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Abstract 

Field and greenhouse studies were carried out to 

determine the effects of Al and Mn individually or collec

tively on the growth and elemental composition of various 

grape cultivars. Soil and plant tissue analyses were 

evaluated in two vineyard locations on which several grape 

varieties were established on a White House soil series. 

Soils at both locations were treated with soil amendments 

and N fertilizers. The results show that both soils are 

acidic at the top 30 cm surface and have a high extractable 

AI, Fe and in some cases Mn content. 

The field results further indicate that grape 

varieties respond differently to soil acidity in terms of 

their mineral composition. High soil AI, Fe and Mn resulted 

in a higher accumulation of these elements in grape leaves 

whereas the cation uptake especially P, Ca, Zn, and Cu were 

reduced. Field plants exhibiting P deficiency symptoms 

resulting from high soil Al and Fe had a 950 mg kg-1 Al and 

400 mg kg-1 Mn in their leaves. Furthermore, these plants 

had a deficient range of P, K, Ca and Zn. 

The Al treatments reduced shoot growth and decreased 

number of leaves. The growth reduction resulted from higher 

AI, Mn and Fe content of plant leaves and lower P, Ca and 

Cu. Furthermore high Al treatments of 30 mg 1-1 and more in 

the nutrient solution resulted in lower accumulation of P, 

---------- ._-_.- -
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Ca, K, Mg, Fe and cu. The different parameters were affected 

by Al levels to different degrees and were more pronounced 

at a later stage of growth than the earlier stage of growth. 

The concentration of Al in plant tops at which Al toxicity 

symptoms appeared was 800 mg kg-1 Al or more. 

Mn treatments reduced plant growth, decreased number 

of leaves and induced toxicity symptoms. The percent 

reduction of growth parameters was greatest at highest Mn 

levels. The reduced growth resulted from the deficiency of 

several mineral elements such as Ca, Fe, Zn and CU and 

higher accumulation of Mn in plant tissue. The effect of Mn 

levels on the elemental composition especially Fe, Zn, Cu, 

Ca and P increased progressively as plant growth progressed. 

The 10% reduction in growth occurred when plant had 

accumulated 400 mg kg-1 Mn in their tops. The accumulation 

of elements in plant leaves was varied at various stages of 

growth as a function of time and Mn and/or Al concentration 

in the nutrient solution. The growth reduction and the 

severity of toxicity symptoms were proportional to either 

Al, Mn or Al + Mn concentrations in the nutrient solution as 

well as their accumulation in plant tops. 
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CHAPTER ONE 

INTRODUCTION 

The needs for cUltivation of new areas for food 

production in order to satisfy human consumption is becoming 

a necessity in this world. In fact, the struggle of humans 

to find food and improve their standard of living has been 

their major target since human evolution began. Acid soils 

occupy a vast area of the world and are widely used for 

veg7tables, fruits and grain crop production. However, such 

soils have many problems that restrict their productivity. 

Furthermore, wide areas of both dry land and irrigated soils 

are becoming more acidic as a result of fertilizer 

applications, soil 

removal of basic 

Generally, plants 

amendments and irrigation as well as 

cations in the harvesting of crops. 

are adapted to specific conditions, but 

the excess acidity now found in soils is forcing researchers 

to look for appropriate plant environments in which to 

increase food production. It seems clear that a better way 

must be found to efficiently utilize the available natural 

resources to provide a better nutritional basis for the 

increasing world populations. 

Many investigators have determined that Al and Mn 

toxicities are a widespread problem affecting almost all 



16 

acid areas of the world. The major growth limiting factors 

of acid soils are Al and Mn toxicity and deficiencies of 

essential elements. High concentration of Al and Mn in soil 

solution can reduce fertilizer and water efficiency of the 

plants by causing shallow rooting, drought susceptibility 

and poor use of subsoil nutrients. Moreover, they may 

reduce the translocation of essential elements and inhibit 

the survival and function of plants and microorganisms. 

Grapes (Vi tis vinifera) are one of the major fruit 

crops grown in large areas of the world, not only because 

they have fewer mineral deficiencies and lower nutrient and 

water requirements, but also because they are adapted to 

wide varieties of soil types and climatic conditions. In 

addition, grapes are one of the main crops which provide 

high employment and high economic return. 

Under certain conditions, however, such as soil 

acidity or high Al and Mn content in soil that results in 

nutritional disorders, grape yield and quality can be 

affected drastically. Acid soil problems have become 

increasingly common in vineyards because of the continued 

use of acidifying fertilizers and soil amendments. Acid 

soils can be further intensified by the use of drip 

irrigation which applies fertilizers to a very localized 

zone. In fact, several toxicity symptoms have been observed 

in Germany, Italy, Arizona and California. The toxicity 
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disorder could severely reduce the number of flowers and 

berries on the bunch. The greenish spot disorder of fruits 

and leaves have been found to be related to excess Mn 

absorption. Low polyphenol content of frui ts and leaves 

caused by high Mn content of acid soils have been noticed 

also. The mineral nutrition of grape vines is a major 

detrimental factor affecting grape survival and production. 

It is related to many other factors such as soil fertility, 

moisture, climate and plant cultivars. Under good soil 

management, soil fertility factors can be adjusted to an 

optimum level for the plant. However, grape mineral 

nutrition is poorly understood and insufficiently 

investigated. Moreover, there are no field or greenhouse 

studies in the literature which describe the effects of Al 

and Mn individually or collectively on the grape, vegetative 

and reproductive growth and yield. Furthermore, the 

determination of critical levels of Al and/or Mn in the 

aerial parts of the grapevine has not been reported. 

Probably, grapes are less susceptible to P deficiency; 

however, under high Al and Fe concentration in soil, shoot P 

mobility is markedly depressed. The need for field and 

greenhouse experiments to study the effects of Al and Mn on 

growth, yield and nutritional status of grape vines is 

magnified by the reports of P deficiency caused by 

acidification of soils. Furthermore, the appropriate 
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management prac~ices of low soil pH values for grape 

survival and production has not been studied. As a result 

this study was initiated to: 

1. study the effect of Al and Mn individually or 

collectively in nutrient solution on the growth and 

elemental composition of grapes. 

2. Determine the toxic levels of Al and Mn in g-rape 

leaves. 

3 • Investigate the relationship between soil pH, 

extractable AI, Mn and Fe in soil. 

4. Determine the effect of soil pH, AI, Mn and Fe on 

the elemental composition of various grape cultivars. 



CHAPTER 2 

LITERATURE REVIEW 

Soil Acidity 

Occurrence and Factors Affecting Plant Growth 

19 

Acid soils occupy vast areas in the world and are 

widely used for cuI ti vation of grain, fodder, vegetables, 

grapes and industrial crops. However, it is considered a 

major growth limiting factor for many plants in those areas 

(Ligon and Pierre 1932, Foy 1983, Adams and Moore 1983) 

because most farm crops and useful soil microorganisms have 

a negative response to increased acidity. The nature and 

occurrence of soil acidity is attributed to many environmen

tal factors, soil components, and agricultural practices. 

Generally, high rainfall on the areas causes leaching of 

soil soluble salts and readily soluble soil minerals 

results in an increase in the acidity of soil surface 

(Bohn, McNeal, and O'connor 1985). Furthermore, weathering 

of soil minerals containing toxic elements to plants and 

accumulation of H+ ion concentration results in development 

of soil acidity. Soil mineral oxides such as Al and Fe can 

undergo hydrolysis yielding a weak base and strong acid and 

further contribute to increased soil acidity (Thomas and 

Hargrove 1984). In addition, naturally occurring acid soils 

are developed from alluvial lacustrine materials and mine 

--------------- -
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spoils 'containing high level of iron sulfide and pyrite 

which are two major contributors to soil acidity. Moreover, 

wide areas of both dry land and irrigated soils have been 

made acidic by agricultural practices such as applications 

of soluble inorganic fertilizers and certain acid forming 

materials, irrigation as well as removal of basic cations by 

harvested crops. Decomposition of organic matter by soil 

microorganisms resulting in the formation of soluble organic 

acids plays an important role in the development of acid 

soils. Also, the dissociation of C02 in soil solution 

yielding carbonic acid which further dissociates into H+ 

ions and HC03 (bicarbonate ions) tends to acidify the soil 

solution (Yagodin 1982, Bruckert and Rouiller 1982). 

The reduced plant growth in acid soils was found to 

vary with soil characteristics such as soil pH, mineral 

type, organic matter content, salt concentration, and plant 

species and cultivars (Foy 1983, Lund 1970, Kapland and 

Estes 1985). 

The maj or effects of soil acidity on plant growth 

are toxicities. of Al and Mn, phytoxici ty of H+ ion and 

deficiency of certain essential elements such as Ca, P, Mg 

and Mo (Bohn et al.1985, Yagodin 1982, Adams and Moore 1983, 

Munns 1965, Bortner 1935). Yagodin (1982) stated that in 

acid soils most trace elements essential to plant growth 

become available and toxic when they. are absorbed in large 
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quanti ties. Furthermore, soil acidity can induce a rapid 

weathering of soil minerals and increase mobility of the 

liberated elements which leads to their excessive uptake by 

plants. Thus, in acid soil the availability of AI, Fe, Mn, 

Cu and Co in soils increases while that of P, Mo and 

sometimes Ca decrease. It is also well known that Fe+3 and 

Al +3 in acid soils form insoluble compounds with P and Mo 

and Mo and P become unavailable to plants. In addition, 

the reduced plant growth in acid soil is sometimes 

associated with Ca deficiency in very acid soils having low 

cation exchange capacities (Adams and Moore 1983, Adams and 

Hathcock 1984). However, the detrimental effects of acid 

soils on plants are believed to result mainly from Al 

displacement with higher acidity from the exchange sites 

which increases the solubility and toxicity of AI. 

The phytotoxic effects of H+ ions on plant growth 

and development is pronounced only at low soil pH values and 

thus becomes difficult to be isolated from Al and Mn 

toxicity, because at a low soil pH value, AI, Mn and other 

trace elements become available and soluble in toxic 

concentrations. However, Mass (1969) reported that Ca uptake 

by corn roots at pH 3.0 to 5.0 was markedly reduced due to 

the effect of H+ ion concentration. Howard and Adams (1965) 

found that cotton tap root growth was restricted at pH 

values below 4.2. Furthermore, Lund (1970) reported that H+ 
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ion was toxic to soybean tap roots at pH value of 4.75 and 

below. However, the H+ ion toxicity was alleviated with 

increasing Ca in the nutrient solution. In addition, plant 

root development of many species was suppressed and injured 

at pH value lower than 4.0 (Islam, Edwards and Ahser 1980). 

cation uptake is also reduced in the presence of higher H+ 

ion concentrations. Adams and Moore (1983) found that Ca 

deficiency in subsoils of coastal plains in Alabama was the 

major growth limiting factor for root proliferation. They 

found that root growth inhibition at lower pH value was due 

to Ca deficiency. In addition, Adams and Hathcock (1984) 

reported that the root growth limiting factors in acid 

subsoil horizons of the coastal plains are either Al 

toxicity, Ca deficiency or both. They concluded that below 

pH 5.5 the antagonistic effect of Al on Ca is probably the 

most. important factor affecting the uptake of Ca by plants 

in several Alabama soils. Moreover, Islam et al. (1980) 

showed that Ca, Mg and K uptake by tomato, maize, French 

bean and wheat decreased as H+ ion concentration increased 

in the nutrient solution. However, they concluded that it is 

difficult to separate the direct effect of H+ ion from the 

indirect effect of other elements that become soluble and 

available for plant absorption. Adams (1984) further stated 

that it is also possible for H+ ion activity to influence Al 
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toxicity due to its effect on the cell membrane permeability 

and on the speciation of Al ions in soil solution. 

Since many acid soils contain high amounts of 

exchangeable Al and Mn, various investigators have 

attributed poor plant growth in acid soils primarily to the 

toxic effects of Al and Mn. Therefore, the occurrence of 

active Al and Mn as a component of soil acidity factors 

causing injury to plants has long been recognized. Ligon 

and Pierre (1932) demonstrated that poor plant growth in 

acid soils was due to the high concentration of soluble AI. 

They indicated that Al is highly toxic to plants in small 

quantity when plants are grown under certain environmental 

conditions. Furthermore, the minimum concentration of Al 

found to be toxic to barley, sorghum and corn was as low as 

1 mg 1-1 . similarly, Hutchinson (1943) found that plants 

grown in acid media are particularly subject to Al injury. 

Munns (1965) reported that lucerne grew poorly in acid soils 

and Al toxicity depressed yields, root elongation and Ca and 

phosphate concentrations in shoots. In addition, positively 

charged surfaces of hydrated Al oxides are known to absorb 

and precipitate P from the solution. Thus, poor plant growth 

and P deficiency symptoms exhibited by plant shoots grown in 

acid soil have long been attributed to the Al toxicity 

caused by the precipitation of P in soils by Al and 

therefore became unavailable for plant use and utilization 
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(Hsu and Rennie 1962, Magistad 1925, Clarkson 1966, 

McCormick and Borden 1972). Hence, in acid soils plant 

growth seems likely to be affected more by factors related 

to soil acidity rather than by acidity itself. 

In contrast, A1 uptake as aluminate [A1 (OH) 4] at 

higher pH va1u~s resulting in injury to plants has also been 

reported by Hargrove (1986), Jones (1961) and Magistad 

(1925). Hargrove (1986) demonstrated that AI-organic matter 

is solubilized in the pH range of 5 to 7 and may, therefore, 

be subject to plant uptake and plant growth depression. In 

addition, Magistad (1925) showed that A1 could be absorbed 

by plants at pH values above pH 7.5 when it becomes soluble 

as aluminate anion. Similarly, Jones (1961) suggested that 

organic acids produced by plants may act as che1ating agents 

which prevent precipitation of Al at physiological pH 

values. He concluded that plant roots grown in an alkaline 

media had a narrow zone where the pH changes rapidly and its 

width is influenced by the effect of root on the 

rhizosphere, the nature of the root exudate and the extent 

and activity of microorganisms. 

Although Al is known to be toxic to plants, 

considerable argument has been generated as to the relative 

toxicity of various Al species in soil solutions. Adams and 

Lund (1966) found that the growth rate of cotton tap root in 

nutrient solutions and in acid soils of varying A1 contents 
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was very small when Al concentration was expressed in molar 

activity rather than Al concentration. They further 

indicated that the critical value of Al for cotton root 

growth was an Al+3 activity of about 2 ~M. Moreover, Paven 

and Bingham (1982) showed that the growth of coffee seedling 

in nutrient solution at pH 4.2 was best correlated with the 

calculated Al+3 activity. However, Alva et al. (1986) 

concluded that total Al concentration in solution, 

comprising polymeric and monomeric Al species, was a poor 

index of Al toxicity. They indicated that only monomeric Al 

is toxic to root growth. However, with widely differing 

composition the concentration of monomeric Al proved 

unsatisfactory due to the effect of ionic strength on the 

activity of monomeric Al species. Similarly, Hue, Craddock 

and Adams (1986) concluded that root elongation rate of 

cotton was significantly correlated with monomeric Al (AI+ 3 

+ hydroxy-AI species) but not with total Al in soil 

solution. 

The toxicity effects of Al in plant growth were 

found to vary widely depending upon the type of soil 

colloids, organic matter content, salt concentration and 

plant cultivars. Lund (1970) reported that increasing Ca 

level in the nutrient solution from 10 to 40 ppm markedly 

decreased the Al injury of soybean plants. He also mentioned 

that soybean root elongation rate was highest when the ratio 
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of Ca to other cations was highest. Noble, Sumner, and Alva 

(1988a) found that the toxicity of Al was alleviated by the 

addition of caS04. Moreover, an increase in CaS04 in 

solution increased the root length by three- and twofold at 

pH 4.2 and 4.8, respectively. They attributed that to the 

formation of less phytotoxic AlSO! species by reducing the 

activity of phytotoxic Al species through increasing ionic 

strength of the solution. They concluded that a good 

correlation was found between root growth and Ca:AI balance. 

Furthermore, Noble, Sumner and Alva (1988b) reported that 

the addition of F- (fluoride anion) to Al solution reduced 

the phytotoxic effect of Al significantly. In their 

conclusion F- anion complexed Al species appeared to be less 

phytotoxic than other Al species. organic matter was found 

to play an important role in controlling the level of Al in 

soil solution and reducing its toxic effect. Hue et al 

(1986) indicated that the toxicity of Al was reduced by 

organic acids. Tan and Binger (1986) reported that the 

addition of humic acid to pots containing Al increased plant 

yield and the seedlings were healthy and green. They further 

stated that leaf Al concentration was lowered by the 

presence of humic acid and the reduction of leaf P 

concentration which accompanied Al stress was suppressed. 

Similarly, Kapland and Estes (1985), in their evaluation of 

the relationship between organic matter and Al toxicity to 
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alfalfa found that the critical Al level of alfalfa was 

highly correlated with soil organic matter. Also, an 

incremental increase of 1% in soil organic matter on dry 

weight basis increased critical Al levels by 3 mmol kg-1 . 

The difference in Al toxicity levels were found to 

be different among different locations and different 

horizons of the same soils as well as among variable soil 

types. Adams and Moore (1983) and Adams and Hathcock (1984) 

found that Al toxicity occurred in the Bt2 horizon of one 

soil with Al saturation of only 2% but not in Btl horizon of 

another soil with Al saturation of 56%. They further 

reported that K Cl extractable Al was not correlated with 

the occurrence or the intensity of Al phytotoxicity. They 

concluded that a definitive analytical method that will 

distinguish between plant toxic and nontoxic Al in the range 

of soil solutions and soil extracts is needed. Likewise, 

soil pH was found to be a poor measure of Al toxicity or 

soil solution Al concentrations (Adams and Lund 1966). 

Besides, results by Islam et al. (1980) revealed that acid 

soils with similar pH value may cause different mineral 

stress in a given plant. However, Wood and Cooper (1985) 

claimed that pH of several soils was significantly 

correlated with exchangeable Al and Al saturation but not 

wi th exchangeable Mn. Also, they demonstrated that white 

clover (Trifolium repens L.) yield in 12 acid soils was 
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highly correlated with exchangeable Ca and Al saturation. 

Adams (1984) related these discrepancies to several factors 

which are genetic differences in crops, extracting methods, 

cation exchange of soil components, and inability to 

eliminate all growth inhibiting factors. 

In contrast to AI, Mn is one of the essential 

mineral nutrients for plant growth. Manganese is known to 

activate nonspecifically many enzymes in plants. It is also 

involved in electron transport in photosystem II of 

photosynthesis as well as in chloroplast structure (Price et 

al. 1972). Furthermore, Mn was found to be involved in the 

inactivation of auxin protector (stonier, Tormes, and Yoneda 

1968) . Total Mn in soils is usually found in a wide 

concentration ranging from 20 to 3000 mg kg-1 (Krauskoff 

1972). Generally, Mn is required by plants in small 

quantities. However, different plants may exhibit a wide 

range in their Mn requirements. It is found in soils in a 

number of chemical forms but the most available form to 

plant is divalent Mn (Bohn et al. 1985). Several factors 

have been known to influence Mn forms in soils and further 

effect its solubility and availability to plants. These 

factors are soil pH, soil aeration, oxidation-reduction 

conditions, soil temperature and soil water content. Acid 

and reducing soil conditions accentuate Mn solubility and 

thus result in toxic levels (Bohn et ale 1985). 
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Manganese· toxicity in acid soils has long been 

identified as a major cause of infertility of such soils. 

However, the toxic level of Mn in acid soils has not been 

identified. Adams (1984) and Coppnet and Juste (1982) stated 

that the toxic level of Mn in soils appears to be on the 

order of 50 to 100 mg kg-1 . On the other hand, only a few mg 

L -1 of Mn in solution is required to produce Mn toxicity 

symptoms in plants (Morris 1949, Crawford Stroehlein and 

Kuehl 1988). Morris (1949) found that only 13 ~g/g in soil 

solution was toxic to sweet clover and lespedeza. Likewise, 

Crawford et al (1988) indicated that Mn toxicity for 

cucumber plants was associated with 10 mg L -1 in nutrient 

solution. On the other hand, it was found that Mn toxicity 

varies from one soil to another and between plant species 

and genotype (Foy 1983, and Foy, Fleming and Armiger 1969). 

The maximum pH value at which Mn concentration can 

be high enough to induce toxicity appears to be 5.5 (Bohn et 

al.1985, Bortner 1935). However, Adams (1984) stated that 

soil pH usually is a poor indicator of Mn toxicity due to 

the sensitivity of Mn to redox potential, microbial 

activity, temperature and soil wetting and drying. 

High soil Mn has been shown to cause crinkle leaf 

disease in tobacco and stem streak necrosis in potatoes in 

acid soils (Berger and Gerloff 1947; Bortner 1935). 

Manganese moves easily into the aerial parts of the plants 
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and, thus, the diagnosis of toxicity symptoms are easily 

identifiable on the aerial portions. Mostly, plants grown on 

soils with high content of Mn+2 accumulate large amounts of 

Mn in their tissues and growth is reduced. Coppnet and 

Juste (1982) described that Mn toxicity is characterized by 

the sudden appearance of blackish spots and stripes which 

extend along the conducting tissues. These spots are formed 

by accumulation of Mn and organic material compound complex. 

However, plant species and cultivars differ widely in their 

response to excess Mn (Foy, et al. 1969). For example, 

certain varieties of ~ice, mature forest species and certain 

varieties of grapes can accumulate Mn in their leaves 

without injury. Foy et al. (1969) reported that higher 

tolerance to Mn in cotton plants was associated with their 

ability to tolerate high Mn concentrations in their tops 

rather than with reduced uptake. However, Brown et al. 

(1972) stated that although a remarkable variation in Mn 

tolerance and susceptibility among plants has been 

observed, little seems to be known about the plant mechanism 

involved. 

Since excess Mn can be harmful to plant growth, it 

can also reduce and interfere with the uptake of many 

essential plant nutrients. It is well known that excess Mn 

interferes with Fe uptake and thus causes the appearance of 

an iron chlorotic symptom in several plant species. Foy 
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(1984) stated that plants developed chlorosis symptoms in 

their leaves resembling Fe deficiency when grown in acid 

soils with pH 5.0. He further indicated that high Mn 

interferes with Fe metabolism through complex Mn x Fe 

genotype interactions. In addition, the interference of Mn 

with the availability of Fe to plants has been attributed to 

the oxidation of Fe by Mn in soils and leaf tissues. 

Likewise, Fe can be precipitated in the exodermal root 

tissue at high pH value, resulting from higher absorption 

rate of anions than cations by roots. Sideris (1949) found 

that high Mn accumulation in the root system increases Fe 

precipi tat ion in pineapple. The translocation of Fe from 

roots to shoots was also reduced. However, different plants 

may exhibit different requirement of Fe-Mn ratio because the 

absorption and translocation of Fe depend on the pH of the 

exodermal root tissue that is affected by cations to anions 

absorption ratio (Sideris 1949). Furthermore, Crawford et 

al. (1988) reported that Mn toxicity in cucumber plants 

suppressed both fresh and dry weight of the shoots. Also, 

the accumUlation of N, P, K and CU was significantly 

reduced, but the accumUlation rate of Fe and Zn were not 

affected by higher Mn levels in the nutrient solution. 
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Soil pH 

Knowledge of the H+ ion activity in soil solution 

for understanding the physical and chemical properties of 

soils and plant root environments is of great importance. 

Soil pH determination is important because it is an 

indication of many other soil characteristics such as 

acidity and alkalinity of the soil, kina of cations held by 

soil colloids, 

between various 

nutrient availability, chemical reactions 

elements and toxicity of certain trace 

elements. Thus, soil pH is the most widely measured chemical 

property of a given soil. The pH of the solution has been 

defined as the negative logarithm of the effective hydrogen 

ion activity and can be determined from the following 

familiar equation (Bohn et ale 1985), pH = - log (H+) 

Perhaps the most important characteristic that can 

be related to soil pH is nutrient availability. Since 

hydrogen ion concentration in soil solution affects the 

ionic forms of many elements, soil pH can produce a 

sUbstantial effect on plant growth and the quality of plant 

production. Plants are susceptible to these reactions 

which are influenced by soil pH because they can absorb 

nutrient elements only in a specific forms. Yagodin (1982) 

stated that the pH of soil media affects not only the plant 

itself, but also the conditions on which its normal state is 

dependent, and these include the uptake of inorganic mineral 
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nutrients, acquisition of toxic properties of some elements 

and nutritional imbalances caused by antagonistic effects 

between chemical elements. Moreover, the rate and direction 

of chemical and biological processes occurring in soil, 

mineralization of organic materials and dissolution of soil 

minerals are strongly dependent on soil pH (Bohn et al. 

1985) . 

The uptake of cations has been found to intensify at 

lower pH values while the uptake of anionic forms of 

elements such as P, Mo and B is lowered. Furthermore, the 

availability of the micronutrients and toxic cations 

increases with decreasing pH values. However, the activity 

of microorganisms 

lower pH values. 

and nitrification process is slower at 

Several indicative measures have been 

related to soil pH value. For example, a pH value of soil 

can indicate something about percent base saturation and 

lime requirements (McLean 1982). Also, a pH reading of soil 

paste lower than 5.5 indicates significant amount of 

exchangeable hydrogen and below 7.5 would indicate an 

absence of alkaline earth carbonate. similarly, a very low 

pH, less than 4, will indicate the presence of free acids 

and a pH of less than 5.5 suggests the presence of high 

amounts of exchangeable Al and Mn. Likewise, higher soil pH 

values from 7.8 to 8.5 will be an indication of CaC03 content 

in such soils. McLean (1982) concluded that soil pH is 
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generally both a symptom of the soil's condition and a cause 

of many of the reactions that occur. 

At the pH range usually encountered in acid soils, 

several ions in addition to H+ ions are known to play an 

important role in neutralization of the OH- group. Thus, 

the total soil acidity cannot be computed from soil pH 

alone. In addition, the partial pressure of C02 and its 

dissociation in soil solution might also cause a change in 

soil pH (Bruckert and Rouiller 1982). 

Soil pH Measurements 

Discussion of the theory and use of the pH meter and 

glass electrode can be found in Bates (1973), Willard, 

Merrit and Dean (1965), Bohn et ale (1985) and McLean 

(1982) . This section will only review errors and 

limitations associated with the pH measurements as well as 

some of the precautions needed during the pH measurement. 

Soil pH can be measured by means of either 

colormetric or an electrometric method. The colormetric 

method involves suitable dyes or acid-base indicators, the 

colors of which change with H+ ion activity (McLean 1982). 

The electrometric method involves a glass electrode paired 

with a reference calomel electrode attached to an 

appropriate meter for measuring the electromotive force 

which is related to the pH value. The electrometric method 

appears to be the easiest, rapid and most commonly used for 



35 

measuring soil pH in the field and laboratory. This method 

has been greatly simplified by advancement in the 

construction of glass electrodes and potentiometers. 

Unfortunately, a number of important limitations can 

severely restrict the sensitivity, accuracy and precision of 

this method (Bohn et ale 1985, Amacher 1984). 

The two most important factors affecting soil pH 

measurements in soils are soil to water ratio and salt 

content of the soil water suspension. The effect of 

variable soil/water ratio has been found to yield a lower pH 

value as the soil becomes more concentrated in the mixture 

(Davis 1943). This has been found to be due to more 

concentrated soil acids in concentrated suspensions and/or 

to the development of larger diffusion potential in more 

concentrated suspension (Thomas and Hargrove 1984). 

Therefore, soil pH depends on the soil moisture and it tends 

to increase with decreased soil/water ratio. Thus, pH 

measurements at moisture contents below field capacity are 

susceptible to errors introduced by poor contact of 

electrode and soil, high soil resistance and liquid-liquid 

junction potential (Davis 1943). Similarly, the amount of 

salts present in solution also cause a variation in the pH. 

Generally, pH goes down as salt concentration increase 

because of the displacement of H+ and AI+3 ions from the 

exchangeable sites, organic matter and hydrolysis of Al or 
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Fe from layer silicates. Thus, soil pH is usually lower in 

more concentrated salt solution (Bohn et ale 1985). 

Moreover, Alfatesh and Dutt (1989) found that soil pH values 

measured in the field and in the laboratory were actually 

different and the difference was about 0.4 to 1 pH unit. 

They attributed t.hat to the C02 loss of the sample and 

sampling disturbance. Schofield and Taylor (1955) suggested 

that in order to compare pH values of two different soils 

the same electrolyte solution should be used to prepare the 

solution for pH measurements. 

Relating the potential to the hydrogen ion activity 

usually creates a liquid junction potential problem which is 

developed at the salt-bridge (KCl-bridge) of the calomel 

electrode, caused by the differences in the mobilities of K+ 

and Cl- ions (Bates 1973, Jenny, et ale 1950). The liquid 

junction potential can be negligible if measurements are 

made in true solutions. However, it can be of tremendous 

significance in soils in which there are a high number of 

electrically charged particles with high valences (Jenny et 

ale 1950). Furthermore, negatively charged particles greatly 

affect the relative mobilities of Cl- and K+ ions. 

Therefore, the higher the charge density of the solid phase, 

the smaller is the transference number of Cl- ions. The sign 

of the junction potential has been found to be positive in 

soil suspensions with monovalent cations. On the other hand, 
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it can be negative if the soil is saturated with divalent 

cations (Peech, Olsen, and Bolt 1953). 

To reduce the liquid junction potential, it is 

recommended that the salt bridge be placed in the clear 

supernatant solution and the glass electrode on the 

colloidal suspension (Peech, et ale 1953). Also, suspending 

the soil in 0.01 M CaCl2 solution can minimize liquid 

junction potential (Bohn et ale 1985, McLean 1982). 

Moreover, standardizing the pH meter with a buffer that is 

as close as possible to the pH of the sample reduces the 

junction potential errors in a homogeneous solution tq a 

minimum (McLean 1982). 

In contrast, the suspension effect resulted in a 

higher pH measured with electrodes placed in the supernatant 

solution than when they placed in the sedimented soil 

particles (Sparks 1984). The suspension effect has been 

attributed to the differences in the electrical potential 

between the two phases. However, Olsen and Robbins (1971) 

concluded that the suspension effect was due to the junction 

potential developed at the interface between the suspension 

and the supernatant solution. McLean (1982) stated that 

whether the suspension effect is attributed to the real 

differences in H+ ion concentration with distance from soil 

particles or to liquid junction potential effects, it does 

exist and is a result of the unique characteristics of a 
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given soil. In addition, the presence of interfering ions in 

the soil solution is another serious problem of selective 

ion electrodes (Amacher 1984). Also, the drift in 

electrode potential caused by clogged liquid junctions, 

dirty or poisoned electrode surface, temperature change and 

slow reactions at electrode surfaces can decrease the 

precision and accuracy of potentiometric method of pH 

measurement (Amacher 1984). Thus, the electrode leads 

should be protected from any stray electric fields, The 

meter should be standardized with buffers at the same 

temperatures as the test solution. Moreover, the pH reading 

should be taken after the electrodes are in equilibrium with 

test solution. Therefore, in the determination and 

interpretation of soil pH these factors that may introduce 

errors must be considered. 

Toxic Effects of Aluminum in Plants 

Al though the exact physiological mechanism of Al 

toxicity is unknown, evidence has been shown that Al 

toxicity is a major limiting factor for root growth in acid 

soil (Ligon and Pierre 1932, Clarkson 1966, Foy 1983, 

Wallace and Anderson 1984, Sheppard and Floate 1984, Bennet, 

Breen and Bandu 1985). 

Foy (1984) summarized many of the biological 

effects of Al on plants that are probably associated with 

the alteration of root-membrane organization and function by 
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binding to either protein or lipids, depending on the 

physiological pH and other conditions. Furthermore, Bennet, 

Breen and Fey (1985a) stated that root length of the two 

Zea may§ cultivars decreased with increasing Al supply and 

the root Al content increased progressively in the acid 

tolerant cultivar. However, at low Al levels the acid 

sensitive cultivar accumulated the highest rate of Al in its 

roots. They concluded that Al interfered with root 

metabolism, decreased active ion movement and lowered the 

cation retention capacity of the roots. In addition, 

Ben~et, Breen and Bandu (1985) indicated that Al inhibited 

the development of the Golgi apparatus function in the 

primary root of Zea mays. They described that the vesicle 

membrane were not clearly defined and secretory vesicles 

accumulated in the vicinity of the dictyosomes. 

Furthermore, Al stressed cells failed to develop internal 

plastids organization. They concluded that Al is implicated 

in preventing the assembly of membrane materials and 

produces a severe cellular disorganization in roots. 

Similarly, Bennet, Breen and Fey (1985b) showed that Al 

induced changes in root metabolism and the structure of the 

cytoplasmic organelles of the root cap of Zea mays plants. 

They further indicated that Al also reduced the number of 

cisternae per dictyosome, disrupted the membrane structure 

of the cisternae and secretory vesicles as well as altered 
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the products elaborated in the secretory vesicles. Changes 

in the frequency and appearance of the endoplasmic reticulum 

were also noted. They concluded that Al was found to have a 

rapid inhibitory effect on the metabolic activity of the 

cell proximal to the cap and interferes in membrane 

transport. In contrast, Wallace and Anderson (1984) 

indicated that Al drastically inhibited root elongation of a 

wheat variety and reduced subsequent incorporation of 3H

Thymidine into DNA by 32% after the seeding has been exposed 

to 0.19 roM Al for four hours. Furthermore, the degree of 

inhibition was found to increase with increasing the 

exposure time. They concluded that in the susceptible wheat 

cultivar, Al caused rapid inhibition of root elongation and 

subsequent inhibition of DNA synthesis, and that it reduced 

3H-thymidine uptake in both tolerance and susceptible wheat 

cultivars. 

The effect of Al in the nucleolar of the root cells 

was also reported by Fiskesjo (1983). He indicated that 

onion roots were bent and their terminal portions loosened 

and dropped off after they were exposed to AICl3 in 

concentrations of 10-3 to 10-1 M. He suggested that Al 

appears to have a specific effect on the nucleoli of certain 

root cells. On the other hand, Siegel and Haug (1983) 

showed that micromolar Al concentrations interfered with 

Calmodulin stimulated membrane bound ATPase activity which 
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played a role in the maintenance of the trans-membrane 

potential of plasma membrane. Thus, Al was found to induce 

changes in Calmodulin structure as reflected in reduced 

formation of the membrane potential. They hypothesized that 

Calmodulin appeared to be the major target for Al 

interaction and thus, AI-Calmodulin complex represents a 

primary lesion in the toxic response of plants to AI. Also 

Sheppard and Floate (1984) indicated that root growth of 

perennial rye grass was substantially reduced when the Al 

concentration exceeded 0.1 roM. Above 0.2 roM root growth was 

completely inhibited and the radical elongation rate was 

reduced. Similarly, Sarkunan and Biddappa(1984) showed that 

Al at concentration of 20 mg kg-1 and above caused severe 

reductions in root growth and grain yield of rice. 

Furthermore, Ligon and Pierre (1932) found that plant roots 

of barley, sorghum and corn were severely stunted with 

small callus-like nodules occurring near the root tips when 

grown in nutrient solution containing AI. Also, the 

formation of secondary roots was reduced. Moreover, Al was 

found to induce abnormalities in the root system which were 

similar in a wide variety of plant species such as 

reduction or inhibition of the growth of main axis and the 

lateral root. Clarkson (1966) attributed these morphological 

abnormalities of the root system to the inhibitory effect of 

Al on either cell division or cell extension. He concluded 
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that some mechanis. associated with cell division is highly 

sensitive to Al and is permanently damaged by short 

exposure. Greater accumulation of Al was found in the roots 

than in the leaves of corn plants which suggested that the 

transition zone serves to block movement of Al into the leaf 

tissue (McLean and Gilbert 1927). 

Rorison (1965) indicated that Al further inhibits 

cell elongation by coagulating pectic acid in the walls of 

young cells. Again, it has also been suggested that Al 

inhibits mitosis by inducing the synthesis of metabolically 

unstable DNA that interferes with Fe metabolism in the 

nucleus. 

The internal precipitation of Al phosphate within 

the plant roots which may physically block the absorption 

sites for P and further disturb P utilization has also been 

reported by Wright (1943) and McCormick and Borden (1972). 

Wright (1943) concluded that P was inactivated in plant 

roots by Al and thus created an actual deficiency of P in 

various meristematic regions of the plant with resultant 

poor growth. McCormick and Borden (1972) found that the 

interaction between Al and P occurred in the root cap and in 

the epidermal and cortical region extended back 1 to 5 mm 

from the root tip. Therefore, the AI-phosphate interaction 

appeared to be associated with the cell wall (where Al 

concentrates phosphate at the outside root surface) and the 
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cytoplasmic membrane of the epidermal and cortical cells. 

They also indicated that Al adsorbed by the root surface or 

in the intracellular free space is capable of immobilizing 

phosphate present in the root tissue or in the external 

substrate. Thus, Al would be expected to be able to extract 

phosphate from the root cells and other tissues of the 

plants as well as prevent the uptake of P from external 

sources. 

similarly Rorison (1965) and Clarkson (1967) stated 

that most of the Al assimilated by the roots is strongly 

bound to the adsorption sites in the cell wall. Therefore, 

cell surfaces on which hydrated Al oxides are present are 

able to adsorb an appreciable amount of P and is regarded as 

further sites for phosphate fixation. As a result, plant 

shoots exhibit symptoms of phosphate deficiency which cannot 

be remedied by increasing phosphate supply (Munns 1965). 

However, when Al phosphate precipitates in the solution, the 

toxicity of Al was alleviated. Similarly, Ligon and Pierre 

(1932) found that the injurious action of Al was first noted 

in the roots and becomes more evident in both roots and 

shoots with increasing age of the plants. Plant growth was 

reduced and the older plant leaves developed a red color 

indicative of P deficiency. Thus, an excess of Al causes a 

decrease in growth for most plant species principally by its 

effect on the growth of roots, either through an inhibition 
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of cell division in the roots and/or by reducing the 

transport of P from roots to shoots. Thus, P metabolism is 

disordered by excess Al that causes a characteristic 

distortion of the root meristem resulting in the production 

of stunted aerial parts which is accompanied by a purplish 

blue color on the older leaves similar to P deficiency, 

followed by a withering of the leaf tips (f1cCormick and 

Borden 1972). Roots of the Al-injured plants atrophy, 

thicken, coil back on themselves or take up a corolloidal 

shape (Coppenet and Juste 1982). Furthermore, Al affected 

roots generally develop a brownish cast, lose turgidity and 

become thick and distorted. Many of the Al toxicity symptoms 

in roots are quite similar to Ca deficiency symptoms. 

The leaf symptoms are abnormally dark green leaves, 

purple colored stems with thick and short internodes (Alam 

1981) • Also Alam (1981) noticed that leaves developed 

chlorosis symptoms in Al treated plants. He further 

attributed the Al toxicity effect to either Mn or Fe 

deficiency on these leaves. 

Noble,Lea and Fey (1985) noted that Al stress in 

soybean plants was evident within 24 hours in the treatment 

receiving the highest levels of Al (80 J.LM). They further 

indicated that soybean roots were severely damaged and the 

roots were light brown colored, stunted and showed a 

sUbstantial reduction in lateral root. proliferation. 
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Al toxicity has also been associated with a decrease 

in photosynthesis, chlorophyll concentration and 

transpiration in plant leaves (Ohki 1986, Sarkunan, 

Biddappa, and Nayak 1984). Ohki (1986) concluded that the 

growth reduction of wheat and sorghum under Al stress may be 

due in part to decreased photosynthesis which is accompanied 

by reduction of chlorophyll content of the leaves and 

transpiration rate. In addition, Sarkunan, Biddappa and 

Nayak (1984) reported that increasing Al concentration was 

associated with a decrease in both the gross photosynthesis 

and photosynthetic rate with parallel reductions in the 

quantity of chlorophyll in rice varieties. They also 

indicated that soluble carbohydrates were decreased and the 

synthesis of macromolecules such as protein and nucleic 

acids were affected. In contrast, Santoro, Soares, and 

Magalhaes (1984) stated that Al toxicity was associated with 

decrease in nitrate-reductase enzyme activity in leaves of 

Zea mays plants and thus resulted in a decrease of nitrate 

content in leaves. They further suggested that Al affects 

cell membranes which affect the nitrate uptake system in the 

tissue. Thus, the accumulation of reduced N in the leaves 

induced by Al could be the result of a combined effect of 

decreased amino acid incorporation into protein and 

increased protein breakdown due to unbalanced N metabolism 

in leaf cells. 
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Aluminum Toxicitv Effects on Mineral Composition of Plants 

Many investigators have associated Al toxicity with 

reduced uptake, translocation and accumulation of several 

mineral nutrients by plant tops (Bennet, Breen and Fey 

1985a, Duncan, Dobson and Fisher 1980, Alam 1981). Bennet, 

Breen and Fey (1985a) reported that root K content of the 

two maize cultivars (acid tolerant and acid susceptible) 

tended to increase while P, Ca, Mg and Mn content decreased 

with increasing Al rate in the nutrient solution. However, 

Al progressively decreased shoot contents of all these 

mineral elements. They further indicated that P transport 

between root and shoot diminished with increased root Al 

concentration. Moreover, Konishi, Miyamoto and Taki (1985) 

demonstrated that high concentration of Al caused a 

considerable decrease in Ca content and slight reduction in 

the Mg content, but Nand K absorption were increased in 

tea plants. Similarly, Duncan, et ale (1980) related the 

decrease of sorghum yield in acid soils to the decrease in 

Cu, Zn, Mg and Ca concentrations in the leaf tissues, but 

AI, Fe, Mn, K and P concentrations were higher in plant 

tops. In contrast, Zaini and Mercado (1985) found that 

shoot P mobility under high Al concentration (30 mg kg-I) 

was markedly depressed in rice seedlings. Furthermore, Al 

increased the concentrations of AI, P, Ca and Fe in roots of 

winter wheat cultivars, but the concentrations of P, Ca, Mg, 
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Fe and Mn in leaves were substantially reduced (Taylor and 

Foy 1985a). Taylor and Foy (1985a) concluded that Al 

induced elemental deficiencies may have a secondary effect 

on the yield of wheat cultivars grown on sub-lethal Al toxic 

substrate. On the other hand, Konishi, Miyamoto and Taki 

(1985) indicated that maximum growth of both roots and 

shoots of tea plants was obtained in the presence of 1.6 roM 

Al with 0.8 mM P in the nutrient solution. They found that 

Al stimulated the absorption of P and promoted higher growth 

of the plants. They concluded that Al alleviated the 

toxicity of P and played a regulatory role in the effective 

absorption and utilization of P. 

Biddappa (1985) showed that Al 

Likewise, Sarkunan and 

was not toxic to rice 

varieties when applied in combination with P rather than 

when Al was alone in the nutrient solution. However, at Al 

concentration of 20 mg kg-1 and above, Al was toxic to rice 

plants. Lee and Pritchard (1984) demonstrated that the 

concentration of Al in the leaves of white clover increased 

exponentially with increasing Al in the nutrient solution 

and the uptake of divalent cations was inhibited, but K and 

N uptake were enhanced in leaves. Gomes et ale (1985) showed 

that Al decreased the amount of N accumulated and the 

percentage of N in the aerial parts of sorghum plants. They 

concluded that Al not only reduced the amount of N 
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translocation but also changed the sap composition. 

Consequently Al affected protein degradation. 

Plant species and cultivars were found to vary 

widely in their response to the effect of Al on the 

elemental composition of plant tissue. Zaini and Mercado 

(1984) reported that under Al toxicity conditions higher Ca 

but lower Al and Fe contents were found in the shoots of 

rice tolerant varieties relative to that of Al sensitive 

varieties. Similarly, Johnson and Jackson (1964) found that 

Al reduced both the adsorption and accumulation of Ca in 

wheat seedlings, and the reduction in Ca uptake could not be 

overcome by supplying additional Ca. They concluded that Ca 

accumulation mechanism was completely inhibited by Al. In 

addition, the results indicated that Al inhibits the 

translocation of P to the plant tops and decreased the 

absorption of Ca and Mn. Fageria (1985) found that Al 

content in the tissues of two rice cultivars increased with 

increasing level of Al up to 40 mg kg-1 in the media. He 

further showed that increasing Al concentration in the 

nutrient solution inhibited the uptake of N, P, K, Ca, S, 

Fe, B, Cu, Zn and Mn. However, Krizek and Foy (1982) stated 

that Al stress significantly increased content of Ca in the 

aerial parts of barley, but P and Mg were unaffected. 

Aluminum toxicity was also found to induce chlorosis 

of several plant species. Alam (1981) reported that Al 
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depressed the concentration of Ca, Mg, and Mn in tops an,d 

roots of barley seedlings. Iron, CU and Al accumulated in 

plant roots but Zn uptake was enhanced by increasing levels 

of Al in nutrient solution. He concluded that the Al 

toxicity chlorosis developed on young barley leaves 

resulting from Al blocking the reduction of Fe+3 to Fe+ 2 

which reduces the chloroplast development in all plant 

parts. Therefore, Al toxicity symptoms in the aerial parts 

of plants are often associated with signs of malnutrition of 

essential elements such as N, Ca, P and/or Fe. The abnormal 

growth and development of root system resulted in less 

absorption and/or translocation of these elements. Foy 

(1984) stated that the difference in the pattern of 

elemental composition is often difficult to interpret in 

terms of Al toxicity mechanism. Moreover, the toxicity 

effect of Al in plants was found to be alleviated with 

increasing concentrations of various nutrient elements. 

Zaini and Mercado (1984) reported that the growth reduction 

in rice varieties as a result of Al toxicity was alleviated 

by increasing Ca levels in the culture solution. Likewise, 

Rechcigl et al. (1986) indicated that increasing Ca 

concentration in nutrient solution reduced Al toxicity 

effects as well as decreased Al content in the root of 

alfalfa. Also Hohenberg (1983) showed that high Al 

concentration increased the Ca concentration needed for 
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normal root elongation of cowpea. In addition, Elamin and 

wilcox (1986b) demonstrated that Al toxicity in watermelon 

and muskmelon was reduced by increasing the concentration of 

Mg in the nutrient solution. The effect of these elements 

in reducing Al toxicity was attributed to reducing Al 

translocation to the plant tops through immobilization of Al 

in the root, competitive reduction in Al root contact, 

and/or decreasing Al activity. 

The toxicity effects of Al in nodulation and 

nitrogen fixation was also a main factor in reducing growth 

of several plants. Hohenberg (1983) reported that high Al 

concentration reduced the normal root elongation of cowpea. 

In nodulated plants, nutrient solutions with 100 ~M Al 

delayed nodule formation, and in some varieties led to 

symbiotic failure. Similarly, Murphy, Edwards and Asher 

(1984) found that Al delayed nodulation and reduced early 

growth of tropical legumes. They also reported that 

nodulation is more sensitive to Al toxicity than is the host 

plant growth. They concluded that Al concentration of 25 ~M 

delayed the appearance of nodules and reduced the number of 

nodulated plants, nodule dry weight and nodule number. 

However, Carvalho et al. (1982) reported that Al had no 

detrimental effect in nitrogen fixation 

species plants. Similarly, Franco (1982) 

of Stylosanthes 

indicated that Al 

levels up to 83 ~M in solution did not effect dry weight, 
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,nodule growth or nitrogenase activity of Phase1us vulgaris 

L. 

Beneficial Effect of Aluminum and Plant Tolerance 

The beneficial effect of Al in low concentration has 

also been noticed in many plants (Forman, McLean and Gilbert 

1928, Sarkunan and Biddappa 1984, Zaini and Mercado 1985). 

Sarkunan and Biddappa (1985) found that at 3 mg L-1 Al in 

nutrient solution, root length and grain yield of rice 

increased from 35.1 to 38.3 cm and from 34.2 to 45.1 g/pot, 

respectively, compared with plants without AI. Reduction in 

yield was only obtained at high Al concentration. 

Plant varieties also differ'in their response to Al 

toxicity due to their differences in the pattern of Al 

uptake, P transport between root and shoot and their ability 

to maintain root respiration as well as selective exclusion 

of Al forms and plant induced pH changes around their roots 

(Bennet et al 1986, Wagatsuma and Yamasaku 1985; Jones 1961, 

FOY 1984, Taylor and Foy 1985b). Wagatsuma and Yamasaku 

(1985) stated that plant tops of two barley cultivars were 

more tolerant to the Al than roots. Furthermore they 

indicated that the cause of differential tolerance to Al in 

these varieties was the exclusion of Al activity outside the 

root cell plasmalema, and the excluded Al may polymerize 

and/or precipitate with P. They concluded that leaf Al 

concentrations linearly increased with increased Al 
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Similarly Jones (1961) reported that mustard 

and clover plants when grown in a greenhouse and supplied 

with Al showed little toxic effect, their phosphate status 

of the tops was not affected, and plants accumulated Al up 

to 350 ppm in their leaves. He concluded that Al in these 

plants is accumulated rather than excluded. Also Noble, Lea 

and Fey (1985) reported that the tolerance of some dry bean 

cultivars was related to their ability to use low P in acid 

soil more efficiently than others. In addition, Lee and Foy 

(1986) indicated that Al tolerance of two snapbean cultivars 

was related to their organic acid content. They found that 

the total concentration of organic acids was lower in the 

root extracts of the Al-sensitive cultivar than in those of 

the AI-tolerant. They concluded that the most marked 

biochemical indicators of Al-induced injury resulted from 

the changes in the malic and citric acid contents of roots. 

Hence an Al-chelation mechanism is involved in the 

differential tolerance to Al within these species. However, 

Taylor and Foy (1985c) related the differential Al tolerance 

among wheat cultivars to their differences in the pattern of 

N depletion (rate of NH4+ and NOj' uptake) which caused 

differences in the pH and Al solubility of the nutrient 

solution. Furthermore, Taylor and Foy (1985b) reported that 

the mechanism of Al tolerance in spring wheat cultivars was 

due to their differential pH changes. They concluded that Al 
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tolerance of spring wheat cultivars is a function of ability 

to resist acidification of the nutrient solution and hence 

to limit Al solubility and toxicity. They noticed that some 

wheat cultivars rapidly increased solution pH, while others 

continued to depress pH throughout the experiment. The 

increase in solution pH by tolerant wheat varieties was also 

reported by Fleming (1983). He indicated that 'Atlas 66' 

maintained NOJ-N uptake and increased solution pH in the 

presence of NHt-N, but the Red Coat variety maintained Not-N 

uptake with the coincident pH decrease. He concluded 

that the interference with NOj'-N metabolism was a major 

determinant of sensitivity to Al toxicity. In addition, Foy 

and Campbell (1984) concluded that, in general, strains of 

amaranthus that were most tolerant to AI-toxic soil were 

also among the most tolerant to Mn-toxic soil. Likewise 

those most sensitive to high Al soil were most sensitive to 

high Mn soil. However, other plant species and cuI tivars 

within the same species differ widely in their response to 

either Al and/or manganese stresses. 

Due to the tolerance of grapes to Al only a few 

researchers have noted Al toxicity (Baubals 1984, Marcelin 

1984) . They reported several cases of Al toxicity on 

different grape varieties 

(1984) reported that Al 

grown in acid soils. Marcelin 

toxicity affected the berry 

potential, alcohol .content, total acids, number of bunches 
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and berries per plant. Also, the berry fresh weight and 

leaf chlorophyll content, peducle weight and leaf protein 

levels were substantially reduced. 

Toxic Effect of Manganese in Plants: 

Manganese toxicity is usually more pronounced in the 

aerial parts of the plant than the roots (Rios and Pearson 

1964, Hiatt and Ragland 1963). Hiatt and Ragland (1963) 

reported that the shoot to root ratio of burley tobacco 

decreased as the Mn concentration in the nutrient solution 

increased. They concluded that Mn was highly toxic to shoots 

but not directly to the root system. However, some Mn was 

accumulated in the roots at higher Mn concentration. 

Therefore, the growth reduction in many plants is associated 

with accumulation of higher Mn in plant tops and thus might 

result in root metabolic disorder. Khatiashvili, Abulashvili 

and Burdzhandaze (1985) in their study of the effect of 

extreme conditions of manganese and boron feeding and their 

uptake by grapevine, found that Mn uptake at the start of 

vegetative growth increased and its content in the leaves 

was fully correlated with Mn concentration in the substrate. 

Also, at this period of growth, an excessive accumulation of 

Mn in the leaves was obtained. However, at the end of 

vegetative period the plants were incapable of excessive 

uptake and the degree of accumulation of Mn was far from the 

limit, in spite of a high level of Mn in the substrate. They 
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concluded that high doses of Mn did no harm to the plants. 

Fregoni and Bavarescol (1984) found that microelements, 

especially Mn and Zn were absorbed by grape vines in the 

greatest quantity from acid soils, whereas the uptake of 

maj or elements, especially P and Ca, was least on such 

soils. They concluded that K uptake was similar in all 

varieties whereas the uptake of other nutrients varied with 

the rootstocks. They emphasized the importance of soil pH on 

leaf and grape elemental content. Enkelmann (1978) in his 

work on M content in vine leaves in two acid soils reported 

a high Mn content in vine leaves without any toxicity 

symptoms in leaves. 

In contrast, several cases of Al and Mn toxicities 

on grape vines including different varieties in acid soils 

was reported by Boubals (1984) and Marcelin (1984). 

Recommendations of Ca and Mg amendments to raise the pH and 

to prevent possible toxicities of acid soils were also 

mentioned. In addition, Bernard (1984) noticed a Mn 

toxici ty symptom on the grapevine branches grown in soil 

with high Mn contents. He described that necrotic symptoms 

of Mn toxicity on the leaves were confined to the cortical 

tissues and that an intercortical corky layer isolated the 

surface deposits of Mn02 from the under layer areas. 

The effect of Mn on the elemental composition of 

grapes varied with the grape cuI ti vars and root stocks. 
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Gazzar, Keleg, and Sabbah (1979) found that the leaf Zn and 

Mn levels increased with increasing Zn and Mn application 

rates in Thompson seedless grapes. They further indicated 

that the presence of Zn and Mn in Fe spray slightly lessened 

the rise of Fe level in the leaf, while Fe and/or Mn in the 

Zn spray reduced the Zn level in the leaf. Similar results 

were also reported by Khetawat and Vashishtha (1978) with 

the exception that leaf eu content was decreased 

significantly when sprayed with Mn and Mn + Fe. They 

concluded that grape varieties responded differently to the 

micronutrient levels in their leaves. 

Grapes were found to be affected by the proportion 

of micronutrient rather than by an individual element. 

Edelbauer (1979) reported that the grape dry weight was 

higher when grown in nutrient solutions containing higher 

levels of Fe, Mn, eu, Zn, Band Mo, but plants with 

excessive eu produced a lower dry weight. Furthermore, 

Edelbauer (1979) in his comparative examinations of the 

influence of the proportion of micronutrients on the growth 

and dry matter accumulation of different varieties of vines, 

observed that all three rootstocks were influenced by the 

proportion of micronutrients rather than by their absolute 

amounts. He stated that all varieties were sensitive to 

excess eu or Zn and none were affected by excess Mn. 

However, Kumar and Bhushan (1980) concluded that Zn, Mn and 
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Furthermore, Cumming and Lilly (1984), 
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advantage over the 

to grape quality. 

in their study of 

soil pH and its effect on the· Muscadine grape yields and 

elemental concentrations, found that the yields from 1975 to 

1983 increased with N application but decreased at soil pH 

value of 5.0 or lower. 

Bromfield et al (1983) reported that rape and 

subterranean clover developed Mn toxicity symptoms on acid 

soils with pH value of 5.4 or less. They also stated that 

the Mn concentration in rape and clover grown in acid soils 

was more closely correlated with soil Mn extracted with 

CaCl2 than with Mn in soil solution. 

Manganese has also been found to affect the 

photosynthesis, transpiration and chlorophyll content of the 

foliar green plants. Clairmont, Hagar and Davis (1986) 

stated that chlorophyll synthesis was selectively inhibited 

and growth was reduced in tobacco explant growing on media 

containing 10 mM Mn. In addition, Ohki (1985) observed that 

mild Mn toxicity reduced top dry weight of wheat but did not 

affect photosynthesis, chlorophyll content or transpiration 

rate. In his conclusion severe Mn toxicity decreased dry 

weight, photosynthesis, total chlorophyll content and 

transpiration rate. The critical Mn toxicity levels for 

reducing growth, photosynthesis, chlorophyll content and 
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and 24 mmol kg- 1 , 

Manganese Effects on Mineral composition of Plants 

The effect of Mn toxicity in plant growth and 

elemental composition is highly investigated in much of the 

literature. Ohki (1984) reported that 9.1 roM Mn in nutrient 

solution decreased shoot and root dry weight of wheat as 

well as tiller numbers. Tissue K, P, Ca, Mg and Fe were 

reduced whereas Mn concentration in leaf blade increased 

with increasing Mn in the nutrient solution. He also found 

that the critical Mn toxicity levels associated with 10% 

reduction in shoot dry weights was 380, 900, 1100 and 200 

~g/g for leaf blades 1, 2, 3 and the stern, respectively. In 

addition Kohno, FOY, Fleming and Krizek (1984) showed that 

dry weight of a sensitive bush bean cultivar wa~ reduced by 

31% in the presence of 1 mg L-1 Mn in the nutrient solution. 

Manganese sensitive cultivars accumulated more Mn and less 

Fe in their young leaves but more Fe in root than Mn 

tolerant ones. 

In contrast, Tracy (1983) indicated that avocado 

trees, when grown in containers and exposed to increasing Mn 

concentration, suffered from leaf abscission, but the 

concentration of Mn, K and P increased in their leaves. The 

concentration of Fe was reduced in the tops. He also found 

that the death of young trees was associated with Mn 
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concentration of 2000 to 2500 mg kg-1 in 6 to 10 month old 

leaves. 

Smith, Edmeades and Upsdell (1983) reported that Mn 

depressed dry matter yield of lucerne, rye grass and white 

clover and the greater effect of Mn treatments was at pH 5.5 

They further showed that apart from Ca, Mn had little or no 

effect on the concentration of major elements and Fe in the 

shoots and roots of the three species. Transport of Ca 

from roots to shoots was significantly reduced by excess Mn 

in lucerne and white clover. The critical Mn concentrations 

in shoot associated with 10% reduction in growth were 340, 

370 and 1110 mg/kg dry matter for lucerne, white clover and 

rye grass, respectively. 

Abd-Elgawad and Knezek (1983) reported that the dry 

matter of 'Dare' and 'Lee t soybeans plant was greatly 

reduced at 500 mg Mn kg-1 soil. They also indicated that 

the shoot Zn concentration of both soybean cultivars was 

significantly increased with Mn addition. The Mn 

concentration also increased in plant tops of both 

varieties. However, the varieties differed in their Mn 

accumulation in their tops. They concluded that Mn 

concentration in plant leaves associated with 10 and 50% 

reduction of maximum dry weight was 145 and 685 mg/kg for 

'Dare' and 200 and 1500 mg/kg for 'Lee', respectively. 
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The toxic 'effects of Mn in plants was found to be 

affected by plant age, other minerals and environmental 

conditions. Nelson (1983) reported that rice plants were 

more sensitive to excess Mn under cool conditions and the Mn 

content of the plant at which toxicity symptoms appeared 

depends on the tissue age and environmental condition. He 

found that the growth of two-day-old seedlings exposed to 

excess Mn was more retarded than that of similarly exposed 

two-week-old seedlings. In addition, Heenan and Campbell 

(1983) indicated that increasing Fe concentration in the 

solution partially overcame the effects of Mn toxicity in 

soybean plants. They further reported that the Mn content in 

the plant tops increased with increasing Fe, despite a 

reduced rate of Mn uptake with time. High levels of Mn were 

found in leaves displaying Mn toxicity symptoms. They 

concluded that the interaction between Mn and Fe occurred 

for dry matter yields, rate of Mn absorption by roots, and 

the proportions of Mn and Fe transported to the tops. 

Furthermore, soil Mn solubility is known to be enhanced by 

air drying. Moraghan (1985) observed that flax plants 

developed symptoms of Mn toxicity when grown in air dried 

and non air dried soils which contain 4.2 and 2.0 mg g-l, 

respectively. The abnormality was more severe in plants 

grown on air dried calcareous soils. He also stated that 

older leaves of flax contained 1758 and 1014 mg Mn g_l, 
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respectively, when grown on the air dried and non air dried 

soils. However, the application of Fe EDDHA to both soils 

reduced Mn levels in the plant leaves to 68 and 42 mg g-1 

and eliminated all Mn toxicity symptoms. He related that on 

the reduction of Fe EDDHA to Mn uptake by plants. 

The nitrogen source enhanced or reduced Mn 

accumulation in plants and was accompanied with Mn toxicity. 

Elamin and Wilcox (1986b) observed that watermelon plants 

grown with N03-N at 25 and 50 mg-1 Mn had reduced growth and 

developed Mn toxicity symptoms with Mn concentrations 1700 

mg g-1 in shoot tissues. However, with NH4 the. Mn 

treatments had no effect on growth and no Mn toxicity 

symptoms were observed, and Mn accumulation in shoot tissue 

of the plants was 800 mg/g. In addition, shifting plants 

from NH4 to N03 nutrition at 50 mg 1-1 Mn in solution 

stimulated rapid Mn absorption and produced Mn toxicity 

symptoms with over 1500 ppm Mn in plant tissue. 

Manganese Toxicity Symptoms 

Manganese toxicity symptoms are more easily 

identifiable than Al. Since Mn usually accumulates in the 

aerial parts of plants, plant roots are usually affected by 

reduced top growth. However, Mn toxicity symptoms in plant 

leaves and stems will be quite different among plant species 

and cu1tivars. Bortner (1935) described MN toxocity symptoms 

------------ -------- ------- - ---------- ------
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in tobacco leaves as being stunted and chlorotic with 

necrotic spots. Blarney et al (1986) stated that first 

visible symptoms of excess Mn on sunflower is the 

appearance of small, dark-brown to black spots (0.5 mm in 

diameter) on lower stems and on petioles and blades of the 

lower leaves. But at higher Mn concentration the upper 

leaves developed a chlorosis and severe leaf crinkling of 

interveinal area as well as dark brown lesions developed on 

the lower leaves. Elamin and wilcox (1986b) observed that 

Mn toxicity symptoms on watermelon developed first on the 

lower mature leaf surface as small, distinct, blackish 

brown speckling which progressed to extensive vein browning 

and necrotic lesions. These symptoms appeared when plant 

leaves contained more than or equal to 1325 mg kg-1 Mn. 

Moreover, Elamin and wilcox (1986c) noticed that Mn toxicity 

in muskmelon appeared as water soaked spots, necrotic spots 

and necrotic lesions which were more severe on the lower 

mature leaves. The leaves developed Mn toxicity when they 

accumulated more than 900 mg kg-1 Mn. However, Riedell and 

Schmid (1986) showed that Mn toxicity symptoms in barley 

leaves were tip chlorosis, marginal necrosis and isolated 

necrotic lesions. Leaf toxicity symptoms which were related 

to leaf Mn content were more pronounced on plants grown in 

solution which contained greater concentration of Mn. 

Crawford et al. (1988) described Mn toxicity in cucumber 
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as stunted plants with small leaves, curved downward with 

bronze-colored spots visible on both top and the bottom of 

each leaf. Petolino and Collins (19S5) indicated that foliar 

chlorosis and necrotic spotting indicative of Mn toxicity 

were observed in all tobacco seedling cultivars grown in 

sand and exposed to elevated Mn concentration (10 roM) in 

nutrient solution. Higher concentration of Mn (up to 100 

roM) also resulted in tissue discoloration and growth 

reduction. Keisling, Thompson and Slabugh (19S4) stated that 

Mn toxicity symptoms in wheat showed as stunting, chlorosis, 

necrotic leaf spots, white flecking, purpling and leaf tip 

burn. These visual symptoms were associated with high tissue 

Mn content. Several varieties of grapes grown in Texas were 

observed to accumulate high amounts of Mn in their leaves 

without injury. Also, high Mn in soils is one of the causes 

of Fe chlorosis in vines in California. 

Tolerance and Sensitivity of Plants to Excess Manganese 

Blarney et al (19S6) related the tolerance of 

sunflower to excess Mn to its ability to localize Mn 

concentration in a metabolically inactive form in its 

tissue. Miller and Oechel (19S5) indicated that an abundance 

of Ca and si in plant tissue may ameliorate the toxic 

effects of Mn by altering its microdistribution in leaf 

tissue. They suggested that Mn may be deposited in 

association with si in the cell wall. Blatt and Diest (19S1) 
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reported that considerable variation was observed in the 

sensitivity of 20 lettuce cultivars to excess Mn as shown by 

visible symptoms. No correlation between accumulation of Mn 

in leaves and roots and the degree of Mn tolerance was 

found. They concluded that increasing Si in the solution 

repressed Mn toxicity symptoms, but had variable effects on 

the Mn contents of leaves and roots. Furthermore, Culvenor 

(1985), in his study of tolerance of Phalaris aguatica L. 

lines and other agricultural species to excess Mn, found 

that shoot yield at 150 mg 1-1 Mn was 25 to 50% of the 

maximum yield obtained at 0.5 mg 1-1 Mn in some lines and 

only 40% in others. He further observed that shoot Mn 

concentrations causing 10% reduction in wheat, clipper 

barley, subterranean clover and ;unbuck rape were 730 to 

2200 mg 1-1 . He concluded that variation in tolerance of 

high internal Mn levels was the principle determinant of 

relative tolerance within Pha1aris. Thus, the greater 

tolerance of Phalaris compared with the other species was 

due to the lower Mn uptake and higher internal tolerance. 

Peto1ino and Collins (1985) stated that Mn tolerance 

in tobacco cu1 tivars was related to the difference among 

cu1 tivars and it is a manifestation of both cellular and 

whole plant characteristics. The tolerance of several 

varieties of barley and wheat cu1tivars to Mn concentration 

up to 150 mg 1-1 in nutrient solution was also reported by 
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They related that to the 

differential tolerance of such varieties to high Mn levels. 

The differential tolerance of bush bean cultivars to excess 

Mn in solution was also mentioned by Kohno and Foy (1983). 

They found that leaf Mn concentration of plants grown in 

sand culture was higher than that for plants grown in 

solution culture. They also reported that the lowest leaf Mn 

concentration at which Mn toxicity symptoms developed was 

higher in tolerant than in sensitive cultivars. Also the 

Fe/Mn ratio in the leaves at which Mn toxicity symptoms 

develop was higher in the sensitive cultivars than in the 

tolerant ones. They concluded that Mn tolerance in certain 

bush bean cultivars is due to a greater ability to tolerate 

a high level of Mn accumulation in the leaves. However, 

Horst (1983) found that there was a relationship between Mn 

tolerance and homogeneous distribution of Mn in the tissues 

of cowpea. He stated that in tolerant lines, local 

accumulation and deposition of Mn were inhibited or retarded. 
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CHAPTER 3 

MATERIALS AND METHODS 

This dissertation actually consists of two different 

studies to be discussed. 

1. Aluminum and Mn toxicities in field and greenhouse 

experiments. 

2. variation of N content in grape leaves as affected 

by fertilizer application rates. 

Sonoita Vineyard 

The Vina Sonoita Vineyard is located about 5 km 

southeast of Elgin, Arizona, on the San Ignacio del 

Babocomari land grant. The elevation of this area is 1600 m 

and the average annual precipitation is 430 mm. The 

location is on White House soil series which is classified 

as fine, mixed, thermic Ustol1ic Haplargids. These soils 

have neutral to acid surface horizons with calcareous 

subsurface horizons. Grapes in this area were established 

on contoured terraces in rows 4.5 m apart with plants spaced 

2.1 m apart. In order to control cotton root rot 

(Phymototrichum omnivorum L.), soils in this area were 

treated with sulfur materials such as ammonium thiosulfate 

which lowered the soil pH and reduced the availability of 

soil P for plants. Therefore, lowering soil pH may further 
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induce Al and/or Mn toxicity. In fact, some vine plants 

actually exhibited P deficiency symptoms in their leaves, 

resulting from high Al and Fe content in these soils (Dutt, 

Olsen and Stroehlein 1986). 

Plant leaf samples were collected on July 1988 from 

plants showing little or no symptoms and tho~e showing 

highly developed plant symptoms. Plant leaf blade samples 

were analyzed for AI, Mn, Fe, Cu, Zn, P, K, Ca and Mg. In 

order to correlate soil Al and Mn content with that in 

plants, soil samples were collected from three locations 

beside or under those specific plants. Soil samples were 

taken from the 0 to 15 and 15 to 30 cm depths. Soil 

samples were analyzed for pH, AI, Mn, Fe, Cu and Zn content. 

Oracle Agricultural center 

The University of Arizona Oracle Agricultural CentGr 

is located about 50 km north of the city of Tucson, Arizona. 

The elevation of this area is 1300 m and the average annual 

precipitation is 370 mm. Several grape (Vitis vinfera L.) 

varieties were planted in 1970 on a cropped area that was 

70 m long by 1.22 m wide in between 8 m wide microcatchments 

for water harvesting. The grape plants were spaced 2.25 m 

apart in the rows with 9.2 m between rows. The soil is also 

the White House series, which are formed from old and recent 

alluvium derived primarily from granite and other quartz

bearing rocks. These soils are deep, well drained with 
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permeable A horizons overlaying deep Bt horizons. The soils 

of this area are acidic at the surface with increasing pH 

value with depth. The use of nitrogen fertilizer and sulfur 

amendments lowered the soil pH and increased the acidity of 

the soil surface of this area. Therefore, the decrease in 

soil pH value caused an increase in the exchangeable Al, Mn 

and Fe which might reduce the availability of other plant 

nutrients such as P and further enhance the toxicity of Al 

and Mn, as in the case of the sonoita vineyard location. 

six locations were identified by having low soil pH 

values. Soil samples from these locations were collected 

from 0 to 15 and 15 to 30 cm depths. Plant leaf samples were 

also taken in May 1989 at prebloom stage from each plant 

grown beside or near each location, with a total of six 

plant samples of each variety. 

Soil Chemical Analysis 

Soil samples from both Sonoita and Oracle 

Agricultural Center were air dried, ground and passed 

through a 2 rom sieve. Subsoil samples were then used to 

carry out the following analyses. The pH was measured in 

the saturated paste; Al was extracted by 1 M KCl and 

determined by nitrous oxide atomic absorption 

spectrophotometer; Mn, Fe, Zn and Cu were extracted with a 

DTPA extraction procedure and atomic absorption 

spectrophotometric determination. 
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Plant Tissue Chemical Analysis 

Plant leaf blade samples of both locations were oven 

dried at 65°C, ground in a wiley mill to pass a' 40-mesh 

screen and subsamples were then digested using HN03 and 

HCl04 acids (Page 1982). The P in the digested plant 

samples was determined spectrophotometrically using the 

vanodomolybdate procedure (Page 1982). Aluminum, Ca, Mg, 

Mn, Fe, cu and Zn were determined by atomic absorption 

spectrophotometry. Potassium was determined by flame 

emission spectroscopy. 

Greenhouse Experiment 

Grape cuttings were collected from sonoita vineyard 

on February 1988 and grown in 1/4 liter hard paper boxes. 

The paper boxes were filled with a mixture of sand and peat 

moss at a ratio of 1 to 3. Each individual vine was placed 

in a box and was irrigated with water using a sprinkler 

system unit on the greenhouse bench. cuttings were checked 

daily and left to grow until the initiation of their roots. 

At the initiation of root growth, plants were removed from 

the boxes and their roots were washed with distilled water 

and each vine was transferred to a plastic pot which was 

filled with approximately 3 kg fine quartz sand per pot. 

The plastic pots were perforated on the bottom, which was 

covered with glass wool to facilitate air movement and 

nutrient solution drainage. Saucers were used undernea th 
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each pot to collect the extra nutrient solution. The plants 

were grown in sand cultures with nutrient solution from 

April until August 1988. The first set of the experiment 

consisted of 57 pots containing one grape plant each and 

placed on a greenhouse bench using a randomized complete 

block design with three blocks. The average daily 

temperature of the greenhouse during the course of the 

experiment is given in Appendix I. 

The composition of the full strength nutrient 

solution is given in Table 1. The solution to induce Al, 

Mn, and Al and Mn toxicities was identical to the full 

strength nutrient solution except that AI, Mn, and Al and I1n 

were added from AI2(S04)3 • 18H20 and Mn(S04) • H20 

solutions as the treatments indicated. The composition of 

the various treatments is given in Table 2. The control 

treatment received only full strength nutrient solution. 

Due to the late appearance of the toxicity symptoms, 

a second set of experiments began July 1, 1988 , with high 

levels of Al and Mn concentrations. The Al and Mn levels 

were 30, 40, 50 and 60 mg L-1 each. Twenty-four pots 

containing one plant each were placed in the greenhouse 

bench using the same design as previously mentioned with 

three replicates. The nutrient solution was replaced with 

fresh solution every 15 days. 

---------_ .• _ .. _- '-'_.--" _ .. _- •... - .. 



Table 1 Salts and Concentrations Used for Compounding 
Nutrient Solutions 

Element content in Solution Salt 

- - - mgl-1 - - -

Nitrogen 135 ca(N03)2' NH4N03 

Phosphorus 165 KH2P04 

Potassium 208 KH2P04 

Calcium 150 ca(N03)2 

Magnesium 50 Mgso4 

Sulfur 66 MgSo4 

Iron 15 FeC12.4H20 

Manganese 0.5 MnC12.4H20 

Boron 0.5 H3B03 

Zinc 0.4 ZnC12 

Copper 0.1 CUC12.2H20 

Molybdenum 0.05 

Crawford et al., 1988. 
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Table 2 Aluminum, Manganese and Aluminum and Manganese 
Treatment Combinations in the Nutrient Solutions 

Aluminum and Manganese 
Aluminum Levels Manganese Levels Levels 

(A10) 

(All) 

(A12) 

(A13) 

(A14) 

(A1S) 

(A16) 

(A17) 

(A18) 

(A19) 

(Al10) 

o 

2 

6 

10 

14 

18 

22 

30 

40 

so 

60 

(MnO) 

(Mn1) 

(Mn2) 

(Mn3) 

(Mn4) 

(MnS) 

(Mn6) 

(Mn7) 

(Mn8) 

(Mn9) 

(Al10) 

O.S 

2 

6 

10 

14 

18 

22 

30 

40 

so 

60 

(Al + Mn1) 2 (1,1)* 

(Al + Mn2) 4 (2,2) 

(Al + Mn3) 8 (3, S) 

(Al + Mn4) 12 (S,7) 

(Al + MnS) 16 (8,8) 

(Al + Mn6) 22 (11,11) 

*Aluminum and manganese combinations in mgl-1 . 
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Sampling and Variables Measured 

The pH of each treatment was measured weekly. Shoot 

length and number of leaves were measured every two weeks. 

Leaf samples from each treatment were taken every month from 

April until August for nutrient composition analysis. 

Plant Tissue Chemical Analysis 

Leaf blade samples were 

ground using a Wiley mill to 

Subsamples were digested using 

oven 

pass 

HN03 

dried at 65°C and 

a 40-mesh screen. 

and HCI04 acids 

digestion procedure as described in Page (1982). 

AI, ca, Mg, Mn, Fe, cu and Zn of digested plant 

samples were determined by atomic absorption 

spectrophotometry. Potassium was determined by flame 

emission spectrophotometer, and P was determined 

colorimetrically by the vandomolybdate method. The nitrogen 

study was carried out at Oracle Agricultural Center and 

Campus Agricultural Center 

Campus Agricultural Center 

The campus Agricultural Center of the University of 

Arizona is located east of Campbell Avenue at T135 R146 Sec 

19SW 1/4 in the city of Tucson, Arizona. The vinegrapes 

were established in 1980 at the station. Soils on which the 

grapes are grown is a Brazito sandy loam (mixed, thermic 

Typic Torrifluvent). These soils are well drained, nearly 
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level and shallow over sand or gravelly sand. The soils of 

this series occur on floodplains in santa Cruz Valley and 

formed in alluvium deposited on floodplains and fans on 

valley slopes. The elevation of these soils ranges from 580 

to 915 m, and the average annual rainfall is 220 to 270 mm. 

Grapes in this area were treated with urea nitrogen 

fertilizer at a rates of 0, 155 310 g N per vine from 1986 

to 1989. The treatments were replicated four times. 

However, during the latter part of this period the vineyard 

was irrigated with Tucson municipal waste water which 

contained significant amounts of N. As a result, the plants 

were heal thy and green and no N deficiency symptoms were 

observed. Leaf petiole samples were taken in May 1988 and 

1989 from the 5th (premature) leaf, 7th (mature) leaf and 

leaf opposite to cluster. Petiole samples was then dried at 

65°C and ground in a Wiley mill to pass a 40-mesh screen. 

Nitrate nitrogen of the petiole samples was extracted with 

deionized water and determined by ion chromatography. 

Several grape varieties at Oracle Agricultural 

Center were also treated with different levels of N 

fertilizer from 1981 to 1988. Urea was applied at rates of 

0, 155 and 310 g N per plant. Leaf petiole samples were 

also collected in May 1989 from 5th, 7th and opposite to the 

cluster leaves at the prebloom stage of growth. The petiole 

samples were collected from six different varieties which 
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are French colombard, Sauvignon blanc, Cabernet sauvignon, 

Zinfandel, Ruby cabernet, and Pinot noir. Petiole samples 

were then dried, ground and N03-N was determined with the 

same procedure indicated previously. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Soils 

The relationship between soil pH and extractable AI, 

Mn, Fe and Zn at different locations of White House soil at 

sonoita vineyard is given in Table 3. The data indicate 

that this soil has low pH values ranging from 3.5 to 4.7 at 

various locations. The pH values decreased with depth. The 

lower pH values of this soil resulted from previous 

application of soil amendments such as ammonium thiosulfate 

and sulfur materials for controlling cotton root rot fungus 

disease. The addition of such acidic amendments enhanced 

the dissolution of Al and Fe from the exchangeable sites 

into soil solution. The precipitation of P by Al and Fe in 

soil and plant tissue is well known. The analysis of plant 

leaves showing little or no symptoms and those showing toxic 

symptoms are presented in Table 4. These results indicate 

a P deficiency in plant leaves, which resulted from high Al 

and Fe content in soil. High Al and Fe in this soil 

resulted in the plant P deficiency symptoms. Also this is 

an old, well developed soil with low native soil P. There 

was no significant correlation between soil pH values and Al 

toxicity prediction. The correlation coefficient (r) 
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Table 3. Relationship Between Soil pH and Extractable Al, 
Mn, Fe. and Zn at Different Locations on White House 
Soil at Sonoita Vineyard 

Soil 
Location Depth pH Al Mn Fe Zn 

em - - mg kg-1 - - -
1 0-15 3.7 104 53.9 29.2 0.95 

15-30 4.2 58 40.9 18.5 1.80 

2 0-15 4.4 185 28.2 22.6 1.20 

15-30 4.7 116 11.2 24.3 0.98 

3 0-15 3.5 182 34.6 18.2 1.10 

15-30 3.8 52 9.1 21.2 0.79 

1. Under plants showing high symptoms. 
2. Under plarits showing little symptoms. 
3. Under plants showing no symptoms. 
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Table 4 Effect of Soil Al on the Chemical composition of 
Grape Leaves Grown on White House Soil at Sonoita 
vineyard 

Location P K Ca Mg Al Mn Fe Cu Zn 

- - - - - % - - - - - - - -mg kg-1 - - - - -
1 0.09 0.81 2.25 0.57 975 386 113 10.2 36.0 

2 0.09 1.07 2.41 0.71 1028 260 126 11.5 21. 6 

3 .20 0.92 2.48 0.48 754 308 106 9.1 19.5 

1. Under highly shown plant symptoms. 
2. Under less advanced symptoms. 
3. Under healthy plants. 

-------_._- .. -- ... ---
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between soil pH and extractable soil Al was -0.23. The 

regression equation was y = 231.5 + (-24.3)X where y is the 

expected Al concentration at a given soil pH value (X). 

These results are in agreement with Adams and Moore (1983) 

and Adams and Hathcock (1984), who stated that soil pH is a 

poor indicator of either Al or Mn toxicity for plants 

(Table 3 and 5). The Al concentration in plant leaves 

showing toxicity symptoms was 975 and for those showing 

little symptoms was 1028 mg Al kg-1 , respectively. The Al 

concentration in healthy plant leaves was 754 mg kg-1 . 

These results indicate that grape plants will exhibit Al 

toxicity symptoms only when they accumulate 800 or more mg 

kg-1 Al in their leaves. Plants which exhibited Al toxicity 

symptoms had a deficient level of P. The P deficiency 

symptoms resulted from high Al in soil and plant tissue. 

Furthermore, plants that exhibited Al toxicity symptoms had 

a lower Ca, K, Zn and Cu content in their tops (Table 4). 

The results also show that plants have a higher Mn content 

in their tops, but their Mg and Fe content were within the 

adequate range. Therefore, high Al concentration in plant 

leaves enhanced the absorption of Mn and Mg. The Mn content 

in this soil is within normal range and would not be 

expected to cause a toxicity problems in this field. The Mn 

concentration of soils extraced by DTPA at which toxicity 

problem is rather expected lies between 50 to 100 ~g g-l Mn 
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Table 5 Relationship Between Soil pH Values and Extractable 
AI, Mn, Fe and Zn at Different Locations on White 
House Soil at Oracle Agricultural center 

soil 
Location Depth pH Al Mn Fe Zn 

cm - - mg kg-1 -

1 0-15 4.8 18 35.2 22.6 0.82 

15-30 6.1 26 36.1 15.1 0.65 

2 0-15 4.7 104 37 82.1 0.82 

15-30 4.9 132 44.2 32.9 1.22 

3 0-15 4.0 112 29.0 32.2 0.32 

15-30 5.9 89 28.8 13.8 0.46 

4 0-15 3.8 72 14.8 93.3 0.56 

15-30 4.6 94 12.9 82.9 0.76 

5 0-15 5.2 26 16.8 12.8 0.37 

15-30 4.8 86 41.1 16.6 0.71 

6 0-15 5.7 36 29.7 25.7 0.88 

15-30 6.5 28 26.4 31.1 0.66 



Table 6 Effect of Soil pH an::1 Extractable Al, Mn an::1 Fe on the Chemical 
Composition of Grape leaves Grown on White House Soil at Oracle 
Agricultural Center 

Variety P K ca M;J Al Mn Fe CU Zn 

- - - - - % - - - -
_ _ _ _ ng kg-l _ _ _ _ _ 

Zinfandel 0.23 2.12 1.62 0.45 460 167 168 19.3 24.0 

Ruby cabernet 0.22 1.83 2.38 0.36 472 348 212 12.8 26.8 

pinot noir 0.26 1.76 2.1 0.71 444 129 185 13.8 29.8 

Sauvignon blanc 0.19 1.98 2.0 0.53 620 115 219 15.2 28.0 

Ruby cabernet 0.19 1.58 2.03 0.36 536 187 160 15.8 27.7 

Pinot noir 0.27 2.9 3.59 0.89 640 468 215 16.0 25.8 

81 
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(coppnet and Juste 1982, Adams 1984). Grape plants were 

found to accumulate several hundreds of mg kg-1 Mn in their 

tops without injury. These results are in agreement with 

coppnet and Juste (1982) and Adams (1984). The Mn 

concentration in soil at which toxicity is expected lies 

between 50 to 100 mg kg-1 Mn. The extractable Fe of this 

soil was higher than adequate range needed for plants. 

since the established soil tests for Fe is 10 mg kg-1 is 

considered adequate for most plants. The results also 

confirm that plants exhibiting P deficiency symptoms have a 

lower P content in their tops resulting from high 

concentration of Al and Fe in soil. The interactions 

between either Al or Fe with P in soil and plant tissues 

resulted in reducing P availability to plants (Dutt et ale 

1986) • It is well known that high Al and Fe in soil can 

precipitate soil P and reduce its availability for plant 

utilization (Clarkeson 1966, Hsu and Rennie 1962). Table 3 

shows that soil test value for Zn is within the marginal 

range, except in one location which showed a 1. 8 mg kg-1 . 

Thus, a Zn deficiency in this field is expected. The effect 

of soil pH, Al and Fe content on the chemical composition of 

grape leaves is presented in Table 4. The data indicated 

that plants have a high Al content in their leaves. Plants 

showing Al toxicity symptoms had a higher Al content in 

their tops and lower P, Ca and Zn. The symptoms start to 
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appear when plants accumulated 800 mg kg-1 Al or more. 

Furthermore, plant Al content caused a lower concentration 

of P, Zn and Cu, but enhanced the absorption of Mn, Mg and 

Fe. The K content was also lowered. Furthermore, plants 

have a higher concentration of Mn. Since normal plants had 

a high amount of Al and Mn content, growth reduction is 

expected. However, more information and research is needed 

to further declare the effect of Al and Mn on grape yields. 

The relationship between soil pH value, extractable 

Al, Mn, Fe and Zn at different locations at White House soil 

at Oracle Agricultural center are presented in Table 5. The 

results indicated that soil pH value fluctuated from one 

location to another. However, they were all within acidic 

condition. The lower pH values resulted from previous 

application of acid forming i~~tilizers and soil amendments 

which reduced soil pH values. The addition of acid forming 

fertilizers and soil amendments such as elemental sulfur 

resulted in acidifying this soil as well as lowering its pH 

values. The results indicated that soil pH value in this 

field is a poor indicator of Al or Mn toxicity in grape 

varieties which can be attributed to the effect of other 

soil variables as well as with grape root stocks. There was 

no correlation between soil pH values and Al extracted with 

1 M KCl. The soil pH values of this field at six different 

locations was increased with soil depth. Aluminum contents 
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of soil were high in several locations and tended to 

decrease with increasing soil pH values. The higher Al 

content of such soil resulted from previous application of 

acidifying materials to the soil such as ammonium fertilizer 

and elemental sulfur which promoted soil acidification, 

increased the concentrations of Mn and Fe and enhanced the 

Al content in the exchangeable sites. The extractable Fe 

was high in some locations. The extractable Mn was within 

the appropriate range which ranged from 12.9 to 44.2 mg kg-1 

Mn. However, Zn in some locations was low, which means that 

these locations are within the deficient range of Zn 

content. These results confirm the finding of Janat (1989). 

The effect of soil pH and Al on the chemical 

composition of grape leaves grown on White House soil at 

Oracle Agricultural center is presented in Table 6. The 

results indicated that grape varieties have a different 

amount of AI, Mn and Fe contents in their tissue which was 

expected due to the high soil content of these elements. 

However, no Al or Mn toxicity symptoms were observed on such 

plants. It is also possible that high Al and Mn content 

reduced the growth and yield production. Furthermore, it 

was confirmed with the greenhouse study (next section) that 

grapes can accumulate high amounts of Al and Mn without 

injury. The varieties had an adequate range of P, K and Cu, 

whereas as Zn content was lowered. 
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The lower plant Zn content might be the result of 

high Al and Fe in soil and/or probably from low soil Zn 

content. Plants which had high Mn in their tops had a lower 

Zn concentration. It seems from the results that 

micronutrients, especially Mn and Fe were absorbed in 

greatest quantity from acid soils under the study whereas 

the uptake of macronutrients, especially P and Ca was least 

marked on such soils which confirm the results obtained by 

Fregoni and Bavarescol (1984) and Adams and Moore (1983). 

However, the other nutrient concentrations varied with root 

stocks. For example, Zinfandel had 460 mg kg-1 Al and 

absorbed higher amount of P, K, Mn and Fe, while Ruby 

cabernet had 472 mg kg-1 Al and absorbed least P, K, cu and 

Mg. Furthermore, Pinot noir had a higher Al content in its 

tops and absorbed higher amounts of K, Ca and Mg, whereas 

sauvignon blanc had the same Al content and absorbed least 

amounts of P, K, Ca and Mn. In addition, except for 

zinfandel most varieties had a normal range of Cu and Zn 

according to Cook (1978) and Christensen (1972). Thus, the 

root stocks showed differences in their absorption of the 

nutrients. Ruby Cabernet absorbed less P, K and Mg than 

Pinot noir and Zinfandel. 

absorbed little Ca. 

Furthermore, Sauvegnon blanc 
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Greenhouse Experiment 

The effect of Al treatments on the plant growth 

during the course of the experiment is given in Fig. 1. 

Final shoot growth and final number of leaves as well as 

percent reduction compared to the control are given in 

Table 7. High Al treatments resulted in reduction in shoot 

growth and decreased the number of leaves. Plant leaves 

were also smaller and thinner than normal leaves and wider 

at the base. Furthermore, high Al treatments resulted in 

smaller trunk diameter and shorter internode. A 10% 

reduction of shoot growth occurred at 6 mg 1-1 Al in the 

nutrient solution. However, this reduction occurred only 

when plants had accumulated 780 mg kg-1 Al in their tops. 

Furthermore, plant growth was drastically affected by Al 

stress (Munns 1965). The depression of plant growth as 

affected by Al treatments was related to the nutritional 

imbalance which coincided with reduction of P, Ca and Mg as 

well as specific toxic effects of Al on plant root systems 

(Munns 1965, Islam et ale 1980). In addition, an increase 

in respiration and decreased in photosynthesis under high Al 

treatments might be one of the reasons for plant growth 

inhibition (Ohki 1986, Sarkunan et ale 1984). In addition, 

high Al treatments had a significant effects on both shoot 

growth and mineral accumUlation. High Al level in the 

nutrient solution resulted in a relatively lower shoot 

growth and high percent reduction compared to the control 
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Table 7 Final Shoot Growth and Final Number of Leaves 
as Influenced by Al Treatments 

Al 
Treatments 

- mg 1-1 -

0 

2 

6 

10 

14 

18 

22 

LSD = 0.05 

Treatment 
Means 

*Means not 

Final Shoot 
Growth 

cm - -

258a 

246ab 

225abc 

206abc 

200bc 

185c 

175c 

54.5 

213.5 

Reduction 
Compared 

to Control 

- - % - -

4.7 

12.8' 

20.2 

22.5 

28.3 

32.2 

followed by the same letter 
different at 5% level of significance 
procedure. 

Final 
Number 

of 
Leaves 

118a 

112ab 

109abc 

103bc 

98cd 

80de 

82e 

12.7 

101.1 

Reduction 
compared 

to Control 

% - -

5.1 

7.0 

12.8 

16.9 

24.6 

30.5 

are statistically 
according to LSD 
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(Table 7). The nutritional imbalance as well as high Al and 

Mn accumulation could be the main reasons for plant growth 

reduc~ion (Foy 1983 and 1984). 

The statistical analysis for the data on final shoot 

growth showed significant differences among high Al 

treatments with 18 and 22 mg 1-1 Al and the control and 

2 mg 1-1 Al treatment. The number of leaves was 

statistically different than the control at 10 mg 1-1 . 

However, within the treatments the 22 mg 1-1 Al was not 

significantly different than the 18 mg 1-1 Al in the 

nutrient solution. Similarly, 10 mg 1-1 Al was not 

significantly different form 6 or 2 mg 1-1 Al in the 

nutrient solution. However, number of leaves was 

considerably reduced by Al treatments compared to the 

control. In addition, the percent reduction in number of 

leaves and shoot growth was similar in all treatments. 

These results indicate that shoot growth and number of 

leaves were affected by Al treatments similarly at the same 

time. Under high Al treatment, 18 and 22 mg 1-1 in the 

nutrient solution plant growth was unsatisfactory but 

plants were stunted only at high Al concentration 30 mg 1_1 

or more. The reduced plant growth may be due to high Al 

concentration in nutrient solution, which affect the uptake 

and translocation of other minerals. Phosphorus deficiency 

is another reason for the death of certain leaves. The 
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control and 2 mg '1-1 A1 treatments had more vigorous growth 

and longer internodes as well as bigger trunk diameters than 

those grown at higher A1 concentrations. Final shoot growth 

is also presented in Fig. 2. The average shoot growth for 

A1 treatments was reduced by 4.7 to 32.2% with A1 treatments 

of 2 and 22 mg 1-1 , respectively. However, this reduction 

occurred only when plants had accumulated a higher amount of 

A1 in their tops. The growth response of plants as 

influenced by high A1 treatments is presented in Fig. 3. 

Shoot growth and number of leaves were highly reduced at 

higher A1 treatments. Furthermore, final shoot growth and 

final number of leaves as well as the percent reduction 

compared to the control at high A1 treatments is presented 

in Table 8. High percent reduction was observed at high Al 

treatments. The reduction in shoot growth ranged from 30.6 

to 63.0% at 30 and 60 mg 1- A1 in the nutrient solution, 

respectively. The statistical analysis of final shoot 

growth and final number of leaves shows a significant 

difference between the control and A1 treatments. 

Similarly, highly significant differences were found between 

the 30 mg 1-1 A1 and other A1 treatments. Even though there 

was an increase in percent reduction among the treatments, 

the statistical analY3is shows there is no significant 

difference among 40, 50 and 60 mg 1-1 A1 treatments, 

respectively, which suggests that plants were already 
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Table 8 Final Shoot Growth and Final Number of Leaves 
as Influenced by High Al Treatments 

Final 
Al Reduction Number Reduction 

Treatments Final Shoot Compared of Compared 
Growth to control Leaves to Control 

- mg 1-1 - cm - - - - % - - % - -

0 242a* 96a 

30 168b 30.6 60b 37.5 

40 107c 55.9 45bc 53.1 

50 102c 58.0 40c 58.3 

60 90c 63.0 37c 61.5 

LSD = 0.05 61.7 17.3 

Treatment 
Means 141.8 57 

*Means not followed by the same letter are statistically 
different at 5% level of significance according to LSD 
procedure. 

---------- ------ -
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affected by high Al and had accumulated high Al concentra

tions in their tops. At Al treatments of 30 mg 1-1 and more 

plants were stunted and growth was sharply reduced. 

The toxicity symptoms were clearly identifiable indicating 

an affect of Al on P nutrition. The interactions between 

AI, P, Ca and Fe were reflected in the growth and nutrient 

uptake. The growth was affected by excess Al accumulation 

in their tops. The Al concentration in plant tops increased 

as Al concentration in nutrient solution increased, whereas 

cation uptake by plant tops was reduced (Alam 1981). The 

percent reduction of shoot growth and number of leaves was 

almost similar for each Al treatment (Table 8), which 

indicates that shoot growth and number of leaves were 

affected similarly at the same time. Final shoot growth as 

influenced by high Al treatments is presented in Fig. 4. 

The threshold Al concentration for grapes appears to be 

800 mg kg-lor more. 

The Al toxicity symptoms are shown in Figs. 5, 6, 7 

and 8. The visual Al toxicity symptoms on the leaves were 

apparent after 2 months at low Al treatments. But, at high 

Al treatments, 22 mg 1-1 Al or more, the symptoms appeared 

earlier and faster than at low Al treatments; they started 

to appear by late July or at the beginning of August. These 

symptoms appeared as pale yellow dark color and then turned 

into reddish color, resembling P deficiency (Figs. 5, 6 and 
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7) • The Al toxicity symptoms appear as P deficiency 

symptoms, stunting and small dark to purple color leaves, 

purpling of the stems, leaves and leaf vines yellowing and 

death of leaf tips. Furthermore, younger leaves were 

curling and the petioles collapsed and leaves dropped early. 

The severity of Al toxicity was proportional to Al 

concentration in the nutrient solution, purpling color of 

the leaves and deep green color of the older leaves a 

characteristic of P deficiency appeared. The growth was 

reduced and early leaf drop was noticed and the intensity of 

these symptoms was dependent upon the concentration of Al in 

the nutrient solution. These results suggest that Al 

toxici ty is determined by the rate of Al uptake and Al 

accumulation in plant tops. These symptoms coincided with 

plants accumulating 800 mg kg-1 Al or more in their tops. 

Some of the chlorotic symptoms of Al toxicity may be due to 

the decreased chlorophyll content of the leaves (Sarkunan et 

ale 1984, Santoro et ale 1984) and nitrate reductase enzyme, 

which possibly indicates the interaction between Al and N. 

Intervienal leaf chlorosis and necrotic spots were also 

noticed, which resulted form high Mn accumulation. The 

youngest leaves developed chlorosis symptoms indicating an 

involvement of Al in the N metabolism. These symptoms were 

most intense under high Al treatments but occurred to a 
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Figure 5. Al toxicity symptoms at sonoita vineyard. 
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Figure G.Al toxicity symptoms under low and medium Al 
treatments. 
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Figure 7. Al toxicity symptoms under high Al treatments. 
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Figure 8. Al toxicity symptoms under severe conditions. 
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lesser degree on leaves grown at lower Al treatments. (Figs. 

5, 6, 7, and 8). 

The effect of Al treatments on the chemical 

composition of the grape leaves at various growth stages are 

given in Tables 9, 10, 11, 12, 13 and 14 The data indicate 

that Al treatment had its pronounced effect on mineral 

composition only at higher Al concentration and after plants 

had accumulated 750 mg kg-1 Al in their leaves. This 

occurred in July' during the veraisonstage of growth. At 

prebloom stage (May) plants were not affected by low Al 

treatment (Table 9). The plants were able to maintain their 

P, K, Mg, Fe and Zn in a normal range. However, Ca and cu, 

decreased with increasing Al treatments compared to the 

control. Table 9 also indicate that Al treatments enhanced 

the absorption of Mn and Fe. Plant Al content increased 

with increased Al concentration in nutrient solution. 'l'here 

were no statistical differences of K, Mg, Zn, Al and Fe 

content in plant tops at the prebloom stage of growth (May). 

However, the effect of Al on P was noticeable at 10 mg 1-1 

Al treatments. 

At the fruit setting stage of growth (June), plants 

continued to accumulate Al in their tops while their P 

contents decreased. These results provide further evidence 

on the effect of Al on P nutrition, especially at high Al 

treatments (McCormick and Borden 1972, Wright 1943). It was 



Table 9 Effect of Al Treatments on Chemical composition of Grape Leaves 
at Prebloom stage (May) 

Al 
Treatments P K Ca Mg Al Hn 

- mg 1-1 - - - - - \ - -
0 O.44a* 1.B5a 2.ua O.59ab 155b 193ab 

2 O.41ab 1.B6a 1.95a O.56ab 304ab 162ab 

6 0.43a 1.65a 1.B6a 0.7la 3l4ab 146ab 

10 0.32c 1.67a 1.97a 0.61ab 268ab 139ab 

14 0.36bc 1.58a 1.96a 0.53b 430ab 160ab 

IB 0.31c 1. 75a 2.04a 0.59ab 500a 202a 

22 0.31c 1.73a 1.93a 0.52b 535a 191ab 

LSD = 0.05 0.06 0.42 0.29 0.15 26B.B 52.9 

*Means not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Fe 

- mg kg-1 

177a 

213a 

19Ba 

160a 

212a 

247a 

266a 

92.2 

Zn cu 

- - - - - - - -
2B.Ba 12.0a 

27.2a 1l.3ab 

25.7a 9.5ab 

26.0a 8.7b 

26.6a B.6b 

31.Ba 1l.3ab 

26.6a 9.3ab 

7.16 3.12 

t-> 
a 
l\) 



Table 10 Effect of Al Treatments on the Chemical composition of Grape Leaves 
at Fruit setting stage (June) 

Al 
Treatments P K Ca Kg Al Kn 

- mg 1-1 - - - - - , - -
0 0.36a* 1.74a 2.23a 0.80a 237d 190ab 

2 0.35a 1.81a 2.10a 0.77a 374cd 162b 

6 0.37a 1.93a 1.98a 0.80a 459bc 186ab 

10 0.22b 1.69a 1.86a 0.78a 465bc 194ab 

l4 0.22b 1.82a 1. 75a 0.78a 494bc 215a 

18 0.23b 1.86a 1.79a 0.82a 536b 216a 

22 0.23b 1.89a 1.88a 0.82a 695a 20lab 

LSD = 0.05 0.12 0.35 0.52 0.·17 145.1 37.6 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Fe 

- mg kg-1 

150ab 

199a 

143ab 

133ab 

119b 

155ab 

193ab 

68.8 

Zn CU 

- - - - - - - -
30.0a 7.4a 

33.0a 8.7a 

28.5a 8.4a 

24.6a 7.2a 

25.3a 8.2a 

26.9a 7.2a 

30.0a 8.6a 

14.7 3.4 

I-' 
o 
w 



Table 11 Effect of Al Treatments on the Chemical Composition of Grape 
Leaves at veraison Stage (July) 

Al 
Treatments P K Ca Kg Al 

- mg 1-1 - - - - - \ - -
0 0.38a 1.82a 1.87a 0.71a 23ge 

2 0.38a 1.90a 1.68ab 0.64ab 376de 

6 0.12b 1.81a 1. 46bc 0.61ab 460cd 

10 0.15b 1.65a 1.33bc 0.55b 522bcd 

14 0.15b 1.63a 1.28c 0.70a 642abc 

18 0.13b 1. 76a 1.30bc 0.69a 682ab 

22 O.13b 1.93a 1.19c 0.70a 848a 

LSD = 0.05 0.13 0.33 0.40 0.14 202.2 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Hn Fe 

- mg kg-1 

239a 152ab 

134b 196a 

148b 124b 

146b 106b 

173ab U5b 

189ab 121b 

199ab 135b 

79.2 59.0 

Zn 

- - - - -
28.7ab 

41.4a 

30.0ab 

25.2b 

26.9b 

28.4ab 

27.3b 

13.9 

Cu 

7.83a 

7.22a 

7.87a 

6.60a 

6.20a 

5.56a 

7.33a 

3.28 

.... 
o 
.r>o 



Table 12 Effect of Al Treatments on the Chemical composition of Grape 
Leaves at the Preharvest stage (August) 

Al 
Treatments P K Ca Kg AI 

- mg 1-1 - - - - - \ - -
0 0.34a* 1.1Sa 2.Sa 0.84a IS4d 

2 0.33a 1.92a 1.9Sb 0.1a 462cd 

6 0.13b 1.1Sa 1.S6bc 0.11a 691bc 

10 O.l1b 1.11a 1.34c 0.10a 1002ab 

14 0.08b 1.89a 1.22c 0.18a 1130a 

18 0.09b 2.0a 1.31c 0.11a 1110a 

22 0.09b 1.91a 1.26c 0.15a 1114a 

LSD = O.OS 0.06 0.32 0.41 O.lS 339 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Mn Fe Zn 

- mg kg-1 - - - - - -

236a 11Sab 39.8a 

11Sab lS6bc 48.2a 

180ab l11ab 49.4a 

110b 131c 31.4a 

181b lS4bc 43.1a 

204ab 11Sab 36.9a 

221ab 209a 43.3a 

S8.9 32.9 11.9 

CU 

1.9ab 

9.4ab 

8.Sab 

6.9b 

8.4ab 

8.8ab 

l1.4a 

3.8 

.... 
o 
(J\ 



Table 13 Overall Al Treatment Heans of Leaf Elemental Concentrations Over 
Time (Four month means n = 12) 

Al 
Treatments P K Ca Hg Al Mn Fe 

- mg 1-1 - - - - - \ - - - mg kg-1 

0 0.37a* 1.79a 2.2a 0.74a 199f 215a 163abc 

2 0.37a 1.SSa 1.S6b 0.66a 37ge 160d 191a 

6 0.26b 1.72a 1.67bc 0.72a .4S1de 163cd 160abc 

10 0.2c 1. 73a 1.66bc 0.66a 571cd 162cd 132c 

14 0.21c 1. 74a 1.55c 0.70a 6S4bc 174bcd 150bc 

IS 0.19c 1.S5a 1.62c 0.70a 704ab 193ab 175ab 

22 0.19c 1.S6a 1.5Sa 0.70a S13a IS9abc IS lab 

LSD = 0.05 0.04 0.17 0.21 O.OS 120 27.2 34 

*Means not followed by the same letter are statistically 
different at the 5\ level of significanke according to the 
LSD procedure. 

Zn 

32ab 

3Sb 

33ab 

2Sb 

31ab 

31ab 

32ab 

6.4 

Cu 

S.2ab 

S.9ab 

S.3ab 

7.1b 

7.Sab 

S.2ab 

9.2a 

1.7 

.... 
a 
0\ 



Table 14 Overall Monthly Al Treatment Means of Elemental concentrations 
(All treatment means n = 21) 

Time P K Ca Mg 

- - - - \ - -
May 0.37a* 1.69b 1.97a 0.58c 

June 0.29b 1.82ab 1.92a 0.8a 

July 0.21c 1. 78ab 1.44b 0.66b 

August O.17d 1.86a 1.59b 0.75a 

LSD = 0.05 0.034 0.13 0.16 0.06 

*Means not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Al Mn 

358c 170b 

467b 193a 

539b 170b 

826a 183ab 

90.9 20.5 

Fe Zn 

- mg kg-l 

202a 27.5b 

156bc 28.3b 

133c 29.7b 

168b 42.7a 

25.5 4.9 

cu 

- - - -
9.3a 

8.0bc 

7.0c 

8.8ab 

1.25 

..... 
o ...... 
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found that the P content in leaves from AI-treated plants 

was lower than in the control and was in a deficient range 

(Cook 1978, Christensen 1975). These results indicate that 

P utilization or translocation was affected by AI. 

Furthermore, plant growth was reduced. The effect 

of Al treatments on P content appeared mostly at higher 

levels of added Al (22 mg 1-1 Al and higher). High Al 

levels in the nutrient solution significantly reduced plant 

P content compared to the control (Tables 10, 11 and 12). 

However, K and Mg remained unaffected by Al treatments. 

Again, Mn and Fe concentrations increased with increasing Al 

concentration which possibly resulted from passive 

accumUlation caused by prior Al injury to the root tissues. 

The concentration of Zn and Cu constantly decreased with 

increasing Al treatments, but they were not significantly 

different from the control treatment. At the veraison stage 

of growth (July), plants that accumulated high amounts of Al 

had low concentrations of P, Ca and Cu (Bennet et ale 1985a, 

Duncan et ale 1980). There was no significant main effect 

of Al treatments on Mg or K absorption from the nutrient 

solution (Tables 11 and 12). Furthermore, plants continued 

to accumUlate high amounts. of Al, Mn and Fe in their leaf 

tissues. Highly significant differences were found between 

Al treatments and the control with regard to Al uptake and 

accumUlation. At preharvest stage of growth (August), 

----------_. ----------
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plants accumulat~d 1000 mg kg-1 Al in their tops. 

Phosphorus and Ca contents were highly reduced in plant 

tops, indicating that high Al in nutrient solution depressed 

the P concentration in plant tops (Taylor and Foy 1985a). 

The overall Al treatment means indicate that a highly 

significant interaction occurred between Al, P and Ca as the 

plant growth progressed (Johnson and Jackson 1964). 

Furthermore, highly significan't differences were obtained 

between high and low Al levels with regard to P, Ca, Al, Zn 

and cu in the shoot of the plants. 

The effect of high Al treatments on the elemental 

composi tion of plant tops is presented in Table 15. The 

resul ts indicate that plants had low concentrations of P, 

Ca, Mg , Zn and Cu. The low P content in plant tops resulted 

from the Al and p interaction in plant root system which 

reduced P translocation to the plant tops (McCormick and 

Borden 1972). Phosphorus, Ca, Mg , Zn and CU progressively 

decreased as Al in the nutrient solution increased from 30 

to 60 mg 1-1 . There was no significant difference among Al 

treatments with regard to P, 

indicate that plant roots 

Ca I Mg, Cu and Zn, which 

were damaged by high Al 

treatments. Manganese and Fe were high in plant tops. The 

final Al accumulation in plant leaves are shown in Figs. 9 

and 10. Aluminum progressively accumulated in plant tops 

and was proportional to the Al concentration in the nutrient 



Final AI accumulation 
(mg/kg) 

1200 

1000 +1---------------. 

800 

600 

400 +1-----1 

200 

o 
control 2 6 10 

AI treatments (mgtl) 

14 18 22 

Figure 9. Final Al accumulation in grape leaves as influenced 
by Al treatments. 

...... 

...... 
a 



Table 15 Effect of High Al Treat.ents on the Chemical composition 
of Grape Leaves at Preharvest Stage (August) 

A1 
Treatments p K Ca Hg A1 

- mg 1-1 - - - - - , - -
0 0.3Sa* 1.76a 2.56a O.Sla 125c 

30 O.OSb 1.4lab 1.30b 0.44b 631bc 

40 O.OSb 1.01b 1.11b 0.44b 1l00ab 

50 0.07b 1.lSb ·1.12b 0.3Sb 1600a 

60 O.OSb 1.05b 1.03b 0.36b 1200ab 

LSD = 0.05 0.05 0.53 0.30 0.09 6S1.S 

Treatment 
Heans 0.14 1.28 1.42 0.49 893.4 

*Heans not fallowed by the same letter are statistically 
different at the 5' level of significance according to the 
LSD procedure. 

Hn Fe Zn 

- mg kg-l - - - - -

111a 124a 40a 

150a 9Sb 26b 

145a 92b 27b 

119a SOb 25b 

115a S6b 24b 

67.6 25.6 U.6 

140.0 95.7 2B.6 

CU 

10.0a 

7.0b 

7.1b 

6.4b 

6.7b 

2.01 

7.5 

.... .... .... 
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solution (Lee and Pritchard 1984). 
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High Al treatments (18 

and 22 mg 1-1) resulted in an accumulation of 1100 mg kg-1 

Al in plant leaves, which support the established idea that 

Al tolerant plants accumulate high Al in their tops (Foy 

1984) • Figure 10 also indicates that plants accumulated 

high amount of Al in their tops over short time periods. 

Since symptoms appeared faster at 30 mg 1-1 Al in the 

nutrient solution than at low concentration, these results 

indicate that Al had a high interaction with P in plant root 

and the plant root system was highly damaged by AI. 

Furthermore, the high Al accumulation in plant tQPS 

suggests that grapes have a high internal tolerance to Al 

(Coppnet and Juste 1982). The high Mn and Fe accumulation 

in the leaves may be partially attributed to root damage by 

Al treatments. 

Mn Treatments 

The effect of Mn treatments on plant growth is shown 

in Fig. 11. Final shoot growth and final number of leaves 

as well as percent reduction compared to the control are 

given in Table 16. High Mn treatments reduced plant growth 

and decreased the number of leaves. Shoot growth and number 

of leaves were highly decreased by Mn treatments of 14 mg 

1-1 and higher. The percent reduction in shoot growth and 

number of leaves tended to increase as the Mn concentration 

in the nutrient solution increases. Highly significant 

---------- ---... 
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Table 16 Final Shoot Growth and Final Number of Leaves 
as Influenced by Mn Treatments 

Final 
mn Reduction Number Reduction 

Treatments Final Shoot Compared of compared 
Growth to Control Leaves to Control 

- mg 1-1 - - cm - - - % - - - - % - -

0 258a* 118a 

2 230ab 10.9 112a 5.1 

6 202bc 21.7 98b 15.3 

10 190cd 26.4 84c 28.0 

~4 180cd 30.2 80c 32.2 

18 171cd 33.7 81c 31.4 

22 156d 39.5 75c 35.6 

LSD = 0.05 38.3 12.6 

Treatment 
Means 198.2 92.4 

* Means not followed by the same letter are statistically 
different at 5% level of significance according to LSD 
procedures. 
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differences in final shoot growth and final number of leaves 

were found between 10 mg 1-1 Mn treatments and the control. 

Shoot growth decreased progressively with increasingMn 

content in the nutrient solution (Hiatt and Ragland 1963). 

The reduced growth under high doses of Mn resulted from the 

deficiency of several mineral elements such as Ca, Fe, Zn 

and Cu (Crawford et ale 1988). Thus such elemental 

deficiency resulted in a slower growth. Since these 

elements are involved in enzyme' systems which regulate 

plant life, growth reduction is expected. Furthermore, Zn 

is involved in maintenance of auxins, growth promoting 

sUbstances which control shoot growth and berry set. 

Therefore, the growth reduction is associated with 

accumUlation of high Mn in plant tops which might result in 

plant metabolic disorder (Foy 1983). Even though there was 

a progressive decrease of shoot growth and number of leaves 

as concentration of Mn increased in the nutrient solution, 

no statistically significant differences among 10, 14, 18 

and 22 mg 1-1 Mn treatment were found (Table 16). The 

resul ts indicate that plants had already been affected by 

high Mn treatments and had accumulated higher amounts of Mn 

in their tops. The final Mn accumUlation in plant tops is 

shown in Fig. 12. Figure 12 reports that plants accumulated 

a high amount of Mn in their leaves and the growth was 

reduced. The growth reduction was associated with lower Fe, 
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P and Zn in plant tops and higher accumulation of Mn than 

control (coppnet and Juste 1982). The inhibition of plant 

growth by Mn treatments was also observed by several 

others.The reduction of shoot growth was greatest at the 

highest Mn level. These results supported the ideas that 

high tolerance of Mn in plants is associated with their 

ability to tolerate high Mn concentrations in their tops 

rather than with reduced uptake (Foy et ale 1969). 

The effect of high Mn treatments in plant growth is 

shown in Fig. 13. There was a higher reduction in plant 

growth and number of leaves cQmpared to the control. High 

Mn treatments (30 and 60 mg 1-1 ) resulted in 39 to 68% 

reduction in shoot growth and 42 to 71% reduction in number 

of leaves, respectively (Table 17). Final shoot growth as 

influenced by high Mn treatments is also presented in 

Fig. 16. A sharp reduction in shoot growth was found at 

high Mn treatments (30 mg 1-1) and above (Fig. 16). There 

was no significant differences in plant growth among the Mn 

treatments of 40, 50 and 60 mg 1-1 . However, the growth 

progressively decreased with increasing Mn concentration in 

the nutrient solution (Table 17 and Fig. 16). Final Mn 

accumulation in plant leaves as influenced by high Mn 

treatments is presented in Fig. 15. Figure 15 indicates 

that plants had accumulated high Mn in their tops and growth 

was reduced. High Mn treatments resulted in the 
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Table 17 Final Shoot Growth and Final Number of Leaves 
as Influenced by High Mn Treatments 

Final 
Mn Reduction Number Reduction 

Treatments Final Shoot compared of Compared 
Growth to Control Leaves to Control 

- mg 1-1 - - - cm - -. - - % - - - - % - -

0 242a* 96a 

30 147b 39.4 56b 41.7 

40 108bc 55.2 42bc 56.3 

50 81c 66.7 30c 68.8 

60 78c 67.8 28c 70.8 

LSD = 0.05 46.8 17.6 

Treatment 
Means 131 50 

* Means not followed by the same letter are statistically 
different at 5% level of significance according to LSD 
procedures. 



Table 18 Effect of Hn Treatments on Chemical composition 
of Grape Leaves at Prebloom stage (Hay) 

Hn 
Treatments P K Ca Hg 

- mg 1-1 - - - - - t - - -

0.5 0.47a* 1.85a 2.06ab 0.6a 

2 0.41ab 1.76a 2.26a 0.62a 

6 0.37b 1. 74ab 2.03ab 0.55a 

10 0.28c 1. 67ab 1. 96ab 0.51a 

14 O.4lab 1.88a 1.9b 0.59a 

18 0.43a 1.81a 1.84b 0.61a 

22 0.36b 1.52b 2.03ab 0.58a 

LSD = 0.05 0.06 0.23 0.33 0.2 

*Heans not followed by the same letter are statistically 
different at the 5t level of significance according to the 
LSD procedure. 

Al Hn Fe 

- mg kg-1 

153a 159d 225a 

150a 262c 179ab 

156a 231cd 135b 

147a 229cd 146b 

190a 318bc 171ab 

206a 368ab 170ab 

161a 434a 151b 

65.5 90.4 52.6 

Zn 

- - - - -
29.2a 

29.9a 

24.5<\ 

27.6a 

27.9a 

25.8a 

25.4a 

5.72 

CU 

9.73a 

10.4a 

9.53a 

10.6a 

8.87a 

9.67a 

8.2a 

3.26 

.... 
tIJ 
W 



Table l.9 Effect of Kn Treatments on Chemical composition 
of Grape Leaves at Fruit setting Stage (June) 

Hn 
Treatments P K Ca Hg 

- mg l-l. - - - - \ - -
0.5 0.36a* l.73a 2.19a 0.80.1 

2 0.39a 1.90a 2.17a 0.84a 

6 0.40a 2.05a 1.78a 0.76a 

10 0.36a 1.80a l.66a 0.71ab 

14 0.34a l.83a l.94a 0.78a 

18 0.33a l.93a l.97a 0.5Gb 

22 0.33a l.94a 2.03a 0.72ab 

LSD = 0.05 0.13 0.46 0.62 0.18 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Al Hn Fe 

- - - - - - mg kg-l. 

247a 222d 148a 

251a 261cd 108b 

283a 401bc 109b 

26l.a 482b 112b 

263a 521b 109b 

281a 779a 100b 

257a 797a 107b 

72.4 158 18.8 

Zn 

31,a 

27ab 

25ab 

24ab 

24ab 

22b 

22b 

6.1 

CU 

9.9<1 

8.3."1 

7.8.1 

9.2.1 

7.·4a 

7.4'1 

8.9.1 

3.1 

.... 
t\) 
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Table 20 Effect of Hn Treatments on Chemical Composition 
of grape Leaves at Veraison Stage (July) 

Hn 
Treatments P K Ca Hg 

- mg 1-1 - - - - - \ - -
0.5 0.36a* 1. 7Sa 1.S2a 0.71a 

2 0.33ab 1.3a 1. 70a 0.6ab 

6 0.24ab 1.92a 1. 59ab 0.62ab 

10 0.23b 1.46a 1.50ab 0.46b 

14 0.26ab 1.37a 1. 42ab 0.54ab 

1S 0.25ab 1.45a 1.24b 0.49b 

22 0.24b 1.62a 1.15b 0.51ab 

LSD = 0.05 0.11 0.S3 0.52 0.21 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Al Hn Fe 

- mg kg-l 

17Sa 16Se 122a 

112b 221de 114a 

106b 434cd SOb 

10Sb 4S5bc 65b 

13Sab 692ab 65b 

12Sab S10a 61b 

162ab 873a 56b 

65.0 218 29.S 

Zn 

32a 

30~ 

20b 

22b 

21b 

19b 

15c 

3.4 

CU 

S.5a 

7.0a 

6.2b 

5.6b 

5.Sb 

5.8b 

5.9b 

2.0 

...... 
N 
Ul 



Table 21 Effect of Hn Treatments on Chemical Composition 
Of Grape leaves at Preharvest stage (August) 

Hn 
Treatments P K Ca Hg 

- mg 1-1 - - - - - \ - -

0.5 0.38a* 1.11a 2.26a 0.83a 

2 0.31ab 2.16a 2.10a 0.11a 

6 0.25bc 1.8a 1.25b 0.61ab 

10 0.23bcd 1.86a 1.06b 0.46b 

14 O.l1cd 1.81a 1.09b 0.54b 

18 0.15d 1.94a 1.01b 0.45b 

22 0.16d 1.11a 1.05b 0.43b 

LSD = 0.05 0.08 0.53 0.45 0.22 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Al Hn Fe 

- mg kg-1 

123a 236c 168a 

121a 362bc 138a 

142a 601b 46b 

129a 641b 46b 

166a 1243a 59b 

146a 1110a 40b 

141a 1241a 51b 

54.1 283 489 

Zn 

- - - - -
39.1a 

41.0a 

18.5b 

19.4b 

16.0b 

11.2b 

13.5b 

8.10 

CU 

10.0a 

9.4.1 

5.1b 

5.0b 

5.8b 

5.C.b 

4.8b 

2.13 

.... 
N 
0\ 



Table 22 Overall Hn Treatment Heans of Leaf Elemental Concentrations 
Over Time (four month means n = 12) 

Hn 
Treatments P K Ca Hg Al 

- mg 1-1 - - - - - l - -

0.5 0.39a* 1.78a 2.la O.74a l75a 

2 0.36ab 1.84a 2.la 0.70ab 156a 

6 0.31bc 1.88a l.8b O.68ab l69a 

10 0.28c 1.70a 1.6bc O.61b 159a 

14 0.30c 1.74a 1.6bc O.65ab 189a 

18 0.29c 1. 78a 1.5c 0.64ab 190a 

22 0.27c 1.70a 1.6bc O.61ab 179a 

LSD = 0.05 0.04 0.25 0.24 0.11 40.4 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Hn Fe 

- mg kg-l 

196d l67a 

276d 135b 

417c 93c 

460c 92c 

693b 101c 

797a 94c 

822a 92c 

95.0 19.6 

Zn 

32a 

32a 

22b 

23b 

22b 

21bc 

19c 

2.9 

CU 

8.9a 

8.5ab 

7.3bc 

7.C,bc 

6.9c 

7.1bc 

7.0C 

1.3 

I-> 
[v 

-.J 
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Table 23 Overall Monthly Mn Treatment Means of Leaf Elemental 
concentrations (All treatment means n = 21) 

~1me 

May June July August LSD 

- - - - - - - - % - - - - -
P 0.39a* 0.37a 0.27b 0.23c 0.04 

K 1.76a 1.91a 1.56b 1.86a 0.19 

Ca 2.01a 2.10a 1.49b 1.46b 0.18 

Mg 0.56b 0.86a 0.57b 0.64b 0.08 

- - - - - - - - - mg kg- l - - - - - - - - --

Al 166b 263a 127c 139bc 

Mn 286c 495b 526b 787a 

Fe 168a 113b 80c 80c 

Zn 27a 25b 22c 24bc 

cu 9.6a 8.1b 6.2c 6.6c 

Means not followed by the same letter are statistically 
different at 5% level of significance according to LSD 
procedure. 

--------- •... ---.. - ....... . 

30.5 

71.8 

14.8 

2.2 

0.96 
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accumulation of 1800 mg kg- l Mn in plant leaves (Enkelmann 

1978). 

Tables 18, 19, 20, 21, 22 and 23 report the effect 

of Mn treatments on the chemical composition of grape 

leaves at various phenological stages of growth. At the 

prebloom stage of growth (May) plants normally absorbed all 

nutrients. The data indicate that there is no significant 

differences between 2 mg 1-1 Mn treatment and the control. 

High Mn treatments (10 mg 1-1 or more) had pronounced effect 

on Ca, Zn, Fe and Cu uptake. Plants continuously 

accumulated Mn in their tops and there was no sign of Mn 

toxici ty. These results are in agreement with Enkelmann 

(1978) who reported a high Mn content of vine leaves without 

any toxicity symptoms. At this stage of growth, there was 

no significant effect of Mn on the nutrient absorption, and 

plants maintained their P, K and Mg content wi thin the 

adequate range normally found in grape leaves (Christensen 

1975, Cook 1978). At the fruit setting stage of growth 

(June) plants accumulated higher amounts of Mn in their 

leaves and resulted in a lower Zn, Fe and Cu content. The 

highest Mn treatment (22 mg 1-1) resulted in an accumulation 

of 797 mg kg-1 Mn in plant tops (Table 19). At veraison 

stage of growth, Mn had its major effect on the nutrient 

uptake and accumulation. Manganese treatments progressively 

decreased Fe, Zn, Cu, Mg and Ca content (Table 20). The 
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data on Tables 20 and 21 indicate a deficient range of Fe, 

Zn and Cu. The interaction of Mn with Fe is highly reported 

in the literature. Although there was no significant 

difference between Mn treatments and the control with regard 

to K and P, the concentration of these two elements 

decreased as the Mn concentration in the nutrient solution 

increased. In fact, K concentration was within the 

deficient range at Mn treatments of 10 mg 1-1 and above 

(Table 20). Therefore, at the start of vegetative growth 

(May) the uptake of Mn ions by the plant increased and the 

Mn content ~n leaves was fully proportional to the Mn 

concentration in the nutrient solution. By the end of 

vegetative growth (August) plants had accumulated Mn in 

excessive amounts. Thus, with increasing Mn concentration 

in the nutrient solution, the foliar concentration of Mg and 

K remained unaffected, whereas the concentration of Fe, P, 

Zn and Cu decreased (Table 21). High Mn concentration 

decreased the absorption of Zn, Fe and CU sharply. A highly 

significant interaction occurred between plant nutrient 

accumUlation and time (Tables 22 and 23). 

The effect of high Mn treatments on the elemental 

composition of grape leaves is reported in Table 24. The 

results indicate that highly significant effects of Mn 

treatments in decreasing P, Ca, Mg, Fe, Zn and CU uptake. 

The high Mn toxicity treatment resulted in large amount of 



Table 24 Effect of High MN Treatments on the Elemental 
Composition of Grape Leaves at Preharvest stage 
(August) 

Hn 
Treatments P K Ca Hg 

- mg 1-1 - - - - - \ - -
0 0.37a* 1. 76a 2.55a 0.77a 

30 0.15b 1. 46ab 1.13b 0.41b 

40 0.13b 1.2bc 1.09b 0.40b 

50 0.12b 1.19bc 1.04b 0.37b 

60 O.l1b 1.06c 1.01b 0.36b 

LSD = 0.05 0.06 0.37 0.24 0.07 

Treatments 
Means 0.18 1.33 1.36 0.46 

*Means not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Al Hn Fe 

- mg kg-1 

126a 138a 126a 

136a 1300b 60b 

135a 1500b 58b 

155a 1800b 51b 

174a 1700b 47b 

83.7 898.2 25 

145 1319 68 

Zn 

40a 

26b 

24b 

23b 

24b 

7.9 

27 

Cu 

12.3a 

6.5b 

6.1b 

5.9b 

5.2b 

1.4 

7.2 

~ 
w 
~ 



132 

Mn accumulation, maximum Mn accumulation on plant tops was 

1800 mg kg-1 (Table 24). The control treatment with 

sufficient nutrient solution resulted in an accumulation of 

138 mg kg-1 Mn in its top. The accumulation of P, K, Ca and 

Mg was greatest at 2 mg 1-1 Mn treatment compared to the 

control. There were no significant differences among the 

high Mn treatments 30, 40, 50 and 60 mg 1-1 Mn with regard 

to the P, Ca, Mg, Fe, Mn, Zn and Cu. Thus, piants had 

already accumulated sufficient amounts of Mn in their tops 

and addi tional amounts did not affect results. Plants 

receiving sufficient nutrient solution accumulated 

significantly more Fe, Zn and Cu than plants receiving toxic 

Mn treatments (Table 23). Iron, Zn, Cu and Mg were 

significantly reduced by the higher Mn treatments, which 

suggested that Mn had inhibited the absorption or the 

translocation of these elements. Therefore, the 

accumulation of chemical elements was different during the 

various stages of growth as a function of time and Mn 

concentration in the substrate. The effect of Mn on Fe and 

Zn is already well known and reported in the literature. 

The Mn toxicity symptoms are shown in Figs. 17, 18 

and 19. The symptoms indicated that high Mn treatments 

resulted in the deficiency of several minerals such as Ca, 

Fe, Zn and Cu. Thus, such elemental deficiency resulted in 

clearly defined symptoms and slower growth. The toxicity 
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symptoms of Mn were varied with the severity of the Mn 

stress. In some cases the foliage toxicity symptoms 

resembled Zn deficiency symptoms. The new leaves showed a 

chlorotic pattern with less green color between veins. 

Toxic leaves were smaller, thinner and had a widened basal 

sinus than normal leaves. The severely affected leaves had 

no V-shape indentation at their base. Shoot growth was 

stunted on high Mn treatments along with short internodes, 

small leaves, as well as interveinal chlorosis. 

The Mn toxicity symptoms at low Mn treatments 

appeared as small spots on leaves and stems. They were 

black to dark brown in color and small in diameter. There 

were black to bronze spots on leaves and the stems, and 

whole leaves turned yellow as the chlorotic patterns 

advanced. The visual Mn toxicity symptoms started to appear 

when plants had accumulated 600 mg kg-1 or more in their 

tops. Thus, the critical Mn concentration associated with 

Mn toxicity symptoms was 600 mg kg-1 or more. Furthermore, 

the growth was retarded and leaf tip burn and small black to 

dark brown flocks on the lower leaves and stems were 

noticed. Upper leaves showed intervienal and marginal leaf 

chlorosis. with Mn treatments leaves were small and lack 

their V-shape and motling and irregularly shaped brown spots 

near main veins of the leaves. In severe cases, yellowing 
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Figure 17.Manganese toxicity symptoms under medium Mn 
treatments. 

---------------------------------------------.---. - --- -. 



Figure 18. Manganese toxicity 
treatment. 

-------------- ------

symptoms under 

136 
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Figure 19. Manganese toxici ty symptoms 
conditions. 
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of the youngest' leaf and stem tips occurred as well as 

leaves curled and dropped off. 

Al + Mn Treatments 

The effect of A1 and Mn combination treatments on 

the shoot growth is illustrated in Fig. 20. The final shoot 

growth and final number of leaves as well as percent 

reduction in growth parameters are reported in Table 25. 

Table 25 shows that there were no significant differences 

among the treatments up to 12 mg 1-1 A1 + Mn and the 

control for final shoot growth and up to 4 mg 1-1 A1 and Mn 

for number of leaves. Furthermore, there was no sharp 

reduction in either growth or number of leaves (Table 25 and 

Figs. 20 and 21). The plant growth was normal up to 12 mg 

1-1 A1 + Mn. These results indicate that only high Al and 

Mn treatments were required to produce a sharp reduction in 

growth parameters. A 10% reduction in shoot growth and 

number of leaves occured when plants had accumulated 650 mg 

kg-1 A1 and 600 mg kg-1 Mn in their tops. However, the 

statistical analysis showed that there was no significant 

difference between the 10% reduction treatment and the 

control. The final shoot growth and final Al and Mn 

accumUlation in plant leaves are presented in Figs. 21 and 

22. There was no significant difference between the 

treatments of 22 mg 1-1 and 4 mg 1-1 A1 + Mn. However, the 

reduction of growth parameters consistently decreased as the 

--------_ ... _ .... _. '''", .. -- .. --_. __ ._-- ". 



Table 25 

Al + Mn 
Treatments 

- mg 1-1 -

0 

2 

4 

S 

12 

16 

22 

LSD = 0.05 

Treatment 
Means 

*Means not 
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Final Shoot Growth and Final Number of Leaves 
as Influenced by Al + Mn Treatments 

Final Shoot 
Growth 

- cm -

25Sa* 

24Sa 

239ab 

230ab 

218ab 

195b 

lS6b 

54.2 

224.S 

followed by the 

Reduction 
Compared 

to Control 

- - % - -

3.9 

7.4 

10.9 

15.5 

24.4 

2S.0 

Final 
Number 

of 
Leaves 

11Sa 

115ab 

10Sabc 

106bc 

101c 

93cd 

Sld 

12 

102.4 

Reduction 
compared 

to Control 

- - % - -

2.5 

S.5 

10.2 

14.4 

21.2 

31.4 

same letter are statistically 
different at the 5% level of significance according to LSD 
procedure. 
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amount of Al + Mn concentrations increased in the nutrient 

solution. The results also indicated that plants 

accumulated a higher amount of Al than Mn in all the 

treatments. At 22 mg 1-1 Al + Mn, plants had accumulated 

1100 and 1000 mg kg-1 Al and Mn, respectively (Fig. 22). 

This resulted in a 28 and 32% reduction in shoot growth and 

number of leaves, respectively. The reduction of growth 

parameters resulted from deficiency of mineral nutrients, 

especially P, Fe, Zn and Cu. Furthermore, the high 

accumUlation of Mn and Al may interact with many other 

elements (Foy 1984, Foy et ale 1969, Crawford et ale 1988). 

In fact, Mn toxicity symptoms appeared late in July plants 

receiving 16 a~d 22 mg 1-1 Al + Mn. These symptoms appeared 

as bright or pale yellowing of foliage and tended to be more 

evident on the high Al + Mn treatments. with severe 

toxici ty leaf blade tissue became chlorotic and developed 

into the shoot tip. Black to bronze spots on leaves and 

stems resembling a Zn deficiency was also noticed. Leaves 

turned yellow with less green color between the veins. This 

result might indicate that Al is more toxic to roots while 

Mn accumUlates in plant tops and became toxic to plants. 

Thus, high Mn accumUlation may have resulted from root 

damage (Foy 1983 and 1984). 

The effect of Al + Mn treatments on the elemental 

composition of grape leaves during various physiological 
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Table 26 Effect of Al + Hn Treatments on Chemical composition 
of Grape Leaves at Prebloom stage of Growth (Hay) 

Al + Hn 
Treatments P K Ca Hg Al 

- mg 1-1 - - - - - - - - \ 

0 0.46a* l.S6a 2.1a 0.60a 150c 

2 0.36b 1.43a 2.1a 0.57a 20Sbc 

4 0.34b 1.36a 2.1a 0.55a 2S0abc 

S 0.3Sab 1.77a LSa 0.52ab 37Sab 

12 0.31b 1.42a 2.1a 0.57a 32Sabc 

16 0.31b L49a 2.0a 0.40b 405ab 

22 0.32b 1.69a l.8a 0.51ab 355ab 

LSD = 0.05 0.09 0.50 0.43 0.14 167 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Hn Fe 

- - - - mg kg-1 

132.0d 146ab 

l60cd 164a 

219abc 151ab 

253ab nOab 

206bcd 101b 

281ab 105ab 

293a 99b 

76.2 55.0 

Zn Cu 

- - - - - - - -
30.Oa 9.9a 

25.3a S.Sa 

27.3a 9.6a 

26~3a lIa 

27.7a lIa 

29.6a 12a 

26.9a 8.441 

6.3 3.7 

.... 

.c:. 

.c:. 



Table 27 Effect of Al + Hn Treatments on Chemical composition 
of Grape Leaves at Fruit setting stage of Growth (June) 

Al + Nn 
Treatments P K Ca Hg Al 

- mg 1-1 - - - - - \ - -
0 0.36a* 1.69b 2.13a 0.77a 169b 

2 0.35a 1. 73b 1. 87ab 0.80a 267b 

4 0.27b 1.88ab 1. 72bc 0.78a 353ab 

8 0.29b 1. 92ab 1. 74bc 0.80a 366ab 

12 0.28b 1.98ab 1.65bc 0.82a 527a 

16 0.20c 2.12a 1. 66bc 0.79b 587a 

22 0.16c 1.86ab 1.38c 0.87a 577a 

LSD = 0.05 0.06 0.30 0.37 0.11 215 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Hn Fe 

- IIIg icg-1 

152c 124a 

161c 117a 

250c 106a 

371b 140a 

395b 92a 

431b 98a 

547a 86a 

109 53 

Zn 

31a 

24a 

27a 

25a 

27a 

25a 

28a 

7.9 

CU 

7.8a 

7.1a 

9.1a 

8.2a 

7.6a 

8.0a 

9. 2a". 

2.84 

~ 

""" U1 



Table 28 Effect of Al + Hn Treataents on Che.ical co.position 
of Grape Leaves at Varia ion Stage of Growth (July) 

Al + Hn 
Treatments p K Ca Kg 

- mg 1-1 - - - - - \ - -
0 0.31a* 1.82a 1.79a 0.69a 

2 0.24b 1.80a 1.S0ab O.71a 

4 0.20b 1.60a 1. 17bc 0.S7a 

8 0.13c 1.90a l.l6bc 0.62a 

12 O.llc 2.02a 1.07c 0.60a 

16 0.13c 1.7Sa 1.10c 0.62a 

22 O.llc 1.83a 1.04c 0.65a 

LSD = O.OS 0.05 0.43 0.34 0.20 

*Heans not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Al Hn Fe 

- mg kg-1 

200b 138d ll4a 

226d 195cd 112a 

338cd 258c 78b 

297cd 386b 82b 

400bc 399b 69b 

529ab 463b 75b 

606a 600a 65b 

147 103 22.S 

Zn 

29a 

29a 

34a 

34a 

24a 

26a 

26a 

17 

cu 

7.7a 

7.0a 

6.1a 

6.7a 

8.2a 

6.6a 

7.3a 

3.1 

.... 
~ 
0\ 



Table 29 Effect of Al + Mn Treatments on Chemical Composition 
of Grape Leaves at Preharvest stage of Growth (August) 

Al + Mn 
Treatments p K Ca Kg Al 

- mg 1-1 - - - - - \ - -
0 0.31a* 1.75a 2.28a 0.83a 128d 

2 0.28a 1.91a 2.04a 0.83a 486c 

4 0.16b 1.93a 1.06b 0.8lab S93c 

8 0.12bc 1. 74a 1.06b 0.60bc 633c 

12 0.13bc 1.82a 1.04b 0.57c 833b 

16 O.lOc 1.6Sa 0.98b 0.62bc 1082a 

22 O.lOc 1.14b 1.0Sb 0.S8c 11l0a 

LSD = 0.05 0.04 0.39 0.51 0.20 141 

*Means not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Mn Fe 

- mg kg-:l 

142c 12Sa 

287c 114a 

299c 68b 

568b 64b 

679b 59b 

683b S6b 

949a 41b 

244 31 

Zn 

37a 

44a 

3Sa 

18b 

19b 

14b 

lSb 

12 

Cu 

8.0ab 

7.7ab 

10.2a 

1.0b 

8.0ab 

7.0b 

7.1b 

2.4 

.... 
~ 
'-J 



Table 30 Overall Al + Hn Treatment Means of Leaf Elemental Concentrations 
Over Time (Four month means n a 12) 

Al + Mn 
Treatments P K Ca Mg Al Hn 

- mg 1-1 - - - - - t - -

0 0.36a* 1.7Sa 2.1a O.72ab 162e 14le 

2 0.31b 1.72a 1.9b 0.73a 297d 196e 

4 0.24c 1.69a 1.5c 0.6Sab 391c 257d 

S 0.23cd 1.S3a 1.5cd 0.63ab 41Sc 394c 

12 0.21de 1.S1a 1.5cd 0.64ab 522b 420bc 

16 O.lSef 1. 75a 1.4cd 0.63b 651a 465b 

22 0.17f 1.63a 1.3d 0.67ab 662a 597a 

LSD = 0.05 O.OJ 0.20 0.2 O.OS 90 66 

*Means not followed by the same letter are statistically 
different at the 5\ level of significance according to the 
LSD procedure. 

Fe Zn 

- mg kg-l 

127a 32a 

127a 30a 

101b 31a 

99bc 26ab 

SOcd 24b 

S3bcd 24b 

7Jd 24b 

19 5 

CU 

S.3a 

7.6a 

S.Ba 

S.la 

S.7a 

S.Ja 

S.Oa 

1.6 

..... 
~ 
C» 
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Table 31 Overall Monthly Al + Mn Treatment Means of Leaf Elemental 
Concentrations (All treatment means n = 21) 

:;C1m~ 

May June July August LSD 

% - - -

P O.3Sa* O.27b 0.18c O.17c 0.02 

K 1.S7b 1.88a 1.82a 1.71b 0.15 

Ca 2.01a 1.74b 1.26c 1.36c 0.14 

Mg O.5Sc 0.80a O.63b O.69b '0.06 

- mg kg-l 

Al 301c 407b 371b 69Sa 68 

Mn 221c 330b 348b 513a 50 

Fe l2Sa 109b SSc 7Sc 14 

Zn 28a 26a 29a 26a 4 

Cu lOa S.la 7.1b 7.9b 1.2 

Means not followed by the same letter are statistically 
different at 5% level of significance according to LSD 
procedure. 
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stages are presented in Tables 26 through 31. At prebloom 

stage plants absorbed mineral nutrient in a normal range and 

there were no symptoms of deficiency or toxicity in plants. 

However, as the plants accumulate high amount of Al and Mn 

their P, Ca, Fe, Zn and Cu decreased. Moreover, the lack of 

effect of low Al and Mn trea'cments indicates that grape 

plants are highly tolerant to Al and Mn. Generally, 

increasing the amount of Al + Mn in the nutrient solution 

resulted in increasing plant accumulation of these two 

elements (Fageria 1985, Wagatsuma and Yamasaku 1985). 

Culvenor (1985) showed that the presence of up to 5 ppm Al 

in the solution did not increase susceptibility to Mn 

toxicity. Thus, grape plants are not affected by a medium 

level of Al under acidic condition and they are able to 

maintain their phosphate status. 

accumulators (Jones 1961). 

Furthermore, they are Al 

As the plant growth progressed plants accumulated 

high amounts of Al and Mn in their tops and the accumulation 

of these two elements tended to increase as the 

concentration of these elements increased in the nutrient 

solution (Tables 27, 28, and 29). However, at the fruit 

setting stage (June), there were no significant differences 

between the 8 mg 1-1 Al + Mn treatment and lower and the 

control wi th regard to either Al or Mn content in grape 

leaves (Sarkunan and Biddappa 1984, Zaini and Mercado 1985). 
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Similarly, there were no significant differences between the 

treatments and the control with regard to Fe, Zn and cu 

accumulation in plant tops (Table 27). These results 

indicate that only at high Al and/or Mn contents 

micronutrient concentrations in plants decreased. At the 

veraison stage of growth, plants accumulated high amounts of 

Al and Mn and, thus, their P, Ca, Fe and Cu decreased (Alam 

1981, Taylor and Foy 1985a). In fact with high Al + Mn 

treatments, plant P, Fe, Zn and cu were below the adequate 

level (Ohki 1984). Furthermore there was a statistically 

significant difference between the 8 mg 1-1 Al + Mn and 

higher with that of the control treatment. At this stage of 

growth some plants exhibited Mn toxicity symptoms in their 

1 eaves and stems. These results indicated that Al might 

have its effect on root systems while Mn accumulates in the 

tops and, thus, the Mn toxicity symptoms appeared. These 

symptoms appeared on plants receiving high amounts of Al + 

Mn concentrations (12 mg 1-1 and above). 

At the end of vegetative growth (August) plants had 

low P and Ca contents, especially plants that received high 

amounts of Al + Mn and that occurred when plants had 

accumulated over 800 mg kg-1 Al and over 600 mg kg-1 Mn in 

their tops (Table 24). 

Tables 30 and 31 report the overall treatments means 

over time. These tables show that plants accumulated high 
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amounts of Al and Mn in their tops as time progressed. 

However, their micronutrients tend to decrease constantly. 

Therefore the accumulation of P began to be inhibited by Mn 

+ Al treatments, especially at late July and beginning of 

August when plants had accumulated high amounts of Al and 

Mn. However, the pattern of K accumulation was enhanced 

with low Al + Mn treatments. 
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CHAPTER 5 

NITROGEN STUDY 

Introduction and Literature Review 

Growth and productivity of grape fruits are 

dependent upon a good management an", supply of all growth 

factors. Therefore, fertilization programs have been used 

widely as a supplement of nutrient elements. Nitrogen is 

most often the element which limits plant growth. It is the 

most important and widely used fertilizer element in 

vineyards. 

High cost and shortage of fertilizers in the world 

cause the attention to be focused in the efficient nutrient 

,utilization. In Arizona, N and water are the two main 

important that restrict the yield of many crops. Because of 

the roles of N in protein synthesis, chlorophyll structure 

and growth regulating substances, a deficiency can result in 

slower growth and high accumulation of carbohydrates in the 

plants. Nitrogen deficiency can further reduce plant 

height, internode elongation, vegetative branches and number 

of bunches, as well as number of fruit per bunch (Hollerith 

1982). On the other hand, excess N can contribute to excess 

vine vigor and rank growth, delay maturity of the shoots, 

-----------_ .. __ .... - --_._-----.. 
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and reduce fruit set and/or fruit quality (Christensen 

1975) . Excessive flower shatter at bloom stage and leaf 

burn as a results of excess N have been noticed in many 

vineyards. 

Management of grape vineyards for maximum sustained 

yield of high quality products is the main goal of the grape 

growers. Therefore, soil fertility and grape nutrition are 

the two main factors which must be studied in order to 

establish an adequate fertilizer program for high quantity 

and quality production. Christensen (1975) stated that 

monitoring the N status in grapevines is important in 

determining of the amount of N needed, time of the need and 

form of N to be used. In addition, Cook (1961) indicated 

that the grape vine has a comparatively low N requirement 

and does not easily show obvious visual deficiency symptoms. 

Thus, the deficiency symptoms are easily identifiable only 

under severe conditions. However, a reduction in yield can 

occur before deficiency symptoms appear. Therefore, 

determination of available N is critical for normal vine 

growth and fruiting. 

Many investigators have found that a significant 

increase in grape yield with N fertilizer application. The 

N03-N concentration in plant tops increased with N 

fertilization. Application of N was found to produced more 
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vigorous vine growth with the potential for higher yield. 

Roberts and Ahmedullah (1987) reported a significant yield 

response of grapes to N fertilization. In addition the 

levels of N03-N, P, and K in grape petioles increased 

markedly. 

Due to the variability of N content in the soil 

profile and its change with irrigation and rainfall, soil 

depth and vine root development, soil analysis for N is not 

a satisfactory method for determinating the N requirement of 

grapes (Christensen 1975). In fact, the levels of nutrients 

in soil correlate poorly with the nutrient contents of grape 

vines. In addition, soil types can further limit physical 

suitability for crop production and capacity limits for 

transformation of nutrients. 

Plant tissue analysis has been widely and 

extensively used as a valuable tool in guiding management 

programs and in identifying the nutritional requirement of 

the grapevine (Cook and Kishaba 1956, Cook 1961; Christensen 

1972, and Cook 1978). It has been one of the major aids in 

planning a N fertilizer program that will result in a good 

regulated N supply and allowing the growers to optimize 

their efficient fertilizer use during the growing season. 

Christensen (1972) stated that plant tissue analysis is an 

indicator of how much N the vine is actually picking up and 
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available for growth, as well as how much can be used 

throughout the growing season. Zabadal (1979) stated that 

plant tissue analysis provide a reliable· approach for 

monitoring grapevine nutrition. The analysis also 

integrates the absorption of nutrients by the entire root 

system of the grapevines. He concluded that plant tissue 

analysis provides an accurate method of making efficient use 

of the fertilizer dollar. 

It is well known that crop yield usually increases 

up to a certain point as nutrient or level in the plant 

increases. Beyond a certain point, yield no longer 

increases with increasing nutrient content, and additional 

uptake is considered luxury consumption. Thus, the nutrient 

concentration within plant was found to be a good indicator 

of nutrient status of the plant (Christensen 1984, Hollerith 

1982, Cook and Kishaba 1956, and Cook 1978). However, the 

.concentrations of nutrients in plants differ with the 

specific tissue sampled, its physiological age, and with 

variety, as well as with soil, climate and management 

factors. Seasonal changes such as temperature and moisture 

as well as plant part differences in vine nutrient levels 

have also caused a variation in the nutrient content in 

grape leaves (Cook 1978, Cook 1961, and Christensen 1969). 

However, the variation in nutritional status between 
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different cultivars grown in different location can be well 

identified and established for each plant cultivar by 

analysis of plant leaves. Thus, plant tissue analysis has 

been proved to be the best way of reflecting the nutrient 

levels in plants and integrating value of all factors that 

influenced the nutritional status of plant over time. 

Several arguments have arisen to the extent of which 

sample location, sampling time, and plant part to be 

analyzed for better identifying and understanding the 

critical levels of N in plants. Bertoni and Morard (1982) 
. 

indicated that blade and petiole analysis are both suitable 

for assessment of the nutrient status of P, K, Mg and Ca. 

However, N content varied markedly between blades and 

petioles. Similarly Janat (1989) found that the ratio of 

petiole P content to blade P content is a better indicator 

for diagnosis of P status of grape cultivars. 

Seasonal fluctuation, climatic conditions, grape 

cuI ti vars, root stock differences, soil condition and the 

stage of growth have a remarkable effect on the content of N 

(and other nutrients) of the grape leaves. Bertoni and 

Morard (1982) showed that K content of the grape vines grown 

in acidic soils were higher than those grown in calcareous 

soils. Moreover, Christensen (1975) indicated that N03-N is 

high early in the season and tends to decline thereafter. 
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Christensen (1972) stated that N deficiency in grape is more 

critical in the early part of the growing season and should 

be checked during bloom period. Furthermore, it was found 

that the younger, more active tissue of recently matured 

leaves tends to maintain higher levels of total N than the 

older leaves, located opposite the cluster. 

The petiole was found to be the best plant part to 

analyze for N, due to. its sensitivity to nitrate and because 

it is easily handled. Petiole nitrate contents correlated 

well with N deficiency and excess petiole N03-N and was the 

best indicator of N nutrition of the grape vine (Bertoni and 

Morard J.982, Zabadal 1979, and Christensen 1984). Leaf 

petioles opposite the cluster at the base of the shoots at 

different growth stages have been widely used for 

determination of nutritional status of the grape vine. 

However, the recently mature leaves are also valuable in 

cases of nutritional stress. Christensen (1975) stated that 

recently matured leaf petioles are the best overall plant 

parts to chose for analysis because the petiole tends to 

reflect changes in the nutrient status of the plant better 

than older tissue and the petioles are close to the growing 

points. In conclusion, sampling the petiole opposite the 

second cluster from the base at bloom time appears to be 

satisfactory for all grape varieties. 
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Several limitations were found to aeffect the 

interpretation of the results obtained from petiole nitrate 

analysis. These limitations are plant parts sampled 

cultivar and root stock differences and seasonal 

fluctuations through the bloom period (Christensen 1984, 

Christensen 1969, Zabadal 1979). Christensen (1984) 

indicated that N03-N differed widely among grape cultivars 

especially before and during bloom when the level peaked. 

He attributed that to the inherent genetic variabilities in 

N metabolism of such cultivars. He concluded that a 

critical petiole N03-N level needs to be established 

separately for each individual variety. similarly, Cook 

(1961) stated that different grape varieties grown side by 

side on very uniform soil differ widely in nitrate content 

in their tissues. Thus, considerably more research and 

information are needed to evaluate the nutrient requirement 

of the individual grape varieties grown in Arizona. 

The objectives of this study were to: 

1. study the effect of N fertilizer rate on the N03-N 

levels on various grape varieties. 

2. Determine the appropriate sampling location to be 

analyzed for diagnosis of N status in different 

grape cultivars. 

- - --.-~-------~-- - ---_._---- .. ---



1,60 

3. Determine the amount of N fertilizer required to 

provide an adequate amount of N for, the grape 

cultivars. 

---------_ ... _._,,-,-----------_. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

Campus Agricultural Center 

The results of N03-N, S04 and Cl analysis of grape 

petioles from the University of Arizona Campus Agricultural 

Center are shown in Table 32. The results indicate that the 

N03-N content at all sampling locations are in the 

sufficient to excessive range. The data also show no effect 

of the N fertilization due to high N03 content of the 

irrigation water. Therefore, the lack of the effect of 

fertilizer applications appears to result from the high N03 

levels in soil and applied irrigation water which was 

municipal effluent water containing a high level of N03. 

The rate of N03 in the water was sufficient for supplying N 

requirements for vine plants. In addition, the lack of 

available data on the amount of N03 in the soil and water 

used for irrigation makes it difficult to establish an 

adequate N fertilizer rate in this field. No visible 

symptoms of N deficiency were apparent at sampling time. In 

fact, all plants looked heal thy and green. The resul ts 

(Table 32) indicate that there was no significant 

differences between different sampling locations. Leaf no. 
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Table 32 Effect of N Fertilizer Rates on Petiole N03-N, 
Cl contents in various Grape 804 and 

Locations (Campus Agricultural Center) 

N 
Fertilizer Location N03-N Ratio 8°4 

Added of the leaf Ratio 7th/O.C. 

g/vine mg k~-l mg k~-l 
(x10 ) (x10 ) 

0 5th 16 30 
7th 23 1.07 33 
O.C.** 21 *** 

155 5th 20 41 
7th 23 1.1 37 
O.C.** 20 *** 

310 5th 17 34 
7th 16 0.8 36 
O.C.** 20 *** 

*All values are average of four replicates. 
**Opposite to the basal cluster leaf~ 

***Values not determined. 

----------------- - ----

Leaf 

Cl 

mg k~-l 
(x10 ) 

29 
41 

*** 

26 
39 

*** 

22 
36 

*** 
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7 and the opposite to the cluster (O.C.) yielded similar N 

values. The data also show that leaf no. 5 is the least 

sensitive to plant N03-N concentration and thus would not be 

an appropriate part to indicate N deficiency or excess. 

Both leaf no. 7 and opposite to cluster show an increasing 

sensitivity to plant N03-N concentrations and the ratio 

between them ranged from 0.8 to 1.1 for all N fertilizer 

treatments. The ratio between premature leaves (no. 5) to 

either recently mature leaves (no. 7) or O.C. leaves ranged 

from 0.72 to 1.01 and from 0.78 to 0.95, respectively. 

These results agree with the previous findings of 

Christensen (1975), Cook (1961) and Zabadal (1979) that 

suggest 0. C. petioles adequately reflect the N status in 

grapes, and recently mature leaves (no. 7) can be used in 

many instances as an alternative part. However, due to the 

high N03 in the irrigation water, the N03-N content was high 

in all three organs. 

since all three organs contained adequate to 

slightly excess N03-N concentrations the effect of nitrogen 

fertilizer rate on both s04 and Cl- concentration was not 

revealed. Both recently mature and leaves are indicators of 

Sand Cl elements. These results are in agreement with the 

previous findings of Christensen (1972) and cook (1978). 
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Oracle Agricultural center 

The effect of N fertilizer rates on petiole N03-N, 

804 -2 and Cl contents in various grape cultivars at the 

Oracle Agricultural center is presented in Table 33. The 

data show that N03-N content increased with N fertilizer 

applications in all varieties as well as in all plant 

organs. The N03-N content among the treatments ranged from 

deficient to slightly high for low and high N treatments. 

There was a pronounced N fertilizer effect on petiole N03-N 

content and the treatments ranked as 0 < 150 < 310 g/vine 

of N, respectively. The highest N fertilizer rate resulted 

in 2160, 2480 and 2490 mg kg-1 N03-N in the petiole of Rc, 

zi and 8b varieties, respectively. Furthermore, all 

cultivars were deficient in N content at 0 N treatment and 

severe N deficiency symptoms appeared on many varieties 

which did not· receive N fertilizer. The symptom was pale 

green to yellowish-green color of the leaves. The plants 

were also stunted with smaller leaves and shoot growth was 

reduced. 

The vine vigor was reduced in those plants compared 

to the others receiving either medium or high N treatments. 

On the other hand, high N treatment resulted in vigorous, 

normal vine growth. N deficiency can be successfully 

alleviated by fertilizer treatment in this field. yields 

--------_.. ...... -



Table 33 

Effect of H Fertilizer Rates on Petiole N03-H, 504 and Cl levels 
in Various Grape leaf locations (Oracle Agricultural Center) 

Nitrogen Treatment 

low H (ON) HediUIII N (155g) High N (310g) 

Ruio 504 N03-N Ratio 504 NOr ll Ratio 504 Cl 
Varieties leaf 110. N03-N 7th/0.C. (x102) Cl (xt02) 7th/0.C_ (xt02) Cl (xt02) 7th/0.C_ (xt02) (x102) 

- - mg kg- t IIg kg- 1 - - mg kg- t - - - - IIg kg- l 

FC 5th 81 26 25 4 52 29 4 40 26 
7th 86 40 37 6 56 42 7 54 40 
O.C_ 116 0.74 28 28 11 0.59 66 45 11 0.41 73 46 

cs 5th 73 23 37 7 40 49 18 37 33 
7th 82 34 53 8 42 29 17 35 37 
o.C. 81 1.01 21 46 9 0.86 53 31 16 1.11 27 40 

S8 5th 299 45 35 7 75 29 18 30 26 
7th 140 66 46 7 87 44 19 45 30 
O.C. 162 0.86 51 44 14 0.51 51 54 25 0.78 58 35 

ZI 5th 311 32 38 13 49 31 25 39 37 
7th 260 46 56 12 53 46 22 49 49 
o.c. 281 0.93 36 48 12 1.01 56 49 25 0.90 51 50 

RC 5th 308 37 35 to 33 46 20 30 46 
7th 246 40 39 15 46 57 23 37 54 
G.C. 276 0.89 48 47 14 1.06 49 60 22 1.06 46 59 

PII 5th 314 43 43 6 59 40 
7th 389 62 5t 10 62 54 14 44 49 
O.C. 411 0.95 65 53 14 0.72 65 57 19 56 57 

21 0.89 58 62 

.... 
0\ 
U1 
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were not determined due to a shortage of irrigation water 

later in the summer. Earlier yields have been reported by 

Janat (1989) 

The results in Table 33 reveal that petiole N03-N 

increased with increasing fertilizer rates. The high N rate 

of 310 g N/vine appears to be the optimum for all grape 

varieties as reflected by adequate rnate of N03-N content in 

their tissues and because Arizona's soils are inherently low 

in N. with the high N rate, N03-N of all cultivars were 

within the acceptable range established by Christensen 

(1975), Cook and Kishaba (1956), Cook (1978), and 

Christensen (1972), with the exception of zi and Rc 

cultivars which have slightly higher N03-N. These results 

are in contrast with Janat's findings (1989) which stated 

that the medium N treatment was satisfactory for supplying N 

requirements of the grape cultivars grown in this field. 

Thus, the high N treatment seems to be more effective and 

adeCIt'ate in supplying N for most grape cultivars in this 

study. Nevertheless, there was a difference in the petiole 

N03-N contents among varieties, there were no signs of 

excess N in the leaves with the high N treatment of all 

varieties grown in this field. However, the N fertilizer 

requirement ShOl:ld be established separately for each 
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individual cultivar. Furthermore, it affects the desirable 

level of vine vigor and production. 

The variation of N03-N content in leaves was wider 

between the younger leaf (no. 5) and the o.c. leaves. with 

the low N treatment, the premature leaf had a higher N03-N 

content than the other two organs, due to the high mobility 

of N from mature to new leaves. At low N treatment, all 

three organs were at a deficient level of N03-N in all 

varieties (Table 33). 

The varietal differences between leaf no. 5 and the 

O.C. leaves was wider for Fc, Sb and Pn and narrower for Cv, 

Zi, Cs and Rc in all N treatments. The data indicate that 

Zi, Rc and Pn have higher levels of N03-N than Fc, Cs and 

Sb, which means that they have a greater N requirement. The 

lower N03-N contents in Fc and Cs can be partially 

attributed to efficiencies in N assimilation. Furthermore, 

the differences in N03-N content among grape cultivars is 

attributed to their nitrate reductase and other enzyme 

activity and soil and root stock differences (Christensen 

1984) • 

The results also suggest that the levels of N03-N 

must be established for each individual cultivar. These 

results are in agreement with previous findings of many 

investigators (Christensen 1984, Cook 1961). The results 
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also reveal that both .recently mature and o. C. leaves are 

satisfactory measures of N status in grape vines. since 

both of these organs are mature and in close proximity to 

the growing points, they tend to reflect more precisely the 

N status of the grape vines as well as maintain higher N03-N 

levels than the premature leaf. There were only slight 

differences between both mature leaves in all N fertilizer 

treatments. The ratio between the mature leaves ranged from 

0.74 to 1.1 for 5 varieties at various N treatments, with 

the exception of that Fc and Cv which has the lowest range 

0.59 and 0.41 for medium and high N treatments, 

respectively. Therefore, the ratio between recently mature 

(7th) and leaves appears to hold well as a good indicator of 

N statu8 within the plants. 

The relationship between N03-N content in both 

leaves (no. 7 and o.C.) and N fertilizer rates is also shown 

in Figure 23. Figure 23 shows a high correlation 

coefficient (r) of (0.95, 0.99, 0.98, 1.0, 1.0 and 0.98 for 

Fc, Cs, SB, Zi, Rc, and Pn, at all N treatments 

respectively. The data also reveal that the correlation 

coefficient (r) for all cultivars was 1.0, 0.44 and 0.63 at 

low, medium and high N treatments respectively. This result 

indicates a high correlation between no. 7 and O.C. leaves 

with low N treatments. 
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The results (Table 33) revea~ that high N03-N 

content in the petioles reduces the concentration of 504 and 

Cl. Furthermore, the concentrations of these two elements 

fluctuated among the sampling locations and varieties. The 

concentrations of these two elements were higher with the 

mature and O.C. leaves than premature ones. 

---------_ .... _--_._-_.-
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Field and greenhouse studies were conducted to 

determine the effects' of Al and Mn individually or 

collectively on the growth and elemental composition of 

various grape cultivars. Furthermore, the greenhouse study 

was initiated to establish the toxic levels of Al and Mn in 

grape leaves. 

Vineyard and 

The field studies were carried out at Sonoita 

the Oracle Agricultural Center on which 

different grape cultivars were established on a White House 

soil series. 

soil at Sonoita vineyard was treated with sulfur 

materials such as ammonium thiosulfate for controlling 

cotton root rot (Phymatotrichum grnnivorum L.) disease. 

However, the application of soil arnendmentss lowered the 

soil pH values and reduced the availability of soil P for 

plants. Furthermore, the addition of such soil amendments 

enhanced the availability of soil AI, Fe and Mn which can 

induce Al and/or Mn toxicity in plants. 

Soils at the Oracle Agricultural Center were also 

treated with sulfur materials and N fertilizers. The use of 

N fertilizers and sulfur amendment lowered the soil pH 

values and increased the acidity of soil surface which 
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caused an increase in extractable soil Al, Fe and Mn. The 

increase of these elements might reduce the availability of 

other nutrients such as P, Zn, Fe and Cu, which are required 

for normal plant growth. Soil and plant tissue analyses 

were evaluated in both locations. 

Greenhouse Study 

The evaluation of the greenhouse experimental results was 

accomplished through the consideration of shoot growth, 

number of leaves and the chemical composition. of grape 

leaves at various stages of growth. The statistical 

analyses of the resul~s were made on all measured variables 

separately. 

A part of this dissertation was also to study the 

effect of N fertilizer rates (0, 155 and 310 g N/vine) on 

the N03-N content of different grape cultivars. In 

addition, this study was performed to determine the 

appropriate plant sampling location for N fertilizer 

assessment. Leaf petioles from premature (no. 5) mature 

leaf (no. 7) and opposite to the cluster were used for this 

investigation. The N study was carried out at two different 

locations during 1988 and 1989. The results can be 

summarized as follows. 

1. Chemical analyses of these soils showed that these 

soils have low pH values and thus resulted in an 
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increase of extractable Al, Fe and, in some cases, 

Mn. 

2. These soils have low to marginal Zn content. 

3. Several variables can modify the effects of Al 

and/or Mn in plants such as soil type, mineral 

contents and grape root stock differences. 

4 • Grape varieties varied in their response to high 

Al and Fe in soils, and accumulated a high amount 

of Al and Mn in their tops without injury. 

5. Field plants which exhibited Al toxicity symptoms 

had a high Al, Mn and Fe in their tops and low P, 

K, Ca and Zn concentrations. 

6. The threshold of Al in plant leaves at which Al 

toxicity symptoms appeared was 800 mg kg-1 Al or 

more. 

7. Micronutrients, especially Mn and Fe were absorbed 

in greatest quantity from these soils whereas the 

macronutrients, especially P, Ca and K, were 

absorbed least. 

8. High Al in the greenhouse nutrient solution 

reduced growth, decreased number of leaves and 

induced Al toxicity symptoms. 

9. A 10% reduction in growth occurred when plant had 

accumulated 700 mg kg-1 Al in their leaves, and 
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tended to increase as the Al concentration in the 

nutrient solution increased. 

10.High Al treatments reduced P, Ca, Mg and eu 

significantly, whereas the absorption of Fe, Mn and Zn were 

enhanced. 

11. Potassium and Mg remained within an adequate range 

with either Al or Mn treatments up to 22 mg 1-1 in 

the nutrient solution. 

12. High Mn treatments reduced plant growth, number of 

leaves and caused the deficiencies of Fe, Zn and 

Cu. Furthermore, high Mn concentration 30 mg 1-1 

or more in the nutrient solution further reduced 

plant P, Ca and Mg. 

13. The accumulation of elements in plant leaves was 

varied at various stages of growth as a function 

of time, Mn and/or Al concentration in the 

nutrient solution. 

14. The critical Mn concentration associated with Mn 

toxicity symptoms appeared to be 700 mg kg-1 Mn in 

plant leaves. However, the 10% reduction in shoot 

growth and number of leaves occurred when plants 

accumulated 470 mg kg-1 in their tops. 

15. The severity of the toxicity symptoms and the 

reduction in growth parameters of both Al and Mn 

treatments were 'proportional to the levels of 
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either Al or Mn in the nutrient solution and their 

accumulation in plant tops. 

16. Grape plants had a high internal tolerance to 

either Al or Mn. 

The N study showed the following results: 

1. The application of N fertilizer increased petiole 

N03-N contents of all varieties at Oracle 

Agricultural center, and the treatments ranked 

o < 155 < 310g N/vine. 

2. High N fertilizer treatment resulted in an 

adequate to slightly high N03-N content of the 

plants. 

3. Both opposite to the cluster and leaf number 7 

petioles are good indicators of N status of vine 

yards. However, the opposite to the cluster 

petioles showed higher N03-N than other organs at 

all N treatments. 

4. Grape varieties are varied in their nutrient 

requirements, even when grown under the same field 

conditions. 

Finally, more researchers are needed to further 

declare the effect of Al and/or Mn on grape yield and 

. quality production. 
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APPENDIX I 

Average Monthly Maximum and Minimum Temperature 
and Relative Humidity of the Greenhouse 

During the Course of the Experiment 

Max. Temp. Min. Temp. Max R.H. Min. R.H. 

_ ,.- CO - - _ - CO - -
28.0 11.6 70.0% 28.4% 

33.9 13.8 67.4% 26.7% 

31.9 16.3 66.5% 25.4% 

35.9 18.0 58.8% 31. 8% 

38.1 20.5 

33.6 22.6 

33.6 22.9 

30.8 20.5 



177 

REFERENCES 

Abd-Elgawad, M., and B. D. Knezek. 1983. Studies on 
manganese toxicity in two soybean cultivars. Annals 
of Agric. Sci., Moshtohor 19:603-616. 

Adams, F. 1984. Crop response to lime in the southern united 
States. In F. Adams (ed.) soil acidity and liming. 
Agron. Mono. 12, 211-265. Am. Soc. of Agron., Inc., 
Madison, WI. 

Adams, F., and P. J. Hathcock. 1984. Aluminum toxicity and 
calcium deficiency in acid subsoil horizons of two 
coastal plains soil series. Soil Sci. Soc. of Am. J. 
48:1305-1309. 

Adams, F., and Z. F. Lund. 1966. Effect of chemical activity 
of soil solution aluminum on cotton root penetration 
of acid subsoils. Soil Sci. 101:193-198. 

Adams, F., and B. L. Moore. 1983. Chemical factors affecting 
root growth in subsoil horizons of coastal plain 
soils. Soil Sci. Soc. Am. J. 47:99-102. 

Alam, S. M. 1981. Influence of aluminum on plant growth and 
mineral nutrition of barley. Commun. in Soil Sci. 
and Plant Anal. 12:121-138. 

Alfatesh, I. Y., and G. R. Dutt. 1989. Unpublished data. 

Alva, A. K." D. G. Edwards, C. J. Asher, and F. P. C. 
Blarney. 1986. Relationships between root length of 
soybean and calculated activities of aluminum 
monomers in nutrient solution. soil Sci. Soc. of Am. 
J. 50:959-962. 

Amacher, M. C. 1984. Determination of ionic acti vi ties in 
soil solutions and suspensions: principal 
limitations. Soil Sci. Soc. Am. J. 48:519-524. 

Bates, R. G. 1973. Determination of pH (2nd ed.). John Wiley 
and Sons, Inc., NY. 



178 

Bennet, R. J., C. M. Breen, and V. Bandu. 1985. Aluminum 
toxicity and regeneration on the root cap. 
Preliminary evidence for a Golgi apparatus derived 
morphogen in the primary root of Zea mays. South 
African J. of Bot. 51:363-370. 

Bennet, R. J., C. M. Breen, and M. V. Fey. 1985a. Aluminum 
inrluced changes in the morphology of the quiescent 
centre, proximal meristem and growth region of the 
root of Zea mays. South African J. of Bot. 
51:355-362. 

Bennet, R. J., C. M. Breen, and M. V. Fey. 1985b. The 
primary site of aluminum injury in the root of ~£a 
mays L. South African J. of Plant and Soil 2:8-17. 

Bennet, R. J., C. M. Breen, and M. V. Fey. 1986c. Aluminum 
toxici ty and induced nutrient disorders invol ving 
the uptake and transport of P, K, Ca, and Mg in Zea 
mays L. South African J. of Plant and Soil 3:11-17. 

Berger, K. C., and G. C. Gerloff. 1947. Manganese toxicity 
of potatoes in relation to strong soil acidity. Soil 
Sci. Soc. Am. Proc. 12:310-314. 

Bernard, A. C. 1984. Histo-cytological observations on 
grapevine branches affected by manganese toxicity. 
Progres Agricole et viticole 101:114-117. 

Bertoni, G., and P. Morard. 1982. Blade or petiole analysis 
as a guide for grape nutrition. Commun. in Soil Sci. 
Plant Anal. 13:593-605. 

Blamey, F. P. C., D. 
Asher. 1986. 
tolerance to 
91:171-180. 

C. Joyce, D. G. Edwards, 
Role of trichomes in 

manganese toxicity. Plant 

and C. J. 
sunflower 
and Soil 

Blatt, C. R., and A. van Diest. 1981. Evaluation of a 
screening technique for manganese toxicity in 
relation to leaf manganese distribution and 
interaction with silicon. Netherlands J. of Agric. 
Sci. 29:297-304. 

Bohn, H. L., B. L. McNeal, and G. A. O'Connor. 1985. Soil 
Ch~mistry. John Wiley and Sons, Inc., New York. 



179 

Bortner, C. E. 1935. Toxicity of manganese to Turkish 
tobacco in acid Kentucky soils. Soil sci. 39:15-33. 

Boubals, D. 1984. Note on the damage caused by large soil 
applications of viticultural by-products. Progres 
Agricole et Viticole 101:152-155. 

Bromfield, S. M., R. W. cumming, D. J. David, and C. H. 
Williams. 1983. The assessment of available 
manganese and aluminum status in acid soils under 
subterranean clover pastures of various ages. Aust. 
J. of EXp. Agricul. and An. Husb. 23:192-200. 

Brown, J. C., J. E. Ambler, R. L. Chaney, and C. D. Foy. 
1972. Differential responses of plant genotypes to 
micronutrients. (p. 389-418). In J. J. Mortvedt 
(ed.), Micronutrients in agriculture. Soil Sci. Soc. 
Am., Inc., Madison, WI. 

Bruckert, S., and J. Rouiller. 1982. Mechanisms 
the pH of soils. In M. Bonneau and B. 
(eds.), constituents and properties 
(p. 399-411). Academic Press, London. 

regulating 
Souchiers 
of soils 

Carvalho, M. M. de, C. J. Asher, D. G. Edwards, and C. S. 
Rew. 1982. Lack of effect of toxic aluminum 
concentrations on nitrogen fixation by nodulated 
Stylosanthes species. Plant and Soil 66:225-231. 

Christensen, L. P. 1969. Seasonal changes and distribution 
of nutritional elements in Thompson seedless grape 
vines. Am. J. of vitic. 20:176-190. 

Christensen, L. P. 1972. Vine yard tissue sampling guide for 
plant analysis. Fresno County Farm Advisors Office. 
April 5, 1972. 

Christensen, P. 1975. Nitrogen fertilization of vineyards. 
Fresno County Farm Advisors Office. Dec. 5, 1975. 

Christensen, P. 1984. Nutrient level comparisons of leaf 
petioles and blades in twenty-six grape cul ti vars 
over three years. Am. J. Enol. Vitic. 35:124-133. 

Clairmont, K. B., W. G. Hagar, and E. A. Davis. 1986. 
Manganese toxicity to chlorophyll synthesis in 
tobacco callus. Plant Physiol. 80:291-293. 



180 

Clarkson, D. T. 1966. Effect of aluminum on the uptake and 
metaboiism of phosphorus by barley seedlings. Plant 
Physio1. 41:165-172. 

Clarkson, D. T. 1967. Interactions between aluminum and 
phosphorus on root surfaces and cell wall material. 
Plant and Soil 27:347-356. 

Cook, J. A. 1961. Some problems in determining nitrogen 
needs in California vineyards. Wines and Vines 
61:29-30. 

Cook, J. A. 1978. Use of tissue analysis in viticulture. 
Soil and plant tissue testing in California, Univ. 
of Calif. Div. Agric. Sci. Bull. 1879:14-16. 

Cook, J. A., and T. Kishaba. 1956. Petiole nitrate analysis 
as a criterion of nitrogen needs in California vine 
yards. Proc. Amer. Soc. Hort. Sci. 68:131-140. 

Coppnet, M., .and C. Juste. 1982. Trace elements essential 
to the growth of plants, and toxicity phenomena. In 
M. Bonneau and B. Souchiers (eds.), Constituents and 
properties of soils (p. 458-466). Academic Press, 
London. 

Crawford, T. W., Jr., J. L. Stroeh1ein, and R. o. Kuehl. 
1988. Manganese and rates of growth and mineral 
accumulation in cucumber. J. Amer. Soc. Hort. Sci. 
114:300-306. 

Cu1venor, R. A. 1985. Tolerance of Phalaris aguatica L. 
lines and some other agricultural species to excess 
manganese, and the effect of aluminum on manganese 
tolerance in p. aquatica. Aust. J. of Agric. Res. 
36:695-708. 

1···Cumming, G. A., and P. Lilly. 1984. Soil pH rate for fruit 
yield and elemental concentration of muscadine 
grapes. Hort. Sci. 19:831-832. 

Davis, L. E. 1943. Measurement of pH with the glass 
electrode as affected by soil moisture. soil Sci. 
56:405-422. 

Duncan, R. R., J. W. Dobson, Jr., and C. D. Fisher. 1980. 



181 

Leaf elemental concentrations and grain yield of 
sorghum grown on acid soil. Commun. soil sci. Plant 
Anal. 11:699-707. 

Dutt, G. R., M. w. Olsen, and J. L. Stroehlein. 1986. 
Fighting root rot in the border wine belt. Wines and 
Vines 67: 40-41. 

Edelbauer, A. 1979. Comparative examinations of the 
influence of the proportion of micronutrients on the 
growth and dry matter accumulation of different vine 
varieties. Milleilungen Klosternenburg Rebe und 
Wein, Obstbou und Fruchteverwertung 29:170-176. 

Elamin, o. M., and G. E. wilcox. 1986a. Effect of magnesium 
and manganese nutrition on wate=rmelon growth and 
manganese toxici ty • J. Am.' Soc. 'for Hort. Sc i . 
111:588-593. 

Elamin, o. M., and G. E. wilcox. 1986b. Manganese toxicity 
in watermelon plants as influenced by nitrogen form. 
J. of the Am. Soc. for Hort. Sci. 111:765-768. 

Elamin, o. M., and G. E. wilcox. 1986c. Manganese toxicity 
development in muskmelons as influenced by nitrogen 
form. J. Am. Soc. for Hort. Sci. 111:323-327. 

Enkelmann, R. 1978. Manganese content of vine leaves, must 
and wine. zeitschrift fur Lebensmittel-Untersuchung 
und Forschung 167:171-175. 

Fageria, N. K. 1985. Influence of aluminum in nutrient 
solutions on chemical composition in two rice 
cultivars at different growth stages. Plant and soil 
85:423-429. 

Fiskesjo, G. 1983. Nucleolar dissolution induced by aluminum 
in root cells of Allium. Physiol. Plant. 59:508-511. 

Fleming, A. L. 1983. Ammonium uptake by wheat varieties 
differing in Al tolerance. Agron. J. 75:726-730. 

Foy, C. D. 1983. Plant adaptation to mineral stress in 
problem soils. Iowa State J. of Res. 57:339-354. 

Foy, C. D. 1984. Physiological effects of hydrogen, 
aluminum, and manganese toxicities in acid soil. In 
F. Adams (ed. ), Soil acidity and 1 iming . Agrono. 

-------.. -- .. - _._ ..... 



182 

Mono. 12, 57-97. Am. Soc. of Agron., Inc., Madison, 
WI. 

Foy, C. D., and T. A. Campbell. 1984. Differential 
tolerances of Amaranthus strains to high levels of 
aluminum and manganese in acid soils. J. of Plant 
Nutr. 7:1365-1388. 

Foy, C. D., A. L. Fleming, and W. H. Armiger. 1969. 
Differential tolerance of cotton varieties to excess 
manganese. Agron. J. 61:690-694. 

Franco, A.A. 1982. Acidity factors limiting nodulation, 
nitrogen fixation and growth of Phaseolus vulgaris 
L. Diss. Abstra. Int. B. 42(9):3527. 

Fregoni, M., and L. Bavarescol. 1984. Studies on grapevine 
nutrition in acid soils in Italy. Vignevini 
11:49-58. 

Gazzar, A. M. E. L., F. M. Ko:;;leg, and S. M. Sabbah. 1979. 
Effects of foliar applications of chelated iron, 
zinc, and manganese on yield, fruit quality, and 
concentrations of some nutrients in leaves of 
Thompson seedless grapes. Alexandria J. of Agric. 
Res. 27:27-38. 

Gomes, M. M. S., J. Cambraia, R. Sant'Anna, and M. M. 
Estevao. 1985. Aluminum effects on uptake and 
translocation of nitrogen in sorghum (Sorghum 
bicolor L. Moench). J. of Plant Nutr. 8:457-465. 

Hargrove, W. L. 1986. The solubility of aluminum-organic 
matter and its implication in plant uptake of 
aluminum. Soil Sci. 142:179-181. 

Heenan, D. P., and L. C. Campbell. 1983. Manganese and iron 
interactions on their uptake and distribution in 
soybean (Glycine max (L.) Merr.). Plant and Soil 
70:317-326. 

Hiatt, A. J., and J. L. Ragland. 1963. Manganese toxicity of 
burley tobacco. Agron. J. 55:47-49. 

Hohenberg, J. S. 1983. Responses of symbiotic and 
N-fertilized cowpea (y. unguiculata L.) to soil 
acidity factors. Diss. Abstr. Int. B.44(5):1298. 



183 

Hollerith, J. 1982. Nutritional requirements of vinifera 
grapes. Vini. Wine Grower J. 9: 29-33. 

Horst, N. J. 1983. Factors responsible for genotypic 
manganese tolerance in cowpea (Vigna unguiculata). 
Plant and Soil 72:213-218. 

Howard, D. D., and F. Adams. 1965. Calcium requirement for 
penetration of subsoils by primary cotton roots. 
Soil Sci. Soc. Am. Proc. 29:558-562. 

HSu, P. H., and D. A. Rennie. 1962. Reaction of phosphate in 
aluminum systems. canadian J. of Soil sci. 
42: 197-221. 

Hue, N. V., G. R. Craddock, and F. Adams. 1986. Effect of 
organic acids on aluminum toxicity in subsoils. 
Soil Sci. Soc. of Am. J. 50:28-3 

Hutchinson, G. E. 1943. The biogeochemistry of aluminum and 
certain related elements. Quart. Rev. Biol. 18:1-29. 

Islam, A. K. M., D. G. Edwards, and C. J. Asher. 1980. pH 
optima for crop growth: Results of a flowing 
solution culture experiment with six species. Plant 
and Soil 54:339-357. 

Janat, M. M. 1989. Phosphorus fractions, movement and 
fertilizer requirements of grapes grown on White 
House soil. Ph.D. diss., Univ. of Arizona. 

Jenny, H., T. R. Nielsen, N. T. Coleman, and D. E. 
1950. concerning the measurement of 
activities, and membrane potentials in 
systems. Sci. 112:164-167. 

Williams. 
pH, ion 

colloidal 

Johnson, R. E., and W. A. Jackson. 1964. Calcium uptake and 
transport by wheat seedlings as affected by 
aluminum. Soil sci. Soc. Am. Proc. 28:381-386. 

Jones, L. H. 1961. Aluminum uptake and toxicity in plants. 
Plant and Soil 13:297-310. 

Kapland, D. I., and G. D. Estes. 1985. Organic matter 
relationship to soil nutrient status and aluminum 
toxicity in alfalfa. Agron. J. 77:735-738. 



184 

Keisling, T. C., L. F. Thompson, and W. R. Slabaugh. 1984. 
Visual symptoms and tissue manganese concentrations 
associated with manganese toxicity in wheat. Commun. 
in Soil Sci. and Plant Anal. 15:537-540. 

Khatiashvili, R. M., T. G. Abulashvili, and M. B. 
Burdzhandaze. 1985. The effect of extreme conditions 
of manganese and boron feeding on the uptake of 
these elements by the grapevine. Soobshcheniya 
Akademii Nauk Gruzinskoi SSR 117:117-120. 

Khetawat, G. K., and K. S. Vashishtha. 1978. Effect of zinc, 
manganese and iron spray on the micronutrient levels 
in foliage of Thompson seedless and Beauty seedless 
grapes. Annals of Arid Zone 17:320-322. 

Kohno, 'I., and C. D. Foy. 1983. Differential tolerance of 
bushbean cultivars to excess manganese in solution 
and sand culture. J. of Plant Nutr. 6:877-893. 

Kohno, 'I., C. D. Foy, A. L. Fleming, and D. T. Krizek. 1984. 
Effect of Mn concentration on the growth and 
distribution of Mn and Fe in two bush bean cultivars 
grown in solution culture. J. of Plant Nutr. 
7:547-566. 

Konishi, S., S. Miyamoto, and T. Taki. 1985. Stimulatory 
effects of aluminum on tea plants grown under low 
and high phosphorus supply. Soil Sci. and Plant 
Nutr. 31:361-368. 

Krauskopf, K. B. 1972. Geochemistry of micronutrients. In 
J. J. Mortvedt, P. M. Giordano, and W. L. Lindsay 
(eds.), Micronutrients in agriculture (p. 7-40). 
Soil Sci. Soc. of Am., Inc., Madison, WI. 

Krizek, D. T., and C. D. Foy. 1982. Elemental content of two 
barley cultivars in relation to water stress and 
aluminum toxicity. Proc. of the Ninth Int. Plant 
Nutr. Coll., 22-27 August 1982. Warwick University, 
united Kingdom. volume 1. 

Kumar, S., and S. Bhushan. 1980. Effect of zinc, manganese, 
and boron applications on quality of Thompson 
seedless grapes. punjab Hort. J. 20:62-65. 

---------. ...... -



185 

. Lee, E. H., and C. D. Foy. 1986. Aluminum tolerances of two 
snapbean cultivars related to organic acid content 
evaluated by high-performance liquid chromatography. 
J. of Plant Nutr. 9:1481-1489. 

Lee, J., and M. W. Pritchard. 1984. 
expression on nutrient uptake, 
morphology of Trifolium repens' L. 
Huia). Plant and Soil 82: 101·-116. 

Aluminum toxicity 
growth and root 
cv. (Grass Lands 

Ligon, W. S., and W. H. Pierre. 1932. Soluble aluminum 
studies: II Minimum concentrations of aluminum 
found to be toxic to corn, sorghum, and barley in 
culture solutions. Soil Sci. 34:307-321. 

Lund, Z. F. 1970. The effect of calcium and its relation to 
several cations in soybean root growth. Soil Sci. 
Soc. of Am. Proc. 34:456-459. 

Magistad, O. C. 1925. The aluminum content of the soil 
solution and its relation to soil reactio~ and plant 
growth. Soil Sci. 20:181-213. 

Marcelin, . H. 1984. Vineyards on acid soil in Roussillon. 
Progres Agricole et viticole 101:76-78. 

Mass, E. V. 1969. Calcium uptake by excised maize roots and 
interactions with alkali cations. Plant Physiol. 
44:985-989. 

McCormick, L. H., and F. Y. Borden. 1972. Phosphate fixation 
by aluminum in plant roots. Soil Sci. Soc. Amer. 
Proc. 36:799-802. 

McLean, E. O. 1982. Soil pH and lime requirement. In A. L. 
Page (ed.), Methods of soil analysis (2nd ed.) 
(p. 199-224). Agron. Mono. no. 9 (Part 2). Am. Soc. 
Agron., Inc., Madison, WI. 

McLean, F. T., and B. E. 
aluminum tolerance 
24:163-175. 

Gilbert. 
of crop 

1928. The relative 
plants. Soil Sci. 

Millar, P. M., and W. C. Oechel. 1985. Manganese tolerance 
in vaccinium vitis-idaea. Bulletin of the Ecolog. 
Soc. of Am. 66:232. 



186 

Moraghan, J. T. 1985. Manganese nutrition of flax as 
affected by FeEDDHA and soil air drying. Soil Sci. 
Soc. of Am. J. 49:668-671. 

Morris, H. D. 1949. The soluble manganese content of acid 
soils and its relation to the growth and manganese 
content of sweet clover and 1espedeza. Soil Sci. 
Soc. Am. Proc. 13:362-371. 

Munns, D. N. 1965. Soil acidity and growth of a legume: II. 
Reactions of aluminum and phosphate in solution and 
effects of aluminum, phosphate, calcium and pH on 
Medicago sativa L. and Trifolium subterraneum L. in 
solution culture. Aust. J. Agric. Res. 16:743-755. 

Murphy, H. E., D. G. Edwards, and C. J. Asher. 1984. Effects 
of aluminum on nodulation and early growth of four 
tropical pasture legumes. Aust. J. of Agric. Res. 
35:663-673. 

Nelson, L. E. 1983. The effect of temperature regime and 
substrate Mn on growth and manganese concentrations 
in rice. J. of Plant Nutr. 5:1241-1257. 

Noble, A. D., J. D. Lea, and M. V. Fey. 1985. Genotypic 
tolerance of selected drybean (Phaseolus vulgaris 
L.) cultivars to soluble Al and to acid, low P soil 
conditions. South African J. of Plant and Soil 
2:115-119. 

Noble, A. D., M. E. Sumner, and A. K. Alva. 1988a. The pH 
dependency of aluminum phytotoxicity alleviation by 
calcium sulfate. Soil Sci. Soc. Am. J. 52:1398-1402. 

Noble, A. D., M. E. Sumner, and A. K. Alva. 1988b. 
comparison of aluminum and 8-hydroxy-quinoline 
methods in the presence of fluoride for assaying 
phytotoxic aluminum. Soil Sci. Soc. Am. J. 
52:1059-1063. 

Ohki, K. 1984. Manganese deficiency and toxicity effects on 
growth, development and nutrient composition in 
wheat. Agron. J. 76:213-218. 

Ohki, K. 1985. Manganese deficiency and toxicity effects on 
photosynthesis, chlorophyll, and transpiration in 
wheat. Crop Sci. 25:187-191. 



187 

Ohki, K. 1986. Photosynthesis, chlorophyll, and 
transpiration responses in aluminum stressed wheat 
and so~ghum. Crop Sci. 26:572-575. 

Olsen, R. A., and J. E. Robbins. 1971. The cause of the 
suspension effect in resin-water systems. soil sci. 
Soc. Am. Proc. 35:260-265. 

Page, A. L. (ed.). 1982. Methods of soil analysis (2nd ed.). 
Agron. Mono. No. 9 (Part 2). Am. Soc. of Agron., 
Inc., Madison, WI. 

Paven, M. A., and F. T. Bingham. 1982. Toxicity of aluminum 
to coffee seedling grown in nutrient solution. soil 
Sci. Soc. of Am. J. 46:983-997. 

Peech, M., R. A. Olsen, and G. H. Bolt. 1953. The 
significance of potentiometric measurements 
involving liquid junction in clay and soil 
suspension. soil Sci. Soc. Am. Proc. 17:214-217. 

Petolino, J. F., and G. B. Collins. 1985. Manganese toxicity 
in tobacco (Nicotiana tabacum L.) callus and 
seedlings. J. of Plant Physiol. 118:139-144. 

Price, C. A., H. E. Clark, and E. A. Funkhouser. 1972. 
Function of micronutrients in plants. In J. J. 
Mortvedt (ed.), Micronutrients in agriculture 
(p. 231-242). Soil Sci. Soc. of Am., Inc., Madison, 
WI. 

Read, B. J., and B. J. Scott. 1983. Tolerance of barleys to 
aluminum and manganese. Proc., Australian Plant 
Breeding Conf., Adelaide, South Australia, 
14-18 February [C. J. Driscoll (ed.)]. 

Rechcigl, J.E., R.B. Reneau, Jr., D.O. Wolf, W. Kroontje and 
S.W.S. Coyoe. 1986. Alfalfa seedling grown in 
nutrient solutions as influenced by Aluminum, 
Calcium, and pH. Commun. Soil Sci. Plant Anal. 
17:27-44. 

Riedell, W. E., and W. E. Schmid. 1986. Physiological and 
cytological aspects of manganese toxicity in barley 
seedlings. J. of Plant Nutr. 9:57-66. 



188 

Rios, M. A., and R. W. Pearson. 1964. The effect of some 
chemical environmental factors on cotton root 
behavior. Soil Sci. Soc. of Am. Proc. 28:232-235. 

Roberts, S., and M. Ahmedullah. 1987. The effect of soil 
applied macro- and micronutrients on results of 
diagnostic soil and tissue tests for "concord" 
grapes. Commun. in Soil Sci. Plant Anal. 18:221-234. 

Rorison, I. H. 1965. The effect of aluminum on the uptake 
and incorporation of phosphate by excised Sainfoin 
roots. New Physiol. 64:23-27. 

Santaro, L.G., T.E. Soares and A.C. Magalhaes. 1984. Effect 
of aluminum on nitrate reduction in Zea mays L. 
phyton, Argentina 44:75-80. 

Sarkunan, V., and C. C. Biddappa. 19B4. Effect of phosphorus 
on aluminum toxicity in rice. Oryza 21:163-166. 

Sarkunan, V., C. C. Biddappa, and S. K. Nayak. 1984. Physio. 
of aluminum toxicity in rice. Current sci., India 
53:822-824. 

Schofield, R. K., and A. W. Taylor. 1955. The measurement of 
soil pH. Soil Sci. Soc. Am. Proc. 19:164-167. 

Sheppard, L. J., and M. J. L. Floate. 1984. The effects of 
soluble-AI on root and radical elongation. Plant and 
Soil 80:301-306. 

Sideris, C. P. 1949. Manganese interference in the 
absorption and translocation of radioactive iron 
(Fe59 ) in Ananas comosus (L.) Merr. Plant Physiol. 
25: 307-321. 

Siegel, N., and A. Haug. 1983. Calmodulin-dependent 
formation of membrane potential in barley root 
plasma membrane vesicles: a biochemical model of 
aluminum toxicity in plants. Physiol. Plant. 
59:295-291. 

Smith, G. S., D. C. Edmeades, and M. Upsdell. 1983. 
Manganese status of New Zealand pastures. 
1. Toxicity in rye grass, white clover, and Lucerne. 
New Zealand J. of Agric. Res. 26:215-221. 



189 

Sparks, D. L. 1984. 
theoretical 
48:514-518. 

Ion activities: 
overview. Soil 

An historical and 
Sci. Soc. Am. J. 

Stonier, T., F. Rodriguez-Tormes, and Y. Yoneda. 1968. 
Studies on auxin protectors. IV. The effect of 
manganese on auxin protector-I of the Japanese 
morning glory. Plant Physio1. 43:69-72. 

Tan, K. H., and A. Binger. 
aluminum toxicity 
141:20-25. 

1986. Effect of humic acid on 
in corn plants. Soil sci. 

Taylor, G. J., and C. D. Foy. 1985a. Effects of aluminum on 
the growth and elemental composi tion of 20 winter 
cu1tivars of Triticum aestivum L. (wheat) grown in 
solution culture. J. of Plant Nutr. 8:811-824. 

Taylor, G. J., and C. D. Foy. 1985b. Mechanisms of aluminum 
tolerance in Triticum aestivum L. (wheat). II. 
Differential pH induced by spring cu1tivars in 
nutrient solutions. Am. J. of Bot. 72:702-706. 

Taylor, G. J., and C. D. Foy. 1985c. Mechanism of aluminum 
tolerance in Triticum aestivum (wheat). IV. 'rIle 
role of ammonium and nitrate nutrition. Canadian J. 
of Bot. 63:2181-2186. 

Thomas, G. W., and W. L. Hargrove. 1984. The chemistry of 
soil acidity. In F. Adams (ed.), Soil acidity and 
liming. Agron. Mono. (12) 3-56. Am. Soc. of Agron., 
Inc., Madison, WI. 

Tracy, J. E. 1983. Manganese toxicity in avocado (Persea 
americana mill.). California Avocado Soc. Yearbook 
67:147-158. 

Wagatsuma, T., and K. Yamasaku. 1985. Relationship between 
differential aluminum tolerance and plant-induced pH 
change of medium among barley cultivars. Soil sci. 
and Plant Nutr. 31:521-535. 

Wallace, S. U., and I. C. Anderson. 1984. Aluminum toxicity 
and DNA synthesis in wheat roots. Agron. J. 76:5-8. 

Willard, H. H., L. L. Merrit, and J. A. Dean. 1965. 
Instrumental methods of analysis. D. Van Nostrand 
Co., Inc., Princeton, NY. 

--------_ .. _--------_._._-- .. _ ... 



190 

Wood, M., and J. E. Cooper. 1985. Soil acidity factors and 
growth of white clover (Trifolium repens L.) in acid 
hill soils. Soil Use and Manage. 1(2):66-69. 

Wright, K. E. 1943. The internal precipitation of phosphorus 
in relation to aluminum toxicity. Plant Physiol. 
18:708-712. 

Yagodin, B. A. 1982. Agric. chemistry. Mir Publishers, 
Moscow. Translated by V. G. Vopyan. 

Zabadal, T. J. 1979. Grape petiole analysis best way to 
determine vine nutrition. Vini. Wine Growers J. 
6:23-26. 

Zaini, Z., and B. T. Mercado. 1984. Calcium~alurninum 
interaction on the' growth of two rice cul tivars in 
culture solution. Philippine Agric. 67:93-99. 

Zaini, Z., and B. T. Merc;ado. 1985. Phosphorus nutrition and 
phosphatase activity of young rice plants grown in 
culture solution. II. Phosphorus-aluminum 
interaction and phosphatase activity of the roots. 
Philippine Agric. 68:217-224. 


