in sitka spruce trees measured with the 
pressure chambers. Journal of Applied Ecology, 11: 
637-667. 

Henckel, P.A. (1964). Physiology of plants under drought. 
Annual Review of Plant Physiology, 15: 363-386. 

Hickel, B. (1967). contributions to the knowledge ofaxero
philic water plant, Chamaegigas interpidus Dr. from 
South West Africa. International Review Gesamten 
Hydrobiology, 53: 361-400. 

Heikal, M.M.D. (1977). Physiolgical studies on salinity. vI. 
Changes in water content and mineral composition of some 
plants over a range of salinity stress. Plant and Soil, 
48: 223-232. 

Hewitt, E.J. (1966). Sand and water culture methods used in 
the study of plant nutrition. Technical communication No 
22 (2nd edition) Common wealth Bureau of Horticulture 
and Plantation Crops East MaIling, Maidstone, Kent. 
Common Wealth Agricultural Farnham Royal Bucks England. 

Hodges, T. (1978). Photosynthesis, growth and yield of 
sorghum and winter wheat as functions of light, 
temperature, water and leaf area. Ph.D. Thesis, Kansas 
State University, Manhattan. 

Hoffman, P. and Schert, H. (1967). Effect of urea on 
de vel 0 p men t 0 f S a I i cor n i a bra c h y s t a c h y, a . 
contribution to the halophyte problem. Berlchte 
Deutschen Botanischen Gesellschaft., 80: 437-446. 

the 
A 

der 

Holmer, T.W. and Kenkinson, A.F. (1959). 
using the neutron moisture meter. 

Techniques for 
Journal of 

280 



.... 

Agriculture Engineering Research, 4: 100-109. 

Holm, S.M;S. and Pede~son, A. (1962). The yield structure of 
graln crops as lnfluenced by nitrogen application and 
the seed rate. Kgl.Velr.Landbohojsk. Arsskr bibl 6. 
62-93. ' ,. 

Hsiao, T.C. (1973). Plant responses to water stress. 
Annual Review of Plant Physiology, 24: 519-570. 

Hunt, O.J. (1965). Salt tolerance in intermediate wheat 
grass (Agropyron intermedium). Crop Science, 5: 407-
409. 

Human, J.J., Spmero. M.J.M., Bryn, L.P. and De-Bryn, I.P. 
(1981). The drought sensativity of wheat in different 
growing stages. Crop Production, 10: 65-68. 

Hug, S.M.I. and Larher, F. (1983). Osmoregulation in higher 
plants: effect of NaCl salinity on non-nodulated 
Phaseolus aureus L. II. Changes in organic solutes. 
New Phytology, 93: 209-216. 

Hurd, E.A. (1964). Root studies of three wheat varieties and 
their resistance to drought and damage by soil cracking. 
Canadian Journal of Plant Science, 44: 240-248. 

Hurd, E.A. (1968). Growth of roots of seven varieties of 
spring wheat at high and low moisture levels. Agronomy 
Journal, 60: 201-205. 

Hurd, E.A. (1974). Phenotype and drought tolerance in wheat. 
Agricultural Meteorology, 14: 39-55. 

Hutcheon, W.L. and Rennie, D.A. (1960). The relationship of 
soil moisture stress and nutrient availability to the 
growth characteristics and quality of wheat. 
Proceedings of the 7th International Congress on Soil 
Science, 3: 488-495. 

Hutton, E.M., (1971). Variation in salt response between 
tropical pasture legumes. Sabaro News Letter, 3: 75. 

Iljin, W.S. (1957). Drought resistance in plants and 
physiological processes. Annual Review of Plant 
Physiology, 8: 257-274. 

Innes, P., Blackwell, R.D., Austin, R.B. and Ford, M.A. 
(1981) . The effects of selectio~ for number of ears on 
the yield and water economy ?f wlnter wheat. Journal 
of Agriculture Science, Cambrldge, 97: 523-532. 

Ito, N. and Takada, H. (1976). Latent period for obligate 
Halophilic growth of a marine yeast, Rhodotorula 
Translocation of the Mycological Society of Japan, 17: 
144-148. 

Jacobsen, T. and Adams, R.M. (1958). Salt and silt in 

281 



ancient, Mesopotanian Agriculture. 
1251-1258. 

Science, 128: 

Jacoby, B. (1964). Function of bean roots and stems 
sodium retention. Plant Physiology, 39: 445-449. 

Jensen, H. and Mogensen, V.O. (1984). Yield and nutrient 
con~ent of spring wheat subjected to water stress at 
varlOUS growth stages. Acta Agriculture Scandinavica, 
34: 527-533. 

Jones, M.M.S., Turner, N.C. (1978). osmotic adjustment in 
leaves of sorghum in response to water deficits. Plant 
Physiology, 61: 122-126. 

Jordan, W.R. and Miller, F.R. (1980). Genetic variability in 
sorghum root systems: Implications for drought 
tolerance. In "Adaptation of plants to water and high 
temperature stress" (N.C. Turner and P.J. Kramer~ds.), 
pp. 383-399. Wiley, New York. 

Joshi, Y.C. (1976). Effects of different levels of ESP on the 
yield attributes of seven wheat varieties. Indian 
Journal of Plant Physiology, 19: 190-193. 

Kaddah, M.T. and Glowail, S.I. (1964). Salinity effects on 
the growth of corn at different stages of development. 
Agronomy Journal, 56: 214-217. 

Kafkafi, U., Valoras, N. and Letely, J. (1982). Chloride 
interaction with nitrate and phosphate nutrition in 
tomato (Lycoperisicon esculentum L.). Journal of Plant 
Nutrition, 5:1369-1385. 

Kaufmann, M.R. 
growth. 
Kozlowski, 
New York. 

(1972) . Water deficits and reproductive 
In "Water deficits and plant growth" (T.T. 
ed.), Vol. 3: pp. 91-124. Academic Press, 

Kaufmann, M.R. and Kramer, P.J. 
relations and translocation. 

(1967). Phloem water 
Plant Physiology, 42: 

191-194. 

Kaufmann, M.R. and Troendle, C.A. (1981). 
of leaf area and foliage biomass to 
area in four subalpine forest tree 
Science, 27: 277-482. 

The relationship 
sapwood conducting 
species. Forest 

Kelley, O.J. (1944). A rapid method of calibrating various 
instruments for measuring soil moisture in situ. Soil 
Science, 58: 433-440. 

K 11 0 J Hunter, A.S., Haise, H.R. and Hobb,s, C.H,. e ey , .. , 1 
(1946) . A comparison of methods of measurlng ~Ol 
moisture under field conditions. Journal of Amerlcan 
society of Agronomy, 38: 759-784. 

Kezer, A. and Sackett, W.G. (1931). 
Soil investigations at 

282 



the ~olorado Stations, Colorado. 
Statlon Report, 139: 13-14. 

Agronomy Experimental 

Kingsbury, R.W., Epstein, E. and Pearcy, R Ph '1 ' 1 . w . (1 9 8 4) . 
YS10 oglca responses to salinity in selected lines of 

spring wheat. Plant Physiology, 74: 417-423. 

Kirby, E:J.M. and Appleyard, M. (1981). Cereal Development 
GUlde. NAC Cereal Unit, Stoneleigh. 

Kirby, E.J.M.! Appleyard, M. and Fellowes, G. (1982). Effect 
of sowlng date on the temperature response of leaf 
eme~gence and leaf size in barley. Plant, Cell and 
Envlronment, 5: 477-484. 

Kirby, E.J.M:, Appleyard, M. and Fellowes, G. (1985a). Effect 
of sowlng date and variety on main shoot leaf emergence 
and number of leaves of barley and wheat. Agronomie 5: 
117-126. ' 

Kirby, E,.J.,Mi ~ppleyard, M. and Fellowes, G. (1985b). 
Varlatlon ln development of wheat and barley in response 
to sowing date and variety. Journal of Agricultural 
Science, Cambridge, 104: 383-396. 

Kirby, E.J.M. and Faris, D.G. (1972). The effect of plant 
density on tiller growth and morphology in barley. 
Journal of Agricultural Science, Cambridge, 78: 281-
288. 

Kirby, E.J.M. and Faris, D.G. (1970). Plant population 
induced growth correlations in the barley plant main 
shoot and possible hormonal mechanism. Journal of 
Experimental Botany, 21: 787-798. 

Kirby, E.J.M. and Riggs, T.J. (1978). Developmental conse
quences of two-row and six-row ear types in spring 
barley. Journal of Agricultural Science, Cambridge, 
91: 207-216. 

Knapp, R., Linkens, H.F., Lieth, H. and Wolf, R. (1952). 
Untersuchungen uber die Bodenfeuchtigkeit in 
verschiedenen pflanzengensellschaften nach neuren 
Methoden. Berichte deutsch Botanische Gesallte, 65: 
113-132. 

Konovalov, J.B. (1959). Effect of soil moisture deficiency 
on grain ripening in spring wheat. Soviet Plant 
Physiology (English Translation), 6: 189-195. 

Kovalskaia, E.M. (1958). Change in salt resistance of plants 
during ontogenesis. Fiziologiia rastenii (soviet Plant 
Physiology), 5 437-446. 

Kozlowski, T.T. (ed.) 
growth", Volume 6. 

(1981) . "Water deficits and plant 
Academic Press, New York. 

Kramer, P.J. (1959). The role of water in the physiology of 

283 



plants. Advances in Agronomy, 11: 51-70. 

Kramer, P.J. (1963). Water stress and plant growth. 
Journal, 55: 31-35. 

Agronomy 

Kramer, P.J. (1969): ,,"Plant and Water Relationships: A 
"Modern Synthesls. McGraw-Hill, New York. 

Kumar, D. (1983). Salt tolerance of wheat varieties. 
Current Agriculture, 7: 122-128. 

Kumar, D., Chauhan, R.P.S. and Singh, R.V. (1981). Salt 
tolerance of some induced mutants of 'HD 2009' wheat. 
Indian Journal of Agricultural Science, 51: 475-479. 

Kumar, D., Singh, B., Singh, R.K. (1983). Salt tolerance in 
wheat varieties. Sabarao Journal, 15: 71-76. 

Kummerow, J. (1980). Adaptation of roots in water stressed 
native, vegetation. In "Adaptation of plants to water 
and hlgh temperature stress" (N.C. Tuner and P.J. 
Kramer, eds.), pp. 57-73. Wiley, New York. 

Laing, D.R. and Fischer, R.A. (1977). Adaptation of 
semidwarf wheat cultivars to rainfed conditions. 
Euphytica, 26: 129-139. 

Langdale, G.W. and Thomas, J.R. (1971). Soil salinity 
effects on absorption of nitrogen, phosphorus and 
protein synthesis by coastal Bermuda grass. Agronomy 
Journal, 63: 708-711. 

Lapina, L.P. (1966). Effect of high iso-osmotic concentrations 
of dextran and sodium chloride on nitrogen and 
carbohydrate metabolism in corn. Fiziologiia rastenii 
(Soviet Plant Physiology), 13: 1029-1040. 

Larik, A.S., AI-Saheal, Y.A. (1986). Effect of salt stress on 
germination and seeding growth of wheat triticale and 
barley. Journal of the college of science, King Saudi 
University, 17: 37-44. 

Lashin, M.H. and Atanasiu, N. (1972). Studies on the effects 
of salts concentration on the formation of dry matter, 
uptake of mineral nutrients and mineral composition of 
cotton plants during the vegetative growth period. 
Zeitschrift Fur Acker pflanzenbau, 135-178. 

La t e y, J. and Pet e r s, D . B . (1 9 5 7) . In flu e n c ~ ,0 f so i 1 
moisture levels and seasonal weather on efflclency of 
water use by corn. Agronomy Journal, 49: 362-365. 

Lauchli, A. (1984). Salt exclusion: an adaptat~o,n of 
legumes for crops and pastures under saline, condltlons. 
In "Salinity tolerance in plants: strategles for crop 
improvements" (R.C. staples, ed.), pp. 171-187. John 
Wiley and Son, New York. 

284 



Law, C.N., Snape, J.W. and Worlend A.J. (1978). The 
genetical relationship between' height and yield in 
wheat. Heredity, 40: 133-151. 

Legg, B.J., Day, W., Lawlor, D.W. and Parkinson, K.J. (1979). 
The effects of dr?ught on barley growth: models and 
measurements showlng the relative importance of leaf 
ar7a and photo,synthetic rate. Journal of Agriculture 
SClence, Cambrldge, 92: 703-716. 

Levitt, J. (1972). "Responses of Plants to Environmental 
Stresses", Vol. II. Academic Press, New York. 

Lev itt, J. ( 1980) . "Responses of Plant to Environmental 
Stress", Vol. 
York. 

II, 2nd Edition. Academic Press, New 

Lewis, C.F. and Christiansen, M.N. (1981). Breeding plants 
for stress environments, pp. 151-177. In "Plant 
Breeding, II". Proceedings of Plant Breeding Symposium 
112 (K.J. Frey, ed.), March 16th, 1979. Iowa State 
University Press, Ames, Iowa. 

Lobove, M.F. (1939). Moisture as a factor in the growth and 
development of spring wheat. [Russian]. Dissertation 
Saratov University. (Cited by Salter, P.J. and Goode, 
J.E. (1967). Crop responses to water at different 
stages 0 f growth. Commonweal th Agr icul tural Bureaux, 
Farnham Royal, Buckinghamshire, England.) 

Lopatecki, L.E., Longair, E.L. and Farstad, C.W. (1957) . 
leaves. Soluble carbohydrates of wheat stems and 

Canadian Journal of Botany, 35: 9-12. 

Lunt, O.R. (1966). Sodium. In "Diagnostic criteria for 
Plants and Soils" (H.D. Chapman, ed.), pp. 409-432. 
Division of Agriculture Science, University of 
California, Berkeley. 

Lunt, O.R., Oertli, J.J. and Kohl, H.C. Jr. (1960). 
Influence of certain environmental conditions on the 
salinity tolerance of chrysanthem~m morifo~ium. 
Proceedings of American Society of Hortlculture SClence, 
75: 676-687. 

Maas, E.V. (1986). Salt tolerance of plants. Applied 
Agriculture Research, 1: 12-26. 

Maas, E. V. and Hoffman, G. J. (1977). Crop salt tolerance-
current assessment. Journal of Irrigation, Drainage 
Division Proceedings of American society of civil 
Engineering, 103: 115-134. 

Maas, E.V. and Poss, J.A. (1989). Salt sen~itivity of whe~t at 
various growth stages. Irrigation SClence, 10: 29-4 . 

Maas, J .A. and Hoffman, G.J. (1986). Salinity 
E.V~, ,P?SS, f sorghum at three growth stages. Irrigation sensltlvlty 0 

285 



Science, 7: 1-11. 

Magistad, O.C. (1945). Plant growth relations on saline and 
alkali soils. Botanical Review, 11: 181-230. 

Marani, A. and Amirav, A. (1971). Effect of soil moisture 
stress on two varieties of upland cotton in Israel 
The coastal plain region. Experimental Agricultu~e ;; 
213-224. ' 

Mashhady, A.S., Sayed, H.I. and Heickal, M.S. (1982). Effect 
of soil salinity and water stress on growth and content 
of, n,itrogen, chloride and phosphate of wheat and 
trltlcale. Plant and Soil, 68: 207-216. 

Masle-Meynard, J. and Sebilotte, M. (1981). Etude de 1 
heterogeneite d'un peuplement deble d'hiver. II. 
Origine des differentes categories d'individu de 
peuplement; elements de description de sa structure. 
Agronomie, 1: 217-224. 

May, L.H. and Milthorpe, F.L. (1962). Drought resistance of 
crop plants. Field Crop Abstracts, 15: 171-178. 

May, L.H., Milthorpe, E.J. and Milthorpe, F.L. 
sowing hardening of plants to drought. 
stracts, 75: 93-98. 

(1962) . Pre
Field Crop Ab-

Ma-Yx (1987) . A study on growth dynamics of wheat root 
systems in various soils. Acta Agronomica Sinica, 13: 
37-44. 

McKay, J. (1966). The wheat plant as a model in adaptation 
to high productivity under different environments. In 
"5th Jugoslav Symposium on Research in Wheat, Novi Sad, 
pp. 37-48. 

McKay, J. (1970). An ecological model for yield in small 
grains. In Seminar Series, Department of Agronomy, Iowa 
State University, Ames, Iowa, United States, pp. 128-
149. 

McMillan, C. and Moseley, F.F. (1967). Salinity tolerance of 
five marine spermatophytes of Redfish Bay, Texas. 
Ecology, 48: 503-506. 

McWilliam, J .R. (1986). The 
importance of drought 
agricultural production. 
Physiology, 13: 01-13. 

national and international 
and salinity effects on 
Australian Journal of Plant 

M ' 0 E (1942). Hydrology. In "Saline and Sodic elnzer, .. t D L ) 
Soils", by B. Bresler, B.L. McNeal and Car er, .. , 
pp. 712. Dover, New York. 

B d B H (1967). Effects of irrigation Miller, R.J. and ear, .. f b in the 
management on chemical composi~ion ~ soy eans . 

J 'Valley CalifornIa AgrIculture, 21 (10). San oaquln . 

286 



8-10. 

Miyamoto, T. (1962). 
chloroethanol 
concentration in 
196: 491-492. 

Antagonistic effect of urea and 2-
on the resistance to high salt 
wheat seedlings. Nature (London), 

Mogensen, V.~., Taluk?er, M.S.V. (1987). Grain yield of spring 
whe~t ln r~latlon to water stress. 11. Growth rate of 
gralns durlng drought. Cereal research Communications 
15: 247-253. ' 

Moliboga, A.I. (1928). Critical moisture periods for wheat 
and barley. Experimental station Research, 58 (8): 
734. 

Monayeri, M.O., El Hegzi, A.M., Ezzat, N.H., Salem, H.M. and 
Tahoun, S.M. (1983). Growth and yield of some wheat 
and barley varieties grown under different moisture 
stress levels. Annals of Agriculture Science, 
Moshtohor, 20: 231-243. 

Monteil, P., Winzeler, M., Nosberger, 
differences in the translocation 
14C from the stem to the grain in 
aestivum L.). Journal of Agronomy 
57-64. 

J. (1989). Genotypic 
of temporarity stored 

spring wheat. (Tritcum 
and Crop Science, 162: 

Morgan, A.G. and Riggs, T.J. (1981). Effect of drought on 
yield and on grain and malt characters in spring barley. 
Journal of the Science of Food and Agriculture, 32: 
339-346. 

Morgan, J.M. (1977). Changes in diffusive conductance and 
potential of wheat plants before and after anthesis. 
Australian Journal of Plant Physiology, 4: 75-86. 

Morrow, L. and Nickerson, N.H. (1973). Salt concentrations in 
ground water beneath Rhizophore mangle and Avicennia 
germinas. Rhodora, 75: 102-106. 

Mothes, K. (1928). Die Wirkung des Wassermangles auf den 
einweissumsatz in hoheren pflanzen. Berichte Deutsch 
Botanical Gezzate (Generalversam), 46: 59-67. 

Muhammed, S. (1978). Salt affected ~oils of p,akista71. In 
Proceedings of the Workshops Semlnar on B10phYS1CS and 
Salt Tolerance in Plants, University of Agriculture, 
Faisalabad, Pakistan, pp. 47-64. 

Muhammed, S. ( 1983) . Sal t a f f e c ted s 0 i 1 san d the i : 
reclamation. Paklstan science Conference, Karachl 
(1983), pp. 2-15. Pakistan Association for the 
Advancement of Science, Lahore, Pakistan. 

Munns, R., Greenway, H., Delane, R. and Gibbs, J. (1982). ~on 
concentration and carbohydrate status of the elongatlon 
leaf tissue of Hordeum vulgare growing at high external 

287 



NaCl. , II. Cause of the growth reduction. 
Experlmental Botany, 33: 574-583. Journal of 

Naescu, V., Cracium, I., Craciun, 
on the effects of drought 
wheat yield development. 
Teoretica- Si Aplicate, 10: 

M., Nita, C. (1988). Results 
on various growth stages of 
Problem-de Agrofitlehnie-
345-361. 

Nasser siont, Iwan, D., Teare and Kramer, P.J. (1980). Effects 
of repeated application of water stress on water status 
and growth of wheat. Physiolgia Plantarum, 50: 11-15. 

Nass, H.G~, a~d Reiser, B., (1975). Grain filling period and 
graln Yleld relationships in Spring wheat. Candian 
Journal of Plant Science, 55: 673-678. 

Nelson, C.J. and Spollen, W.G. (1987). Fructans. Physiology 
Plant 71: 512-516. 

Nerson, H.G. (1980). Effects of population density and number 
of ears on wheat yield and its components, Field Crop 
Research, 3: 225-235. 

Nosatovskij, A.I. (1934). Smallness of wheat grain and lax ear 
as yield reducing factors [Russianl]. Azovocernomor 
skoelzd., Rostov-na-Donu (Cited by salter, P.J. and 
Good, J.E. (1967). Crop Responses to water at different 
stages of growth, Common wealth Bureau of Horticulture 
and Plantation Crop, East MaIling, Maidstone, Kent). 

Nutman, F.J. 1.1. (1937). Studies of the physiology of 

Ota, 

Coffea arabica. II. Stomatal movements in relation to 
photosynthesis under natural conditions. Annals of 
Botany [N.S.], 1: 681-694. 

K. and Yasue, T. (1959). Studies on the salt injury to 
crops. XIV. Relation between the temperature and salt 
inj ury in paddy rice, Proceedings of Crop Science 
Society of Japan, 28: 33-34. 

O'Toole, J.C. and Maya, T.B. (1978). Genotypic variation in 
maintenance of leaf water potential in rice. Crop 
Science, 18: 873-876. 

Paache, E. (1975). The influence of salinity on the growth of 
some plankton diatoms from brackish water. Norway 
Journal of Botany, 22:209-215. 

Pallas, J.E., Stansell, J.R. and Bruce, ,R.R. (1977). Peanut 
seed germination as related to sOlI water regime during 
pod development. Agronomy Journal, 69: 381-383. 

P ' J B (1976). Physiology of grain yield aSSloura, .. 1 
growing in stored water. Australian Journa 
Physiology, 3: 559-565. 

in wheat 
of Plant 

Passioura, J.B. (1977). 
water use of wheat. 

Grain yield, harvest in,dex and 
Journal of Australian Instltute of 

288 



Agriculture Science, 43: 117-120 

Passioura, J.B. (1980). Water l'n the 'lIt SOl P an atmosphere 
continuum. Encyclopaedia of PI 12B: 05-33. ant Physiology (N.S.), 

Pearson~ G.A. and Ayers, A.D. (1958). Unpublished data 
~Cl~ed ~y Lowell, E.A. (1964). Salinity in relation to 
lrrlgatlon. Advances in Agronomy, 16: 139-180). 

Pearson, G.A. (1959). Factors influencing salinity of 
submerged soils and growth of caloro rice. Soil 
Science, 87: 198-206. 

Pearson, ?A. (196?). Tolerance of crops to exchangeable 
sod,lum. Un1ted s~ates of America, Department of 
Agr1culture Informatlon Bulletin, 216, Washington, D.C. 

Pearson, G.A. and Bernstein, L. (1958). Influence of 
exchangeable sodium on yield and chemical composition of 
plants. II. Wheat, barley, oats, rice, tall fescue, 
and tall wheat grass. Soil Science, 86: 254-261. 

Pearson, G.A. and Bernstein, L. (1959). 
several growth stages of rice. 
654-657. 

Salinity effects at 
Agronomy Journal, 51: 

Penskoy, I.V. (1956). The salt resistance of cotton and its 
effects on the seasonal dynamics of salts in the Jura
Araksinskaya Plain. Pochvovedenie, 8: 86-91. 

Polster, H. (1950). "Die physiologischen grundlagander 
stofferzeu gung in water". Bayerischer Ian 
wirtschftsverl, Qg Munich. 

Pratt, P.F. (1966). Carbonate and bicarbonate. In 
"Diagnostic criteria for plants and soils", (H. D. 
Chapman, ed.), pp. 93-97. Division of Agricultural 
Science, University of California, Berkeley. 

Qayum, M.A. and Malik, M.D. (1985). Farm production losses 
in salt affected soils. In "Managing soil resources to 
meet the national challenge". First National Congress 
of Soil science Society of Pakistan, pp. 1-19. 

Quizenberry, J.E. (1981). Breeding for drought resistance 
and plant water use efficiency. In "Breeding Plants 
for less Favourable Environments" (M.N. Christiansen and 
C.F. Lewis, eds.), pp. 193-212. wiley Interscience, 
New York. 

Ralph, W., Kingsbury, Y., Epstein, E and ~earcy, R.W. ~1984). 
Physiological responses to salinity In selected Ilnes of 
wheat. Plant physiology, 74: 417-423. 

Rasmussen, V.P. (1979). Modelling winter wheat yields 
fected by water relations and growth regulants. 
Thesis, Kansas State University, Manhattan. 

289 

as af
Ph.D. 



Rawlins, S. L. (1963). Resistance to water flow in the 
transpiration stream. Bulletin of Canadian Agriculture 
Experimental Station, New Haven, 664: 69-85.~~~~~~ 

Rawson, H.M. (~986). Gas exchange and growth in wheat and 
barley ln salt. Australian Journal of Plant 
Physiology, 13: 475-489. 

Rawson, H.M. and Eva~s, L.T. (1971). The contribution of stem 
rese~ve to gral~ development in range of wheat cultivars 
of dlfferent helght. Australian Journal of Agricultural 
Research, 22: 851-863. 

Rawson, H.M., Hofstra, G. (1969). Translocation and 
remobilization of 14C assimilated at different stage by 
each leaf of the wheat plant. Australian Journal of 
Biological Science, 22: 321-331. 

Rawson, H.M. and Munns, R. (1984). Leaf expansion in 
sunflower as influenced by salinity and short term 
changes in carbon fixation. Plant, Cell and Environment, 
7: 207-213. 

Reitz, L.P. (1974). Breading for more efficient water use -
is it real or a mirage. Agricultural Metereology, 14: 
03-11. 

Repp, G. (1958). Die Salztoleranz der pflanzen. I. 
Salzhau shaltund salzersistenz von Marschpflanzen der 
nordseekustr Danemarks in Beziehung zum standort. 
Oesterr. Bot. Z .. , 104: 454-490 (Cited by Levitt (1980). 
Salt and ion stress. In"Responses of plants to 
environmental stresses", VII: 365-468). 

Richards, R.A. and Townley smith, T.F. (1987). variattion in 
leaf area development and its effects on water use, 
yield and harvest index of droughted wheat. Australian 
Journal of Agriculture Research, 38: 983-992. 

Richards, L.A. and 
plant growth. 
growth" (B.T. 
New York. 

Wadleigh, C.H. (1952). Soil water and 
In "Soil physical conditions and plant 

Shaw, ed.), pp. 73-251. Academic Press, 

Richards, L.A. (1954). "Diagnosis and improvement of saline 
and alkaline soil" (ed.) united States of America, 
Department of Agriculture Handbook, 60. USDA, 
Washington, D.C. 

Riggs, T.J. and Hayter, A.M., (19.1 5 ). A study o~ the 
inheritance and interrelatlonshlps of some agron~mlcally 
important characters in spring barley. Theoretlcal and 
Applied Genetics, 46: 257-264. 

Robertson, D.W., Kezer, A., Sjozre?, J. and D. ~oon~e ~193~). 
Studies of the critical perlod for applYln~ lrrlgatlon 
water to wheat. Colorado Agriculture Experlmental Sta-
tion, Technical Bulletin, 11: 43. 

290 



Robins, J.S. and ~om~ngo, C.E. (1962). Moisture and nitro en 
effects on lrrlgated spring wheat. Agronomy J gl 
54: 135-138. ourna , 

Rook, D.A. (1973),. Conditioning radiata pine 
transplantlng by restricted watering. 
Journal of Forest Science, 3 (1): 54-69. 

seedlings to 
New Zealand 

Rush, D.W. and Epstein, E. (1976). Genotypic responses to 
salinity differences between salt sensitive and salt 
tolerant genotypes of the tomato. Plant Physiology, 
57: 162-166. 

Salim, M.H., Todd, G.W. and Schlehuber, A.M. (1965). Root 
development of wheat, oat and barley under conditions of 
soil moisture stress. Agronomy Journal, 57: 603-607. 

Salim, M.H. and Todd, G.W. (1968). Seed soaking as a 
presowing drought hardening treatment in wheat and 
barley seeds. Agronomy Journal, 60: 179-182. 

Salter, P.J. and Goode, J.E. (1967). Crop responses to water 
at different stages of growth. Commonwealth 
Agricultural Bureaux, Farnham Royal, Buckinghamshire, 
England. 

Sarin, M.N. (1961). Physiological studies on salt tolerance in 
crop plants. XII. Influence of sodium sulphate on early 
seedling growth of wheat and grain varieties. Agra 
University Journal of Research Science, 10: 41-60 

Schofield, M.A., Johnson, R.C., Carver, B.F., Mornhinweg, D.W. 
(1988). Water relations in winter wheat as drought 
resistance indicators. Crop science, 28: 526-531. 

Scholander, P.F., Hammel, H.T., Hemmingsen, E. and Garey, W. 
(1962). Salt balance in mangroves. Plant Physiology, 
37: 722-729. 

Scott, W.R., Dougherty, C.T. and Langer, R.H.M (1975). An 
analysis of wheat yield depression caused ~y high s?wi~g 
rate with refrence to the pattern of graln set wlthln 
the ear. New zealand Journal of Agriculture Resreach, 
18: 209-214. 

:;eddon, G. (1974). Xerophytes, xeromorphos and sclerop,hylls: 
The history of some concepts in ecology. Blology 
Journal of Linneaus society, 6: 65-87. 

.. J R and Critchley, C. (1985). )eemann, .. 
stress on the growth, ion content, 
and photosynthetic capacity of salt 
Phaseolus vulgaris L. Planta, 164: 

Effects of salt 
stomatal behaviour 
sensitive species, 
151-162. 

ihainberg, I. and Oster, J.D. (19.18)., Quality of Irrigation 
Water. International Irrlgatlon Information Centre 
publication No.2, Israel, pp. ~1-43. 

f t re stress conditions. ihakoor, A. (1983). Breeding or mOlS u 

291 



--

More ~ood,from better Technology. Food and Agriculture 
Organlsatl0n of the United Nations, 1983. 

~harkawi, H.M. El and Salama, F.M. 
drought and salinity on some 
parameters in wheat and barley. 
423-433. 

(1977) . Effects of 
growth contributing 

Plant and Soil, 46: 

Shaybany, ~. and Kashirad, A. (1978). Effect of sodium 
chl?rlde, on growth and mineral composition of Acacia 
sallgua ln sand culture. Journal of American Society of 
Horticulture Science, 103: 823-826 --

Shimony, C., Fahn, A. and Reinhold, L. (1973). Ultra structure 
and ion gradients in the salt glands of Avicennia marina 
(forssk.) Vierh. New Phytology, 72: 27-36. 

Shimose, N. (1973). Physiology of salt injury in crops. 10. 
Effects of environmental conditions on the growth of 
rice plants grown in excess salt solutions. Scientific 
reports of the Faculty of Agriculture, Okayama 
University 41: 69-78 

singh, K. and Narang, R.S. (1971). Influencing of the timing 
of first irrigation on the performance of high yielding 
wheat strains and their water use pattern. Indian 
Journal of Agronomy, 16: 366-367. 

Singh, T. and Malik, D.S. (1983). Effect of water stress at 
three growth stages on the yield and water use 
efficiency of dwarf wheat. Irrigation science, 4: 
239-245. 

Siont, N. and Kramer, P.J. (1977). 
during different stages of 
Agronomy Journal, 69: 274-277. 

Effect of water stress 
growth of soybeans. 

Siont, N., Teare, 1.0. and Kramer, P.J. (1980). Effects of 
repeated application of water stress on water status and 
growth of wheat. Physiologia Plantarum, 50: 11-15. 

Skazkin, F.D. (1961). The critical periods, o~ ~lants ~s 
regards insufficient water supply. TlmlrJaZevskle 
ctenija Akad. Nauk, SSR, 21: 01-51. 

Slatyer, R.O. (1967). Sequential effects of ,wate~ deficits 
on plant growth. In "Plant water Relatlonshlps, (J. ~. 
sutcliffe, p. Mahlberg, eds.) pp. 295-299. Academlc 
Press. London and New York. 

Sl t R 0 (1969). Physiological significance o~ inte~nal 
a ye~~te~ ·relations to crop yield. In "PhYS1,ologlcal 

as ects of crop yield" (J.D. Eastin, F.A. Hasklns, C.Y. 
S u~ 1 i v a r;- and c. H . M. Van Bar ed, e d s .,)' p p. ? 3 - 8 3 . 
American society of Agronomy and Crop SClence Soclety of 

America, Madison, Wisconsin. of internal water status on 
Slatyer, R.O. (1973). The effectt d yield In "Plant 

plant growth, developmen an . 

292 



response to climatic factors" ( 
177-191. UNESCO, Paris. R.O. Slatyer, ed.), pp. 

latye~, R.O. and MCIlroy, D.C. (1961) 
Mlcroclimatology. UNESCO, Paris. . Practical 

lavik, B. (1963). On the bl 
between hydration of le~~o tie:suOef atnhde l,rnetlati?tnShip 
Phot th' , enSl y of 0, s y n e s 1 san d res p 1 rat ion. In" T h 
r~latl0ns of plants ll (A. J. Rutter and F. H. Wh~ teWh~~~r 
e s.), pp. 225-234. Wiley, New York. ' 

:lavik, B. (1966). The response of 
water. In liThe growth of 
Milthorpe and J.D. Ivins, 

grasses and cereals to 
cereals and grasses" (F.L. 
eds.), 1965, pp. 227-240. 

Butterworths, London. 

;lavik, B. (1974). , IIMethods of studying plant water 
relations ll

• Sprlnger-Verlag, Berlin and New York. 

,lavikova, J. (1967). Compensation of root suction force 
within a single root system. Biology of Plants, 9: 
20-27. 

~ofield, I., Ev~ns, L.T.! Cook, M.R. and Wardlaw, I.F. (1977). 
Factors lnfluenclng the rate and duration of grain 
filling in wheat. Australian Journal of Plant 
Physiology, 4: 785-797. --

Soil Survey of England and Wales (1984). Soils and their use 
in Wales. Bulletin No 11, Harpenden: Soil Survey of 
England and Wales. 

Spiertz, J.H.J. (1977). The influence of temperature and light 
intensity of grain in relation to carbohydrate and 
nitrogen economy of wheat plant. Netherlands Journal of 
Agricultural Science, 25:182-197. 

Spiertz, J.H.J. and Ellen, J. (1978). Effects of nitrogen on 
crop development and grain growth of winter wheat in 
relation to assimilation and utilization of assimilates 
and nutrients. Netherlands journal of Agricultural 
Science, 26: 210-231. 

Spiertz, J.H.J. and Vos, J. (1984). Grain growth of wheat and 
its limitation by carbohydrate and nitrogen supply. 
Wheat Growth and Modelling edited by Day, W. and Atikin, 
R.K. pp: 129-141 

stocker, 0., Leyerer, G. and vieweg, G.H. (1954). Wasserhau
shalt und Assimilation. Kuratorium fur Kulturbauwesen, 
3: 45-77. (Cited by Salter, P.J. and Goode, J.E. 
(1967) . Crop responses to water at different stages of 
growth. Commonwealth Bureau of Horticulture and 
Plantation Crops, East Malling, Maidstone, Kent. 

Storrier, R. R. (1965). The influence ,of ~ater on, wheat 
yield, plant nitrogen uptake, and sOll mlneral ~ltrogen 
concentration. Australian Journal of Experlmental 

293 



Agriculture and Animal Husbandry, 5: 310-316. 

strogonov, B.P. (1964). 
tolerance of plants. 
Co., New York. 

Physiological basis of salt 
Acid Science, USSR, Davey and 

Talha, M. and Osman, F. (1975). Effect of soil water stress 
on w~ter economy and soil composition in sunflower 
(H~llanthus ~nnuus L.). Journal of Agriculture 
SClence, Cambrldge, 84: 49-56. --

Taylor, H.M. and Ter~e~l, E.E. (1982). Rooting pattern and 
plant productlvlty. In "Handbook of Agricultural 
Productivity" (M. Rechcigl, Jr, ed.), Vol. 1, pp. 185-
200. CRC Press, Boca Raton, Florida. 

Tazaki, .T. (1960). Studies on the dehydration resistance of 
hlgher plants. I. Determination of the measures 
related to the dehydration resistance of mulberry 
plants. Botanical Magazine (Tokyo), 73: 148-155. 

Teakle, L.J.H. (1937). Australia (West). Department of 
Agriculture, [2J 14: 115-123 (Cited by Lowell, A.E. 
(1964). Salinity in relation to irrigation. Advances 
in Agronomy, 16: 139-180). 

Teare, I.D., Sionit, N. and Kramer, P.J. (1982). Changes in 
water status during water stress at various stages of 
development in wheat. Physiology of Plants, 55: 296-
300. 

Thomas, T.A. (1977). An automated procedure for the 
determination of soluble carbohydrate in herbage. 
Journal of the Science of Food and Agriculture, 28: 
639-642. 

rhomson, W.W., Berry, W.L. and Liu, L.L. (1969). 
Localization and secretion of salt by the salt gland of 
Tamarix aphylla. Proceedings of the National Academy of 
Science of the united States of America, 63: 310-317. 

rhorne, G.N, Wood, D.W., Stervenson, H.J. (1988). Effect of 
nitrogen supply and drought on early development of 
winter wheat in field in eastern England. Journal of 
Agricultural Science, Cambridge U.K., 110: 109-117. 

rhorne, G.N. (1966). Physiological aspects of 
cereals. In "The growth of cereals and 
Milthorpe and J.D. Ivins, eds.), 
Butterworth, London. 

grain yield in 
grasses" (F.L. 
pp. 88-105. 

~indall, D.R., Yopp, J .H., Schmid, W.E:, and Mi~ler, D.M. 
(1977). Protein and acid amino aCld c?mpostlon of the 
obligate halophite. Apanothece halophytlca (Cyanophyta). 
Journal of Phycology, 13: 127-133. 

and Bl'ngham, F.T. (1973). Salt tolerance of lorres, B. C. 1 ' 1 
I Ef fect of N0 3 and NaC on mlnera Mexican wheat. . 

294 



nutrition, growth and grain production of f h 
S '1 S " our w eats. 01 c1ence Soc1ety of America Proceed1'n 37' 
715. gs, . 711-

Tottman, D.R. and Makepeace, J.R.J. (1979). An explanation 
of the decimal code for the growth stages of cereals 
with illustrations. Annals of Applied Biologv, 93; 
221-234. .L 

Tsuda, M. (1961). Studies on the halophilic characters of 
the stand dune plants and the halophytes in Japan. 
Japanese Journal of Botany, 17: 332-370. 

Turner, N.C. (1966). Ph.D. Thesis, University of Adelaide, 
South Australia. 

Turner, N. C. (1979). Drought resistance and adaptation to 
water deficits in crop plants. In "stress Physiology 
in Plants" (H.W. Mussell and R.C.Staples, eds.). Wiley 
(Interscience), New York. 

Turner, N.C. (1981). Techniques and experimental approaches 
for the measurement of plant water status. Plant and 
Soil, 58: 339-366. 

Turner, N.C. (1986). Adaptation to water deficits: A 
changing perspective. Australian Journal of Plant 
Physiology, 13: 175-190. 

Turner, N.C. and Begg, J.E. (1978). Responses of pasture 
plants to water deficits. In "Plant relations in 
pastures" (J.R. Wilson, ed.), pp. 50-66. CSIRO, 
Melbourne. 

Turner, N.C. and Begg, J.E. (1981). Plant-water relations 
and adaptations to stress. Plant and Soil, 58: 97-
131. 

Turner, N.C. and Burch, G.J. (1983). In "Crop-water 
Relations" (I.D. Teare and M.M. Peet, eds.), pp. 73-126. 
Wiley, New York. 

Jriu, K. (1964). Effect of post harvest, soil mois~ure 
depletion on subsequent yield. Proceed1ngs of Amer1can 
Society of Horticultural Science, 84: 93-97. 

J.S.A. Salinity Laboratory Staff (1954). united States of 
America, Department of Agriculture Handbook, 60: 160 
pp. 

r.S.A. Department of Agriculture, Diagnosis and improv~ment of 
saline and alkali soils. united States of Amer1ca, De
partment of Agriculture Handbook, No. 60. 

'aadia, Y. (1985). The impact of plant ~tress on crop 
yields. In "Cellular and molecular b10log~ of Pl~~: 
stress" (J.L. Key and T. Kosuge, eds.), 1984. pp. 
40. Alan Lin, Inc., New York. 

295 



Vaadia, Y., Raney, F.C. and Hagan R M (1961) d f' 't d ' , ,.. . Plant water 
e lCl s an phYSlologlcal processes A 1 ' 

Plant Physiology, 12: 265-292. . nnua Revlew of 

Van B a v e i ~ Ct· ,H . M ., ( 19 5 3) . A d r aug h t c r i t e rio nan d its 
app lca lon ln evaluating drought incidence and h d 
Agronomy Journal, 45: 167-172. azar . 

Van den Honert, T.H. (1948). Water transport in plants as a 
catenary process. Discussions of the Faraday Society, 

Van 

3 146-153. -

Havren, B.P. and Brown, R.W. (1972). In "Psychrometry in 
water relation research" (R.W. Brown and B.P. Van 
Havr7n, eds.), pp. 01-27. Utah Agriculture Experimental 
Statlon, Logan. (Cited by Begg, J.E. and Turner, N.C. 
(1976) . Crop water deficits. Advances in Agronomy 
28: 161-216. -, 

Veen, B.W. and Kleinendorst, A. (1985). Nitrate accumUlation 
and ~smotic regulation in Italian ryegrass (Lolium 
multlflorum Lam). Journal of Experimental Botany, 36: 
211-218. 

Volkova, A.M. Udovenko, G.V. (1985). Response of various wheat 
species to drought a critical period of vegetative 
growth. Sell, Skokhozyaistvennaye = Biologiya, 11: 86-
92. 

Von hedenstroem, H. and Breckle, S.W. (1974). Obligate halo
phytes: A test with tissue culture methods. zeitschrift 
Fur Pflanzenphysiologie, 74: 183-185. 

Vos, J. (1981). Effects of temperature and nitrogen supply 
on post-floral growth of wheat; measurements and 
simUlations. Agricultural Research Report, 911: 1-164. 
PUDOC, CABO, wageningen, The Netherlands. 

Wadleigh, C.H. and Brown, J.W. (1952). The chemical status 
of bean plants afflicted with bicarbonate-induced 
chlorosis. Botanical Gazette, 113: 373-392. 

Wadleigh, C.H. and Gauch, H.G. (1942). Assimilation in bean 
plants of nitrogen from saline solutions. Proceeding 
American society of Horticulture science, 41: 360-365. 

Wadleigh, C.H., Gauch, H.G. and Kolisch, M. (1951). Mineral 
composition of orchard grass grown on pachappa loam 
salinized with various salts. Soil Science, 72: 275-
282. 

Waisel, Y. (1958). Germination behavior of some halophytes. 
Bulletin of the Research council of Israel, 6D: 187-

189. 

Waisel, Y. (1972). 
New York, N.Y. 

Biology of Hydrophytes. Academic Press, 
(cited by Levitt, 1980, second edition). 

296 



Responses of plants to environmental stresses VII. 

Walter, H. (1950). Einfuhrung in die phytologie. I. Die 
crUndlag~nttdes pflanzenlebens, pp. 72-78, 326-356. E. 
U mer, S u gart. 

Wardlaw, I.F. (1967). The effect of water stress on 
translocation in ~elation to photosynthesis and growth. 
I. E~fect durlng grain development in wheat. 
Australlan Journal of Biological Science, 20: 25-29. 

Warldlaw, I.F. and Porter, H.K (1967). The redistribution of 
stem sugars in wheat during grain development. 
Australian Journal of Biological Science, 20: 309-318. 

watts, W.R. (1974). Leaf extension in Zea maize. 3. Field 
measurments of leaf extension in response to temperature 
and leaf water potential. Journal of Experimental 
Botany, 25: 1085-1096 

Weatherley, P.E. 
the leaf. 
organisms" 
University 

(1965) . The state and movement of water in 
In liThe state and movement of water living 

(G.E. Fogg, ed.), pp. 157-184. Cambridge 
Press, London and New York. 

Weatherley, P.E. (1982). Water uptake and flow in roots. 
Encyclopaedia of Plant Physiology (N.S.), 12B: 79-109. 

Welbank, P.J., French, S.A.W. and witts, K.J. (1966). 
Dependence of yields of wheat varieties on their leaf 
area duration. Annals of Botany, 30: 291-299. 

Wiebe, H.H., Brown, R.W., Daniel, T.W. and Campbell, E. 
(1970). Water potential measurement in tree. Biology 
of Science, 20: 225-226. 

Wilcox, L.V. (1948). united states 
Agriculture Tech. Bull., 962. 
(1964) . Sal ini ty in relation 
in Agronomy, 16: 139-180. 

of America, Department of 
(cited by Lowell, E.A. 

to irrigation. Advances 

W'l L V (1955). united States of America, Department of 
1 cox, .. , d b L 11 E A 

Agriculture Circ':llar 969,' (C,lte, ':( owe, .. 
(1964). Salinity In relat10n to 1rr1gat1on. Advances 
in Agronomy, 16: 139-180). 

Williams, J. H. (1984). Some physiolog~cal reas;ns u:~r 
genotype x drought interactions 1n groun n . 
Aclescoll Resistance ala secheresse en Milieu 
Intertropical, Dakar, 1984, pp. 237-244. 

Wilson, J .R. (1970). Response to salinity in glycine. VI. 
Some e ffects of a range of shoot ter~ sal~ stress on the 

, f xat10n of Glycine 
growth nodulation and n1trogen 1 , Journal of 
wig h t i i ( forme r 1 y j a van i c a) . Au s t r a 11 a n 
Agriculture Research, 21: 571-583. 

Wolf, F.A. (1962). "Aromatic or oriental tobaccos". Duke 

297 



University of Durham, North Carolina. 

Woolhouse, H.W. (1967). The nature of senescen in plants. 
In "Aspects of the biology of ageing" (H.~~ Woolhouse 
ed.), pp. 179-213. Cambridge University press', 
Cambridge. 

Wright, D. and Hughes, L.G. (1987a). Effects of fungicide 
treatments and variety on development, grain growth and 
yield of spring barley. Annals of Applied Biology, 
111: 89-102. 

Wright, D. and Hughes. L L.G. (1987b). Relationships between 
time, temperature, daylength and development in spring 
barley. Journal of Agriculture Science Cambridge, 109: 
365-373. 

Wyn Jones, R.G. (1981). Salt tolerance. In "Physiological 
processes limiting plant productivity" (C.B. Johnson, 
ed.), pp. 271-292. Butterworths, London. 

Yeo, A.R. (1983). Salinity resistance. 
prices. Physiologia Plantarum, 58: 

Physiologies and 
214-222. 

Yousef, A.N. and Sprent, J.I. (1983). Effect of NaCI on 
growth, nitrogen incorporation and chemical composition 
of inoculated and NH4No~ fertilised Vicia faba L. 
plants. Journal of Experlmental Botany, 34: 941-956. 

Yu, S-V., Wang, H.C., Chien, J. and Yin, H.C. (1964). The 
sources of grain material, the mobilization and 
redistribution of material among organs and between 
culms of the wheat plant, and the soil moisture effect. 
Acta Botany, Sin. 12: 88-99 

Zabl uda, G. C. (1939). On the phases of formation of 
generative organs in wheat. C.R. (Dokl.) Acad. Sci., 
U.R.S.S., 23: 376-379. (Cited by Salter, P.J. and Goode, 
J.E. (1967). Crop responses to water at different stages 
of growth. Commonwealth Bureau of Horticulture and 
Plantation Crops, East Malling, Maidstone, Kent. 

Zabluda, G.V. (1940). A method for the comparative study of 
drought resistance in wheat [Russian]. Sov. Bot., No. 
5/6, pp. 154-166 (from Plant Breed. Abstr., 11: No. 
955) . 

Zadoks, J.C., Chang, T.T. and Konzak, C.F. (1974). A decimal 
code for the growth stages of cereals. Weed Research, 
14: 415-421. 

Zar, J.H. (1984). Biostatistical Analysis, 2nddE~~~~o;.pr~~: 
tice-Hall International, INC., Englewoo 1 s, 
Jersey. 

298 



APPENDIX 1 

--. 



APPENDEX 

EQUIPMENT USED 

Aerators: 'Supai Aquatic Suppll'es Ltd, 'Conway' Hawthorne 

Close, Barlborough, Chesterfield, G.B. 

Air Compressor: Comair-Brown Wade, High Wycombe, England. 

Air Supply Unit: IRGA (The Analytical Development Co.) 

Air Supply Generator WG-600:Ltd., Pinder Rd, Hoddeson. 

Automatic Area Meter: Model NAM7, Hayashi Denkoh Co. Ltd., 

Tokyo, Japan. 

Balances: Satorius, west Germany. 

Conductivity Meter: Model P335, Portland Electronics Ltd., 18 

Greenacres Road, Oldham, England. 

Fluorescent Lights in growth room: 125W 

Philips, Einhover, Holland. 

Warm Whi te ' , 

Fridge: Vindon Scientific Ltd., Diggle, Oldham, England. 

Gypsum block for soil moisture: Model 200, Soil Moisture 

Equipment Co., P.O. Box 30. 

Lamps in glasshouse: High pressure Mercury Vapour Lamp, 
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Large Drying Ovens: Unitherm, Drying Oven, Russell-Lindsey. 

Large Mill: Allenest Type SCIS, Brighton, England. 

Nitrogen Analyser: Kjeltec Auto 1030 Analyser, West Germany. 

pH Meter: Ionalyzer - Specific ion meter, Model 407A, Orion 

Research Inc, Cambridge, Mass, USA. 

'Phostrogen': Phostrogen Ltd., Corwen, Clwyed, UK. 

Pipettes: Eppendorf Varipipette (4720) and Multipipette 

(4780), Eppendorf Geratenbau, Netherland, Hirz Bmbh, Postfach 

65, 0670, 2000, Hambrug 65, West Germany. 

Salinity Bridge Measuring Instrument: Cat. No. 5500. Soil 

Moisture Equipment Corporation, P.O. Box 30025. 

Seed Counter: Numigral-Tecator, Box 70, 5-26301, Hoganas, 

Sweden. 

Small Mill: Cyclotec 1093, Sample Mill, Tecator, Sweden. 

Vortex stirrer: Gallenkamp spinmix, England. 
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