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ABSTRACT 

Growth, yield, nitrogen utilization and cation 

compositions of dwarf Mexican wheat (Triticum aestivum L., 

cultivar 'Sonora 64') were evaluated in a two-part greenhouse 

study involving a wide range of salinity and sodicity of 

soils and water in relation to N fertility. Desired salinity 

and sodicity treatments of either soil or water were made 

with a mixture of salts (NaCl, KC1, MgC^-S^O, CaSO^^I^O). 

Plants were sampled at spike emergence and at grain maturity. 

Grain and straw production decreased linearly with 

increasing soil salinity. A 50 percent decrement in grain 

yield was associated with an ECe of 8.5 mmhos/cm. Increas

ing soil ESP or irrigation water SAR was found to increase 

the detrimental effects of salts by decreasing wheat growth 

and subsequent yields. Nitrogen fertilization produced a 

beneficial grain yield response of wheat with low to moder

ate salinity level of soil or water. However, increasing Na 

contents of either soil or water appeared to reduce the 

effectiveness of N fertilization on wheat yield at all levels 

of salinity. 

Total N and NO^ uptake and concentration decreased 

with increasing soil salinity. In contrast, N supply en

hanced plant uptake of N and NO^. A highly significant 

ix 
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positive correlation was obtained between total N and NO^ 

of the leaves at early spike emergence and grain yield. 

Although the amount of protein in the grain was 

significantly depressed with increasing salinity, the 

application of N appeared to increase the concentration of 

protein in the grain. 

Results of the second part of the investigation also 

indicated that wheat plants irrigated with water salinities 

of 4 and 8 mmhos/cm showed the highest grain yield across 

all N treatments. There was no significant difference in 

grain yield between these two salt treatments. The highest 

water salinity (12 mmhos/cm) severely depressed grain and 

straw yields. Grain yield was negatively correlated with 

sodium level of leaves sampled at early spike emergence. 

Water salinity of 4 mmhos/cm interacted signifi

cantly with N fertilization to produce the maximum total N 

percent in the leaves. Total N uptake was seriously reduced 

by high Na concentration of irrigation water. 

Chemical analyses of leaf tissue collected at early 

spike emergence showed that concentration of Na, Ca, and Mg 

increased while K decreased with increasing salinity of 

irrigation water. Increasing SAR to 18.7 significantly 

decreased K, Ca and Mg concentrations but increased Na. 

Nitrogen fertilization resulted in higher concentrations of 

Na, Ca and Mg. Therefore, growth and yield may be limited 



xi 

in saline-sodic soils by ionic imbalances as well as the 

obvious osmotic effects. 



CHAPTER 1 

INTRODUCTION 

Estimates indicate that world population will be 

about 6.3 billion by 2000 A.D. Food production and distri

bution, at the present time, are not sufficient to feed, 

even at the minimum level, the present population of many 

areas of the world. Thus, food production must be increased 

by improved crop yields on existing cultivated land and/or 

cultivation of more marginal land by expansive land recla

mation. Furthermore, current land in cultivation must be 

protected from deterioration by erosion and nutrient 

depletion. In general, the application of known scientific 

principles must be applied in a total system of soil and 

water management. 

The presence of a large amount of soluble salts in 

soils of arid and semi-arid regions is an important factor 

which limits agricultural productivity. The primary source 

of these salts is either the continuous use of poor quality 

irrigation water or evaporation in areas having a high 

saline water table. 

Salts, including exchangeable sodium, induce severe 

injuries to plants. They depress growth and subsequent 

yields of most field crops. 

1 
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Nitrogen on the other hand is an important element 

in determination of crop yield and quality. Salts of cul

ture or soil solutions induce changes in nitrogen utiliza

tion which ultimately affect either nitrogen uptake or 

metabolism of plants. This research was concerned with 

growth, yield, and nitrogen utilization of wheat (Triticum 

aestivum L., cultivar 'Sonora 64') under saline and sodic 

conditions with the following objectives. 

1. To evaluate the effect of mixed salts including 

sodium in the soil solution or irrigation water 

on nitrogen uptake of wheat. 

2. To evaluate the effects of variable nitrogen 

fertilizer levels and mixed salinity and sodium 

on grain and straw yields. 

3. To examine the nitrogen status of wheat as re

flected by NO^ content of leaves under a range of 

salinity and exchangeable sodium regimes. 

4. To determine effects of the level of salinity and 

exchangeable Na on the beneficial response to N 

fertilization. 



CHAPTER 2 

REVIEW OF LITERATURE 

Excessive acctamulation of soluble salts in the root 

medium results in several direct effects on plants. They 

are classified as osmotic, nutritional imbalance, and 

specific toxic ion effects (Bernstein and Hayward 1958). 

The osmotic effect is expressed by a considerable reduction 

in growth and yield of field crops due to a high osmotic 

pressure of the growth medium which impairs the ability of 

plant to absorb water (Gauch and Wadleigh 1944). Nutrition

al effect is caused by a salt induced nutrient deficiency 

rather than by the osmotic pressure of the salt or the 

presence of a toxic ion. For example, an excessive sodium 

concentration may interfere with calcium uptake to the 

extent that the plant experiences a deficiency of Ca. Such 

a phenomenon was described as "Na induced Ca-deficiency" 

(Chang and Dregne 1955). The latter, specific toxic ion 

effect, is a result of an accumulation of a certain element 

to a toxic level, for example, sodium, chloride, and boron 

(Torres 1972). 

The indirect effects of salts on plants are those 

associated with soil properties. Salts, particularly sodium 

3 
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salts, induce adverse physical characteristics reflected 

by deterioration of soil structure and a decrease in air 

permeability and hydraulic conductivity which is enhanced in 

the presence of high exchangeable Na and low salt concentra

tion (McNeal and Coleman 1966, Singh and Jaswal 1973). 

The other effects are the high pH and changes in ion ex

change equilibria as noted by Chang and Dregne (1955). They 

also found increased sodium saturation of a soil increased 

the amount of soluble Na, and decreased the soluble Ca. In 

addition, it increased the dispersion ratio of the soil. 

They concluded that such changes in soil properties, in turn, 

produce characteristic changes in yield and chemical composi

tion of plants. 

Salinity Effect on Nutrient Uptake 

Absorption of a given ion from the nutrient media 

is controlled primarily by the growth and normal functioning 

of the plant system, concentration of that ion, and concen

tration and presence of other ions (Khalil, Amer and 

Elgabaly 1967). In fact, the presence of a certain ion may 

inhibit or stimulate uptake of other ions by plants (Epstein 

1962). Wadleigh and Ayers (1945) observed a decrease in 

calcium, potassium, and nitrogen content of bean plants as 

the salt levels of the growth medium increased, whereas, 

the level of sodium, chloride, and sulfate increased. Sub

sequent studies (Hozafar, Goodin and Oertli 1970; Hussan 



et al. 1970; Kanwar and Kanwar 1971; Shimose 1972) also 

indicated that the absorption of calcium, phosphorus, and 

potassium of certain plants was reduced when salinity level 

increased. However, the uptake of sodium, chloride and 

sulfate increased. Lai and Singh (1973) demonstrated in a 

field experiment the effect of different qualities of irri

gation water and fertilizer upon nutrient uptake by wheat. 

They found an increase in the electrical conductivity (EC) 

and the sodium adsorption ratio (SAR) of waters decreased 

significantly the uptake of N, P, K and Ca. 

There are numerous reports of negative relationship 

between salinity and the uptake of NO^-N, Mg and K, but on 

the other hand, a positive correlation between salinity and 

uptake of P, CI and Na has been shown (Patel 1972, Hira and 

Singh 1973). Torres (1972) studied the effects of NaCl 

substrate of sand culture on mineral composition of Mexican 

wheat. He indicated that chemical analysis of leaf tissue 

showed increased uptake and accumulation of Na, CI, Ca and 

P, while NOg, K, total N and Mg declined with salinization. 

Little information is available concerning the in

fluence of salinity on the micronutrient compositions of 

plants. Maas, Ogata and Caber (1972) found that salinity 

increased the concentration of iron and zinc in tomato 

(Lycopersicon esculentum L.), squash (Cucurbita pepo L.) 

and soybean (Glycine max L.) while manganese concentration 



6 

increased in tomato and soybean tops, but decreased in 

squash plants. 

Controversial results have been reported with re

gard to the effects of excess salts in soil or nutrition 

solution on nitrogen uptake of plants. Many investigators 

have shown a decrease in nitrogen content in plants with 

high concentrations of salts in the root medium (Kretschmer, 

Toth and Bear 1953; Lunin and Gallatin 1965; Palfi 1965; 

Uprety 1971; Udovenko, Sinelinikova and Khazova 1971). 

Excessive absorption of chloride by a Mexican wheat was 

found to cause a significant decline in NO^-N content of 

leaves, suggesting the possibility of Cl"-substrate induced 

NO2 deficiency (Torres 1972). Frota (1972) observed an 

inhibition of both NH^ and NOg absorption of red kidney 

beans (Phaseolus vulgaris L.) when plants were subjected to 

salt and water stress. However, other researchers (Khalil 

et al. 1967, Langdale and Thomas 1971) found soil salinity 

did not inhibit the absorption of nitrogen by plants but 

rather it reduced K and P uptake. Gauch and Eaton (1942) 

observed either little or negligible effect of sodium salt 

substrate on total nitrogen concentration in barley (Hordeum 

vulgare L.). In contrast, N contents in plants were reported 

to be increased under saline conditions (Bernstein and 

Pearson 1956; Bhardwaj and Rao 1962; Lunin, Gallatin and 

Batchelder 1964). This is possibly because salinity affected 

plant growth more than nitrogen uptake. 
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Salinity Effect on Nitrogen Metabolism 

Although the effects of salinity on plant metabolism, 

particularly nitrogen metabolism, have been investigated 

(Chatterton, Goodin and Duncan 1971; Rauser and Hanson 1966; 

Porath and Poljakoff-Mayber 1968), it is still unclear how 

the water"stress induced by either salt or a water deficit 

affects the various aspects of nitrogen metabolism (Kramer 

1969). 

Several investigators suggested that soil salinity 

reduced plant growth by inhibiting nitrogen metabolism 

(Barnett and Naylor 1966, Moore 1965). Salt stress inhibits 

N metabolism by affecting the activities of several plant 

enzymes (Bhardwaj 1964, Mattas and Pauli 1965, Huffaker 1970, 

Plant 1974). Another effect of salts on N metabolism is the 

retardation of protein synthesis. Ben-Zioni, Hali and Vaadia 

(1967) reported that water stress induced by soil salinity 

affected protein synthesis in tobacco (Nicotiana tabacum L.) 

leaves. Kahane and Poljakoff-Mayber (1968) also studied the 

effect of salinity substrate on protein synthesis in pea 

(Pisum sativum L.) roots. They found that salinity inhibited 

incorporation of amino acids and reduced the protein level 

of plants. Salt inhibition of protein synthesis was also 

observed by Petrie and Wood (1938), Gates (1966), and 

Langdale and Thomas (1971). Frota (1972) noticed in his 

growth chamber experiment using red kidney beans an 
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accumulation of free amino acids in the presence of nitrate 

and ammonium accumulation in bean shoots grown under salt 

treatments. These data suggest that protein synthesis was 

somehow impaired under salt treatment. The accumulation of 

intermediaries (amino acids, amides, and ammonium) induced 

by salts may cause toxicity at high concentrations 

(Chatterton et al. 1971). Therefore, it would seem neces

sary to study and clarify the effects of salts substrate on 

N metabolism. 

Salinity Effects on Dry-Matter and Grain Yield 

Plant growth as mentioned early is reduced by ex

cess salts with subsequent decrease in crop production. 

Eaton (1942) rported a 50 percent decrement in grain yield 

of Ramona wheat associated with salinity of 100 meq NaCl/ 

liter. But, he found barley somewhat more tolerant than 

Ramona wheat. Recently, Rauf (1970) examined the salt 

tolerance of two wheat varieties. He found that yields of 

grain and straw decreased dramatically when salinity in

creased from 4.0 to 15 mmhos/cm. Hira and Singh (1973) 

working with wheat observed similar results. 

Aceves-N., Stolzy and Methuys (1975) evaluated the 

effects of two salts, NaCl and CaC^, on growth and grain 

yield of ' Inia 66' wheat. They obtained 50 percent grain 

yield decrement at -7.3 bars with NaCl. However, they found 

the same osmotic pressure produced with CaC^ caused a 75 
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percent decrease in grain yield. They reasoned that the 

presence of excess calcium in plant tissues stimulated 

accumulation of chloride more than did sodium. Alterna

tively, Ca could have severely reduced phosphate solubility 

and availability to the plant. Jadav (1969) working with 

'Sonora 64' wheat under solution culture conditions also 

observed 50 percent grain decrement associated with a sub

strate osmotic pressure of about 4 atm. These results are 

in contrast with work reported by other investigators. For 

example, the United States Salinity Laboratory Staff (1954) 

showed a value of 9.0 mmhos/cm of the soil saturation ex

tract as a limit of salt tolerance of wheat where only 50 

percent of optimum yield could be obtained. It has been 

suggested from the data of others that grain yield is satis

factory at ECe of 9.0 mmhos/cm (Barakat, Fakhry and Khalil 

1970). On the other hand, Ballantyne (1962) found ECe of 

6.5 tnmhos/cm is a critical value for wheat under Canadian 

conditions. Therefore, it appears from previous results 

that variations in soil and varieties of wheat, in addition 

to climate factors, are perhaps responsible for these 

apparent differences for wheat salt tolerance. 

Evaluation of the effects of excess exchangeable 

sodium in soil on crop yield showed that yields of wheat and 

barley were reduced as sodium accumulation increased in 

plant tissues with increased exchangeable sodium percentage 
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of the soil. Later studies (Longenecker 1973, 1974) showed 

that high sodium in irrigation water seriously reduced yield 

of two cotton (Gossypium hirsutum L. and barbadense L.) 

species. Tomato yields were reduced by ten percent for 

every 1.5 mmhos/cm increase in the electrical conductivity 

of the soil saturation extract above 2.0 mmhos/cm (Shalhevet 

and Yaron 1973). They emphasized that the reduction in 

yield was directly related to water uptake inhibition as a 

result of increasing soil salinity. 

Salinity-fertility Interaction 

Although factors involved in the salinity-fertility 

interaction are not well understood, many reports indicate 

that growth and yield of most crops under saline conditions 

can be increased by supplying ample amounts of fertilizers. 

However, this is only at some given salinity limit, beyond 

which application of fertilizers will be uneconomical (Dregne 

and Mojallali 1968, Ravikovitch and Porath 1967, Langdale 

and Thomas 1971, Paliwal and Maliwal 1971, Lai and Singh 

1973). Luken (1962) observed that yields of wheat grown on 

a saline soil under dry land conditions were increased by 

heavy application of N fertilizers. At high salinity levels, 

P fertilization had only a negligible effect on yield. 

Bernstein, Francois and Clark (1974) studied in a sand cul

ture the interaction of salinity and nutrition for corn 

(Zea mays L.), wheat, barley and six vegetable crops. They 
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found that yield of the crops studied increased with N and 

P fertilization when salinity was not the dominant limiting 

factor. But, when salinity severely limited crop growth, 

fertilizers were relatively ineffective in increasing yield. 

Yields of corn and cotton under saline conditions were also 

increased with application of nitrogen fertilizer, while P 

fertilizer was less effective for both crops (Khalil 

et al. 1967). 

Patel (1972) tested in glasshouse experiments the 

effects of fertilization on growth, yield and chemical 

composition of five crops in a wide range of mixed salinity. 

He found even though salinity reduced yields, beneficial 

response with P fertilization was noted at a moderate level 

of salinity. Similar findings for beans were reported by 

Lunin and Gallatin (1965). 

On the other hand, fertilization (NP) not only in

creased yields of grain crops in a saline environment, but 

growth of millet (Pennisetum typhoideum L.), clover 

(Trifolium pratense L.), and bermudagrass (Cyanodon 

dactylon L.) were noticeably increased with fertilization 

(Moore 1965, Ravikovitch and Yoles 1971). 

Effect of fertilization on growth and yields of 

crops under sodic conditions was examined by Abrol (1968). 

He found an increase in the dry matter production and nitro

gen content of wheat plants which were subjected to a sodic 
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environment, with a medium level of P fertilization and 

high level of nitrogen fertilizer. Recently, Nitant and 

Dargan (1974) noted a significant increase in grain and 

straw yields of wheat grown on saline-sodic soil with an 

increase in nitrogen fertilizer rate up to 180 kgN/ha. They 

also reported that ammonium sulfate was a better source of 

nitrogen than calcium ammonium nitrate of urea under these 

conditions. This was attributed to a reduction in pH of 

the saline-sodic soil by ammonium sulfate. In summary, it 

appears that the problem of plant growth under saline and 

sodic conditions may be minimized by the application of ample 

amount of fertilizers. 



CHAPTER 3 

MATERIAL AND METHODS 

Environmental Conditions 

This study, which consisted of two experiments, was 

conducted in a temperature controlled greenhouse at the 

University of Arizona Campbell Avenue farm. Average daily 

high temperatures were 32 C and about 20 C at night. 

Treatment Selections 

Saline and sodic water treatments were established 

with a mixture of salts (NaCl, KC1, MgC^'S^O, and CaSO^-

2H2O). These salts were used to create a representative 

distribution of cations and anions which would exist in a 

soil system under saline and sodic conditions. In addition, 

the type of information which is obtained from a multi-

salts system may be helpful in diagnosis and management of 

saline and sodic soils. Details of the amounts, composi

tions and electrical conductivities of treatment waters are 

presented in Table 1. Nitrogen as a fertilizer was added in 

the form of NH^NOg. 

13 



14 

Table 1. Composition of saline and sodic treatment waters. 

Treatment Solution Composition 
Number EC SAR NaCl KC1 MgCl2-5H20 CaS04-2H20 

mmhos/cm meq/liter 

1 2 8.5 13 2 2.5 2.5 

2 4 8.5 20 6 7.0 7.0 

3 8 8.5 35 5 20. 20. 

4 12 8.5 50 3 33.5 33.5 

5 2 17.8 17 1 1 1 

6 4 17.8 31 2 3.5 3.5 

7 12 17.8 78 2 20 20 
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Experiment 1 

Soil columns 10 cm in diameter and 50 cm in length 

provided with a drainage outlet were used in this investiga

tion. Columns were filled to within l5 cm of the top with 

5 kg of air dried soil after it was sieved to pass through 

2 mm mesh. Chemical and physical properties of the soil 

employed are shown in Table 2. 

The desired levels of soil salinity and sodicity 

were brought about by continuous leaching of soil columns 

with the specified treatment waters. Each column received 

approximately three liters of treatment solution in 250 ml 

increments daily for a period'of two weeks. Soil equilibra

tion was considered complete when the electrical conductivity 

of the leachate was equal to that of the leaching water. 

Soil columns were then covered for a period of two weeks 

without further drainage or evaporation, with moisture at 

approximately field capacity. 

Eight levels of saline and sodic treatments and two 

levels of nitrogen fertilizer with three replications were 

combined in an incomplete factorial set of treatments. 

Saline and sodic treatments consisted of EC values of the 

soil solutions approximately equal to EC of saturation 

extract, namely 2, 4, 8, and 12 mmhos/cm, each with a 10 ESP 

value and 2, 4, and 12 mmhos/cm, each with a 20 ESP value. 



Table 2. Physical and chemical characteristics of the Pima 
loam soil employed in this study. 

Soil Parameter Values 

Clay ( % )  16.3 

Silt ( % )  48.1 

Sand (%) 35.6 

Saturation (%) 32.2 

Moisture (%) 

1/3 bar 26.3 

15 bar 10.9 

pH of saturated paste 7.4 

EC of saturation extract (mmhos/cm) 1.4 

CEC (meq/100 g soil) 19.8 
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The nitrogen fertilizer treatment levels were 25 and 75 

mgN/kg of soil. 

Mexican dwarf wheat (Triticum aestivum L., cultivar 

'Sonora 64') was used in this study. This cultivar charac

teristically takes approximately 70 and 120 days for spike 

emergence and physiological maturity, respectively (Torres 

and Bingham 1973). Seeds were planted on 15 November 1975 

in each soil column at a rate of ten seeds per column. Poor 

germination at the high salinity and sodicity levels limited 

population to three seedlings which were maintained in each 

column throughout the growing season. An adequate amount of 

phosphorus fertilizer as CaC^PO^^ *H2° at a rat® 25 mgP/kg 

was added with the treatment of nitrogen fertilizer at 

seeding time. All columns were irrigated with distilled 

water in amounts approximately equal to the evapotranspira

tion requirements which ranged from 42 to 55 cm during the 

growth period. More water was used under low salinity as a 

result of greater growth and a correspondingly higher 

transpiration rate. 

Approximately two months later (12 January 1975) at 

early spike emergence stage, one plant was removed from 

each column for chemical analyses. However, samples from 

12 mmhos/cm with 10 ESP and 12 mmhos/cm with 20 ESP were 

removed 30 days later because of delayed spike development 

due to later germination. These seedlings were separated 
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into leaf- and stem-tissue for total nitrogen and nitrate 

nitrogen analysis of leaves. The remaining two plants in 

each column were grown until grain maturity and were har

vested 120 days after germination. Plants were then 

separated into grain and straw components and their weights 

were recorded. 

Plant samples were oven dried at 65 C for 72 hours, 

then ground to pass a 20-mesh screen and stored in small 

plastic bottles prior to chemical analysis. 

Soil from each column was sampled at 10 cm incre

ments to 40 cm. Samples were then analyzed for EC, nitrate-N, 

and soluble cations of sodium and potassium of the satura

tion extract. 

Experiment 2 

In this study, treatments including six qualities of 

irrigation water and three levels of nitrogen fertilizer with 

two replications were combined in an incomplete factorial 

experiment. These different qualities of water were made 

artificially as described in Table 1. Oualities of irriga

tion water were control (tap water EC 0.4 mmhos/cm) and 

treatments of 4 mmhos/cm with 8.5 SAR, 4 mmhos/cm with 

17.8 SAR, 8 mmhos/cm with 8.5 SAR, 12 mmhos/cm with 8.5 SAR, 

and 12 mmhos/cm with 17.8 SAR. Levels of nitrogen fertilizer 

were 0, 25 and 75 mgN/kg soil. 
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Wheat seeds were planted into 15 cm diameter pots, 

each containing 5 kg of Pima loam (described previously), 

at a rate of ten seeds per pot. After the plants had 

emerged, they were thinned to six plants per pot. Satis

factory plant stands were established initially using tap 

water, after which the required moisture was supplied using 

the different qualities of irrigation water throughout the 

growing season. An approximate volume of 42 cm of water 

was applied to each pot. 

In the course of the experiment, three plant seed

lings were removed at the time of early spike emergence from 

each pot for chemical analysis. These seedlings were 

separated into leaf and stem tissues. Leaf samples were 

analyzed for total nitrogen and cations of K, Na, Ca and Mg. 

The remaining three plants were maintained under treatments 

until grain maturity when they were harvested and separated 

into grain and straw and the weights of each were recorded. 

Plant samples were dried at 70 C, weighed and then ground 

for chemical analysis. 

At the end of the growing season, the soil was 

removed, separated into 10 cm sections, and chemically , 

analyzed for electrical conductivity and soluble cations of 

Na and K of the soil saturation extract. 
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Chemical Analyses 

Plant Analyses 

Total Nitrogen. The total N in the leaf and stem 

tissues of plants removed at early spike emergence stage and 

grain at harvest was determined by a semi micro-Kjeldahl 

procedure (Bremer 1965). Samples of 100 mg of plant material 

were digested for about five hours using 4 ml of concen

trated sulfuric acid and 1.5 g of the catalyst mixture 

(^SO^, CuSO^ and Fe) of the ratio 100:10:1, until a 

yellowish-green color appeared. After the flask was cooled, 

about 10 ml of deionized water was added to dilute the I^SO^. 

Then, the distillation flask was connected to the steam 

distillation apparatus and 20 ml of 50 percent NaOH added. 

The ammonia liberated was collected in 5 ml boric acid indi

cator solution. After 35 ml of distillate had been collected 

in the flask, the amount of ammonium-nitrogen was determined 

by titrating the boric acid solution with 0.01 N KHCIO^^-

Nitrate-N. Nitrate-N was determined after the 35 ml 

of distillate had been collected in the 5 ml boric acid-

indicator solution as described previously. Devarda's alloy 

was added to the distillation flask which then was attached 

directly to the steam distillation apparatus. The ammonia 

liberated was collected in a new 5 ml boric acid-indicator 
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solution. The amount of NO^-N was determined by titrating 

with 0.01 N KH(I03)2. 

Cations of Na, K, Ca and Mg of Leaf Samples. Cations 

of Na, K, Ca and Mg of leaf samples were determined accord

ing to United States Salinity Laboratory Staff (1954). Leaf 

materials of 0.2 g sample were oxidized with 15 ml mixture 

of nitric acid-I^O-perchloric acid (1:1:1 ratio) after 

overnight treatment with only 5 ml of nitric acid. The 

mixture was heated until a volume of 2 ml reamined. Then, 

the final volume was brought to 100 ml with deionized water. 

Determination of K and Na was by flame emission spectro

photometry and Ca and Mg were measured by atomic absorption 

spectrophotometry. 

Soil Analyses 

Nitrate-N. Nitrate nitrogen of soil samples was 

analyzed according to Black (1965) using a micro-Kjeldahl 

method. Soil samples of 40 g were extracted by shaking in 

100 ml of 2 N KC1 for one hour. Then, the soil suspension 

was filtered through a Buchner Funnel. An aliquot of 25 ml 

was transferred to a micro-Kjeldahl distillation flask, and 

magnesium oxide was added before steam distillation into 

5 ml boric acid-indicator solution. After 35 ml of distil

late had been collected in the flask, Devarda's alloy was 

added to reduce nitrate to ammonium. Following distillation 



and collection of ammonia in a new 5 ml of boric acid-

indicator solution the amount of nitrate was calculated 

after titrating with 0.01 N KH(I0g)2. 

Electrical Conductivity (EC) and Cations Na and K. 

Electrical conductivity of soil saturation extract was 

measured by electrical conductivity bridge as described in 

United States Salinity Laboratory Staff (1954). Determina

tion of Na and K was by flame emission spectrophotometer. 

Statistical Analysis 

All data were subjected to analyses of variance and 

linear and quadratic regression. Correlation coefficients 

were obtained from the data and significant differences 

tested by Duncan's Multiple Range test. Also, the relation

ships between grain yield and soil salinity, ESP, and N 

fertilizer were evaluated by multiple regression analysis. 



CHAPTER 4 

RESULTS AND DISCUSSION 

Experiment 1 

Influence of Salts, ESP, and N 
on Grain and Straw Yields 

Grain and straw yields in relation to soil salinity, 

exchangeable sodium percent (ESP), and nitrogen (N) ferti

lizer levels are presented in Figures 1 and 2. The mean 

values used to plot these figures are given in Table A-l 

(Appendix A). Linear and quadratic regression analyses were 

performed on these data and the regression coefficient (b), 

intercept (a), coefficient of determination (R ), and cor

relation coefficient (r) between grain and straw yields and 

salinity are shown in Table A-2 (Appendix A). A significant 

linear reduction in the production of grain and straw with 

increasing salinity is shown. Increasing salinity level of 

the soil to 12 mmhos/cm reduced grain yield by 88 percent, 

while the same level of salt caused about 83 percefit de

pression in straw yield. A decrease in grain and straw 

yields of wheat with an increase in salts was observed 

(Rauf 1970, Hira and Singh 1973). Yield depression with 

salinity increase may be attributed mainly to the high 
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Figure 1. Influence of initial soil salinity, exchangeable 
sodium percent (ESP), and nitrogen on grain 
yield of wheat. 
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osmotic pressure of the soil solution as a result of high 

salt concentration, which in turn reduced the availability 

of water for plant uptake. Salts could also affect root 

permeability of plants, resulting in less water uptake 

(Frota 1972). 

In this study, 50 percent decrement in grain yield 

was associated with electrical conductivity of saturation 

extract (ECe> of 8.5 mmhos/cm (Figure 1). However, the same 

ECe produced more than 50 percent decrement in straw yield. 

This value of ECg associated with 50 percent decrease in 

grain yield is comparable to that reported by United States 

Salinity Laboratory Staff (1954), where the ECe associated 

with 50 percent decrement was about 9.0 mmhos/cm. Jadav 

(1969) obtained a 50 percent depression in yield of wheat 

in a solution culture environment at 4.0 atm osmotic pressure. 

A 50 percent decrement in grain yield at osmotic pressure of 

-3.0 and -6.0 atm produced in the substrate by NaCl salt for 

short-season and long-season varieties of wheat, respective

ly, has been reported (Torres, Bingham and Oertli 1974). 

These variations in values of salinity level at which 50 

percent decrement occur might be a result of different 

experimental conditions, soil types, and wheat varieties as 

well as kind and composition of salt used to produce salt 

stress. 
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Yields of wheat are not only reduced as a result of 

the high osmotic pressure due to salts, but also by the 

nutritional imbalance and/or the toxic effect of a specific 

ion. These hypotheses might be understood by examining the 

effect of excess sodium (Na+) in soil solution on production 

of grain and straw. Results show that increase in ESP from 

10 to 20 reduced significantly both grain and straw yields 

(Figures 1 and 2). In fact, the ESP of 20 caused about 29 

percent and 36 percent reduction in grain and straw produc

tion, respectively. The effect of both salt and ESP on 

grain yield of Sonora 64 wheat is expressed quantitatively 

by equations derived from the multiple regression analysis 

(Table 3). It is clear from these equations that grain 

yield determination is mainly controlled by the levels of 

+ + salts and excess Na , suggesting presence of excess Na is 

additive to salt effects in limiting growth and yield of 

crops. The adverse effect of Na+ on yield could be ex

plained in terms of nutritional imbalance theory. That is, 

presence of high Na+ concentration in soil solution, subse

quently in plant material might reduce the uptake and 
I I 

accumulation of calcium (Ca ), causing nutrients disturbance 

and deficiencies. Thus, plant growth and yield are adversely 

affected. Also, the high Na+ concentration in soil solution 

could adversely affect growth and yield of wheat as a re

sult of poor physical properties of the soil (Pearson and 

Bernstein 1958). 



Table 3. Prediction equations for grain yield of wheat in 
relation to soil salinity (A),* ESP (B), leaf 
total N (NQ) and NO^ (N^) percents. 

Plant 
Response Unit R** Multiple Regression 

Equation 

Grain g/2 plant 0.93 Y = 1.379-0.0976A 

Grain g/2 plant 0.96 Y = 1.649-0.0957A-0.0204B 

Grain g/2 plant 0.91 Y = -3.967 + 2.8374-Nq -

0.3794Nq2 

Grain g/2 plant 0.95 Y = -6.517 + 4.686NQ -

0. 817Nq2 + 6.841*1^ 

* A is expressed in mmhos/cm. 

Y = grain yield. 

** Significant at the 0.01 level. 
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These results suggest the nutritional imbalance, 
| | .J. 

especially with regard to Ca and Na may play an important 

role in limiting growth of plants in sodic and saline-sodic 

soils in addition to osmotic effect. A negative response of 

yields to high ESP has also been reported by Lai and 

Singh (1973). 

Application of N fertilizer significantly increased 

the grain yield of wheat up to the medium salt treatment 

(ECg 8.0 mmhos/cm). But, the N fertility effect was negli

gible at the high salt level (Figure 1). For example, in

crease in N fertilizer from 25 to 75 mg/kg soil resulted in 

9 percent increase in grain yield over all salt levels. 

These findings are in agreement with those reported by 

Torres et al. (1974). Several other investigators found a 

positive yield response to fertilization of crops grown under 

moderate salt conditions (Luken 1962, Bernstein et al. 1974). 

Nitant and Dargan (1974) also noticed, a significant increase 

in grain and straw yields of wheat grown on saline-sodic 

soil with increasing N fertilizer up to 180 kgN/ha. Al

though it is still not clear how N increased grain yield, it 

seems most likely the N application increased the avail

ability of nitrogen for plant uptake in the presence of a 

high concentration of chloride in the soil solution. 

Another hypothesis is that N fertilizer might have increased 

the metabolic activity of plants grown under moderate salt 
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level, while with the high salts, high osmotic pressure as 

well as excess ions could have affected every aspect of 

cell metabolism. Therefore, the extent of response to 

fertilization seems to depend upon the crop, fertilizer 

nature, salinity level and soil type. Another point that 

must be kept in mind is whether fertility was high or low, 

increasing salinity decreased grain yield (Figure 1). Both 

salt concentration and low fertility were important limit

ing factors up to a moderate salt level, beyond which salt 

concentration was the major limiting factor. 

Results in Figure 2, however, indicate that increase 

in N supply had no statistical effect on straw yield, sug

gesting that N application might enhance reproductive part 

more than vegetative part of wheat. An interaction among 

the factors salt, ESP and N on yields of grain and straw 

was not detected except for a significant interaction of 

salt and ESP on straw yield. 

One of the interesting and useful observations in 

this study is the relation between the weight of the plant 

at early spike emergence and grain yield under a range of 

soil salinity levels. Grain yield was highly correlated with 

the plant size (r = 0.75**). This would mean, the bigger 

the plant at this stage, the higher the grain yield. Shah 

(1966) concluded from his field experiment in Pakistan that 

the vigor of growth was an index of yield potential under 
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salinity and drought stress. Therefore, such observation 

would, at least, support the idea of applying a higher dose 

of fertilizer to plants grown at a moderate salt level at 

seeding time in order to increase their resistance to salts. 

Total N and NO3 Levels of Leaf Collected at 
Early Spike Emergence as Affected by Salt, 
ESP and N 

Mean values of total N and NO^ (percent of dry 

matter) of leaves with respect to soil salinity, ESP, and N 

levels are presented in Table A-l (Appendix A). Total N and 

NO^ concentrations were significantly reduced by salinity 

(Figures 3 and 4). The maximum percent of total N, 3.75, 

was produced with the high N level of non-saline treatment, 

while in contrast, the minimum percent, 2.01, was found in 

plants grown in treatments of high salinity and sodicity 

and low N level. Increasing salinity of the soil to 12 

mmhos/cm caused about 44 percent and 75 percent decrease in 

total N and NO^ levels, respectively, suggesting more inhibi

tion of NOg uptake than total N uptake by salts. The in

hibition of total N absorption and in particular NO^ 

absorption in plants subjected to salt stress may be 

attributed to the high concentration of chloride in leaf 

tissue as a result of its high concentration in soil solu

tion, suggesting a possible anagonistic relationship between 

chloride and NO^ uptake. In other words, excessive CI could 

restrict N uptake, resulting in N deficiency. Jadav (1969) 
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reported that concentration and uptake of total nitrogen for 

Sonora 64 wheat was reduced at medium and high salinity 

levels. Torres (1972) likewise noticed uptake of NO^ was 

depressed severely by CI concentration of the nutrient solu

tion. He showed that the presence of -6 to -8 atm NaCl salt 

reduced uptake and accumulation of NO^ by 200 to 300 percent 

in Mexican wheat, respectively. A significant decrease in 

N absorption due to salt has also been reported by other 

workers (Palfi 1965, Lunin and Gallatin 1965, Frota 1972, 

Lai and Singh 1973). However, some other studies showed that 

salinity had no effect on nitrogen level of plants (Khalil 

et al. 1967, Langdale and Thomas 1971), but their work was 

based on nitrogen concentration rather than total uptake. 

In contrast, Strogonvy and Oknina (1961) explained the in

crease in N level of plants grown under a saline environment 

by the possibility that non-protein-N may tend to accumulate 

in various organs of a plant under saline conditions result

ing in an increase in the tissue. 

Additional support for a negative relationship be

tween chloride and NO^ absorption is gained by examining the 

correlation between NOg percent of leaf collected at early 

spike emergence and grain yield (r = 0.79**). The predic

tion equations from regression analyses of leaf total N and 

NO^ percents and grain yield data are given in Table 3. 
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Increasing ESP from 10 to 20 had no significant 

effect on either total N or NO^ concentration of leaves. 

However, a significant interactive effect of salt, ESP and 

N on total N percent was detected. Palfi (1965) observed 

an inhibition of ammonium uptake by rice as a result of 

absorption of a large amount of Na+. 

In spite of the inhibition in total N and NO^ per-

cents of leaves with an increase in soil salinity, applica

tion of N increased significantly N and NO^ levels of leaves 

collected at early spike emergence (Figures 3 and 4). For 

example, increasing N from 25 to 75 mg/kg soil resulted in 

about four and six percent increase in total N and NO^, 

respectively. These values are small but they are statisti

cally significant (see Table A-2 in Appendix A). These find

ings are in agreement to those reported by Eilrich (1968). 

The significant association between the total N percent of 

leaf at early spike emergence and grain yield (r = 0.88**) 

might explain the logic behind applying more N fertilizer to 

plants subjected to moderate salt levels. Because addition 

of N to these plants would result in more N uptake, subse

quently more N would accumulate in the leaf and higher 

grain yields would result. 

Because leaf NO^ may be used to determine the plants 

nitrogen status, the NOg status of the leaves at early 

spike emergence in plants subjected to salt stress was 
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examined in this study. It is necessary here to point out 

that a value of 0.20 percent NO^ was reported to be adequate 

N for the dwarf wheat grown in northern Mexico (Torres et al. 

1974). Therefore, most wheat plants under salt treatments 

in this study showed a deficiency status of N. However,' 

using such diagnostic criteria for leaf analysis to serve as 

guides for refinement of N fertilizer management needs 

further investigation for a particular species since there 

is no universal agreement about what plant organs precisely 

reflect nutrients status. 

Protein Level (%) of Grain as Influenced 
by Salts, ESP and N Fertilizer 

Mean values of protein level (total N percent x 5.7) 

of grain in relation to soil salinity, ESP and N levels are 

shown in Table A-l (Appendix A). In general, increasing 

soil salinity significantly decreased protein level in the 

grain. In fact, the high salinity level of 12 mmhos/cm 

caused a 44 percent decrease in grain yield of non-saline 

treatments. The decrease in protein level with increasing 

soil salinity suggests an inhibition of protein synthesis 

due to salts. Kahane and Poljakoff-Mayber (1968) observed 

a decrease in protein content of pea plants with increasing 

salinity as a result of inhibition in the incorporation of 

amino acids into protein. Data from Figure 5 show that 

initial soil salinity of 2 and 4 mmhos/cm produced little or 
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no significant effect on protein level. The increase in 

protein concentration in the grain at 4 mmhos/cm and 75 

mgN/kg soil treatment might be a result of an interaction 

effect between mild salinity and higher N fertilization. 

This interaction was statistically significant. Langdale 

and Thomas (1971) reported that soil salinities of 5.3 and 

6.6 mmhos/cm resulted in the most protein N of the coastal 

bermudagrass in the presence of N fertilizer. 

Although it was not possible to investigate the real 

mechanism of salt effects on protein content, it is suggested 

from the results that reduction in protein content was due 

mainly to the disruption of the plant physiological process. 

For example, inhibition of the process of incorporating 

inorganic N into amino acid and subsequently to protein in 

addition to salt depression of N absorption. Frota (1972) 

found a lower content of protein in red kidney bean plants 

subjected to NaCl substrate treatment, suggesting that 

excess Na+ and/or CI ions inhibited protein synthesis. Like

wise, Plant (1974) reported that protein synthesis was 

affected as a result of salt effect on the activity of 

nitrate reductase enzyme. 

Increase in ESP from 10 to 20 had no significant 

effect on protein level, however, an interaction effect 

of salt and excess Na was observed. The surprising trend 

in these results is that excess Na* slightly increased pro

tein content which could be due to random variation. 
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Application of higher amount of N (75 mg/kg soil) 

appeared to increase protein content (%) significantly. 

It brought about a 16 percent increase compared to 25 mgN/kg 

soil treatment (6.93 up to 8.04 percent), indicating that 

one of the reasons responsible in part for a reduction in 

protein concentration was the inhibition in N uptake. The 

result also indicated a significant interaction effect of 

salt, ESP, and N on grain protein level. 

To show the pattern at which total N was taken up by 

different plant parts in relation to salinity at maturity 

stage, the data are expressed in terms of milligrams of 

total N per plant. Figure 6 indicates that N uptake was 

negatively related to salinity. In addition, salinity may 

have decreased protein-N as a result of blocked metabolic 

path for protein synthesis. 

Soil Analyses 

Results of analysis of the soil samples taken at 

different depths from columns at the end of the growing 

season is presented in Table 4. They indicate that salinity 

of leaching solutions significantly affected soil parameters 

such as ECe, concentrations of Na, K and Ca plus Mg, and 

ESP. There was also a variation in these characteristics 

with depth in the soil columns. In general, the salt con

centration in the soil extract increased with, increasing 

salt concentration of the leaching solution. However, at 
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Table 4. Means for chemical analyses of soil profiles at the end of the growing 
season. 

Electrical conductivity Depth Electrical conductivity Soluble Soluble Soluble 
of the leaching Depth of soil saturation ex Na K Ca + Mg SAR ESP N0.-N 
solution 

Depth 
tract 

mnhos/cm cm mmhos/cm -meq/liter ppm 

Control (Distilled 0-10 0.74 1.53 0.58 5.32 0.93 0.18 24.11 
Water) 10-20 0.85 2.05 0.71 5.74 1.22 0.53 24.87 Water) 

20-30 1.64 3.31 0.88 12.22 1.34 0.71 35.63 
30-40 3.00 4.80 1.48 23.71 1.40 0.80 64.94 

2 0-10 2.91 17.72 1.36 9.95 8.73 10.19 60.18 
10-20 2.43 12.94 0.97 10.37 5.71 6.668 40.59 
20-30 2.76 11.76 1.03 14.85 4.40 4.958 32.38 
30-40 2.95 8.52 1.25 19.75 3.16 3.218 36.09 

4 0-10 5.91 31.49 2.44 25.09 9.90 11.59 76.85 
10-20 3.15 18.44 1.04 12.00 7.81 9.24 37.71 
20-30 3.19 15.55 1.16 15.19 5.64 6.57 34.36 
30-40 3.59 12.34 1.34 22.20 3.75 4.08 22.39 

8 0-10 11.87 26.71 3.15 88.86 8.27 8.05 44.89 8 
10-20 4.19 34.86 1.11 5.973 22.91 23.91 36.14 
20-30 4.18 31.81 1.10 8.837 16.75 ' 18.68 27.02 
30-40 4.48 27.61 1.37 15.81 10.17 11.39 31.55 

12 0-10 14.84 19.19 3.31 125.4 2.66 2.56 45.94 
10-20 4.90 32.84 1.41 15.01 12.39 14.45 24.50 
20-30 4.37 28.19 1.20 14.30 10.83 12.77 24.87 
30-40 3.81 21.92 1.15 15.04 8.34 9.90 20.46 
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the higher salt levels (8 and 12 mmhos/cm) the surface 10 cm 

samples had higher salt concentrations than expected and 

depths below 10 cm were lower to much lower than desired. 

Surface accumulation (i.e., 5.9 vs. 4.0, 11.9 vs. 8.0, and 

14.8 vs. 12.0 mmhos/cm) probably resulted from surface 

evaporation and capillary movement to the surface. 

Longenecker and Lyerly (1958) reported that equilibrium be

tween soil columns and applied water was not achieved com

pletely. Likewise, they indicated that exchangeable Na 

status of the leached profile was considerably lower than 

that of applied water. They emphasize the importance of 

time as well as other factors such as method of application 

and quantity of water applied in the equilibrium between 

soil and applied water. El-Swaify and Swindale (1970) 

reported a similar observation with regard to equilibrium 

between soil and leaching water. 

Nitrogen fertilizer addition did not affect signifi

cantly any soil chemical characteristics, while SAR of 

leaching water indicated a significant effect on chemical 

parameters of soil sections, particularly SAR. The values 

for SAR of soil extract increased with increasing SAR values 

of the leaching waters. The application of higher N levels 

did not influence significantly the residual NOg of soil. 

However, nitrate accumulated at higher levels in the surface 

layers with exception of the control treatment. Another 
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investigation showed that soils can retain a low concentra

tion of NO^ against crop depletion or the leaching action of 

water (Derici 1975). Higher amounts of NO^ were found in 

the upper profile and decreased with depth. 

Experiment 2 

Grain and Straw Yields 

The effect of salinity and sodium absorption ratio 

(SAR) of irrigation water and N fertilizer on grain and 

straw yield are presented in Figure 7. The results indicate 

a higher yield of grain from plants irrigated with water of 

4.0 and 8.0 mmhos/cm than in plants irrigated with nonsaline 

water treatment, averaged over N levels. There was no sig

nificant difference in grain yield between these two salt 

treatments. However, high water salinity seriously de

pressed production of grain and straw. In fact, salinity of 

12 mmhos/cm reduced grain and straw yields by 47 and 37 

percent of the nonsaline treatment, respectively. It also 

appears that high salinity had a more drastic effect on 

grain than straw yield but with a moderate salinity the 

effect was greater for straw. The effect of salts on grain 

yield was expressed quantitatively by an equation derived 

from multiple regression analysis (Table 5). 

Plant growth and subsequent yield decreased signifi

cantly with increasing SAR levels of irrigation water, 
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Figure 7. Effect of different qualities of irrigation water and N levels 
on the yields of grain and straw. 
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Table 5. Prediction equations derived from multiple regres
sion for wheat responses to water salinity (A) 
and Na level in leaves (7«) . 

Plant 
Responses Unit Factor 

Involved 
Correlation 
Coefficient 

Regression 
Equation 

Grain 
Yield g/pot salts r=-0.70* Y = 1.943 -

0.245A** -
0.0168A2 

Grain 
Yield g/pot leaf Na 

percent 
r=-0.79* Y = 1.367 -

0.524Na*** 

* Significant at 0.01 probability level. 

** A = water salinity as mmhos/cm. 

*** Na = Na percent of leaf at early spike emergence. 
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suggesting a high Na level of irrigation water aggravated 

salt effects on grain and straw yield. Nitrogen supply 

significantly increased yields of grain and straw of wheat 

plants irrigated with water salinity up to 8.0 mmhos/cm. 

However, the effectiveness of N fertilization decreased when 

the SAR levels of irrigation water increased at all levels 

of salinity. The highest N level of 75 mg/kg soil did not 

increase grain yield significantly compared with 25 mgN/kg 

soil treatment. There was an interaction between the effect 

of salinity and N fertilizer (SN) on grain yield. The domi

nant N contribution to grain yield in the SN interaction was 

within the 0.4 and 4 mmhos/cm salinity levels. The adverse 

effects of high salinity of 12.0 mmhos/cm were not reduced 

by increasing N fertility. 

The observed increase in grain yield with 4.0 and 

8.0 mmhos/cm salinity levels suggest that salinity may be 

a necessary nutritional component. Bernstein et al. (1974) 

observed that two varieties of wheat, 'Siete Cerros 66' and 

'Pitic 62', had maximum grain yields at -6 atm salinity 

level, which was produced by CaC^ and NaCl in the presence 

of high amounts of N and P fertilization. Ferguson and 

Hedlin (1963) found high yield of barley on moderately 

saline soil when P fertilizer was applied. 

The observed decrease in grain yield associated 

with increasing SAR of irrigation water might be attributed 
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to unbalanced uptake of nutrients caused possibly by the 
j 

high absorption of Na by plants. In addition, excess Na 

may contribute to high osmotic pressure in the soil solu

tion which caused a major reduction in grain yield. 

Total N (Percent of Dry Matter) of Leaves 

Values for the mean total N (%) level in leaves 

collected at early spike emergence in relation to irrigation 

water quality and N fertilizer levels are recorded in Table 

6. A salinity level of 4.0 mmhos/cm resulted in the maximum 

total N level of leaves compared with other salt treatments 

regardless of the N treatments at the low SAR level. Results 

indicate, even without N application, mild salinity increased 

total N percent. This increase was possibly due to the 

effect of salt on mineralization of soil nitrogen and subse

quently nitrogen uptake by the plant. Westerman and Tucker 

(1974) observed an increase in mineralization of soil nitro

gen at low salt concentrations. High salinity levels 

seriously inhibited N absorption. For example, salinity of 

12 mmhos/cm reduced total N by 14 percent of the non-saline 

treatment. It is interesting also to note that total uptake 

of nitrogen (mg/pot) decreased significantly with increasing 

water salinity (Table 7). This may be due to a greater 

effect of salt on dry matter than on nitrogen uptake. On 

the other hand, a significant interaction occurred between 

salinity level of 4 mmhos/cm and the N supply which yielded 
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Table 6. Influence of various qualities of irrigation water 
and N levels on total N (percent of dry matter) of 
leaves collected at early spike emergence. 

Salinity Sodium 
Level in 
Water 

N Fertilizer Levels 
Level 

Sodium 
Level in 
Water N0(0) Nl(25) N2(75) 

mmhos/cm SAR 70N— 

SO (0.4) - 3.03c* 3.22b* 3.42c* 

SI (4.0 8.5 3. 32d 3.56d 3.62d 

(4.0) 17.8 2.74b 3.20b 3.44c 

S2 (8.0) 8.5 3.08c 3.41c 3.00b 

S3 (12.0) 8.5 2.75b 2.84a 2.89ab 

(12.0) 17.8 2.42a 2.89a 2.82a 

* Means that do not have the same letter in common differ 
significantly at the 0.05 probability level as determined 
by the Duncan Multiple Range Test. 
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Table 7. Total N uptake (mg/pot) by wheat plants irrigated 
with different water salinities at early spike 
emergence stage. 

Salinity Level of M 
Irrigation Water Total N 

mmhos/cm mgN/pot 

0.4 24.06d* 

4.0 22.32c 

8.0 20.87b 

12.0 17.43a 

* Means that do not have a letter in common differ signifi
cantly at .05 probability level as determined by Duncan 
Multiple Range Test. 
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the highest total N (Figure 8). However, N supply had little 

effect on total N at the high salinity treatment where N 

content was seriously inhibited. Maliwal and Paliwal (1971) 

reported the uptake of N by millet increased up to salinity 

of 28 meq/1 and SAR of 25 in the irrigation water, after 

which it decreased. Khalil et al. (1967) have claimed that 

although N percent in corn plants increased with salinity, 

the yield of N (N% x dry matter) showed a slight, but 

statistically insignificant, tendency to decrease with in

creases in salinity. They concluded that plants continued 

to accumulate N under saline conditions in spite of reduc

tion in dry matter. 

High Na level in irrigation water generally reduced 

N uptake (Table 6). For example, increasing SAR to 17.8 

brought about an eight percent decrease in total N percent of 

leaves. This was possibly due to chloride absorption in the 

presence of excess Na resulting in a decrease in N absorp

tion as a result of Cl~ uptake. Alternatively, excess Na 

might have inhibited the uptake of NH^ of the applied NH^NO^ 

fertilizer. Palfi (1965) noticed that absorption of a large 

amount of Na by rice plants impaired uptake of ammonium. 

The low availability of nitrogen under highly saline-sodic 

conditions might be related to the loss of NH^-N in gaseous 

form (Wahhab, Randhawa and Alam 1957). 



51 

4.0-

35-

z 
_I 
< 
I-
o 
I-

£ 2.& 
UL 

Figure 8. Influence of salinity levels of irrigation 
water and N fertilizer treatments on total N 
(70) of wheat leaves collected at early spike 
emergence. 
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The increase in N percent with N fertilization can 

be attributed to the decrease in chloride absorption and 

alternatively an increase in the availability of N with 

higher N supply. Jadav (1969) found the application of high 

amounts of N decreased chloride concentration in leaves and 

plant tops. 

Cation Composition of Leaves Collected 
at Early Spike Emergence 

Sodium and Potassium. Sodium and K levels (percent 

of dry matter) of leaves sampled at early spike emergence 

in relation to salinity and SAR of irrigation water and N 

levels are given in Figures 9 and 10. Generally, salinity 

significantly increased the absorption of Na while K was 

decreased. For example, increasing salinity of water up to 

12 mmhos/cm increased Na content by 215 percent and de

creased K concentrations by 18 percent compared to the non-

saline treatment. Sodium percent increased when SAR levels 

of irrigation water increased, but in contrast, K was 

reduced with increasing SAR. Nitrogen fertility signifi

cantly increased Na percent of the wheat leaf at all salt 

levels. However, N fertility had no effect on K percent in 

leaves. Lai and Singh (1973) observed that K content of 

wheat decreased owing to the increased concentration of Na. 

They concluded that high concentrations of Na restricts 

absorption of K. 



Figure 9. 
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The Na percent of leaves is negatively correlated 

with grain production. A prediction equation derived from 

the multiple regression analyses of grain yield and Na per

cent in leaf is shown in Table 5. 

It appears that accumulation of Na in plant tissues 

was not sufficient to cause toxicity. In fact, the level 

remained between 0.07 to 0.34 percent which is not considered 

toxic according to Eaton (1942). On the other hand, a K 

level of 3.44 percent produced at the high salinity treat

ment was more than adequate for plant requirements (Ward, 

Whitney and Westfall 1973). Therefore, wheat, in spite of 

high accumulation of Na in leaves at high salinity, continued 

to obtain enough K for normal plant growth. Thus, the yield 

depression associated with increasing salinity cannot be 

related to K deficiency. However, Na accumulation and sub

sequent nutrient imbalance may play a role in yield impair

ment. 

Calcium and Magnesium. Figures 11 and 12 show the 

Ca and Mg concentration of leaves in relation to salinity, 

SAR, and N fertilizer levels. Salinity increased both Ca 

and Mg. Similarly, N fertility increased the uptake of Ca 

and Mg at all levels of salinity. In contrast, increases in 

SAR levels of irrigation water significantly reduced Ca and 

Mg absorption. This is possibly due to high absorption of 

Na as discussed previously. Kanwar and Kanwar (1971) found 
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increasing residual sodium carbonate of irrigation water de

creased the Ca content of plants and caused an increase in 

Na concentration. 

Although Ca and Mg percent increased with salinity, 

Ca levels in leaf tissue ranged from 0.52 to 1.22 percent, 

which is higher than necessary for normal plant growth 

according to Ward et al. (1973): These high Ca levels may 

have been responsible for low absorption of Mg. Similar 

observations by Patel (1972) showed an antagonistic effect 

between Ca and Mg in the plant tissues of corn, sudangrass 

and wheat. 

It seems that when plants are exposed to higher 

salt concentrations than normal, the internal concentration 

of many ions increases in plants resulting in ionic imbalance 

Therefore, mixed salt treatments made by addition of NaCl, 

KCl, MgC^'S^O, and CaSO^^HLjO possibly developed a nutri

tional imbalance as well as osmotic effects sufficient to 

depress growth and subsequent yield of wheat. 

Protein Level of Grain 

Mean values for protein content (total N percent x 

5.7) of grain in relation to salinity, SAR and N fertility 

are given in Table 8. Increasing salinity, in general, 

decreased the protein level of grain at all N levels, but 

the moderate to intermediate levels of salinity had little 

influence on the content of protein in grain when compared 
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Table 8. Influence of various qualities of irrigation 
water and N levels on protein concentration i 
of grain. 

c7-i N Fertilizer Levels 

L̂ el Water Em̂ 55 IJ7T75'" 

mmhos/cm SAR % protein 

SO (0.4) - 12.93d* 13.89d* 14.44e* 

SI (4.0) 8.5 11.83c 13.45cd 13.75d 

(4.0) 17.8 11.80c 13.06c 12.86c 

S2 (8.0) 8.5 11.23c 13.33cd 13.71d 

S3 (12.0) 8.5 10.04b 10.49b 11.00b 

(12.0) 17.8 8.59a 9.26a 9.32a 

* Means that do not have the same letter in common differ 
significantly at the 0.05 probability level as determined 
by the Duncan Multiple Range Test. 
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to the non-saline treatment. The high salinity of 12 

mmhos/cm reduced protein percent by 29 percent of the non-

saline treatment. The inhibition of protein synthesis may 

be one explanation for these results. Protein level was 

seriously depressed when SAR of irrigation water increased 

at the high salinity level. In contrast, grain protein 

level increased significantly with N supply. A significant 

interaction was indicated between salinity and SAR which 

suggest that excess Na amplified the negative effect of high 

salinity on protein level. Sarin (1961), working with wheat 

seedlings, observed that excess of Na2S0^ in nutrient solu

tions disturbed the cation imbalance and protein metabolism. 

Torres and Bingham (1973) have reported that the content of 

protein in wheat grain slightly depressed by salinity. 

However, they found increasing NO^ from 3 to 15 meq/liter 

brought about a 30 percent increase in seed protein. 

Although the exact manner in which salts affect 

protein synthesis is still not clear, it may be suggested 

that salts affect both N absorption as well as protein 

metabolism. Increasing N supply apparently seems to compen

sate partly for the decrease in N absorption caused by high 

salinity. 

Soil Analyses 

Mean values for selected chemical analyses of soil 

samples collected at the end of the growing season in 
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relation to quality of irrigation water are given in 

Table 9. Chemical characteristics of the soil varied con

siderably with respect to water treatments as well as 

depths. Salt concentration in the extract of soil increased 

with increasing salinity of irrigation water. However, 

soluble salts accumulated more in the surface layer of soil 

than at lower depth in the pot. This is supposedly a re

sult of the evaporation process at the soil surface. The 

higher ECe in the surface layer may also be due to the fact 

that leaching (watering) was not performed at the time of 

plant maturity. Therefore, application of salinized water 

treatments resulted in the addition of more salts to the 

soil. These results illustrate the importance of the 

drainage and leaching requirement in maintaining the desired 

salt balance in a soil for a particular crop. 

The results show that increasing SAR of irrigation 

water increased SAR level of the soil extract and the calcu

lated ESP. Application of N fertilizer had no significant 

effect on the studied chemical characteristics. 

Data from Table 9 indicate that Na concentration 

(meq/1) in soil extract increased with increasing Na content 

of irrigation water. Plant analysis revealed in Figure 9 

that Na percent in leaf tissues increased also with increas

ing salinity. Thus, one would conclude from these results 

that sodium concentration in leaves may bear a close 



Table 9. Means for chemical analyses of soil pot sections at the end of 
growing season. 

Electrical,, Electrical 
Conductivity Conductivity Soluble Soluble Soluble 
of Irrigation Depth of Saturation Ma K Ca + Mg SAR ESP 
Water Extract 

Ca + Mg 

mnhos/cm cm mnhos/cm •meq/liter 

Tapwater (0.4) 0-10 2.82 3.15 1.41 23.66 1.05 0.46 Tapwater (0.4) 
10-20 1.10 1.48 0.98 8.57 0.77 0.10 

4 0-10 13.85 62.45 4.55 71.51 10.59 12.54 
10-20 3.72 13.77 2.08 22.18 3.98 4.398 

8 0-10 22.93 164.30 6.05 58.91 30.62 30.35 
10-20 5.78 28.19 2.16 27.42 8.29 9.735 

12 0-10 32.59 224.8 7.01 94.10 33.76 32.52 
10-20 6.47 26.93 2.03 35.78 6.65 7.829 
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relationship to that in soil extracts. According to United 

States Salinity Laboratory Staff (1954), the excess soluble 

sodium of soil solution may or may not be reflected in the 

sodium content of leaf tissue. 

The importance of the chemical equilibrium between 

soil and applied water is illustrated by data from this study. 

Whether the effects were due to changes in soil physical 

behavior (McNeal and Coleman 1966) or ionic antagonism, 

ultimately the growth and final yield are affected. 

General Discussion 

Salts retard plant growth and subsequent yields 

through the effects of osmotic as well as nutritional im

balance and/or ion toxicities. High osmotic pressure of 

growth media may induce a physiological drought for exposed 

plants (Prisco 1971), in addition to general retardation in 

the plant enzymatic process (Bernstein 1963). In these in

vestigations, results of both experiments indicate differ

ences in wheat plant behavior caused by experimental treat

ments. Data in Experiment 1 showed that increasing soil 

salinity linearly decreased grain and straw yield while the 

results of Experiment 2 showed that grain yield of plants 

irrigated with 4 and 8 mmhos/cm was higher than yield of 

plants irrigated with non-saline water. However, the 

yields decreased considerably with 12 mmhos/cm salinity 

level in both experiments. The effect of high salinity 



level of soil caused a greater reduction than the same 

level of water salinity. In fact, initial soil salinity of 

12 mmhos/cm brought about an 87 percent decrease in grain 

yield compared to a 47 percent reduction caused by water 

salinity of 12 mmhos/cm level. The possible reasons for 

such differences may be attributed to the fact that, in 

Experiment 1, seeds were planted in soil with an initial 12 

mmhos/cm salinity level. Not only was germination poor, 

but seedlings were also weak and development was delayed 

(Sarin and Naragan 1968). On the other hand, plants in 

Experiment 2 were initially germinated with tap water and 

then emergenced seedlings were irrigated with water of 12 

mmhos/cm salinity. Thus, plants were allowed to adjust 

gradually to increasing salinity with less effect of salts 

on plant growth. In addition, wheat will better tolerate 

salinity during later stages (Bernstein 1964). 

Although the mechanism responsible for the increase 

in grain yield of plants irrigated with water of 4 and 8 

mmhos/cm is not entirely clear, it seems to be related to 

the physiology of plant and to the possibility that salt 

ions might serve a nutritional need (Langdale and Thomas 

1971), whereas higher concentrations of ions were detrimental 

to plant growth. The gradual adjustment of plants to the 

exposed salinity levels by increasing cell osmotic pressure 

might cause an increase in plant salt tolerance. However, 
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the increases in grain yield noted needs further investiga

tion. 

Results of both studies suggest that economical 

response to N fertilization can be obtained only up to a 

moderate salinity level of soil and water (EC 8 mmhos/cm). 

Nitrogen application had no practical utility at 12 mmhos/cm 

salinity level. This is mainly attributed to the decrease 

in photosynthesis and poor utilization of photosynthate in 

the presence of high osmotic pressure in root environment 

(Khalil et al. 1967), secondarily to low uptake of N, and 

finally to disorder of nutritional ions. Therefore, meta

bolic processes of plants exposed to high salinity are 

considerably suppressed causing poor plant growth. These 

observed results are in agreement to those reported by 

Torres (1972), Patel (1972),-Luken (1962), and Lai and Singh 

(1973). On the other hand, the positive response to N 

fertilization at low to moderate salinity may be related to 

the increase in N uptake as well as plant metabolic activity 

which in turn caused efficient utilization of the absorbed 

nutrients. 

Total N concentration (percent of dry matter) of 

leaves collected at early spike emergence, generally, de

creased with increasing salinity and sodicity levels except 

that the 4 mmhos/cm salinity level of water interacted 

significantly with N supply and yielded the highest total N. 
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This increase in N level may be related to salt effect on 

plant physiological functions that related to N absorption. 

The low concentration of N at higher level of salinity and 

sodicity suggest that salinity as well as sodium inhibited 

N uptake (Maliwal and Paliwal 1971, Torres 1972). The low 

uptake of N under saline-sodic conditions might be related 

to a number of factors such as high uptake of CI" (Jadav 

1969), high uptake of Na which in turn might suppress 

absorption of NH^ (Palfi 1965), and finally the possibility 

of loss of NH^-N in gaseous form (Wahhab et al. 1957). 

Data from both experiments confirmed that N application 

increased the N absorption by wheat. 

The NO^ level of leaves at early spike emergence 

stage was appreciably reduced with increasing soil salinity 

up to a deficiency level (Figure 4). This result lends 

support to a salinity induced NO^-deficiency hypothesis 

(Torres 1972). The decrease in N and NOg uptake with higher 

salinity might be responsible in part for yield depression. 

This is evident from the high correlation between grain yield 

and the total N and NOg concentration of leaves at early 

spike emergence stage (r = 0.88** and r = 0.79** for N and 

NOg .respectively). 

In spite of the increase in the N concentration of 

leaves in plants irrigated with water of 4 mmhos/cm, the 

protein level in grain at this salinity level did not 
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increase but rather decreased with increasing salinity of 

water and soil. These results suggest that high salts re

duced protein content mainly by affecting the metabolic 

pathway of N metabolism in addition to the decrease in N 

uptake and subsequent translocation to grain at the high 

salinity levels. 

As mentioned previously, ionic imbalance in plant 

tissues may be responsible for growth depression; results of 

the second experiment support clearly this hypothesis. The 

high uptake of Na with increasing salinity and sodicity of 

waters decreased the uptake of K and to a certain extent 

interferred with uptake of Ca and Mg. On the other hand, 

plants absorbed higher amounts of Ca which might be respon

sible for the low uptake of Mg (Figures 10 and 11). There

fore, the nutritional imbalance induced by salinity and 

sodicity, may play an important role in limiting the growth 

and yield of wheat grown in saline-sodic environment in 

addition to the osmotic effect (Monadjemi and Schmehl 1976). 

Bernstein and Ayers (1953) observed in their study relatively 

poor yields at a given salinity level for those varieities 

which tended to accumulate more Ca and less K. 

Finally, the question of whether it is more economi

cal to reclaim a saline or saline-sodic soils or to apply 

higher amounts of N in order to achieve maximum soil pro

ductivity would logically depend on the relative effective

ness of each factor on yield and the intensity factor of 
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each in a given soil location. It seems that the only 

situations where it becomes necessary to apply ample amount 

of fertilizers are those where it may not be economical to 

leach out the excess salinity or sodicity or when the 

slight to moderately saline water is used for irrigation. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Two greenhouse experiments were conducted to evalu

ate growth, yield, nitrogen use, and cation compositions of 

dwarf Mexican wheat (Triticum aestivum L., cultivar 'Sonora 

64') involving a wide range of saline and sodic conditions 

of soil and water in combination with N fertilizer. The 

combined results revealed 50 percent decrement in grain 

yield of wheat to be associated with mixed salinity of 8.5 

mmhos/cm. Although increasing soil salinity linearly de

creased grain yield, data from experiment 2 showed that 

water salinities of 4 and 8 mmhos/cm produced the highest 

grain yield, suggesting salinity herein as a necessary 

nutrition component. High salinity and sodicity greatly 

depressed growth and yield of wheat mainly due to osmotic 

pressure and nutritional effects rather than toxic effect 

of specific ion. Thus, in mixed salts system nutritional 

imbalance and osmotic potential are the major factors for 

growth and yield inhibition. 

Nitrogen supply enhanced growth ana yield of wheat 

to moderate salinity level (EC 8.0 mmhos/cm), beyond which 

application of N had no practical utility. High Na level 

69 
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in water or soil reduced the effectiveness of N fertiliza

tion. 

Leaf total N at early spike emergence decreased with 

increasing salinity and sodicity. However, 4 tnmhos/cm 

salinity level of water interacted significantly with N 

supply and produced the highest total N. Salinity also 

depressed the level of NO^ to levels considered below the 

range of sufficiency. Therefore, growth depression at high 

salinity and sodicity might be related to the low uptake of 

N and NO^ induced by high salinity and sodicity. On the 

other hand, N supply increased the uptake of N and NO^. 

Protein level in grain was considerably decreased 

with increasing salinity which suggest that salinity 

affected protein synthesis. However, the concentration of 

protein in grain was enhanced by N application. 

Increase in level of salinity and sodicity increased 

the Na level of soil solution, which in turn increased the 

Na concentration of plant tissue but decreased the K level of 

the leaf. Calcium and Mg increased with increasing salinity 

but decreased with increasing sodium level in the irrigation 

water. On the other hand, N application resulted in higher 

concentrations of Na, Ca and Mg. Therefore, it can be con

cluded that salinity-sodicity-fertility led to variation in 

mineral composition of the leaf at early spike emergence. 

A negative correlation between grain yield and Na percent 
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in leaf was obtained as well as with salinity and ESP of 

soil. 

Results of7soil analysis at the end of growing season 

showed that initial low salinity of soil increased with time 

under irrigation with saline waters. 



APPENDIX A 

INFLUENCE OF SALINITY, SODICITY, AND N FERTILITY ON 

GROWTH, YIELD AND N AND CATION COMPOSITION OF WHEAT 
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Table A-l. Influence of soil salinity, ESP and N fertilizer on growth, grain 
and straw yields, leaf total N and NO3 (% of dry matter), total N 
of stem, and protein content (%) of grain of wheat, cultivar 
Sonora 64. 

Treatment* Grain Straw Leaf at Early Total N Total Height of Plant at Grain Protein 
A B C Yield Yield Spike Emergence • Stem Early Spike Emergence Content 

•nhos/ Mg/kg Total NO3 
g/1 plant cm Z Soil —g/2 plant-- NZ Z Z g/1 plant Z 

1 25 1.43 2.14 3.631 0.'23 1.67 0.38g 8.37 ef 
1 75- 1.55 2.17 3.751 0.25 1.71 0.34g 9.90 hi 
2 10 25 1.15 1.52 3.26gh 0.12 1.81 0.33fg 8.94 fgh 
.2 10 75- 1.28 1.61 3.22g 0.13 1.84 0.33fg 8.48 efg 
2 20 25 1.00 1.12 3.18g 0.11 1.79 0.31f 7.18 d 
2 20 75 0.99 l.ll 3.37h 0.14 9.93 0.20cde ' 9.35 ghl 
4 10 25 0.95 1.74 2.52e 0.09 1.90 0.17abc 7.57 de 
4 10 75- 0.99 1.45 2.66f 0.09 2.10 0.21cde 9.98 8 
4 20 25 0.82 1.03 2.50de 0.08 1.53 0.20cde 7.48 de 
4 20 75 0.91 1.05 2.73f 0.10 1.84 0.24e 9.37 hi 
8 10 25 0.74 0.95 2.31c 0.07 1.91 O.lSbcd 5.78 b 
8 10 75* 0.89 0.94 2.38cd 0.08 2.14 0.12a 6.84 cd 
12 10 25 0.21 0.35 2.05a 0.07 1.52 0.15ab 4.00 a 
12 10 75- 0.18 0.38 2.18b 0.07 1.74 0.13ab 4.59 a 
12 20 25 0.14 0.38 2.01a 0.06 1.90 0.14ab 6.17 cb 
12 20 75 0.14 0.38 2.06ab 0.06 1.78 0.16abc 5.85 b 

Level . of 
Significant 

AB 0.1547 0.0002 0.0869 0.2984 0.0032 0.0001 0.0001 
AC 0.5428 0.6229 0.2851 0.0612 0.5273 0.0012 0.0005 
BC 0.7470 0.5494 0.0868 0.0383 0.7426 0.1608 0.2315 
ABC 0.4775 0.2001 0.0301 0.1254 0.2063 ^.0067 0.0002 
Error Mean 0.0105 0.0247 0.0046 0.0001 0.0301 U.0007 0.2419 
Square 

* A, B, and C refer to ECe, Exchangeable Na percent, and N fertilizer, respectively 
Each value Is a mean of 3 replications 
Mean values within the same column that do not have a letter In conmon differ significantly at 5Z probability 
. level as deternlned by the Duncan's Multiple Range Test. 
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Table A-2. Influence of soil salinity, ESP, and N fertilizer on yields of grain 
and straw, total N and NOq (%) of leaf, stem total N, total weight 
of plant, and grain protein content of wheat. 

Treatment 
Level Grain 'Yield Straw Yield Leaf a| |atly Spike Emergence Total N 

Stem 

Total Weight of 
Plant at Early" 
Spike Emergence 

Grain 
Protein 
Content 

•mhos/cm ' g/2 plant g/1 plant X •mhos/cm ' g/2 plant g/1 plant X 
EC- + 1* 

2--
4" 
8-
12'" 

• 1.49 
1.11 
0.92 
0.82 
0.17 

2.16 
1.36 
1.32 
0.95 
0.38 

3.69 
3.26 
2.60 
2.35 
2.08 

0.24 
0.12 
0.09 
0.08 
0.06 

1.69 
1.84 
1.84 
2.02 
1.73 

0.36 
0.29 
0.20 
0.15 
0.15 

9.13 
8.49 
8.69 
6.31 
5.15 

level of 
significant 

a 
b 
r2 r 

0.0001 

0.899 
-0.462 
-0.96* 
0.92 

0.0001 

1.230 
-0.611 
-0.94* 
0.88 

0.0001 

2.794 
-0.620 
-0.93* 
0.87 

0.0001 

0.118 
-0.056 
-0.78 
0.61 

0.0133 

1.963 
-0.173 
-0.64 
0.79 

0.0001 

0.230 
-0.084 
-0.90* . 
0.81 

0.0001 

7.536 
-1.678 
-0.98** 
0.96 

ESP+ftt) 
lO"* 
20'" 

level of 
significant 

0.94 
0.67 
0.0008 

1.33 
0.85 
0.0001 

2.80 
2.64 
0.7703 

0.12 
0.09 
0.1052 

8.13 
1.79 
0.6776 

0.23 
.0.21 
0.2424 

7.44 
7.57 
0.0690 

N (mg/kg soil) 
25*' * 
75"' 

level of 
significant 

0.81 
0.87 
0.0438 

1.16 
1.14 
0.6819 

2.68 
2.79 
0.0001 

0.10 
0.11 
0.0003 

1.75 
1.88 
0.0119 

0.23 
.0.22 
0.0451 

6.93 
8.04 
0.0001 

+ECe is electrical conductivity of leaching solution and approximate electrical conductivity of soil saturation extract. 
-H-Exchangeable sodium percent expressed in terms of SAR value of leaching solution. 
..Each value is an average of 6 replication. 
..Each value is an average of 12 replication. 
...Each value is an average of 24 replication. 
Mean value within the same column that doea not have a letter in conmon differ significantly at 5% probability level 
as determined by the Duncan's Multiple Range Teat. 

* significant at 5Z probability level. 
** significant at IX probability level. 

4> 



Table A-3. Effects of water quality and N fertilizer on growth, yields, and 
chemical composition of wheat. 

Treatment Grain Straw " Early 
Level Yield Yield Spike Emergence 

Na K Ca Mg 

Water Salinity 
(mmhos/cm) 
0.4 
4.0 
8 . 0  

1 2 . 0  
Level of Significance 

Water SAR 
8.5 
17.8 
Level of Significance 

N Levels 
0 
25 
75 
Level of Significance 

—g/3 plant— 

1.34 
1.57 
1.54 
0.72 
0.0001 

1.17 
1.27 
1.29 
0.0001 

2.01 
2.09 
1 . 6 8  
1.27 
0.0001 

1.38 1.84 
0.98 1.52 
0.0001 0.0001 

1.59 
1 . 8 2  
1.79 
0.0001 

0.10 
0.17 
0.18  
0.32 
0.0001 

0.19 
0 . 2 6  
0.0001 

0.19 
0 . 2 1  
0.23 
0.0001 

4.28 
3.80 
3.80 
3.51 
0.0001 

3.89 
3.57 
0.0001 

3.80 
3.79 
3.76 
0.0177 

0.78 
0 . 8 2  
1.01 
1 .06  
0.0001 

0.94 
0 . 8 8  
0.0001 

0.76 
0.97 
1.04 
0.0001 

0.17 
0.17 
0.19 
0 . 2 0  
0.0001 

0.18 
0.17 
0.0001 

0.17 
0 . 2 0  
0.18 
0.0001 

Error Mean Square 0.00099 0.00137 0.00002 0.00102 0.00003 0.0002 
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