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Preface

For over 150 years, scientists have studied plant nutrition with goals of understanding the acquisi-
tion, accumulation, transport, and functions of chemical elements in plants. From these studies,
much information has been obtained about the growth and composition of plants in response to soil-
borne elements and to fertilization of crops in the soil or in soil-less media, as in hydroponic cul-
ture of plants. A compilation of elements known as plant nutrients and beneficial elements has also
been developed from this work.

Plant nutrients are chemical elements that are essential for plant growth. For an element to be
essential, it must be required for a plant to complete its life cycle, it must be required by all plants,
and no other nutrient can replace this requirement fully. If an element does not meet all of these re-
quirements, for example, being required by some plants or only enhancing the growth of plants, the
element may be a beneficial element. Much interest in plant nutrition lies in the development and
use of diagnostic techniques for assessment of the status of plants with respect to plant nutrients and
beneficial elements.

Soil testing is a common approach to assessments of soil fertility and plant nutrition. With cor-
relation to plant growth, development, and yield, soil testing indicates the capacity of soils to sup-
ply plant nutrients and suggests appropriate corrective measures. Plant analysis, used in conjunc-
tion with plant symptoms and soil testing, is another common tool for assessment of the nutritional
status of plants.

This handbook covers principles of plant nutrition from a historical standpoint to current knowl-
edge of the requirements of crops for certain elements and the beneficial effects of others. Its lay-
out owes much to Homer D. Chapman’s 1966 book Diagnostic Criteria for Plants and Soils and,
as with that book, presents contributions from eminent plant and soil scientists from around the
world. The purpose of this handbook is to provide a current, readily available source of information
on the nutritional requirements of world crops.

In the Introduction, the editors provide an overview of plant nutrients and beneficial elements
and note diagnostic criteria and research approaches used by current investigators who are inter-
ested in plant nutrition.

Each of the chapters dealing with plant nutrients starts with historical information of each nu-
trient, including the demonstration of essentiality and functions in plants. Each of these chapters
will include diagnosis of the nutritional status of plants through assessments of plant appearance
and composition. Tabulated data will help correlate plant appearance and composition with regard
to nutritional needs. A discussion of the value of soil tests for assessment of the nutritional status of
plants will be provided in each chapter. Each chapter will conclude with fertilizers that can be ap-
plied to remedy nutritional deficiencies in plants.

Chapters concerning beneficial elements will discuss the history of the relation of the beneficial
effects of these elements to crop growth and yield and will relate the benefits to growth stimulation
and plant metabolism for particular plant species.

A separate CD-ROM containing all the photographs and some line drawings in color is included
with the book, because color versions of the illustrations offer details not obvious in black-and-
white pictures.

With the world population increasing rapidly, and projected to do so for some time, and with
improved plant nutrition remaining as one of the major factors increasing crop yields, use of our
knowledge of plant nutrition to maximize agricultural yields grows in importance. However, public
interest in minimizing the use of chemical inputs in agriculture also is increasing with emphasis on



less use of chemical fertilizers and more use of alternative fertilizers. Attention to precision agri-
culture, in which plant nutrition is controlled or monitored carefully, has grown in research and
practice. All of these situations require knowledge of plant nutrition.

The handbook is intended to be a practical reference work for anyone who needs to know the
requirements of the world’s major crops for essential or beneficial elements. It will also give infor-
mation on how to assess and govern the nutritional status of crops. It should be of use to farmers,
agricultural advisers, soil scientists, and plant scientists.
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Allen V. Barker

University of Massachusetts, Amherst, Massachusetts

David J. Pilbeam
University of Leeds, Leeds, United Kingdom
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1.1 DEFINITIONS
1.1.1  PLANT NUTRIENT

A plant nutrient is a chemical element that is essential for plant growth and reproduction. Essential
element is a term often used to identify a plant nutrient. The term nutrient implies essentiality, so it
is redundant to call these elements essential nutrients. Commonly, for an element to be a nutrient,
it must fit certain criteria. The principal criterion is that the element must be required for a plant to
complete its life cycle. The second criterion is that no other element substitutes fully for the ele-
ment being considered as a nutrient. The third criterion is that all plants require the element. All the
elements that have been identified as plant nutrients, however, do not fully meet these criteria, so,
some debate occurs regarding the standards for classifying an element as a plant nutrient. Issues
related to the identification of new nutrients are addressed in some of the chapters in this handbook.

The first criterion, that the element is essential for a plant to complete its life cycle, has histor-
ically been the one with which essentiality is established (1). This criterion includes the property
that the element has a direct effect on plant growth and reproduction. In the absence of the essen-
tial element or with severe deficiency, the plant will die before it completes the cycle from seed to
seed. This requirement acknowledges that the element has a function in plant metabolism; that with
short supply of the nutrient, abnormal growth or symptoms of deficiency will develop as a result of
the disrupted metabolism; and that the plant may be able to complete its life cycle with restricted
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growth and abnormal appearance. This criterion also notes that the occurrence of an element in a
plant is not evidence of essentiality. Plants will accumulate elements that are in solution without
regard to the elements having any essential role in plant metabolism or physiology.

The second criterion states that the role of the element must be unique in plant metabolism or
physiology, meaning that no other element will substitute fully for this function. A partial substitution
might be possible. For example, a substitution of manganese for magnesium in enzymatic reactions
may occur, but no other element will substitute for magnesium in its role as a constituent of chloro-
phyll (2). Some scientists believe that this criterion is included in the context of the first criterion (3).

The third criterion requires that the essentiality is universal among plants. Elements can affect
plant growth without being considered as essential elements (3,4). Enhancement of growth is not a
defining characteristic of a plant nutrient, since although growth might be stimulated by an element,
the element is not absolutely required for the plant to complete its life cycle. Some plants may respond
to certain elements by exhibiting enhanced growth or higher yields, such as that which occurs with the
supply of sodium to some crops (5,6). Also, some elements may appear to be required by some plants
because the elements have functions in metabolic processes in the plants, such as in the case of cobalt
being required for nitrogen-fixing plants (7). Nitrogen fixation, however, is not vital for these plants
since they will grow well on mineral or inorganic supplies of nitrogen. Also, plants that do not fix
nitrogen do not have any known need for cobalt (3). Elements that might enhance growth or that have
a function in some plants but not in all plants are referred to as beneficial elements.

Seventeen elements are considered to have met the criteria for designation as plant nutrients.
Carbon, hydrogen, and oxygen are derived from air or water. The other 14 are obtained from soil or
nutrient solutions (Table 1.1). It is difficult to assign a precise date or a specific researcher to the
discovery of the essentiality of an element. For all the nutrients, their roles in agriculture were
the subjects of careful investigations long before the elements were accepted as nutrients. Many

TABLE 1.1
Listing of Essential Elements, Their Date of Acceptance as Essential, and
Discoverers of Essentiality

Element Date of Essentiality? Researcher?
Nitrogen 1804 de Saussure®

1851-1855 Boussingault®
Phosphorus 1839 Liebig®

1861 Ville®

Potassium 1866 Birner & Lucanus®
Calcium 1862 Stohmann®
Magnesium 1875 Boehm®
Sulfur 1866 Birner & Lucanus®
Iron 1843 Gris®
Manganese 1922 McHargue©
Copper 1925 McHargue©
Boron 1926 Sommer & Lipman®
Zinc 1926 Sommer & Lipman®
Molybdenum 1939 Arnon & Stout®
Chlorine 1954 Broyer, Carlton, Johnson, & Stout®
Nickel 1987 Brown, Welch, & Cary (11)

“The dates and researchers that are listed are those on which published articles amassed enough infor-
mation to convince other researchers that the elements were plant nutrients. Earlier work preceding
the dates and other researchers may have suggested that the elements were nutrients.

bCited by Reed (22).

¢Cited by Chapman (13).




Introduction 5

individuals contributed to the discovery of the essentiality of elements in plant nutrition. Much of
the early research focused on the beneficial effects or sometimes on the toxic effects of the ele-
ments. Generally, an element was accepted as a plant nutrient after the body of evidence suggested
that the element was essential for plant growth and reproduction, leading to the assignment of cer-
tain times and individuals to the discovery of its essentiality (Table 1.1).

Techniques of hydroponics (8,9) initiated in the mid-1800s and improved in the 1900s enabled
experimenters to grow plants in defined media purged of elements. Elements that are required in con-
siderable quantities (rmacronutrients), generally accumulating to 0.1% and upward of the dry mass in
plant tissues, were shown to be nutrients in the mid-1800s. Most of the elements required in small quan-
tities in plants (micronutrients), generally accumulating to amounts less than 0.01% of the dry mass of
plant tissues, were shown to be essential only after techniques were improved to ensure that the water,
reagents, media, atmosphere, and seeds did not contain sufficient amounts of nutrients to meet the needs
of the plants. Except for iron, the essentiality of micronutrients was demonstrated in the 1900s.

Beneficial elements may stimulate growth or may be required by only certain plants. Silicon,
cobalt, and sodium are notable beneficial elements. Selenium, aluminum, vanadium, and other ele-
ments have been suggested to enhance growth of plants (3,10). Some of the beneficial elements may
be classified in the future as essential elements as developments in chemical analysis and methods of
minimizing contamination during growth show that plants will not complete their life cycles if the
concentrations of elements in plant tissues are diminished sufficiently. Nickel is an example of an
element that was classified as beneficial but recently has been shown to be essential (11).

Studies of the roles of nutrients in plants have involved several diagnostic criteria that address
the accumulation of nutrients and their roles in plants. These criteria include visual diagnosis, plant
analysis, biochemical tests, and soil tests.

1.2 DIAGNOSTIC CRITERIA

1.2.1 VIsuAL DIAGNOSIS

Careful observations of the growth of plants can furnish direct evidence of their nutritional conditions.
Metabolic disruptions resulting from nutrient deficiencies provide links between the function of an ele-
ment and the appearance of a specific visible abnormality. Symptoms of disorders, therefore, provide a
guide to identify nutritional deficiencies in plants. Careful experimental work and observations are
needed to characterize symptoms. For example, nitrogen is needed for protein synthesis and for chloro-
phyll synthesis, and symptoms appear as a result of the disruption of these processes. Symptoms of
nitrogen deficiency appear as pale-green or yellow leaves starting from the bottom and extending
upward or sometimes covering the entire plant. Magnesium deficiency also affects protein synthesis
and chlorophyll synthesis, but the symptoms may not resemble those of nitrogen deficiency, which
affects the same processes. Experience is necessary to distinguish the symptoms of nitrogen deficiency
from symptoms of magnesium deficiency or in the identification of the deficiency of any nutrient.

Symptoms on foliage have been classified into five types (12): (a) chlorosis, which may be uni-
form or interveinal (Figure 1.1); (b) necrosis, which may be at leaf tips or margins, or be interveinal
(Figure 1.2); (c) lack of new growth, which may result in death of terminal or axillary buds and
leaves, dieback, or rosetting (Figure 1.3); (d) accumulation of anthocyanin, which results in an over-
all red color (Figure 1.4); and (e) stunting with normal green color or an off-green or yellow color
(Figure 1.5). Symptoms of deficiency can be quite specific according to nutrient, especially if the
diagnosis is made early in the development of the symptoms. Symptoms may become similar
among deficiencies as the intensities of the symptoms progress.

Generalities of development of deficiency symptoms can be made among species. Many refer-
ences are available with descriptions, plates, or keys that enable identification of nutrient deficien-
cies (12-20). As mentioned above, for example, nitrogen deficiency appears across plant species as
chlorosis of lower or of all leaves on plants. Advanced stages of nitrogen deficiency can lead to
leaf death and leaf drop. Nitrogen-deficient plants generally are stunted and spindly in addition to
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FIGURE 1.1 Interveinal chlorosis of iron-deficient borage (Borago officinalis L.). (Photograph by Allen V.
Barker.) (For a color presentation of this figure, see the accompanying compact disc.)

FIGURE 1.2 Deficiency symptoms showing necrosis of leaf margins, as in this case of potassium deficiency
on cucumber (Cucumis sativus L.) leaf. (Photograph by Allen V. Barker.) (For a color presentation of this
figure, see the accompanying compact disc.)

showing the discoloration that is imparted by chlorosis. Potassium-deficient plants have marginal and
tip necrosis of lower leaves. On the other hand, for elements that are immobile (not transported in
phloem) or slowly mobile in plants, the deficiency symptoms will appear on the young leaves first.
The symptoms might appear as chlorosis, as with sulfur, iron, manganese, zinc, or copper deficiency,
or the symptoms might be necrosis of entire plant tips, as occurs with boron or calcium deficiency.
Brooms or rosetting may occur in cases where deficiencies (e.g., copper or zinc) have caused death
of the terminal bud and lateral buds have grown or where internode elongation has been restricted by
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(a) " (b)

FIGURE 1.3 Deficiency symptoms showing necrosis on young leaves of (a) calcium-deficient lettuce (Lactuca
sativa L.) and necrosis on young and old leaves of (b) calcium-deficient cucumber (Cucumis sativus L.). With
cucumber the necrosis has extended to all leaves that have not expanded to the potential size of full maturity.
(Photographs by Allen V. Barker.) (For a color presentation of this figure, see the accompanying compact disc.)

FIGURE 1.4 Stunting and development of red color and loss of green color of phosphorus-deficient tomato
(Lycopersicon esculentum Mill.). (Photograph by Allen V. Barker.) (For a color presentation of this figure, see
the accompanying compact disc.)

nutrient (e.g., zinc) deficiencies. Accumulation of anthocyanin, exhibited by reddening of leaves,
may indicate phosphorus deficiency, although nitrogen deficiency can lead to a similar development.
Some people try to distinguish the two deficiencies by noting whether the symptoms of reddening
develop between the veins (phosphorus deficiency) or along the veins (nitrogen deficiency). Stunting
is a good indication of nutrient deficiency, but often stunting cannot be recognized unless a well-
nourished plant is available as a standard of comparison. A stunted plant may have normal color and
not be recognized as being deficient until abnormal coloration develops with advanced stages of defi-
ciency. In some cases, symptoms may not develop during the growth cycle of crops, but yields may
be suppressed relative to plants that have optimum nutrition. Hidden hunger is a term applied to cases
where yield suppression occurred but symptoms did not develop.

Deficiency symptoms can occur at any stage of growth of a plant. The most typical symptoms
are those that appear early in the cycle of deficiency. Early diagnosis of deficiencies may also allow
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FIGURE 1.5 Cabbage (Brassica oleracea var. capitata L.) plants showing symptoms of stunting. Left: stunt-
ing and dark green color diagnosed as being caused by salinity in nutrient solution. Middle: stunting and mot-
tling of foliage due to condition diagnosed as magnesium deficiency. Right: stunting and discoloration of
foliage due to condition diagnosed as phosphorus deficiency. (Photographs by Allen V. Barker.) (For a color
presentation of this figure, see the accompanying compact disc.)

time for remedial action to take place. Generally, however, if symptoms have appeared, irreparable
damage has occurred, with quantity or quality of yields being suppressed or diminished with annual
crops or with slowing or damaging of growth and development of perennial crops. Also, symptoms
that resemble nutrient deficiency can develop on plants as a result of conditions that are not related
to nutrient deficiencies, for example, drought, wet soils, cold soils, insect or disease infestations,
herbicide damage, wind, mechanical damage, salinity, or elemental toxicities. Deficiency symptoms
are only one of several diagnostic criteria that can be used to assess the nutritional status of plants.
Plant analysis, biological tests, soil analysis, and application of fertilizers containing the nutrient in
question are additional tools used in diagnosis of the status of plant nutrition.

1.2.2 PLANT ANALYSIS

Plant analysis as a means of understanding plant physiology perhaps started with de Saussure (21).
With plant analysis, de Saussure corrected the misunderstanding at the time that the mineral matter
of plants had no importance. He showed that the mineral matter in plants came from the soil and
not from the air and that little growth of plants occurred if they were grown in distilled water.
Through plant analysis, he also demonstrated that plants absorbed minerals in ratios that differed
from the proportions existing in solution or in soil and that plants absorbed substances from solu-
tion, whether the substances were beneficial to the plants or not.

Plant analysis was one of the means used by scientists in the 1800s to determine the essential-
ity of chemical elements as plant nutrients (22). Further refinements and applications of plant analy-
sis led to studies of the relationship between crop growth or yield and nutrient concentrations in
plants (23-26). Elemental analysis of leaves is commonly used as a basis for crop fertilizer recom-
mendations (27,28).

Plants can be tested for sufficiency of nutrition by analytical tests, which employ quantitative
analysis (total or specific components) in laboratories, or by tissue fests (semiquantitative analysis),
often applied in the field. With proper means of separation of constituents, quantitative tests may
measure nutrients that have been incorporated into plant structures or that are present as soluble
constituents in the plant sap. The tissue tests generally deal with soluble constituents.

1.2.3 QUANTITATIVE ANALYSIS

Quantitative plant analysis has several functions in assessing the nutrient status of plants (29).
Among these functions, plant analysis can be used to confirm a visual diagnosis. Plant analysis
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also can help in identifying hidden hunger or incipient deficiencies. In confirming diagnoses or in
identifying incipient deficiencies, comparisons are made between laboratory results and critical
values or ranges that assess the nutritional status as deficient, low, sufficient, or high, or in other
applicable terms. The critical concentration of a nutrient is defined as the concentration of the
nutrient below which yields are suppressed (26,30). In the determination of critical concentration,
analysis of a specific tissue of a specific organ at a designated state of development is required.
Because of the amount of work involved, critical concentrations are rarely determined; conse-
quently, ranges of sufficiency are most commonly used in assessment of plant nutrition (27). For
each nutrient or beneficial element mentioned in this handbook, ranges of sufficiency are reported.

For any plant, it could be that only one nutrient is deficient or in excess, but it is also possible
that more than one nutrient may be out of its range of sufficiency. Furthermore, the actual require-
ment for an individual nutrient may be different if other nutrients are not present in the plant above
their own critical concentrations. For this reason, it is becoming common to consider concentrations
of nutrients in relation to the concentrations of other nutrients within the plant. Forms of multivari-
ate analysis such as principal component analysis and canonical discriminant analysis have been
used to investigate relationships between the internal concentrations of many nutrients together and
plant growth (31). Currently, a commonly used application of plant analysis is the Diagnosis and
Recommendation Integrated System (DRIS), which compares ratios of concentrations of all the
possible pairs of elements analyzed to establish values that help to identify nutrients that are most
likely to be deficient (32,33).

Plant analysis is also used to determine if an element entered a plant. Fertilization is employed
to correct deficiencies, often in response to a visual diagnosis. It is important to know that nutrients
actually entered plants after the application of the nutrients to the soil or foliage. No response to the
application of a nutrient may be understood as meaning that the element was not lacking, when in
fact, it might not have been absorbed by the plant being treated. Plant analysis can also indicate the
effects of application of plant nutrients on plant composition with regard to elements other than the
one being studied. Interactions may occur to enhance or to suppress the absorption of other nutri-
ents. In some cases, growth may be stimulated by a nutrient to the point that other nutrients become
deficient, and further growth cannot occur. Plant analysis can help to detect changes in plant com-
position or growth that are synergistic or antagonistic with crop fertilization.

Collecting samples of plant organs or tissues is important in assessing nutrition by plant analy-
sis. Comparable leaves or other organs or tissues from the same plant or from similar plants should
be collected as samples that show symptoms and samples that do not. Samples of abnormal and nor-
mal material from the same plant or similar plants allow for development of standards of compari-
son for deficient, optimum, or excessive nutrition. The composition of plants varies with time
(diurnal and stage of growth) and with parts of plants as well as with nutrition (34). It is wise to take
samples from plant parts that have been studied widely and for which published standards of com-
parisons for deficient, sufficient, and optimum concentrations of nutrients are available. Jones and
Steyn (35) discuss methods of sampling and sample preparation prior to analysis, along with meth-
ods of extracting nutrients for analysis and methods of analysis of plant tissues. A handbook edited
by Kalra (36) also addresses sampling and analysis of plant tissues.

1.2.4 TiSSUE TESTING

Plant tissue testing is a technique for rapid determination of the nutritional status of a crop and is
often conducted on the field sites where crops are grown. The test generally assesses the nutrient
status by direct measurements of the unassimilated fraction of the nutrient in question in the plant.
For example, determination of nitrate in leaf petioles, midribs, or blades or in roots is often a cho-
sen tissue test for assessment of the nitrogen status of a plant (37-40). Nitrate in these plant parts
represents an unassimilated form of nitrogen that is in transit to the leaves and often shows greater
variations in response to soil nutrient relations than determinations of total nitrogen in plant parts,
although some research indicates that total nitrogen concentration in the whole plant gives the best
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index of plant nitrogen nutrition (41). Generally, in a tissue test, the sap of the tissues is extracted
by processes such as crushing or grinding along with filtering to collect liquid for testing (34).
Testing of a component, such as nitrate in the sap, is often done by semiquantitative determinations
with nitrate-sensitive test strips (37,40,42,43), by hand-held nitrate-testing meters (44), or by quan-
titative laboratory measurements (45). In tissue testing, ammonium determinations are used less
often than nitrate determinations because accumulation of ammonium can be an artifact of sampling
and analysis (46).

An exception to the direct determination of an element to assess deficiency was the corn (Zea
mays L.) stalk test of Hoffer (47). This test was based on the observation that insoluble iron com-
pounds appeared at the nodes of corn plants under stress of potassium deficiency (48). The corn
stalk test provided only a rough indication of the potassium nutrition of the plant but had a fair
agreement with other tests for potassium deficiency and had some application to crops other than
corn (34). Similarly, Leeper (49) noted that manganese-deficient oats (Avena sativa L.) accumulated
nitrate in stems.

Selection of the plant part for testing varies with the nutrient being assessed. With nitrate, it may
be important that conductive tissue be selected so that the sampling represents the nutrient in tran-
sit to a site of assimilation and before metabolic conversions occur. However, potassium is not
assimilated into organic combinations in plants; hence, selection of a plant part is of lesser impor-
tance than with determination of nitrate, and leaf petioles, midribs, blades, or other tissues can be
used for potassium determination by quick tests or by laboratory measurements (50,51).

Color of leaves can be used as a visual assessment of the nutrient status of plants. This assess-
ment can also be quantitative in a quick test, and chlorophyll-measuring meters have been used to
nondestructively evaluate the nitrogen status of plants (52). The meters have to be used in reference
to predetermined readings for plants receiving adequate nutrition and at selected stages of develop-
ment, which are usually before flowering and maturation. Correlations of readings with needs for
nitrogen fertilization may not be good as the plant matures and flowers and as materials are trans-
ported from leaves to fruits.

Leaf canopy reflectance (near-infrared or red), as employed in remote sensing techniques, can
be used to assess the nutrient status of fields. Reflectance has been shown to be related to chloro-
phyll concentrations and to indicate the nitrogen status of crops in a field (53).

1.2.5 BIOCHEMICAL TESTS

Activities of specific enzymes can provide rapid and sensitive indicators of nutrient deficiencies in
plants (54). Deficiencies of micronutrients can lead to inhibited activities of enzymes for which the
nutrient is part of the specific enzyme molecule. Assays of enzymatic activity can help identify defi-
ciencies when visual diagnosis does not distinguish between deficiencies that produce similar
symptoms (55), when soil analysis does not determine if nutrients enter plants, or when plant analy-
sis does not reflect the concentration of a nutrient needed for physiological functions (56). The
enzymatic assays do not give concentrations of nutrients in plants, but the enzyme activity gives an
indication of sufficiency or deficiency of a nutrient. The assay can be run on deficient tissue or on
tissue into which the suspected element has been infiltrated to reactivate the enzymatic system. The
assays are run on crude extracts or leaf disks to provide quick tests (57).

Peroxidase assays have been used to distinguish iron deficiency from manganese deficiency in
citrus (Citrus spp. L.) (55,58). Peroxidases are heme-containing enzymes that use hydrogen perox-
ide as the electron acceptor to catalyze a number of oxidative reactions. In this application, during
iron deficiency, peroxidase activity is inhibited, whereas during manganese deficiency peroxidase
activity may be increased. Iron is a constituent of peroxidase, but manganese is not. Kaur et al. (59)
reported associations of limited catalase and peroxidase activities with iron deficiency in chickpeas
(Cicer arietinum L.). Leidi et al. (60) evaluated catalase and peroxidase activities as indicators of
iron and manganese nutrition for soybeans (Glycine max Merr.). Nenova and Stoyanov (61)
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reported that intense iron deficiency resulted in low activities of peroxidase, catalase, and nitrate
reductase in corn (Zea mays L.). Ranieri et al. (62) observed a suppression of peroxidase activity in
iron-deficient sunflower (Helianthus annuus L.). On the other hand, carbonic anhydrase has been
employed to identify zinc deficiency in citrus (63), sugarcane (Saccharum officinarum L.) (64),
black gram (Vigna mungo L.) (65), and pecan (Carya illinoinensis Koch) (66). Zinc deficiency was
associated with a decrease in messenger RNA for carbonic anhydrase along with a decrease in car-
bonic anhydrase activity in rice (Oryza sativa L.) (67). In another assay, alcohol dehydrogenase was
twice as high in roots of zinc-sufficient rice as in zinc-deficient rice, and activity of alcohol dehy-
drogenase in roots was correlated with zinc concentration in leaves (68). Ascorbic acid oxidase
assays have been used in the identification of copper deficiency in citrus (69). Molybdenum defi-
ciency has been associated with low levels of nitrate reductase activity in citrus (70). Polle et al.
(71) reported that the activities of superoxide dismutase and some other protective enzymes
increased in manganese-deficient leaves of Norway spruce (Picea abies L.).

Applications of enzymatic assays for the micronutrient status of plants have not been adopted
widely in agronomic or horticultural practice, although interest in usage may be increasing as is
shown by the number of investigations associating enzymatic activity with plant nutrients. The per-
oxidase test in the assessment of iron deficiency has perhaps been employed more than other assays
(57,72). Macronutrients have numerous functions in plants, and association of specific enzymatic
activity with deficiencies of macronutrients is difficult. However, some assays have been developed,
such as nitrate reductase activity for assessment of nitrogen deficiency, glutamate-oxaloacetate
aminotransferase for phosphorus deficiency, and pyruvic kinase for potassium deficiency (54).
Measurement of pyruvic kinase activity may also be useful for establishing the optimum balance
between potassium, calcium, and magnesium concentrations in tissues (73).

1.2.6 SoiL TESTS

A soil test is a chemical or physical measurement of soil properties based on a sample of soil (74).
Commonly, however, a soil test is considered as a rapid chemical analysis or quick test to assess the
readily extractable chemical elements of a soil. Interpretations of soil tests provide assessments of
the amount of available nutrients, which plants may absorb from a soil. Recommendations for fer-
tilization may be based on the results of soil tests. Chemical soil tests may also measure salinity,
pH, and presence of elements that may have inhibitory effects on plant growth.

A basic principle of soil testing is that an area can be sampled so that chemical analysis of the
samples will assess the nutrient status of the entire sampled area. Methods of sampling may differ with
the variability of the area being sampled and with the nutrients being tested. A larger number of sam-
ples may need to be taken from a nonuniform area than from a uniform area. Movement of nutrients
into the soil, as with nitrate leaching downward, may cause the need for sampling of soil to be at a
greater depth than with nutrients that do not move far from the site of application. Wide differences in
test results across a field bring into question whether a single recommendation for fertilization can be
made for the entire field (74,75). Fertilization of fields can increase the variability of nutrients of a
field, and the assessment of the fertility level with respect to nutrients will become more difficult.
Variations in patterns of applications of fertilizers, such as placement of fertilizers in bands in contrast
to broadcasting of fertilizers, can affect soil samples. The proceedings of an international conference
on precision agriculture addressed variability in fields, variable lime and fertilizer applications in
fields, and other factors involved in site-specific collection of data, such as soil samples (76).

Results of soil tests must be calibrated to crop responses in the soil. Crop responses, such as growth
and yields, are obtained through experimentation. In the calibrations, the results of soil tests are treated
as independent variables affecting crop growth and yields; otherwise, all other variables such as
weather, season, diseases, soil types, weeds, and other environmental factors must be known and inter-
preted. The consideration of results of soil test as independent variables may impart difficulties in inter-
preting the results, especially if the environmental factors have marked effects on crop yields.



12 Handbook of Plant Nutrition

Results of soil analysis, sometimes called fotal analysis, in which soil mineral and organic mat-
ter are destroyed with strong mineral acids, heat, or other agents do not correlate well with crop
responses (77). Generally, soil tests involve determination of a form of a plant nutrient with which
a variation in amount is correlated with crop growth and yield. These forms of nutrients are com-
monly called available plant nutrients. The different forms of nutrients are extracted from the soil
with some solvent. Many different methods of extraction of soil samples are being used for meas-
urement of available nutrients in soils. Extractants are various combinations of water, acids, bases,
salts, and chelating agents at different strengths. The extractants are designed to extract specific
nutrients or are universal extractants (77-83). Much discussion has occurred as to whether one
method of extraction is better than another. Morgan (77) noted that any chemical method of soil
extraction is empirical and that the results give only an approximate quantitative expression of the
various chemical constituents in soil. Morgan stated further that no one solvent acting on the soil
for a period of minutes or hours will duplicate the conditions involved in provision of nutrients from
soil to plants. Researchers may choose to continue to test soils with extraction procedures with
which they have experience and for which they have compilations of results. Researchers who ana-
lyze only a relatively few samples may choose to use procedures for which published results are
readily and commonly available. Methods of extraction and analysis for specific elements are
addressed in several monographs and handbooks (84-86). Chemical analyses are the most accurate
part of soil testing since they are chemically reproducible or precise measurements of the amounts
of nutrients extracted from soils. Selection of the method of analysis depends largely on the facili-
ties that are available to scientists.

1.3 APPROACHES IN RESEARCH

Research in plant nutrition is a continuing program. The development of new crop varieties and the
introduction of new management practices to increase crop yields impart changes in nutrient
requirements of plants. The increasing application of genomics is providing more understanding of
the genetic basis for the efficiency with which different plants utilize nutrients. For example, a study
of induction of Arabidopsis genes by nitrate confirmed that genes encoding nitrate reductase, the
nitrate transporter NRT1 (but not the nitrate transporter NRT2), and glutamate synthase were all
highly induced, and this work also demonstrated induction of a further 15 genes that had not pre-
viously been shown to be induced (87). Nitrate influences root architecture through induction of
genes that control lateral root growth (88).

Research is conducted, and will continue to be conducted, to ensure that soil tests correlate with
use of nutrients by plants and that fertilizer recommendations are calibrated for crops (89). These
correlations must be developed for individual crops and different land areas. Some research is
directed toward development of systems for evaluation of soil and crop conditions through methods
other than traditional soil and plant analysis. Much of the past and current research addresses chem-
ical, physical, and biological properties of soils (90,91). Some researchers have studied the interac-
tion of these quantitative aspects to determine soil quality and to develop a soil quality index that
correlates with crop productivity and environmental and health goals (92). Soil quality has been
defined to include productivity, sustainability, environmental quality, and effects on human nutri-
tion (93). To quantify soil quality, specific soil indicators are measured and integrated to form a soil
quality index.

Research in plant nutrition addresses methods of economically and environmentally sound
methods of fertilization. Worldwide, large increases have occurred in the use of fertilizers because
of their effects on yields and availability. Traditionally, fertilizer use has followed Sprengel’s law of
the minimum, made famous by Liebig (94), and the application of the law of diminishing returns
by Mitscherlich (95). Applying these two laws has given us fertilizers with the nutrients blended in
the correct proportions for the world’s major crops and rates of fertilizer use that lead to maximum
yields commensurate with the cost of the fertilizer.
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More recently, interest has turned to issues related to the impact of this intensified agriculture
and fertilizer use on the environment and to greater interest in fertilizer use efficiency to help avoid
pollution of land and water resources (96). Research is conducted on dairy manure management to
protect water quality from nutrient pollution from the large amounts of nitrogen and phosphorus
that may be added to heavily manured land (97,98). In its most extreme manifestation, this interest
in avoiding excessive fertilization of farmland has given rise to increased practice of organic farm-
ing, where synthetic inorganic fertilizers are eschewed in favor of organic sources of nutrients.
Regardless of whether nutrients are supplied from organic or synthetic sources, it is still the same
inorganic elements that plants are absorbing.

Research is conducted on the use of plants to clean metal-polluted land. Phytoextraction is
a plant-based technology to remove metals from contaminated sites through the use of metal-
accumulating plants (99,100). Research interests have focused on identifying plants that will
accumulate metals and on methods of enhancing accumulation of metals in plants (101-103).
Another suggested use of knowledge about the uptake of mineral elements by plants is in the
identification of geographical origin of foodstuffs. Analysis of 18 elements in potato tubers has
been shown to give a distinctive signature that allows a sample to be correctly assigned to its
place of origin, something that could be of great use in tracing of foodstuffs (104).

Research also gives attention to the accumulation of elements that are beneficial in plant, ani-
mal, and human nutrition. Accumulation of selenium is addressed in research and in this handbook
(105,106). Chapters on aluminum, cobalt, and silicon discuss research on these elements.

Traditional soil testing provides information on patterns in soil fertility and management, and
plant vigor provides an indication of plant response to soil properties and management often based
on soil testing. Shortcomings of current soil testing methodology are the inability to predict yields,
large soil test spatial and temporal variability, inability to reflect dynamics of field parameters that
affect nutrient availability, lack of accurate tests for nutrient mineralization, and lack of accurate
nutrient response functions (107).

Precision agriculture considers spatial variability across a field to optimize application of fer-
tilizer and other inputs on a site-specific basis (76,90,108-110). Precision agriculture employs tech-
nologies of global positioning and geographic information systems and remote sensing. These
technologies permit decisions to be made in the management of crop-yield-limiting biotic and abi-
otic factors and their interactions on a site-specific basis rather than on a whole-field basis
(111-114). Remote sensing is a term applied to research that assesses soil fertility and plant
responses through means other than on-the-ground sampling and analysis (115). Research has
applied video image analysis in monitoring plant growth to assess soil fertility and management
(116). Spectral reflection and digital processing of aerial photographs have been researched to
assess soil fertility (117). In precision agriculture, it is possible for the fertilizer spreader on the
back of a tractor to operate at different speeds in different parts of a field in response to data
obtained on the growth of the crop underneath and stored in a geographic information system.
These data may have been obtained by remote sensing, or even by continuous measurement of
yields by the harvesting equipment operating in the same field at the previous harvest. The precise
location of the fertilizer spreader at any moment of time is monitored by global positioning.
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2.1 DETERMINATION OF ESSENTIALITY

Discovery of the essentiality of nitrogen is often credited to de Saussure (1-3), who in 1804 recog-
nized that nitrogen was a vital constituent of plants, and that nitrogen was obtained mainly from the
soil. De Saussure noted that plants absorb nitrates and other mineral matter from solution, but not
in the proportions in which they were present in solution, and that plants absorbed substances that
were not required for plant growth, even poisonous substances (2). Other scientists of the time
believed that nitrogen in plant nutrition came from the air. The scientists reasoned that if it was pos-
sible for plants to obtain carbon from the air, which is a mere 0.03% carbon dioxide (by volume),
then it would be easy for plants to obtain nitrogen from the air, which is almost 80% nitrogen gas.
Greening was observed in plants that were exposed to low levels of ammonia in air, further sug-
gesting that nitrogen nutrition came from the air. Liebig (1-3) wrote in the 1840s, at the time when
he killed the humus theory (the concept that plants obtain carbon from humus in soil rather than
from the air), that plants require water, carbon dioxide, ammonia, and ash as constituents. Liebig
supported the theory that plants obtained nitrogen as ammonium from the air, and his failure to
include nitrogen in his “patent manure” was a weakness of the product. Plants will absorb ammo-
nia at low concentrations from the air, but most air contains unsubstantial amounts of ammonia
relative to that which is needed for plant nutrition.

The concept that nitrogen was acquired from the air or from soil organic matter was dismissed
in the mid-1800s, as it was shown that crop yields rose as a result of fertilization of soil. Using lab-
oratory methods of de Saussure, Boussingault (1), in field research of 1838, developed balances of
carbon, dry matter, and mineral matter in crops. Boussingault established a special position for
legumes in nitrogen nutrition, a position that Liebig did not support (1). Other research also showed
that different nitrogen fertilizers varied in their effectiveness for supporting crop production, with
potassium nitrate often being a better fertilizer than ammonium salts (1). Microbial transformations
of nitrogen in the soil made it doubtful as to which source was actually the best and which form of
nitrogen entered into plants. Studies made with sterile media and in water culture demonstrated that
plants may utilize nitrate or ammonium and that one or the other might be superior depending on the
species and other conditions. At the time when much of this research was performed, organic fertil-
izers (farm manures) and gas-water (ammonia derived from coal gases) were the only ones that were
cost-effective, considering the value of farm crops and the cost of the fertilizers. With the develop-
ment of the Haber process in 1909 for the synthesis of ammonia from hydrogen and nitrogen gases,
ammonia could be made cheaply, leading to the development of the nitrogen fertilizer industry.

The recognition of the importance of nitrogen in plants predates much of the relatively modern-
day research of de Saussure and others. It was written as early as the 1660s and 1670s (1,3) that
plants benefitted from nitre or saltpeter (potassium nitrate), that plants accumulated nitre, and that the
fertility of the land with respect to nitre affected the quality of crops for storage and yields of sugar.

2.2 NITROGEN METABOLISM AND NITROGENOUS
CONSTITUENTS IN PLANTS

Nitrogen has a wide range of valence states in compounds, which may be used in plant metabolism.
Although some compounds have oxidation-reduction states of +7, as in pernitric acid, plant
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metabolites have oxidation—reduction states ranging from +5 (nitric acid, nitrate) to —3 (ammonia,
ammonium) (4). Organic, nitrogen-containing compounds are at the oxidation-reduction state of
nitrogen in ammonium (—3). Biologically important organic molecules in plants include proteins,
nucleic acids, purines, pyrimidines, and coenzymes (vitamins), among many other compounds.

2.2.1 NITRATE ASSIMILATION

Nitrate and ammonium are the major sources of nitrogen for plants. Under normal, aerated condi-
tions in soils, nitrate is the main source of nitrogen. Nitrate is readily mobile in plants and can be
stored in vacuoles, but for nitrate to be used in the synthesis of proteins and other organic com-
pounds in plants, it must be reduced to ammonium. Nitrate reductase converts nitrate into nitrite in
the nonorganelle portions of the cytoplasm (5,6). All living plant cells have the capacity to reduce
nitrate to nitrite, using the energy and reductant (NADH, NADPH) of photosynthesis and respira-
tion in green tissues and of respiration in roots and nongreen tissues (5). Nitrite reductase, which is
located in the chloroplasts, reduces nitrite into ammonium, utilizing the energy and reductant of
photosynthesis (reduced ferredoxin).

2.2.1.1 Nitrate Reductase

Nitrate + reduced pyridine nucleotides (NADH, NADPH)
—> nitrite + oxidized pyridine nucleotides (NAD*, NADP*)

Nitrate reduction requires molybdenum as a cofactor. A two-electron transfer takes place to reduce
nitrate (N oxidation state, +5) to nitrite (N oxidation state, +3). Respiration is the likely source of
reduced pyridine nucleotides in roots and also, along with photosynthesis, can be a source in shoots.

The conversion of nitrite into ammonia is mediated by nitrite reductase, which is located in the
chloroplasts of green tissues and in the proplastids of roots and nongreen tissues (5,7,8).

2.2.1.2 Nitrite Reductase
Nitrite + reduced ferredoxin — ammonium + oxidized ferredoxin

In leaves, nitrite reduction involves the transfer of six electrons in the transformation of nitrite
to ammonium. No intermediates, such as hyponitrous acid (H,N,O,) or hydroxylamine (HONH,),
are released, and the reduction takes place in one transfer. The large transfer of energy and reduc-
ing power required for this reaction is facilitated by the process being located in the chloroplasts
(8). In roots, a ferredoxin-like protein may function, and the energy for producing the reducing
potential is provided by glycolysis or respiration (9,10).

In plants, roots and shoots are capable of nitrate metabolism, and the proportion of nitrate
reduced in roots or shoots depends on plant species and age, nitrogen supply, temperature, and other
environmental factors (11-15).

The assimilation of nitrate is an energy-consuming process, using the equivalent of 15 mol of
adenosine triphosphate (ATP) for each mole of nitrate reduced (16). The assimilation of ammonia
requires an additional five ATP per mole. In roots, as much as 23% of the respiratory energy may be
used in nitrate assimilation compared with 14% for ammonium assimilation (17). However, nitrate
can be stored in cells without toxic effects, but ammonium is toxic at even low concentrations and
must be metabolized into organic combination. Consequently, ammonium metabolism for
detoxification may deplete carbon reserves of plants much more than nitrate accumulation.

2.2.2  AMMONIUM ASSIMILATION

The metabolism of ammonium into amino acids and amides is the main mechanism of assimilation
and detoxification of ammonium. Glutamic acid formation is a port of entry of nitrogen into organic
compounds and occurs in the chloroplasts or mitochondria. Ammonium assimilation in root
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mitochondria probably uses ammonium absorbed in high concentrations from nutrient solutions.
One enzyme is involved in ammonium assimilation in mitochondria: glutamic acid dehydrogenase.
Ammonium assimilation in chloroplasts utilizes the ammonium that is formed from the reduction of
nitrite by nitrite reductase and that which is released in photorespiration. Two enzymes are involved
in chloroplasts, glutamine synthetase and glutamate synthase. Glutamine synthetase forms glutamine
from ammonium and glutamate (glutamic acid). Glutamate synthase forms glutamate from gluta-
mine and o-oxoglutarate (a-ketoglutaric acid). These enzymes are also active in roots and nodules
(N, fixation). These enzymes assimilate most of the ammonium derived from absorption from dilute
solutions, reduction of nitrate, N, fixation, or photorespiration (18-25). Further discussions of glut-
amine synthetase, glutamate synthase, and glutamic acid dehydrogenase follow.

2.2.2.1 Glutamine Synthetase

Ammonium + glutamate + ATP + reduced ferredoxin — glutamine + oxidized ferredoxin

2.2.2.2 Glutamate Synthase
Glutamine + o-oxoglutarate — 2 glutamate

Sum (or net): Ammonium + o-oxoglutarate + ATP + reduced ferredoxin
— glutamate + oxidized ferredoxin

Glutamine synthetase has a high affinity for ammonium and thus can assimilate ammonium at
low concentrations, such as those that occur from the reduction of nitrate. If this enzyme is inhib-
ited, however, ammonium may accumulate to phytotoxic levels. Ammonium accumulation to toxic
levels from the inhibition of glutamine synthetase is the mode of action of the herbicide glufosinate
ammonium (26,27).

2.2.2.3 Glutamic Acid Dehydrogenase

Ammonium + a-oxoglutarate + ATP + reduced pyridine nucleotide (NADH, NADPH)
— glutamate + oxidized pyridine nucleotide (NAD*, NADP™)

Another pathway for ammonium assimilation into organic compounds is by glutamic acid
dehydrogenase, which is located in the mitochondria (28). Glutamic acid dehydrogenase has a low
affinity for ammonium and becomes important in ammonium assimilation at high concentrations of
ammonium and at low pH in growth media (15).

2.2.2.4 Transamination
Glutamate + o-oxyacid — o-oxoglutarate + o-amino acid

Ammonium that is assimilated into glutamate from mitochondrial or chloroplastic assimila-
tion can be transferred by aminotransferases (transaminases) to an appropriate ¢-oxyacid (ot-
ketoacid) to form an o-amino acid. The transfer can also be to other keto-groups on carbon
chains to form, for example, y- or 8-amino acids. The keto acids for the synthesis of amino acids
are derived from photosynthesis, glycolysis, and the tricarboxylic acid cycle, among other
processes.

2.2.2.5 Amidation

Glutamate + ammonium + ATP — glutamine + ADP

Amides are formed by the amidation of carboxyl groups. Amides are nitrogen-rich compounds
that can store or transport nitrogen. Common amides are glutamine (5C, 2N) and asparagine
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(4C, 2N). Glutamine is formed from amidation of glutamic acid (glutamate), and asparagine is
formed by amidation of aspartic acid (aspartate). Often, when the external supply of ammonium is
high, asparagine, a metabolite unique to plants, will dominate among the amides, as plants respond
to conserve carbon in the detoxification of ammonium.

2.2.3 PROTEINS AND OTHER NITROGENOUS COMPOUNDS

Unlike animals, plants do not eliminate nitrogen from their bodies but reuse nitrogen from the
cycling of proteins and other nitrogenous constituents. Nitrogen losses from plants occur mainly by
leaching of foliage by rain or mist and by leaf drop (29). Nitrogen in plants is recycled as ammo-
nium. In the case of hydrolysis (breakdown) of proteins, the amino acids of proteins do not accu-
mulate, but rather nitrogen-rich storage compounds (amides, arginine, and others) accumulate as
reserves of nitrogen at the oxidation—reduction level of ammonium. These compounds are formed
from the catabolism of proteins. The carbon and hydrogen of proteins are released as carbon diox-
ide and water. These nitrogen-rich products also accumulate if accumulation of nitrogenous com-
pounds occurs in excess of their conversion into proteins. The amino acids that enter into proteins
are not mingled with the storage reserves or translocated products but are made at the same site
where protein synthesis occurs. The carbon framework (carbon skeletons) remaining after the dona-
tion of nitrogen (ammonium) for amino acid synthesis for incorporation into proteins is metabolized
into carbon dioxide and water. Thus, the products of protein catabolism are ammonium, carbon
dioxide, and water. Protein turnover (breakdown and resynthesis) may occur in plants in a diurnal
cycle, with synthesis occurring in the light and breakdown occurring in the dark, or anabolism and
catabolism of proteins may proceed in different compartments of the same cell at the same time
(29-31). In a 24-h period, one quarter of the protein in a healthy leaf may be newly synthesized as
a result of protein turnover. Most authors indicate a protein turnover of 0.1 to 2% per hour (32,33).
With Lemma minor, Trewavas (34,35) measured turnover rates of 7% per day. In an excised leaf,
protein synthesis does not proceed after protein hydrolysis, and soluble nitrogenous compounds
accumulate. In a nitrogen-deficient plant, the nitrogen will be translocated to a site of need. Also,
under normal conditions, leaves will donate some of their nitrogen in leaf proteins to fruits and
seeds.

Amino acids are assimilated into proteins or other polypeptides (28). Although plants contain
more than 100 amino acids (1,29), only about 20 enter into proteins (Table 2.1). Hydroxyproline
may be formed after incorporation of proline into proteins. Cystine is the dimer of cysteine and is
formed after incorporation of cysteine into protein. Animal proteins occasionally contain amino
acids other than those listed in Table 2.1.

TABLE 2.1

Amino Acids Occurring Regularly in Plant Proteins
Alanine Glutamic acid Leucine Serine
Arginine Glutamine Lysine Threonine
Asparagine Glycine Methionine Tryptophan
Aspartic acid Histidine Phenylalanine Tyrosine
Cysteine Isoleucine Proline Valine

Source: From McKee, H.S., Nitrogen Metabolism in Plants, Oxford
University Press, London, 1962, pp. 1-18 and Steward, F.C. and Durzan,
DJ., in Plant Physiology: A Treatise. Vol IVA: Metabolism: Organic
Nutrition and Nitrogen Metabolism, Academic Press, New York, 1965,
pp. 379-686.
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TABLE 2.2
Approximate Fractions and Common Ranges of Concentrations of
Nitrogen-Containing Compounds in Plants

Compound Fraction of Total Nitrogen (%) Concentration (ug/g Dry Weight)
Proteins 85 10,000 to 40,000

Nucleic acids 5 1000 to 3000

Soluble organic <5 1000 to 3000

Nitrate <1 10 to 5000
Ammonium <0.1 1to 40

The major portion of nitrogen in plants is in proteins, which contain about 85% of the total
nitrogen in plants (Table 2.2). Nucleic acids (DNA, RNA) contain about 5% of the total nitrogen,
and 5 to 10% of the total nitrogen is in low-molecular-weight, water-soluble, organic compounds
of various kinds (36).

Some of the low-molecular-weight, water-soluble, organic compounds are intermediates in the
metabolism of nitrogen. Some have specific roles in processes other than intermediary metabolism.
Amides and amino acids have roles in transport and storage of nitrogen in addition to their occurrence
in proteins. Ureides (allantoin and allantoic acid) are prominent in xylem sap and transport nitrogen
fixed in root nodules of legumes (15,29). Amines (ethanolamine) and polyamines (putrescine, sper-
mine, spermidine) have been assigned roles or have putative roles in the lipid fraction of membranes,
as protectants, and in processes involved in plant growth and development (15,37-43). Putrescine
accumulation in plants may be a physiological response to stresses such as the form of nitrogen sup-
plied and the nutrient status of plants (39,44-46). Simple nitrogen bases, such as choline, are related
to alkaloids in plants and to lipids (29). Analogs of purines and pyrimidines have functions in growth
regulation (29). Various amino acids other than those in proteins exist in plants. Often, the nonprotein
amino acids are related to those occurring in proteins. B-Alanine, homoserine, and y-aminobutyric acid
are common examples of these amino acids (1,29). Accumulation of amino acids such as ornithine and
citrulline is generally rare in plants, but they may be the major soluble nitrogenous constituents of
some species (1). Nonprotein amino acids may be natural products or metabolites, but their functions
are generally unclear.

2.3 DIAGNOSIS OF NITROGEN STATUS IN PLANTS

2.3.1 SYMPTOMS OF DEFICIENCY AND EXCESS

A shortage of nitrogen restricts the growth of all plant organs, roots, stems, leaves, flowers, and
fruits (including seeds). A nitrogen-deficient plant appears stunted because of the restricted growth
of the vegetative organs. Nitrogen-deficient foliage is a pale color of light green or yellow (Figure
2.1). Loss of green color is uniform across the leaf blade. If a plant has been deficient throughout
its life cycle, the entire plant is pale and stunted or spindly. If the deficiency develops during the
growth cycle, the nitrogen will be mobilized from the lower leaves and translocated to young leaves
causing the lower leaves to become pale colored and, in the case of severe deficiency, to become
brown (firing) and abscise. Until the 1940s crops received little nitrogen fertilizer (a typical appli-
cation of N was 2 or 3 kg/ha), and when the light green color and firing appeared, farmers assumed
that the soil was droughty (47). Sometimes under conditions of sufficiency of nitrogen, leaves, espe-
cially the lower ones, will provide nitrogen to fruits and seeds, and symptoms of deficiency may
develop on the leaves. These symptoms, which develop late in the growing season, may not be evi-
dence of yield-limiting deficiencies but are expressions of transport of nitrogen from old leaves to



Nitrogen 27

FIGURE 2.1 Photographs of nitrogen deficiency symptoms on (a) corn (Zea mays L.), (b) tomato
(Lycopersicon esculentum Mill.), and (c) parsley (Petroselinum crispum Nym.). (Photographs by Allen V. Barker.)
(For a color presentation of this figure, see the accompanying compact disc.)

other portions of the plant. For additional information on nitrogen-deficiency symptoms, readers
should consult Cresswell and Weir (48-50), Weir and Cresswell (51,52) or Sprague (53).

At least 25%, more commonly more than 75%, of the nitrogen in leaves is contained in the
chloroplasts (29,54). Most of the nitrogen of chloroplasts is in enzymatic proteins in the stroma and
lamellae. Chlorophyll and proteins exist in lamellae as complexes referred to as chlorophyll pro-
teins or holochromes (55-59). Nitrogen-deficient chloroplasts may be circular in profile rather than
elliptical and may appear swollen. Nitrogen deficiency generally brings about a decrease in protein
in chloroplasts and a degradation of chloroplast fine (lamellar) structure (60). Almost all membra-
nous structure may be disrupted. Grana are often reduced in number or are indistinguishable. The
loss of membranous structures is associated with the loss of proteins (61). A loss of chlorophyll
occurs simultaneously with the loss of membranes and proteins, leading to the loss of green color
from nitrogen-deficient leaves.

The loss of fine structure in chloroplasts during nutrient deficiency is not unique to nitrogen
deficiency. Association of chloroplast aberrations with specific nutritional disorders has been difficult
because of similarities in appearance of nutrient-deficient chloroplasts (62,63). The similarities are
due to the effects that the deficiencies have on protein or chlorophyll synthesis (64,65). Elemental
toxicities can also impart structural changes that resemble elemental deficiencies in chloroplasts (66).
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2.3.2 CONCENTRATIONS OF NITROGEN IN PLANTS

Many attempts have been made to relate yields of crops to nutrient supply in media and to accu-
mulation in plants. Deficiency of nitrogen or another nutrient is associated with suboptimum devel-
opment of a plant, as reflected by the appearance of symptoms of deficiency, the suppression of
yields, or to the response of plants after the accumulation of the deficient nutrient following its
application as a fertilizer. Plant analysis (tissue testing) is used in the diagnosis of nutritional
deficiency, sufficiency, or excess. Generally, the concentrations of nitrogen in plants reflect the sup-
ply of nitrogen in the root medium, and yields increase as internal concentration of nitrogen in
plants increases. The use of information on internal concentrations of nitrogen in plants should not
be directed toward forecasting of yields as much as it should be used in assessing how yields can
be improved by fertilization.

Various models have been developed to describe the response of plants to nutrient supply and
accumulation (67). Pfeiffer et al. (68) proposed a hyperbolic model in which plants approached an
asymptote or maximum value as nutrient accumulation increased. Linear models have been pro-
posed to describe growth responses to nutrient accumulation (67). Other researchers identified a
three-phase model (69-71) (Figure 2.2). In this model, growth curves describe a deficient level of
nutrient accumulation, region of poverty adjustment, or minimum percentage where yields rise with
increasing internal concentrations of nitrogen. In the second zone of the growth curve, a transition
from deficiency to sufficiency occurs followed by a region known as luxury consumption in which
internal concentration of nitrogen rises but yield does not rise. The concentration of nitrogen at the
transition from deficiency to sufficiency is known as the critical concentration. Eventually, nitrogen
accumulation will rise to excessive or toxic levels.

Nitrogen concentrations in plants vary with species and with varieties within species (72,73).
Nitrogen accumulation in plants also varies among families. Herbaceous crops from fertilized fields
commonly have concentrations of nitrogen that exceed 3% of the dry mass of mature leaves. Leaves
of grasses (Gramineae, Poaceae) (1.5 to 3.5% N) are typically lower in total nitrogen concentrations
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FIGURE 2.2 Model of plant growth response to concentration of nutrients in plant tissue. Units of concen-
tration of nutrient in tissue are arbitrary. The model shows the critical concentration of nutrient at a response
that is 90% of the maximum growth obtained by nutrient accumulation in the tissue. Deficient zone, transition
zone, and adequate zone indicate concentrations at which nutrients may be lacking, marginal, or sufficient for
crop yields.
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TABLE 2.3
Concentrations of Total Nitrogen in Plant Parts

Concentration of Total Nitrogen
(% Dry Weight)

Plant Part Range Optimum
Leaves (blades) 1to6 >3
Stems 1to4 >2
Roots 1to3 >1
Fruits 1to6 >3
Seeds 2t07 >2

than those of legumes (Leguminosae, Fabaceae) (>3% N). Leaves of trees and woody ornamentals
may have <1.5% N in mature leaves. Genetic differences attributable to species or families are due
to many factors affecting absorption and metabolism of nitrogen and plant growth in general.

The concentrations of nitrogen in leaves, stems, and roots changes during the growing season.
In the early stages of growth, concentrations will be high throughout the plant. As plants mature the
concentrations of nitrogen in these organs fall, and is usually independent of the initial external sup-
ply of nitrogen. Mobilization of nitrogen from old leaves to meristems, young leaves, and fruits
leads to a diminished concentration of nitrogen in old, bottom leaves of plants. Whether a plant is
annual, biennial, or perennial affects considerations of yield relations and the state of nutrient accu-
mulation in organs (leaves) during the season. If the development of a plant is restricted by low lev-
els of external factors, such as other nutrients, water, or temperature, internal concentration of
nitrogen may rise. Root structure and metabolism can lead to differential accumulation of nitrogen.
Assimilation and transport of nitrogenous compounds in plants can lead to differential accumula-
tion among species and within the plants. Nitrogen sources can have large effects on total nitrogen
concentrations in plants. Plants grown on ammonium nutrition can have twice the nitrogen concen-
trations in vegetative parts as plants grown on nitrate nutrition.

The choice of tissue for plant analysis is important in plant diagnosis (Table 2.3). Generally,
leaves are the most satisfactory plant part to use for diagnosis (69,72,74). Blades are used more fre-
quently than leaf petioles or whole leaves. Blades are chosen as the diagnostic part if total nitrogen
is to be assessed, whereas petioles may be selected if the nitrogenous component is soluble, such as
nitrate. Total nitrogen quantity in tissues is the most commonly measured fraction, although some
researchers believe that nitrate contents reflect the nutritional status better than total nitrogen.

2.3.2.1 Concentrations of Nitrogen in Plant Parts

With a nutrient supply in which all elements except nitrogen are held at a constant high level, the con-
centration of nitrogen in a plant will be expected to rise, along with growth and yields, with increases
in nitrogen supply. Nitrogen concentrations in leaves are often not correlated with increased growth
and yields. Shortages of other nutrients or stresses imposed by growth-limiting temperatures or water
supply can cause concentrations of total nitrogen or nitrate to increase, along with a suppression of
yield (75). The age of plant tissues is important in diagnosis of nitrogen sufficiency. In the early stages
of plant growth, the concentration of nitrogen in plants will be higher than at the later stages. Increased
external concentrations of nitrogen will increase the concentration of nitrogen in plant organs, but the
trend is for nitrogen concentrations to fall in leaves, stems, and roots as plants mature. These changes
will vary with whether the plant is annual, biennial, or perennial (67). It is important to sample plants
for nitrogen determinations at a given time of the year or stage of plant development. Some researchers
recommend that samples be taken at a certain time of the day, since light intensity and duration can
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affect the amount of nitrate in tissues (76). Nutrient concentrations in leaves can vary by as much as
40% during a diurnal period (67). Nitrate can vary with time of day, with lower concentrations occur-
ring in the afternoon than in the morning.

Analysis of whole shoots may be the best index of the nutritional status of plants even though
each organ of a plant will vary in nitrogen concentrations. Since organs of plants vary in composi-
tion and since the proportions of organs vary with the nitrogen status of plants, a particular organ of
a plant is usually chosen for analysis. Conducting tissue, such as that of stems or petioles, may pro-
vide the best index of the response of plants to nutrient applications or the best index of the nutrient
status at a given time in growth. Nitrate concentrations in corn (Zea mays L.) stalks are usually sev-
eral times higher than those of leaves (77). Measurement of nitrate in the lower stalk of corn is valu-
able in the diagnosis of the nitrogen status of the crop (78—80). Brouder et al. (79) noted that analysis
of grain for total nitrogen was as good as the stalk test in determining sufficiency or deficiency of
corn. Leaf petioles as conducting tissues are often analyzed to assess the nutritional status of veg-
etable crops (81). Leaves are often taken as samples for nitrogen determinations since they are the
organs of active assimilation and hence likely to be the best for analysis to reflect the nutrient status
of the whole plant. Leaf samples can be taken conveniently in nondestructive harvests of plants, and
leaves can be identified by position or stage of development on plants. Random sampling of leaves
is not as good a technique as sampling based on position on plant, size, and age. Nitrogen is a mobile
element in plants; hence, it moves from lower leaves to upper leaves, and analysis of lower leaves
might be a better index of deficiency than analysis of upper leaves. Sometimes, young leaves or the
first-fully expanded leaves are chosen for analysis because of convenience in identifying the sample
and because the lower leaves might be dead or contaminated with soil. Deficient, sufficient, and high
concentrations of nitrogen in the leaves of plants are reported in Table 2.4.

TABLE 2.4
Concentrations of Nitrogen in Leaves of Various Crops Under
Cultivated Conditions

Diagnostic Range (% Dry Mass of Leaves)

Type of Crop Low Sufficiency? High
Agronomic Crops

Grass grains <1.5 1.8t03.6 >3.6
Legume grains <3.6 3.8t05.0 >5.0
Cotton <3.0 30t0 4.5 >5.0
Tobacco 4.1t05.7 >5.7
Rapeseed 2.0to 4.5 >4.5
Sugarbeet 431t05.0 >5.0
Sugarcane <ltol.5 1.5t02.7 >2.7
Bedding Plants 2.8t05.6

Trees

Conifers <1.0 1.0to 2.3 >3.0
Broadleaf <1.7 191t02.6 >3.0
Cut Flowers <3.0 3.1t04.7 >5
Ferns 1.8t02.9

Potted Floral 2.5t04.2

Forage Crops

Grasses <1.5 2.0to3.2 >3.6
Legumes <3.8 3.8t04.5 5to7

Tree Fruits and Nuts
Nuts <1.7 2.0to 2.9 >3.9
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TABLE 2.4 (Continued)

Diagnostic Range (% Dry Mass of Leaves)

Type of Crop Low Sufficiency? High
Citrus <2.0t02.2 2.3t02.9 >33
Pome <15t0 1.8 2.1t02.9 >33
Stone <1.7t02.4 2.5t0 3.0 >3.8
Small Woody <1.5 1.5t02.3 >4.5
Strawberry <2.1 2.1t04.3 >4.3
Banana 30t03.8

Pineapple 1.5t02.5

Foliage Plants 2.2t03.8

Herbaceous Perennials <2.2 2.21t03.2 >4.0
Ornamental Grasses <1.6 1.6 to 2.5 >3.0
Ground Covers

Herbaceous-broadleaf <2.0 2.0to 3.9 >4.0
Herbaceous-monocot <l1.5 1.6t02.4 >4.0
Woody 1.5t02.5

Turfgrasses 2.6to 3.8

Vegetables

Broadleaf <2.6 3.5t05.1

Sweet corn 2.5t03.2

Forest and Landscape Trees <19 1.9t0 2.6

Woody Shrubs

Palms 2.1t03.2

Note: Values with few exceptions are mean concentrations in mature leaves. ‘Low’ is value
where symptoms of deficiency are showing. ‘Sufficiency’ is mean range of lower and upper
concentrations commonly reported in healthy plants showing no deficiencies. ‘High’ is a
concentration that might represent excessive accumulation of nitrogen.

20ptimum or sufficient values for maximum yield or for healthy growth of plants will vary
with species, age, and nutrition of plant, position of organ on plant, portion of plant part
sampled, and other factors.

Source: Adapted from Chapman, H.D., Diagnostic Criteria for Plants and Soils, HD
Chapman, Riverside, Cal., 1965, pp. 1-793; Mills, H.A. and Jones, J.B. Jr., Plant Analysis
Handbook 1I, MicroMacro Publishing, Athens, Ga., 1996, pp. 155—414; Goodall, D.W. and
Gregory, F.G., Chemical composition of plants as an index of their nutritional status,
Technical Communication No. 17, Imperial Bureau of Horticulture and Plantation Crops,
East Malling, Kent, England, 1947, pp. 1-167; Weir, R.G. and Cresswell, G.C., Plant
Nutrient Disorders 1. Temperate and Subtropical Fruit and Nut Crops, Inkata Press,
Melbourne, 1993, pp. 1-93; Weir, R.G. and Cresswell, G.C., Plant Nutrient Disorders 3.
Vegetable Crops, Inkata Press, Melbourne, 1993, pp. 1-104; Walsh, L.M. and Beaton, J.D.,
Soil Testing and Plant Analysis, revised edition, Soil Science Society of America,
Madison, Wis., 1973, pp. 1-491; and from other sources cited in references.

2.3.2.2 Ratios of Concentrations of Nitrogen to Other Nutrients in Plants

The critical concentration (see Section 2.3.2) of nitrogen is the value in a particular plant part sam-
pled at a given growth stage below which plant growth and yield are suppressed by 5 or 10% (82).
The responses of plants to nutrient additions are essentially independent of the source of nutrients;
hence, the symptoms and nutrient concentrations of affected tissues, and relationships to growth and
yields, are identical regardless of the growth medium or location. Therefore, the critical concentra-
tion is proposed to have universal application to media and geographic locations (82). However,
since leaf (tissue) composition varies with age, the critical concentration can vary and be insensitive
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or inflexible to diagnosis of nutrient deficiency (83). For example, if a leaf sample is taken at an
early plant-growth stage, the concentration of nitrogen may exceed the critical concentration that
was determined for tissue at a later stage of growth. Likewise, a sample taken at a late stage of
growth might mistakenly be diagnosed as indicating a deficiency of nitrogen. To deal with the prob-
lem of variable critical concentrations with plant age, several sets of critical values are needed, one
for each growth stage. Determinations of critical concentrations are difficult because of the many
observations that must be made of growth and yield in response to nutrient concentrations in leaves.
Hence, few critical concentrations have been determined at one growth stage, not considering that
multiple stages should be assessed. Applications of sufficiency ranges, such as those reported (Table
2.4), are often too wide to be used for precise diagnoses.

The Diagnostic and Recommendations Integrated System (DRIS) was developed to assess plant
nutrition without regard to variety, age, or position of leaves on plants (83,84). The DRIS method con-
siders nutrient balance and utilizes ratios of nutrient concentrations in leaves to determine the relative
sufficiency of nutrients (85). The DRIS method differs from standard diagnostic methods in the inter-
pretation of analytical results based on the concentrations of individual elements. Instead of consider-
ing each nutrient concentration independently, DRIS evaluates nutrient relationships that involve ratios
between pairs of nutrients and evaluates the adequacy of a nutrient in relation to others. Generation of
the DRIS index yields positive and negative numbers, which are deviations from a norm and which sum
to zero for all nutrients considered. DRIS norms are standard values suggested to have universal appli-
cation to a crop. Norms are determined by research and have been published for several crops (86).

The optimum range for plant DRIS indices is —15 to 15. If the index is below —15, that ele-
ment is considered to be deficient. If the index is above 15, that element is considered to be in
excess. DRIS indices must be interpreted in comparison with other nutrients. A negative number
does not indicate that a nutrient is deficient, but it may be used to compare relative deficiencies
among nutrients. DRIS may be useful in identifying hidden hunger or imbalances. For example, if
nitrogen had an index of —12, phosphorus an index of —8, and potassium an index of 6, the order
of likely growth-limiting effects would be nitrogen > phosphorus > potassium. Variations in DRIS
(M-DRIS or modified DRIS) consider dry matter in generation of indices (87,88).

2.4 NITROGEN IN SOILS

2.4.1 FoOrMS OF NITROGEN IN SOILS

The total nitrogen of the Earth is about 1.67 X 10> g (89,90). Stevenson (89,90) reported that about
98% of the nitrogen of the Earth is in the lithosphere (rocks, soil, coal, sediments, core, sea bottom).
About 2% of the nitrogen is in the atmosphere, with the portions in the hydrosphere and biosphere
being insignificant relative to that in the lithosphere and atmosphere. Most of the nitrogen of the
Earth, including the nitrogen in the rocks and in the atmosphere, is not available for plant nutrition.
The nitrogen in soils, lakes, streams, sea bottoms, and living organisms is only about 0.02% of the
total nitrogen of the Earth (89,90). Plants obtain most of their nitrogen nutrition from the soil. The
nitrogen in the soil is about 2.22 X 10'7 g, most of which is in soil organic matter and which is a
negligible component of the total nitrogen content of the world (89,90). Living organisms (bios-
phere) contain about 2.8 X 10" g of nitrogen. The nitrogen of living organisms and of the soil is in
a constant state of flux, with some forms of nitrogen being readily transformed in this group and
some forms being inactive over a long time (91). Transformations are insignificant in the litho-
sphere and atmosphere. The amount of interchange of nitrogen among the lithosphere (not includ-
ing soil), atmosphere, and living organisms is very small.

The total amount of nitrogen in the soil to the depth of plowing is considerable relative to the
amounts required for crop production, often above 3000 kg/ha but ranging from 1600 kg/ha in sands
through 8100kg/ha in black clay loams to 39,000kg/ha in deep peats (Table 2.5) (92). Note that the
nitrogen in the atmosphere above a hectare of land exceeds 100 million kg at sea level. When land is
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TABLE 2.5
Estimated Content and Release of Nitrogen from
Various Soils

Nitrogen in Soil (kg/ha)

Type of Soil Total? Annual Release®
Sands 1400 28
Yellow sandy loam 2200 44
Brown sandy loam 3100 62
Yellow silt loam 2000 40
Grey silt loam 3600 72
Brown silt loam 5000 100
Black clay loam 7200 144
Deep peats 39,000 780

2From Schreiner O. and Brown B.E., in United States Department
of Agriculture, Soils and Men, Yearbook of Agriculture, 1938,
United States Government Printing Office, Washington, DC, 1938,
pp- 361-376.

"Estimated at 2% annual mineralization rate of soil organic matter.

put for crop production, the nitrogen content of soils declines to a new equilibrium value (90,92). Crop
production that relies on the reserves of nitrogen cannot be effective for long, as the reserves become
exhausted. Most plants cannot tap into the large reserve of nitrogen in the atmosphere, although bio-
logical nitrogen fixation is a means of enhancing the nitrogen content of soils. Biological nitrogen
fixation is the principal means of adding nitrogen to the soil from the atmosphere (89). More than 70%
of the atmospheric nitrogen added or returned to soils is by biological fixation, and can exceed 100kg
of nitrogen addition per year by nitrogen-fixing legumes. Most of this nitrogen enters into the organic
fraction of the soils. Unless nitrogen-fixing legumes are grown, the addition of nitrogen to soils by bio-
logical fixation, averaging about 9.2kg/ha annually, is too small to support crop production. The
remainder is from atmospheric precipitation of ammonium, nitrate, nitrite, and organically bound
nitrogen (terrestrial dust). The amount of nitrogen precipitated is normally too small to support crop
production but might be of significance in natural landscapes (90). Virtually no interchange of nitro-
gen occurs between rocks and soils.

2.4.1.1 Organic Nitrogen in Soil

The concentrations of nitrogen range from 0.02% in subsoils to 2.5% in peats (93). Nitrogen con-
centrations in soils generally fall sharply with depth, with most of the nitrogen being in the top one-
meter layer of soils (89). Surface layers (A-horizon, plow-depth zone) of cultivated soils have
between 0.08 and 0.4% nitrogen. Well over 90%, perhaps over 98%, of the nitrogen in the surface
layers (A-horizon, plow-depth zone) of soil is in organic matter (93,94). Since most of the nitrogen
in soil is organic, determination of total nitrogen has been a common method of estimating organic
nitrogen. The Kjeldahl method, a wet digestion procedure (93,95,96), provides a good estimate of
organic, soil nitrogen in surface soils, even though some forms of nitrogen (fixed ammonium,
nitrates, nitrites, some organic forms) are not determined by this analysis. In depths below the
A-horizon or plow zone, although the amounts of total nitrogen are small, inorganic nitrogen, par-
ticularly fixed ammonium, is a high proportion of the total, perhaps 40%, and results from Kjeldahl
analysis should be treated with some caution as this fraction would not be determined (93). The
Dumas method, a dry digestion procedure, is seldom used for determination of nitrogen in soils but
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generally gives results in close agreement with Kjeldahl determinations, if certain precautions are
taken in the analysis (93).

Soil organic matter is a complex mixture of compounds in various states of decay or stability (97).
Soil organic matter may be classified into humic and nonhumic fractions, with no sharp demarcation
between the two fractions. The partially decayed or nonhumic portion is the major source of energy
for soil organisms. Depending on the nature of the plant materials, about half of fresh plant residues
added to soil decompose in a few weeks or months (98,99). Humus, or humic substances, are the
degradation products or residues of microbial action on organic matter and are more stable than the
nonhumic substances. Humus is classified into three fractions, humin, humic acids, and fulvic acids,
based on their solubilities. Humin is the highest molecular weight material and is virtually insoluble
in dilute alkali or in acid. Humic acids are alkali-soluble and acid-insoluble. Fulvic acids are alkali-
or acid-soluble. The humic and fulvic fractions are the major portions, perhaps 90%, of the humic soil
organic matter and are the most chemically reactive substances in humus (100). Humus is slow to
mineralize, and unless present in large quantities may contribute little to plant nitrogen nutrition in
most soils. About 60 to 75% of the mineralized nitrogen may be obtained by a crop (99). The turnover
rate of nitrogen in humus may be about 1 to 3% of the total nitrogen of the soil, varying with type
of soil, climate, cultivation, and other factors (93,99). The mineralization rate is likely to be closer to
1% than to 3%. Bremner (96) and Stanford (101) discussed several methods to assess availability of
organic nitrogen in soils. Among these procedures were biochemical methods (estimation of micro-
bial growth, mineral nitrogen formed, or carbon dioxide released) and chemical methods (estimation
of soil total nitrogen, mineral nitrogen, and organic matter and application of various extraction pro-
cedures). The chemical methods are applied more commonly than the biological methods in the esti-
mation of mineralization. Correlation of crop yields to estimations of mineralization generally have
not been satisfactory in the assessment of the potential for soils to supply nitrogen for crop growth.

Most studies on the fractionation of total soil organic matter have dealt with the hydrolysis of
nitrogenous components with hot acids (3 or 6 M hydrochloric acid for 12 to 24 h) (Table 2.6). The
fraction that is not hydrolyzed is called the acid-insoluble nitrogen. The acid-soluble nitrogen is
fractionated into ammonium, amino acid, amino sugar, and unidentified components. The origins
and composition of each of the named fractions are not clear. The absolute values vary with soil
type and with cultivation (94). All of these forms of nitrogen, including the acid-stable form, appear
to be biodegradable and, hence, to contribute to plant nutrition (94,102). Organic matter that is held
to clays is recalcitrant to biodegradation and increases in relative abundance in heavily cropped soils
(94,103,104). This fraction may have little importance in nitrogen nutrition of plants.

TABLE 2.6
Fractions of Nitrogen in Soil Organic Matter
Following Acid Hydrolysis

Fraction of Total Organic

Nitrogen Component Nitrogen (%)
Acid insoluble 20 to 35
Ammonium 20 to 35
Amino acid 30 to 45
Amino sugar 5to 10
Unidentified 10 to 20

Source: From Bremner, J.M., in Soil Nitrogen, American Society of
Agronomy, Madison, Wis., 1965, pp. 1324-1345 and Stevenson,
F.J., Nitrogen in Agricultural Soils, American Society of Agronomy,
Madison, Wis., 1982, pp. 67-122.
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Cultivation reduces the total amount of organic matter in soils but has little effect on the rela-
tive distribution of the organic fractions in soils, suggesting that the results of acid hydrolysis are of
little value as soil tests for available nitrogen or for predicting crop yields (94). Humic substances
contain about the same forms of nitrogen that are obtained from the acid hydrolysis of soils but per-
haps in different distribution patterns (94). Agricultural systems that depend on soil reserves do not
remain productive without the input of fertilizer nitrogen.

2.4.1.2 Inorganic Nitrogen in Soil

Soil inorganic nitrogen is commonly less than 2% of the total nitrogen of surface soils and under-
goes rapid changes in composition and quantity. Inorganic nitrogen varies widely among soils, with
climate, and with weather. In humid, temperate zones, soil inorganic nitrogen in surface soil is
expected to be low in winter, to increase in spring and summer, and to decrease with fall rains,
which move the soluble nitrogen into the depths of the soil (105). Despite being small in magni-
tude, the inorganic fraction is the source of nitrogen nutrition for plants. Unless supplied by fertil-
izers, inorganic nitrogen in soil is derived from the soil organic matter, which serves as a reserve of
nitrogen for plant nutrition. Plant-available nitrogen is released from organic matter by mineraliza-
tion and is transformed back into organic matter (microbial cells) by immobilization. Absorption by
plants is the chief means of removal of inorganic nitrogen from soils, although nitrate leaching and
denitrification, ammonium volatilization and fixation, and nitrogen immobilization lead to losses of
inorganic nitrogen from soils or from the soil solution (105).

Detectable inorganic nitrogen forms in soil are nitrate, nitrite, exchangeable and fixed ammo-
nium, nitrogen (N,) gas, and nitrous oxide (N,O gas) (106). Nitrate and exchangeable ammonium
are important in plant nutrition. The other forms are generally not available for plant nutrition. Fixed
ammonium, entrapped in clays, is a principal nitrogenous constituent of subsoils and is probably
derived from parent rock materials; however, the fixed ammonium in surface soils may be of recent
origin from organic matter (106). Fixed ammonium is resistant to removal from clay lattices and
has little importance in plant nutrition. The gaseous constituents diffuse from the atmosphere or
arise from denitrification and have no role in plant nutrition, other than in considerations of losses
of nitrogen from soils (107).

Exchangeable or dissolved ammonium is available to plants, but ammonium concentrations in
soils are low, usually in a magnitude of a few mg/kg or kg/ha. In well-aerated soils, ammonium is
oxidized rapidly to nitrate by nitrification, so that nitrate is the major source of plant-available nitro-
gen in soil (108,109). Nitrite, an intermediate in nitrification, is oxidized more rapidly than ammo-
nium (109). Hence, little ammonium or nitrite accumulates in most soils. Ammonium and nitrite are
toxic to most plants (110). Toxicity of ammonium or nitrite might occur if the concentration of
either rises above 50 mg N/kg in soil or in other media, especially if either is the principal source
of nitrogen for plant nutrition (110,111). Nitrification is sensitive to soil acidity and is likely to be
inhibited in soils under pH 35; this acidity may lead to ammonium accumulation (108).

2.5 SOILTESTING FOR NITROGEN

Testing for plant-available soil nitrogen is difficult. This difficulty arises in part because most of
the nitrogen in soil is in organic forms, which have varying rates of microbial transformation into
available forms. Also, nitrate, the main form of plant-available nitrogen, is subject to leaching,
denitrification, and immobilization. Many attempts have been made to develop availability indexes
for release of nitrogen from organic matter and to correlate yields with tests for inorganic nitrogen
in soils (93,101,112-114). Biological tests are time consuming and may give variable results if the
methodology is not standardized among researchers. Chemical tests for estimating plant-available
nitrogen have been empirical in approach and have had low correlations with production of min-
eral nitrogen and crop accumulation of nitrogen.
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2.5.1 DETERMINATIONS OF TOTAL NITROGEN

The determination of nitrogen by the Kjeldahl method gives an estimation of the total nitrogen in
soils (93,113). This test, often considered a chemical index, is essentially a test for total soil organic
matter, since the nitrogen concentration of soil organic matter is relatively constant. This measure-
ment does not estimate the rates of transformations of organic nitrogen into inorganic forms that are
available for plants; hence, many irregularities in predicting available nitrogen occur in its use.
However, considering that transformations depend on the type of organic matter, temperature, aer-
ation, water supply, acidity, and other factors, total nitrogen is likely as informative as determina-
tion of other availability indexes. Nevertheless, determinations of availability indexes have been
investigated extensively (96).

2.5.2 BIOLOGICAL DETERMINATIONS OF AVAILABILITY INDEXES

Aerobic incubation of soil samples for 2 to 4 weeks under nearly optimum conditions of microbial
decomposition of organic matter and measurements of nitrogen mineralization is an extensively
employed biological procedure for the development of an availability index (96,101,112-114).
Incubated samples are tested for the amounts of nitrate, ammonium, or both forms released. Since
determinations are run under nearly optimum conditions, only an estimate of the potential for min-
eralization is provided. Results may differ from mineralization in a field in a particular year.
Determinations of indexes by anaerobic incubation involve estimations of ammonium released
(115). Other biological tests involve bioassays of microbial growth or pigment production (116),
chlorophyll production by algae (117), and carbon dioxide production (118).

2.5.2.1 Determination of Inorganic Nitrogen

These determinations are considered to be chemical indexes of availability of nitrogen soil organic
matter. The utility of chemical indexes depends on their correlation for a broad range of soils with bio-
logical criteria, such as crop yields, nitrogen accumulation in plants, and biological indexes (101).
Inorganic nitrogen is determined in an extraction of soil with water or solutions of acids, bases, chelat-
ing agents, or salts at differing concentrations and temperatures (101). Severe extractants, such as
moderately concentrated (4.5 to 6 M) boiling mineral acids or bases, generally give nitrogen releases
that correlate well with total soil nitrogen. However, total soil nitrogen as such is not a reliable index
of nitrogen availability in soils. Also, release of nitrogen by moderate extraction procedures, such as
alkaline permanganate, sodium carbonate, and molar solutions of mineral acids and bases, generally
are poorly correlated with biological measurements (96,101). Relatively mild extractions with cold,
hot, or boiling water or solutions of cold dilute (0.01 M) acids, bases, or salts have been used with the
premise that these methods determine nitrogen of which a high proportion is derived from microbial
action on the soils (101). Ammonium or nitrate may be determined in the extracts (96,105,106).

2.5.2.1.1 Ammonium

The rate-controlling step in nitrogen mineralization is the conversion of organic nitrogen into
ammonium. The conversion of ammonium into nitrate is a rapid step, as a result ammonium gener-
ally does not accumulate in well-drained mineral soils. Ammonium in soil, initially present in soils
at sampling, is correlated weakly with nitrogen accumulation in plants (113). Temperatures in han-
dling and storage of soil samples are important in judging the correlation between ammonium in
soils and accumulation in plants (119). Waterlogging, high acidity (pH <<5.0) or alkalinity
(pH > 8.0), or use of nitrification inhibitors can lead to mineralization that stops with the formation
of ammonium and hence to accumulation beyond that occurring in well-drained, mineral soils.
Determination of ammonium present in soil without any manipulation generally gives better corre-
lations with biological processes than the correlation of ammonium that accumulates with manipu-
lation of processes that lead to ammonium accumulation.
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2.5.2.1.2 Nitrate

Nitrate is the form of nitrogen that is used most commonly by plants and that may accumulate in
agricultural soils. In combination with other factors, such as soil water, nitrate concentrations in
soils have been used in assessments of soil fertility since the early 1900s (113,120-122). Ozus and
Hanway (123) reported that nitrogen accumulation in crops during early growth was related to
nitrate content in soils. Early workers related nitrate in soils to crop yields. Nitrate in soil was shown
to be a reliable evaluation of soil nitrogen that is residual from previous fertilization (124-126).
Recent work has related tests for nitrate in soils to prediction of the needs of crops for nitrogen fer-
tilization. These tests are commonly called preplant nitrate tests and are conducted in the early
spring to a soil-sampling depth of 60, 90, 120 cm, or greater.

Nitrate is a soluble form of nitrogen that is subject to downward movement in soils in humid
temperate climates (105). Sometimes, soil tests for nitrate in the top 15 or 30 cm of soils have not
been well correlated with crop yields because of depletion of nitrate in these zones by leaching in
humid regions (113). Good correlations between soil nitrate tests and crop yields have been noted
with soil samples taken from 120- to 180-cm depth in the profile. Roth and Fox (125) reported
nitrate concentrations that ranged from 36 to 295 kg N/ha in the 120-cm profile following the har-
vest of corn. Soils fertilized with nitrogen applied at economiclly optimum amounts had nitrate con-
centrations ranging from 41 to 138 kg N/ha. Soils with more than 169 kg nitrate-N/ha in the 120-cm
profile did not show an increase in corn yields in response to nitrogen fertilization. Jokela and
Randall (124) reported that nitrate concentrations in a 150-cm profile ranged from 150 to 500kg
N/ha over a range of fertilizer treatments after corn harvest in the fall but fell by 50 to 70% by the
following spring.

Nitrate concentrations vary among soils and among seasons of the year for a given soil and cli-
mate (105,127). In humid temperate climatic areas, nitrate in soils is low in the cold of winter, rises
in spring and through the summer with warming of soils and falls in the fall with the rains. In unfer-
tilized fields in the winter, nitrate in topsoil (top 30 to 60 cm) is less than 5 or 10mg N/kg (1053).
The concentration can rise to 40 to 60 mg nitrate-N/kg in spring and summer. Depending on the per-
meability of soil, the depletion of nitrate from topsoil can be rapid with fall rains. Tillage of land
can bring about an increase of nitrate, as mineralization and nitrification are increased by aeration
of the soil due to tillage. Generally, the more intensive the tillage, the greater the nitrate concentra-
tions in the soil (128-130). For example, in the 120-cm-deep soil profile, following a crop of corn,
the nitrate in conventionally tilled soils (100 to 120kg N/ha) was twice that in the profile of soils
cropped in a no-tillage system (129). In dry seasons, soil nitrate can be very low due to low micro-
biological activity, perhaps less than 10 mg N/kg, but increases as rain falls and mineralization and
nitrification result in the wetted soil. In some cases, if the subsoil contains nitrate, nitrate may rise
with capillary action and accumulate in dry surface soils. Absorption by plants is a principal path
of removal of nitrate from soils. Removal is unique with various soils and crops (105). Perennial
crops having a developed root system can absorb nitrate as soon as conditions are favorable for
plant growth. Grassland soils generally are low in nitrate throughout the year. However, annual
crops do not absorb much nitrate from soils until the root systems are developed.

Many soil test recommendations for correlation of soil nitrate with crop yields require soil sam-
pling to a minimum depth of 60 cm (113). Sampling to this depth involves considerable costs, and
attempts have been made to develop a test based on shallower sampling. Alvarez et al. (131) devel-
oped prediction equations that related nitrate in the top 30 cm stratum to that in the top 60 cm stra-
tum. Recent research has shown good correlations between crop yields and concentrations of nitrate
in the surface 30 cm layer of soils early in the growing season (132-135). Determination of the
amount of nitrate in the upper stratum of soil early in the season has led to the development of a test
called the early season nitrate test or pre-sidedress soil nitrate test (PSNT).

The basis of the PSNT is the concentration of nitrate in the surface 30 cm of soils at the time
that a crop starts rapid growth, for example, when corn is 30cm tall (133,134). The amount of
nitrate in the soil at this depth at this time is an assessment of the amount of nitrogen available for
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crop growth for the remainder of the season and of the need for nitrogen fertilization. The criti-
cal concentration of soil nitrate for the PSNT is the concentration above which yields are not
expected to increase with additional nitrogen fertilization. For corn production, Sims et al. (135)
in Delaware reported that the PSNT test identified nitrogen-deficient or nitrogen-sufficient sites
with about 70% success. Binford et al. (132) in Iowa determined that the critical concentration of
nitrate for corn was 23 to 26 mg N/kg for a 30cm depth. Sampling 60 cm deep improved cor-
relations between corn grain yields and soil nitrate, but it was felt that the improvement did not
justify the additional costs of deep sampling. The critical concentration for the 60 cm depth was
16 to 19 mg N/kg soil. Other research has given similar results. Meisinger et al. (136) in Maryland
determined a critical nitrate concentration of 22 mg N/kg with the PSNT successfully identifying
nitrogen-sufficient sites across a range of textures, drainage classes, and years. Including ammo-
nium in the analysis slightly improved the predictive use of the test (136). Heckman et al. (137) in
New Jersey reported a critical nitrate concentration at the 30 cm depth to be 22 mg N/kg for corn.
Evanylo and Alley (138) in Virginia reported critical nitrate concentrations of 18 mg N/kg for corn
and noted that the PSNT was applicable to soils without regard to texture or physiographic region.
Also for corn, Sainz-Rozas et al. (139) in Argentina reported a critical nitrate concentration of 17
to 27 mg N/kg at the 30 cm depth. They also reported that there was no improvement in reliability
if the test was done on samples to 60 cm depth or with the inclusion of ammonium in the deter-
minations. Critical concentrations, similar in magnitude to those for corn have been reported for
sweet corn (Zea mays rugosa Bonaf.) (140), lettuce (Lactuca sativa L.), celery (Apium graveolens
dulce Pers.) (141), cabbage (Brassica oleracea capitata L.) (142), and tomato (Lycopersicon
esculentum Mill.) (143).

If the concentration of nitrate is below the critical concentration, fertilization of the crops is
necessary. However, the need to collect soil samples during the growing season has limited the
usage of the PSNT. Fertilization is delayed until the results of the PSNT are obtained, and bad
weather can delay applications of nitrogen.

2.5.2.1.3 Amino Sugars

Fractionation of soil hydrolysates has been used to determine a labile pool of organic nitrogen in
soil and to relate this fraction to crop responses to nitrogen fertilizers (102,144). The results of most
of these studies have shown little variation among soil types or cultivation patterns in the partition-
ing of hydrolyzable soil nitrogen into various nitrogenous components and the capacity of soil
organic matter to form nitrate. The uniformity among soils was attributed in part to errors in analy-
sis (145,146). Mulvaney and Khan (147) developed a diffusion method for accurately determining
amino sugar nitrogen in soil hydrolysates. Mulvaney et al. (145) noted that hydrolysates (6 M HCI)
of soils in which crops were nonresponsive to nitrogen fertilization had higher concentrations
of amino sugars (e.g., glucosamine, galactosamine, mannosamine, muramic acid) than did
hydrolysates of soils in which crops responded to nitrogen fertilization. They reported no consistent
differences among the total nitrogen, the ammonium nitrogen, or the amino acid nitrogen fraction
of the soil hydrolysate. The amounts of amino sugars were related to mineralization of soil organic
nitrogen, since production of inorganic nitrogen upon aerobic incubation of the nonresponsive soils
was much greater than that in the responsive soils (145). Concentrations of amino sugars were cor-
related with response to fertilizer nitrogen applied. Mulvaney et al. (145) classified soils with more
than 250 mg amino sugar nitrogen per kg as being nonresponsive and those with less than 200 mg
amino sugar nitrogen per kg as being responsive to nitrogen fertilization. Khan et al. (146) devel-
oped a simpler test for determining amino sugar nitrogen than the processes involving soil hydrol-
ysis. The simpler test involved soil being treated with base (2 M NaOH), followed by heating (50°C)
to release ammonia, and then determining the amount of ammonia releases by volumetric methods.
This method determined ammonium and amino sugar nitrogen without liberating substantial nitro-
gen from amino acids and none from nitrate or nitrite. Test values for soils nonresponsive to nitro-
gen fertilization were 237 to 435 mg N/kg and for responsive soils were 72 to 223 mg N/kg soil.
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Amino sugars may constitute 5 or 6% of the humic substances in soils (148). Variations in kind and
amount of amino sugars have been noted with climate and with cultivation of soils (149,150).

2.6 NITROGEN FERTILIZERS

Soils have little capacity to retain oxidized forms of nitrogen, and ammonium accumulation in soils is
small; consequently, most of the soil nitrogen is associated with organic matter. Release of nitrogen
from organic matter is slow and unpredictable. If soil organic matter is depleted, as occurs in cultivated
soils, nitrogen for plant growth is limited. Nitrogen is usually the most deficient nutrient in cultivated
soils of the world, and fertilization of these soils with nitrogen is required. To maintain or increase pro-
ductivity of soils, worldwide consumption of nitrogen fertilizers continues to increase with time
(Figure 2.3). However, the consumption of phosphorus and potassium fertilizers has leveled.

Anhydrous ammonia (NH, gas) is the starting product for manufacture of most nitrogen fertil-
izers. Anhydrous ammonia is manufactured from hydrogen and nitrogen gases by the Haber process
(Haber-Bosch process). The reaction is performed at high temperature (400 to 500°C) and high
pressure (300 to 1000 atm) in the presence of a catalyst (iron or other metal) (151-153). The nitro-
gen gas is obtained from the air, which is about 79% nitrogen by volume, and the hydrogen is
obtained from natural gas (methane), oil, coal, water, or other sources.

Jones (152) and Moldovan et al. (154) describe the production of other nitrogen fertilizers from
ammonia. A brief summary of these processes follows. Nitric acid, produced from ammonia, is
another basic material in the manufacture of nitrogen fertilizers. To produce nitric acid, compressed
ammonia and air are heated in the presence of a catalyst and steam. The nitric acid can be reacted
with ammonia to produce ammonium nitrate. Sodium nitrate is the product of the reaction of nitric
acid with sodium bicarbonate. Sodium nitrate also is produced from caliche (Chilean saltpeter),
which is a mineral that contains sodium nitrate and various salts of sodium, calcium, potassium, and
magnesium. Sodium nitrate, sometimes called Chilean nitrate, is one of the earliest commercial
nitrogen fertilizers marketed. Until 1929, all of the sodium nitrate marketed was extracted from
Chilean saltpeter (154). Urea is manufactured chiefly by combining ammonia with carbon dioxide
under high pressure. Ammonium sulfate is manufactured by the reaction of ammonia with sulfuric
acid, gypsum, or sulfur dioxide.

The merits of nitrate and ammonium fertilizers have been researched and reviewed extensively
(155-166). Many manufactured fertilizers and most organic fertilizers are ammonical; however, the
ammonium that is inherent in the fertilizer or that is released upon contact with soils is soon oxidized
to nitrate, unless nitrification is inhibited (167-171). Nitrification inhibitors may be employed with
ammoniacal fertilizers to restrict losses of nitrogen from soils by leaching or denitrification.
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FIGURE 2.3 Worldwide consumption of nitrogen, phosphorus, and potassium in fertilizers for the period
1960-2000. Units of Mg are 1000kg or one metric ton. (Adapted from http://www.fertilizer.org/ifa/statistics/
indicators/tablen.asp.)
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2.6.1 PROPERTIES AND USE OF NITROGEN FERTILIZERS

The nitrogen concentrations of the following fertilizers have been rounded to values of commonly
marketed grades.

2.6.1.1 Anhydrous Ammonia (82% N)

Anhydrous ammonia is the most-used nitrogen-containing fertilizer for direct application to land in
the United States (152). Worldwide, consumption of anhydrous ammonia is ranked fourth or fifth
among nitrogen fertilizers (Table 2.7). In agriculture, anhydrous gaseous ammonia is compressed
into a liquid and is applied under high pressure with a special implement by injection at least 15 cm
deep into a moist soil. The ammonia gas reacts with water to form ammonium ions, which can be
held to clay or organic matter. If the ammonia is not injected deeply enough or soil is too wet or dry,
ammonia can be lost by volatilization. Anhydrous ammonia is usually the cheapest source of nitro-
gen, but equipment and power requirements of the methods of application are specific and high.

2.6.1.2 Aqua Ammonia (21% N)

Aqua ammonia is ammonia dissolved in water under low pressure. Aqua ammonia must be incor-
porated into land to avoid losses of nitrogen by ammonia volatilization; however, it needs not be
incorporated as deeply as anhydrous ammonia.

2.6.1.3 Urea (46% N)

Urea is the most widely used dry nitrogen fertilizer in the world (Table 2.7). After application to soils,
urea is converted into ammonia, which can be held in the soil or converted into nitrate. Ammonia
volatilization following fertilization with urea can be substantial, and if urea is applied to the surface

TABLE 2.7
Worldwide Nitrogen Fertilizer Consumption in the
Year 2000

Nitrogen Fertilizer Usage
Nitrogen Fertilizer (Metric Tons)
Straight N Fertilizer
Urea 41042
Ammonium nitrate 5319
Calcium ammonium nitrate 4768
N solutions 3812
Anhydrous ammonia 3581
Ammonium sulfate 2738
Other 7907
Total straight 69168
Mixed N Fertilizer
NPK-N 6347
Ammonium phosphate 4631
Other NP-N 1656
NK-N 74
Total mixed 12708
Total N fertilizer 81880

Source: Compiled from http://www.fertilizer.org/ifa/
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of the land, considerable loss of nitrogen can occur (172,173). Hydrolysis of urea by urease produces
ammonium carbonate. With surface-applied urea, alkalinity of pH 9 or higher can develop under the
urea granule or pellet, and ammonia will volatilize into the air. Volatilization occurs on bare ground,
on debris, or on plant leaves. Urea is readily soluble in water, and rainfall or irrigation after its appli-
cation move it into the soil and lessens volatilization losses. Use of urease inhibitors has been sug-
gested to lessen the volatilization losses of ammonia from surface-applied urea (174). Manufactured
urea is identical to urea in animal urine.

Calcium nitrate urea (calurea, 34% N, 10% Ca) is a double-compound fertilizer of calcium
nitrate and urea to supply calcium and nitrogen (152).

Several derivatives of urea are marketed as slow-release fertilizers (175,176). Urea formaldehyde
(ureaform, 38% N) is a slow-release fertilizer manufactured from urea and formaldehyde and is used
for fertilization of lawns, turf, container-grown plants, and field crops (177-180). Urea formaldehyde
is also a glue and is used for the manufacture of plywood and particle board (181,182). Dicyandiamide
(cyanoguanidine) (66% N) is a nitrogen fertilizer but is used most commonly as an additive (2% of
the total N fertilizer) as a nitrification inhibitor with urea (153,183-185). Sulfur-coated urea (186,187)
is a slow-release formulation (30-40% N) used as a fertilizer for field crops, orchards, and turfgrass
(175,177,188-191).

Isobutylidene diurea (IBDU) is similar to urea formaldehyde, but contains 32% nitrogen. However,
utilization of IBDU is less dependent on microbial activity than urea formaldehyde, as hydrolysis pro-
ceeds rapidly following dissolution of IBDU in water (175). Nitrogen is released when soil moisture is
adequate. IBDU is used most widely as a lawn fertilizer (176,192). Its field use is to restrict leaching of
nitrogen (181).

Methylene ureas are a class of sparingly soluble products, which were developed during the
1960s and 1970s. These products contain predominantly intermediate chain-length polymers. The
total nitrogen content of these polymers is 39 to 40%, with between 25 and 60% of the nitrogen
present as cold-water-insoluble nitrogen. This fertilizer is used primarily in fertilization of turfgrass,
although it has been used with other crops on sandy soils or where leaching of nitrate is an envi-
ronmental concern (176,191,193).

2.6.1.4 Ammonium Nitrate (34% N)

Ammonium nitrate is a dry material sold in granular or prilled form. It can be broadcasted or side-
dressed to crops and can be left on the surface or incorporated. It does not give an alkaline reaction
with soils; hence, it does not volatilize readily. However, incorporation is recommended with cal-
careous soils. Ammonium nitrate is decreasing in popularity because of storage problems, e.g., with
fire and explosion.

Calcium ammonium nitrate (ammonium nitrate limestone, about 20% N and 6% Ca) is a mix-
ture of ammonium nitrate and limestone. This fertilizer is not acid-forming and is used to supply
nitrogen and calcium to crops (152).

2.6.1.5 Ammonium Sulfate (21% N)

Ammonium sulfate is marketed as a dry crystalline material. It is recommended for use on alkaline soils
where it may be desirable to lower soil pH. Nitrification of ammonium is an acidifying process.
Ammonium sulfate can be broadcasted or sidedressed. It can left on surfaces or incorporated, although
on calcareous soils watering in or incorporating is recommended to avoid ammonia volatilization (176).

2.6.1.6 Nitrogen Solutions (28-32% N)

These fertilizers are mixtures of ammonium nitrate and urea dissolved in water. In the solutions,
half of the nitrogen is supplied as urea, and half is supplied as ammonium nitrate. Because of the
difficulties in handling, urea and ammonium nitrate should not be mixed together in dry form. The
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solution acts once the dry materials are applied to the soil. Ammonia volatilization may be sub-
stantial during warm weather, especially with surface application. The solutions should be watered
into the soil and should not be applied to foliage.

2.6.1.7 Ammonium Phosphates (10-21% N)

Ammonium phosphates are important phosphorus-containing fertilizers because of their high con-
centrations of phosphorus and water solubility. Diammonium phosphate (commonly 18% N, 46%
P,0;) is a dry granular or crystalline material. It is a soil-acidifying fertilizer and is useful on calcare-
ous soils. It should be incorporated into the soil. It is a common starter fertilizer and is a common com-
ponent of greenhouse and household fertilizers. Monoammonium phosphate (commonly 11% N, 48%
P,0;) has uses similar to those of diammonium phosphate. Ammonium polyphosphate (10% N, 34%
P,05) is marketed as a solution. Its use is similar to that of monoammonium phosphate and diammo-
nium phosphate. Ammonium phosphates are made by reaction of ammonia with orthophosphoric acid
(mono- and diammonium salts) or with superphosphoric (pyrophosphoric) acid (152).

2.6.1.8 Other Inorganic Nitrogen Fertilizers

Many other nitrogen-containing fertilizers include double-salt mixtures such as ammonium nitrate
sulfate (30% N), ammonium phosphate nitrate (25% N), urea ammonium phosphate (25-34% N),
nitric phosphate, and ammoniated superphosphate (8% N) (152). These materials are used in the
manufacture of mixed N-P-K fertilizers or for special needs in soil fertility.

2.6.1.9 Organic Nitrogen Fertilizers (0.2-15% N)

Although naturally occurring, sodium nitrate may not be recognized as an organic fertilizer.
Most organic fertilizers are derived from plant and animal sources and are proteinaceous

TABLE 2.8
Representative Nitrogen Concentrations and Mineralization
of Some Organic Fertilizers

Fertilizer % N (Dry Mass)? Mineralization®
Feather meal, hair, wool, silk 15 Moderate—Rapid
Dried blood, blood meal 12 Rapid

Fish scrap (dry) 9 Moderate—Rapid
Tankage, animal 8 Moderate—Rapid
Seed meals® 6 Rapid

Poultry manure 2-3 Moderate—Rapid
Livestock manure 1-2 Slow

Sewage biosolids 1-4 Slow

Bone meal, steamed 1 Moderate—Rapid
Kelp 0.7 Slow

Compost 0.5-1 Slow

*Concentrations will vary from these representative values, depending on the han-
dling of the products, nutrition of livestock, and source of materials.
®Mineralization rate will vary with the products. Rapid mineralization is more than
70% of the organic N expected to be mineralized in a growing season; moderate is
50 to 70% mineralization; and slow is less than 50% mineralization.

‘Includes by-products such as cottonseed meal, soybean meal, linseed meal, corn
gluten meal, and castor pomace.
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materials. The fertilizer industry started with meat and other food processors, who wanted to
dispose of and find a use for wastes and by-products (152,194). Around 1900, about 90% of
nitrogen fertilizer was derived from proteinaceous wastes and by-products, but today usage has
declined to less than 1%. Organic materials range from less than 1 to about 15% N compared
with the chemical sources described above, which range upward to over 80% N. Costs of han-
dling, shipping, and spreading of the bulky, low-analysis organic materials have led to their
decline in usage with time. Also, many of the proteinaceous by-products of food processing
have higher value as feeds for poultry and livestock than as fertilizers (194,152). Nevertheless,
demand for organic fertilizers remains, as organic farmers require these products in the mainte-
nance of soil fertility on their cropland (195).

The value of organic nitrogen fertilizers depends on their rate of mineralization, which
is closely related to their nitrogen concentration (152,195,196). Generally, the more nitrogen
in the fertilizer, the faster the rate of mineralization. Some common organic fertilizers are listed in
Table 2.8.
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3.1  BACKGROUND INFORMATION

3.1.1 HISTORICAL INFORMATION

Incidental phosphorus fertilization in the form of manures, plant and animal biomass, and other
natural materials, such as bones, probably has been practiced since agriculture began. Although
specific nutritional benefits were unknown, Arthur Young in the Annuals of Agriculture in the mid-
nineteenth century describes experiments evaluating a wide range of products including poultry
dung, gunpowder, charcoal, ashes, and various salts. The results showed positive crop responses to
certain materials. Benefiting from recent developments in chemistry by Antoine Lavoisier
(1743-1794) and others, Theodore de Saussure (1767-1845) was perhaps the first to advance the
concept that plants absorb specific mineral elements from the soil.

The science of plant nutrition advanced considerably in the nineteenth century owing to contri-
butions by Carl Sprengel (1787-1859), A.F. Wiegmann (1771-1853), Jean-Baptiste Boussingault
(1802-1887), and Justus von Liebig (1803—1873). Based on the ubiquitous presence of phosphorus
in soil and plant materials, and crop responses to phosphorus-containing products, it became appar-
ent that phosphorus was essential for plant growth.
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Liebig observed that dissolving bones in sulfuric acid enhanced phosphorus availability to plants.
Familiar with Liebig’s work, John Lawes in collaboration with others, evaluated several apatite-con-
taining products as phosphorus nutritional sources for plants. Lawes performed these experiments in
what ultimately became the world’s most famous agricultural experiment station—his estate in
Rothamsted. The limited supply of bones prompted developments in the utilization of rock phosphates
where Lawes obtained the first patent concerning the utilization of acid-treated rock phosphate in
1842, The first commercial production of rock phosphate began in Suffolk, England, in 1847. Mining
phosphate in the United States began in 1867. Thus began the phosphorus fertilizer industry.

Crop responses to phosphorus fertilization were widespread. For many years phosphorus fertil-
ization practices were based on grower experience often augmented with empirical data from exper-
iment station field tests. Although researchers and growers realized that customized phosphorus
fertilizer recommendations would be invaluable, early work often focused on total element content
of soils and produced disappointing results. The productivity of soil essentially showed no correla-
tion to total content of nutrients in them.

It was during the twentieth century that the recognition that the plant itself was an excellent
indicator of nutrient deficiency coupled with considerable advances in analytical methodology gave
way to significant advances in the use of tissue testing. Hall (1) proposed plant analysis as a means
of determining the normal nutrient contents of plants. Macy (2) proposed the basic theory that there
was a critical concentration of nutrient in a plant above which there was luxury consumption and
below which there was poverty adjustment, which was proportional to the deficiency until a mini-
mum percentage was reached.

Also during the twentieth century, a greater understanding of soil chemistry of phosphorus and
the observation that dilute acids seem to correlate to plant-available phosphorus in the soil gave way
to the development of successful soil-testing methodologies. The early contributions of Dyer (3),
Truog (4), Morgon (5), and Bray and Kutrz (6) are noteworthy. Plant tissue testing and soil testing
for phosphorus are discussed in greater detail in the subsequent sections. For more detailed history
on plant nutrition and soil-plant relationships, readers are referred to Kitchen (7) and Russell (8).

3.1.2 PHOSPHORUS FUNCTIONS IN PLANTS

Phosphorus is utilized in the fully oxidized and hydrated form as orthophosphate. Plants typically
absorb either H,PO,~ or HPO,>~, depending on the pH of the growing medium. However, under
certain conditions plants might absorb soluble organic phosphates, including nucleic acids. A por-
tion of absorbed inorganic phosphorus is quickly combined into organic molecules upon entry into
the roots or after it is transported into the shoot.

Phosphate is a trivalent resonating tetraoxyanion that serves as a linkage or binding site and is
generally resistant to polarization and nucleophilic attack except in metal-enzyme complexes (9).
Orthophosphate can be condensed to form oxygen-linked polyphosphates. These unique properties of
phosphate produce water-stable anhydrides and esters that are important in energy storage and transfer
in plant biochemical processes. Most notable are adenosine diphosphate and triphosphate (ADP and
ATP). Energy is released when a terminal phosphate is split from ADP or ATP. The transfer of phos-
phate molecules to ATP from energy-transforming processes and from ATP to energy-requiring
processes in the plants is known as phosphorylation. A portion of the energy derived from photosyn-
thesis is conserved by phosphorylation of ADP to yield ATP in a process called photophosphorylation.
Energy released during respiration is similarly harnessed in a process called oxidative phosphorylation.

Beyond their role in energy-transferring processes, phosphate bonds serve as important linkage
groups. Phosphate is a structural component of phospholipids, nucleic acids, nucleotides, coenzymes,
and phosphoproteins. Phospholipids are important in membrane structure. Nucleic acids of genes and
chromosomes carry genetic material from cell to cell. As a monoester, phosphorus provides an essen-
tial ligand in enzymatic catalysis. Phytic acid, the hexaphosphate ester of myo-inositol phosphate, is
the most common phosphorus reserve in seeds. Inorganic and organic phosphates in plants also serve
as buffers in the maintenance of cellular pH.
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Total phosphorus in plant tissue ranges from about 0.1 to 1%. Bieleski (10) suggests that a typ-
ical plant might contain approximately 0.004% P as deoxyribonucleic acid (DNA), 0.04% P as
ribonucleic acid (RNA), 0.03% as lipid P, 0.02 % as ester P, and 0.13% as inorganic P.

3.1.3 NATURE AND TRANSFORMATIONS OF SOIL PHOSPHORUS

Soils contain organic and inorganic phosphorus compounds. Because organic compounds are largely
derived from plant residues, microbial cells, and metabolic products, components of soil organic
matter are often similar to these source materials. Approximately 1% of the organic phosphorus is in
the phospholipid fraction; 5 to 10% is in nucleic acids or degradation products, and up to 60% is in
an inositol polyphosphate fraction (11). A significant portion of the soil organic fraction is
unidentified.

Phospholipids and nucleic acids that enter the soil are degraded rapidly by soil microorganisms
(12,13). The more stable, and therefore more abundant, constituents of the organic phosphorus frac-
tion are the inositol phosphates. Inositol polyphosphates are usually associated with high-molecu-
lar-weight molecules extracted from the soil, suggesting that they are an important component of
humus (14,15).

Soils normally contain a wide range of microorganisms capable of releasing inorganic
orthophosphate from organic phosphates of plant and microbial origin (16,17). Conditions that
favor the activities of these organisms, such as warm temperatures and near-neutral pH values also
favor mineralization of organic phosphorus in soils (16,18). The enzymes involved in the cleavage
of phosphate from organic substrates are collectively called phosphatases. Microorganisms produce
a variety of phosphatases that mineralize organic phosphate (19).

Phosphorus released to the soil solution from the mineralization of organic matter might be taken
up by the microbial population, taken up by growing plants, transferred to the soil inorganic pool, or
less likely lost by leaching and runoff (Figure 3.1). Phosphorus, like nitrogen, undergoes mineraliza-
tion and immobilization. The net phosphorus release depends on the phosphorus concentration of the
residues undergoing decay and the phosphorus requirements of the active microbial population (16).

In addition to phosphorus mineralization and immobilization, it appears that organic matter has
indirect, but sometimes inconsistent, effects on soil phosphorus reactions. Lopez-Hernandez and
Burnham (20) reported a positive correlation between humification and phosphate-sorption capacity.
Wild (21) concluded that the phosphorus-sorption capacity of organic matter is negligible. It is
observed more commonly that organic matter hinders phosphorus sorption, thereby enhancing avail-
ability. Humic acids and other organic acids often reduce phosphorus fixation through the formation
of complexes (chelates) with Fe, Al, Ca, and other cations that react with phosphorus (22-24). Studies
have shown that organic phosphorus is much more mobile in soils than inorganic sources (25). The

Plant uptake

Fertilizer P

Precipitation Immobilization

P Minerals

Dissolution Mineralization

Desorption

Sorbed P Sorption

Leaching and runoff

FIGURE 3.1 Phosphorus cycle in agricultural soils.
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interaction between the organic and inorganic phosphorus fractions is understood poorly. It is gener-
ally presumed that phosphorus availability to plants is controlled by the inorganic phosphorus fraction,
although the contribution of organic phosphorus to plant nutrition should not be dismissed.

Inorganic phosphorus entering the soil solution, by mineralization or fertilizer additions, is rapidly
converted into less available forms. Sorption and precipitation reactions are involved. The sorption of
inorganic phosphorus from solution is closely related to the presence of amorphous iron and alu-
minum oxides and hydrous oxides (26-30) and the amounts of calcium carbonate (CaCO,) (24,31,32).

Hydrous oxides and oxides of aluminum and iron often occur as coatings on clay mineral sur-
faces (27,28,33), and these coatings may account for a large portion of the phosphorus sorption
associated with the clay fraction of soils. Even in calcareous soils, hydrous oxides have been
demonstrated as being important in phosphorus sorption, as was demonstrated by Shukla (34) for
calcareous lake sediments, Holford and Mattingly (24) for calcareous mineral soils, and Porter and
Sanchez (35) for calcareous Histosols.

In calcareous soils, phosphorus (or phosphate) sorption to CaCO; may be of equal or greater
importance than sorption to aluminum and iron oxides (35). In a laboratory investigation with pure
calcite, Cole (31) concluded that the reaction of phosphorus with CaCOj; consisted of initial sorp-
tion reactions followed by precipitation with increasing concentrations of phosphorus. Phosphorus
sorption may occur in part as a multilayer phenomenon on specific sites of the calcite surface
(24,32). As sorption proceeds, lateral interactions occur between sorbed phosphorus, eventually
resulting in clusters. These clusters in turn serve as centers for the heterogeneous nucleation of cal-
cium phosphate crystallites on the calcite surface.

Phosphorus sorption is probably limited to relatively low initial phosphorus solution concen-
trations and precipitation is likely a more important mechanism of phosphorus removal from the
soil solutions at higher concentrations (31). Lindsay (36) identified, by x-ray crystallography, what
he considered to be an incomplete list of 32 forms of phosphate compounds as reaction products
from phosphorus fertilizers. The nature of the reaction products formed when phosphorus fertilizer
is added to soil depends primarily on the coexisting cation, the pH of the saturated solution, the
quantity of phosphorus fertilizer added, and the chemical characteristics of the soil (37). In acidic
soils, aluminum and iron will generally precipitate phosphorus. In calcareous soils, an acidic fertil-
izer solution would dissolve calcium, and it is anticipated that most of the added phosphorus fertil-
izer would precipitate initially as dicalcium phosphate dihydrate (DCPD) and dicalcium phosphate
(DCP) (38,39). These products are only moderately stable and undergo a slow conversion into com-
pounds such as octacalcium phosphate, tricalcium phosphate, or one of the apatites.

As discussed above, soil transformations of phosphorus are complex and often ambiguous.
Phosphorus availability has often been characterized in general terms (a) as solution phosphorus, often
known as the intensity factor, (b) as readily available or labile phosphorus, often known as the quan-
tity factor, and (c) as nonlabile phosphorus. The labile fraction might include easily mineralizable
organic phosphorus, low-energy sorbed phosphorus, and soluble mineral phosphorus. The nonlabile
fraction might include resistant organic phosphorus, high-energy sorbed phosphorus, and relatively
insoluble phosphate minerals. As plants take up phosphorus from the solution, it is replenished from
the labile fraction, which in turn is more slowly replenished by the nonlabile fraction. The soil buffer
capacity, known as the capacity factor, governs the distribution of phosphorus among these pools. As
will be shown in a subsequent section, although some soil tests aim to characterize only the intensity
factor, most aim to characterize quantity and capacity factors as indices of phosphorus availability.

3.2 DIAGNOSING PHOSPHORUS DEFICIENCY

3.2.1  VISUAL SYMPTOMS OF DEFICIENCY AND EXCESS

Phosphorus deficiency suppresses or delays growth and maturity. Although phosphorus- deficient
plants are generally stunted in appearance, they seldom exhibit the conspicuous foliar symptoms
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characteristic of some of the other nutrient deficiencies. Furthermore, appreciable overlap often
occurs with the symptoms of other nutrient deficiencies. Plant stems or leaves are sometimes dark
green, often developing red and purple colors. However, when weather is cool purpling of leaves
can also be associated with nitrogen deficiency, as is often observed in Brassica species, or with
phosphorus deficiency. Plants stunted by phosphorus deficiency often have small, dark-green leaves
and short and slender stems. Sustained phosphorus deficiency will probably produce smaller-sized
fruit and limited harvestable vegetable mass. Because phosphorus is mobile in plants, it is translo-
cated readily from old to young leaves as deficiency occurs, and chlorosis and necrosis on older
leaves is sometimes observed. Readers are referred to tables of phosphorus deficiency symptoms
specific to individual crops and compiled by other authors (40—43).

Most soils readily buffer phosphorus additions, and phosphorus is seldom present in the soil
solution at levels that cause direct toxicity. Perhaps the most common symptoms of phosphorus
excess are phosphate-induced micronutrient deficiencies, particularly Zn or Cu deficiencies (43,44).

3.2.2 TisSUE TESTING FOR PHOSPHORUS

As noted previously, visual indications of phosphorus deficiency are seldom conclusive; consequently,
accurate diagnosis typically requires a tissue test. Most diagnostic standards are generated using the
theory of Macy (2), as noted previously concerning critical levels, sufficiency ranges, and poverty
adjustment. In practice, critical levels or sufficiency ranges are usually determined by plotting final rel-
ative yield against phosphorus concentration in plant tissues and interpreting the resulting curvilinear
function at some specified level of maximum yield. For many agronomic crops, values of 90 to 95%
maximum yield are frequently used. However, for vegetable crops, which have a higher market value
and an economic optimum closer to maximum yield, values of 98% have been used (Figure 3.2).
Sometimes researchers use discontinuous functions such as the “linear response and plateau™ or
“quadratic response and plateau” and define adequacy by the plateau line (Figure 3.3). Yet, other
researchers have suggested that the correlation to final yield is less than ideal and have proposed the
use of incremental growth-rate analysis in developing critical concentrations (45).
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FIGURE 3.2 Calculated critical phosphorus concentration in the midribs of endive at the eight-leaf stage
using curvilinear model. (Adapted from C.A. Sanchez and H.W. Burdine, Soil Crop Sci. Soc. Fla. Proc.
48:37-40, 1989.)
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FIGURE 3.3
plateau model.
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Levels of

deficiency, sufficiency, and excess have been determined in solution culture and in

greenhouse and field experiments. Total phosphorus content of a selected plant part at a certain growth
stage is used for most crops. However, many standards developed for vegetable crops are based on a
2% acetic acid extraction (Figure 3.4). Diagnostic standards for various plant species are summarized
in Table 3.1. This compilation includes data from other compilations and from research studies. When
data from other compilations were used, priority was given to research that cited original source of
data (46-48) so that potential users can scrutinize how the values were determined. However, when
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TABLE 3.1
Diagnostic Ranges for Phosphorus Concentrations in Crop and Ornamental Plants
A. Field Crops
Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Barley GS2 WP <0.30 130
(Hordeum GS 6 WP <0.30 0.30-0.40 >4.0 130
vulgare L.) GS9 WP <0.15 0.15-0.20 >0.20 130
GS 10.1 WP <0.15 0.15-0.20 0.20-0.50 >0.5 131
Cassava Veg. YML <0.20 0.40 0.30-0.50 132
(Manihot
esculentum
Crantz)
Chickpea (Cicer 45 DAP WP 0.09-0.25 0.29-0.33 133
arietinum L.) 77 DAP WP 0.15-0.20 >0.26 133
Dent corn (Zea <30cm tall WP 0.30-0.50 134
mays var. 40-60cm tall WP 0.22-0.26 135
indentata Tassel Ear L 0.25 136
L.H. Bailey) Silking Ear L 0.28-0.32 137
Silking Ear L <0.20 >0.29 138
Silking Ear L 0.22-0.32 0.27-0.62 139
Silking 6th L <0.32 140
from base
Silking 6th L <0.21 <0.30 <0.33 141
from base
Silking Ear L 0.16-0.24 0.25-0.40  0.41-0.50 142
Silking Ear L 0.25-0.40 143
Silking Ear L 0.22-0.23 135
Silking Ear L 0.26-0.35 144
Silking Ear L 0.27 145
Cotton <lIstFl YML 0.30-0.50 134
(Gossypium July—August L 0.30-0.64 146
hirsutum L.) Early fruit YML 0.31 147
Late fruit YML 0.33 147
Late Mat YML 0.24 147
1st Fl PYML PO,-P 0.15 0.20 148
Peak FI PYML PO,-P 0.12 0.15 148
Ist bolls open PYML PO,-P 0.10 0.12 148
Mat PYML PO,-P 0.08 0.10 148
Cowpea (Vigna 56 DAP WP 0.28 149
unguiculata 30cm WP 0.28 0.27-0.35 150
Walp.) Early FI WP 0.19-0.24 0.23-0.30 150
Faba or field bean Fl L 3rd node 0.32-0.41 151
(Vicia faba L.) from A
Field pea 36 DAS WP <0.06 >0.92 152
(Pisum 51 DAS WP <0.53 >0.71 152
sativum L.) 66 DAS WP <0.46 >0.64 152
81 DAS WP <0.40 >0.55 152
96 DAS WP <0.43 >0.60 152

Continued
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
8-9 nodes L 3rd node 0.36-0.51 151
from A
Pre-Fl WP 0.16 153
Dry beans 10% F1 YML 0.40 154
(Phaseolus 50-55 DAE WP 0.22 0.33 155
vulgaris L.)
Oats (Avena GS 10.1 WP <0.15 0.15-0.19 0.20-0.50 >0.50 131
sativa L.) Pre-head Upper L 0.20-0.40 134
Peanuts (Arachis  Early pegging Upper L+S 0.20-0.35 156
hypogaea L.) Pre Fl or Fl YML 0.25-0.50 134
Pigeon pea 91 DAP L 0.08 0.24 157
(Cajanus cajan 30 DAP L 0.35-0.38 158
Huth.) 60 DAP L 0.30-0.33 158
90-100 DAP L 0.19-0.28 158
120-130 DAP L 0.15-0.20 158
160-165 DAP L 0.15-0.18 158
Rice (Oryza 25 DAS WP <0.70 0.70-0.80 0.80-0.86 159
sativa L.) S0DAS Wwp <0.18 0.18-0.26 0.26-0.40 159
75 DAS WP <0.26 0.26-0.36 0.36-0.48 159
35 DAS WP 0.25 160
Mid till Y blade 0.14-0.27 131
Pan init Y blade 0.18-0.29 131
PO,-P Mid till Y blade 0.1 0.1-0.18 161
PO,-P Max till Y blade 0.08 0.1-0.18 161
PO,-P Pan init Y blade 0.08 0.1-0.18 161
PO,-P Flagleaf Y blade 0.1 0.08-0.18 161
Sorghum 23-29 DAP WP <0.25 0.25-0.30 0.30-0.60 >0.60 162
(Sorghum 37-56 DAP YML <0.13 0.13-0.25 0.20-0.60 162
bicolor 66-70 DAP 3L below <0.18 0.18-0.22 0.20-0.35 >0.35 162
Moench.) (Bloom) head
82-97 DAP 3 L below <0.13 0.13-0.15 0.15-0.25 >0.25 162
(Dough) head
NS YML 0.25-0.40 163
Soybean (Glycine Pre-pod YML 0.26-0.50 156
max Merr.) Early pod YML 0.35 136
Early pod YML 0.30-0.50 134
Pod Upper L 0.37 164
August L 0.25-0.60 165
Sugar beet 25 DAP Cotyledon  0.02-0.15 0.16-1.30 166
(Beta vulgaris L.) PO,-P
25 DAS Oldest P 0.05-0.15 0.16-0.50 166
PO,-P
25 DAS Oldest L 0.05-0.32 0.35-1.40 166
PO,-P
NS PYML 0.15-0.075 0.075-0.40 167
PO,-P
NS YML 0.025-0.070 0.10-.80 167

PO,-P
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Sugarcane 5 month 3rd LB 0.21 168
(Saccharum ratoon below A
officinarum L.) 4th mo. 3rd & 4th 0.24-0.30
LB below A 0.24-0.30 169
3 mo. Leaves 0.15-0.18 0.18-0.24  0.24-0.30 170
Early rapid Sheath 3-6 <0.05 0.08 0.05-0.20 171
growth
Tobacco Fl YML 0.27-0.50 134
(Nicotiana Mat L 0.12-0.17 0.22-0.40 172
tabacum L.)
Wheat (Triticum  GS 3-5 WP 0.4-0.70 173
aestivum L.) GS 6-10 WP 0.2-0.40 173
GS 10 Flag L 0.30-0.50 173
GS 10 WP 030 136
GS 10.1 WP 0.15-0.20 0.21-0.50 >0.50 131
Pre-head Upper LB 0.20-0.40 134

B. Forages and Pastures

Alfalfa Early Fl WP <0.20 174

(Medicago Early Fl WP <0.30 174

sativa L.) Early Fl WP <0.18 0.25-0.50 174
Early Fl WP <0.20 0.21-0.22 0.23-0.30 >0.30 174
Early Fl WP <0.25 174
Early Fl WP <0.25 174
Early Fl WP <0.25 174
Early Fl Top 15cm <0.20 0.20-0.25 0.26-0.70 >0.70 174
Early Fl Upper stem 0.35 174
Early Fl Midstem <0.05 0.05-0.08 0.08-0.20 >0.20 174

PO, P

Bermuda grass, 4-5 weeks WP <0.16 0.18-0.24 0.24-0.30 >0.40 174

Coastal between

(Cynodon clippings

dactylon Pers.)

Bermuda grass, 4-5 weeks WP <0.22 0.24-0.28 0.28-0.34 >0.40 174

Common and between

Midland clippings

(Cynodon

dactylon Pers.)

Birdsfoot trefoil ~ Growth WP <0.24 174

(Lotus

corniculatus L.)

Clover, Bur Growth WP 2.5 174
(Medicago

hispida Gaertn.)

Clover, Ladino Growth WP <0.23 174
or White Growth WP <0.30 174
(Trifolium Growth WP 0.10-0.20 0.30 174
repens L.) Growth WP <0.25 0.25-0.30 174

Continued
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Growth WP 0.15-0.25 0.30-0.35 174
Growth WP PO, P 0.06 0.06-0.12 174
Clover, Red Growth WP <0.25 0.25-0.80 174
(Trifolium Growth WP 0.20-0.40 174
pratense L.) Growth WP <0.27 174
Clover, Rose Growth Wwp 0.10-0.14 0.14-0.18 0.19-0.24 174
(Trifolium Growth WP 0.20-0.25 174
hirtum All.) Growth WP 0.07 <0.19 174
Clover, Growth WP 0.30-0.31 174
Subterranean Growth WP 0.20-0.28 174
(Trifolium Growth WP 0.26-0.32 174
subterraneum L.)  Growth WP <0.25 174
Growth WP <0.14 174
Growth WP 0.08-0.13 174
Growth L 0.07 0.20-0.26 175
Dallisgrass 3-5 weeks WP <0.24 <0.26 0.28-0.30 174
(Paspalum
dilatatum Poir.)
Johnsongrass 4-5 weeks WP <0.14 0.16-0.20 0.20-0.25 174
(Sorghum after clipping
halepense Pers.)
Kentucky 4-6 weeks Wwp <0.18 0.24-0.30 0.28-0.36 >0.40 174
bluegrass between

(Poa pratensis L.) clippings

Millet 4-5 wks WP <0.16 0.16-0.20 0.22-0.30 >0.40 174
(Pennisetum after clipping
glaucum R. Br.)

Orchardgrass 3—4 weeks WP <0.18 0.22-0.24 0.23-0.28 >0.35 174
(Dactylis between
glomerata L.) clippings
Pangolagrass 4-5 weeks WP <0.10 0.12-0.16 0.16-0.24 >0.28 174
(Digitaria between

decumbens Stent.) clippings

Ryegrasses, 4-5 weeks WP <0.28 0.28-0.34 0.36-0.44 >0.50 174
perennial between

(Lolium clippings

perenne L.)

Sudangrass 4 to 5 weeks WP <0.14 0.14-0.18 0.20-0.30 >0.35 174
(Sorghum after clipping

sudanese

Stapf.) and

Sorghum

sudan hybrids

Stylo, Capica 56 DAP WP 0.11-0.18 176
(Stylosanthes

capitata Vog.)
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TABLE 3.1 (Continued)
Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Stylo, 56 DAP WP 0.10 176
Macrocephala
(Stylosanthes
macrocephala
M.B. Ferr. &
Sousa Costa)
Tall fescue 5-6 weeks WP <0.24 0.26-0.32 0.24-0.40 >0.45 174
(Festuca
arundinacea
Schreb.)
C. Fruits and Nuts
Almond July—-August L 0.09-0.19 177
(Prunus July—August L 0.08 0.12 >0.30 178
amygdalus
Batsch.)
Apple July-August L <0.11 0.11-0.13 0.13-0.20 179
(Malus domestica July—August L 0.11-0.30 177
Borkh.) Harvest L 0.21 43
July—August L 0.15-0.19 0.20-0.30 43
June—Sept. L/tips of shoots 0.19-0.32 43
20 DAfl L 0.28 43
200 DAfl L 0.10 43
July—August L 0.08 0.12 >0.30 178
July—August L 0.23 180
110 DAfl L/mid shoot 0.20 181
Apricot August L 0.09 177
(Prunus 110 Dafl L/mid shoot 0.1 181
armeniaca L.)
Avocado Mature L 0.065 0.065-0.20 43
(Persea December— YML 0.10-0.15 43
americana January
Mill.) August— YML/ 0.05 0.08-0.25 0.3 182
October nonfruiting
terminals
Banana NS L <0.20 0.45 183
(Musa spp.) Sth L Stage L 0.20 177
8th L Stage L 0.18 177
15th L stage L 0.15 177
Blueberry, Mid-season L/mature 0.02-0.03 <0.07 0.10-0.32 184
High Bush shoots
(Vaccinium July—August L 0.10-0.12 177
corymbosum L.)  July—August YML/fruiting <0.10 0.12-0.40 >0.41 185
shoot
Cacao NS L <0.13 0.13-0.20 >0.20 186

(Theobroma spp.)

Continued
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Cherry July—August L 0.13-0.67 177
(Prunus spp.) July-August L 0.25 180
110 Dafl L/midshoot 0.30 181
July—August L 0.13-0.30 187
Citrus, February L 0.05-0.11 177
Grapefruit July L 0.12 177
(Citrus xparadisi  October L 0.07-0.11 177
Macfady)
Citrus, Lemon July L 0.13-0.22 177
(Citrus limon
Burm. f.)
Citrus, Orange 4-7 mo. L <0.09 0.09-0.11 0.12-0.16 >0.30 188
(Citrus sinensis spring flush
Osbeck.) 0.09-0.11 0.12-0.16  0.17-0.25 189
Currants NS L <0.17 0.25-0.30 190
(Ribes nigrum L.)
Coffee (Coffea L <0.10 0.11-0.20 >0.20 191
arabica L.)
Fig (Ficus April Basal L 0.42 43
carica L.) May Basal L 0.15 43
July Basal L 0.10 43
September Basal L 0.08 43
Grapevine May-July P/YML <0.10 0.10-0.40 177
(Vitis labrusca L.)
Grapevine Fl YML 0.20-0.40 192
(Vitis vinifera L.)
Mango NS 0.08-0.20 193
(Mangifera
indica L.)
Coconut palm NS YML <0.10 43
(Cocos
nucifera L.)
Date palm NS YML 0.1-0.14 43
(Phoenix
dactyifera L.)
Oil palm NS YML 0.21-0.23 43
(Elaeis NS YML 0.23 43
guineensis Jacq.)
Olive (Olea July—August L 0.10-0.30 177
europea L.)
Papaya (Carica NS P/YML 0.22-0.40 49
papaya L.)
Peach (Prunus Midsummer L 0.19-0.25 177
persica Batsch.)  July—August L 0.26 180
July—August L 0.080 0.12 >0.30 178

110 DAfl L/mid shoot 0.3 181
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Pear (Pyrus Midsummer L 0.11-0.25 194
communis L.) Midsummer L 0.14-0.16 179
Sept. L 0.07 0.11-0.16 177
110 DAfl L/mid-shoot 0.20 181
Pecan (Carya September L 0.11-0.16 177
illinoinensis
K. Koch )
Pineapple 3-12 mo. L 0.08 0.20-0.25 177
(Ananas
comosus Merr.)
Pistachio September L 0.14-0.17 195
(Pistacia vera L.)
Plum NS L <0.14 196
(Prunus spp.) August L 0.14-0.25 177
110 DAfl L/mid-shoot 0.20 181
Raspberry, Red NS YML <0.30 190
(Rubus idaeus L. ) nonbearing
canes
Before Fl YML 0.30-0.50 49
Strawberry Pre-Fl YML 0.10-0.30 0.10 0.30-0.50 197
(Fragaria spp.) NS YML 0.18-0.24 178
Walnut (Juglans  July L 0.05-0.12 0.12-0.30 177
regia L.) July—August L 0.08 0.12 <0.30 178
D. Ornamentals
Chinese evergreen NS YML 0.20-0.40 49
(Aglaonema
commutatum
Schott.)
Allamanda NS YML 0.25-1.0 49
(Allamanda spp.)
Amancay or NS YML 0.30-0.75 49
Inca lily
(Alstroemeria
aurantiaca)
Anthurium spp. NS B+MR+P/ 0.20-0.75 49
YML
Asparagus fern NS YMCL 0.20-0.30 49
(Asparagus
densiflorus
Jessop)
Asparagus Myers NS YMCL 0.30-0.70 49
(Asparagus
densiflorus
Jessop)

Continued
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Azalea Fl YML on <0.20 0.29-0.50 198
(Rhododendron Fl shoot
indicum Sweet)
Baby’s breath NS YML 0.30-0.70 49
(Gypsophila
paniculata L.)
Begonia spp. NS YML 0.30-0.75 49
Bird of paradise =~ NS B+MR+P/ 0.20-0.40 49
(Caesalpinia YML
gilliesii Benth.)
Bougainvillea spp. NS YML 0.25-0.75 49
Boxwood, NS YML 0.30-0.50 49
Japanese
(Buxus japonica
Mull. Arg.)
Bromeliad Before FL 0.30-0.70 49
Aechmea
(Aechmea spp.)
Caladium NS B+MR 0.30-0.70 49
(Caladium spp.)
Calathea NS YML 0.20-0.50 49
(Calathea spp.) 5 mo SthprL <0.1-0.15 199

from A of Lat
Carnation 17 mo SthprL 0.25-0.30 199
(Dianthus from A of Lat
caryophyllus L.)  1.5-2 mo Unpinched <0.05 0.20-0.30 198
plants

Chrysanthemum  Veg.&Fl Upper L on <0.21 0.26-1.15 200
(Chrysanthemum Fl stem
xmorifolium
Ramat.)
Christmas cactus NS YML 0.60-1.0 49
(Opuntia
leptocaulis DC )
Dieffenbachia Near Maturity YML 0.20-0.35 201
(Dieffenbachia
exotica)
Dracaena NS YML 0.20-0.50 49
(Dracaena spp.)
Eugenia NS YML 0.40-0.80 49
(Eugenia spp.)
Fern, Birdsnest NS YML 0.30-0.50 49

(Asplenium
nidus L.)
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Fern, Boston 5-10 mo YMF 0.50-0.70 202
(Nephrolepis after planting
exaltata Schott.)
Fern, Leather-leaf NS YMF 0.25-0.50 49
(Rumohra
adaintiformis
G. Forst.)
Fern, Maiden-hair NS YMF 0.30-0.60 49
(Adiantum spp.)
Fern, Table NS YMF 0.21-0.30 49
(Pteris spp.)
Fern, Pine NS YML 0.25-1.0 49
(Podocarpus spp.)
Ficus spp. NS YML 0.10-0.50 49
Gardenia NS YML 0.16-0.40 49

(Gardenia

Jjasminoides Ellis)

Geranium Fl YML <0.28 0.40-0.67 198
(Pelargonium

zonale L. Her.)

Gladiolus NS YML 0.25-1.0 49

(Gladiolus
tristis L.)

Gloxinia NS YML 0.25-0.70 49
(Gloxinia spp.)

Hibiscus NS YML 0.25-1.0 49
(Hibiscus

syriacus L.)

Holly (Ilex NS YML 0.10-0.20 49
aquifolium L.)

Hydrangea, NS YML 0.25-0.70 49
Garden

(Hydrangea

macrophylla Ser.)

Ixora, Jungle NS 0.15-1.0 49

Flame (Ixora
coccinea L.)

Jasmine NS YML 0.18-0.50 49
(Jasminum spp.)

Juniper Mature Tips/Stem 0.20-0.75 49
(Juniperus spp.)  shoots

Kalanchoe NS 4L 0.25-1.0 49
(Kalanchoe spp.) from tip

Continued
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Japanese privet NS YML 0.20-0.50 49
(Ligustrum
Jjaponicum
Thunb.)
Lilac (Syringa NS YML 0.25-0.40 49
xpersica L.)
Lipstick plant NS YML 0.20-0.40 49
(Bixa orellana L.)
Liriope (Liriope ~ NS YML 0.25-0.35 49
muscari
L.H. Bailey)
Mandevilla NS YML 0.20-0.50 49
(Mandevilla spp.)
Nepthytis NS YML 0.20-0.50 49
(Syngonium
podophyllum
Schott.)
Natal plum NS 0.18-0.6 49
(Carissa
macrocarpa
A.DC)
Norfolk Island NS YML 0.20-0.30 49
pine (Araucaria
hetrophylla
Franco)
Orchid, Cattleya NS Scm tips / 0.07 0.11-0.17 49
(Cattleya spp.) YML
Orchid, NS Scm tips / 0.07 0.11-0.17 49
Cymbidium YML
(Cymbidium spp.)
Orchid, NS Scm tips 0.10 0.30-0.17 49
Phalaenopsis LYML
(Phalaenopsis spp.)
Philodendron, NS B+MR+P/ 0.20-0.40 49
Monstera YML
(Monstera

deliciosa Liebm.)

Philodendron, NS B+MR+P/ 0.25-0.40 49
Split leaf YML

(Philodendron

selloum C. Koch)

Pittosporum, NS YML 0.25-1.0 49
Japanese

(Pittosporum

tobira Ait.)
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Poinsettia Before Fl YML <0.20 0.30-0.70 198
(Euphorbia 70 DAE WP 0.30-0.37 203
pulcherrima
Willd.)
Pothos NS YML 0.20-0.50 49
(Epipremnum
aureum Bunt.)
Rose, Floribunda Harvest 2nd & 3rd 0.14 0.28-0.36 204
(Rosa floribunda 5-leaflet L
Groep.) from FI shoots
Rose, Hybrid Tea Harvest 2nd & 3rd 0.28-0.36 204
(Rosa spp.) 5-leaflet L

from FI shoot
Salvia NS YML 0.30-0.70 49
(Salvia spp.)
Sanservieria NS YML 0.15-0.40 49
(Sansevieria spp.)
Snapdragon NS YML 0.30-0.50 49
(Antirrhinum
majus L.)
Spathiphyllum <4 mo B+MR+P/ 0.25-1.0 49
(Spathiphyllum YML
wallisi Regel) >4 mo B+MR+P/ 0.20-0.80 49
YML

Spider plant NS YML 0.15-0.40 49
(Chlorophytum
comosum Jacques)
PStatice NS YMCL 0.30-0.70
(Limonium
perezii E'T. Hubb)
Umbrella plant NS Central L 0.20-0.35 205
(Schefflera spp.)
Viburnum NS YML 0.15-0.40 49
(Viburnum spp.)
Violet, African NS YML 0.30-0.70 49
(Saintpaulia
ionantha
H. Wendl.)
Yucca NS YML 0.15-0.80 49
(Yucca spp.)
Zebra plant NS YML 0.20-0.40 49

(Aphelandra
squarrosa Nees)

Continued
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference

E. Vegetable Crops

Asparagus Mid-growth Fern needles 0.17 0.20-0.23 43
(Asparagus from top
officinalis L.) YP 30cm
Mid-growth New fern from 0.08 0.16 206
10cm tip
PO,-P
Garden bean Harvest L 0.24 207
(Phaseolus Harvest Pods 0.30 207
vulgaris L.) Harvest Seeds 0.36 207
Mid-growth P/4th L from  0.10 0.30 206
tip PO,-P
Early Fl P/4th L from  0.08 0.20 206
tip PO,-P
Mature L 0.30 43
Beets Harvest L 0.15 0.28 0.56 43
(Beta Harvest R 0.10 0.27 0.62 43
vulgaris L.) NS YML 0.25-0.50 49
Broccoli Harvest Head 0.79-1.07 43
(Brassica Mid-growth MR/YML 0.25 0.50 206
oleracea var. PO,-P
italica Plenck Budding MR/YML 0.20 0.40 206)
PO,-P
Brussels sprouts ~ Mid-growth MR/YML 0.20 0.35 206
(Brassica PO,-P
oleracea var. Late-growth MR/YML 0.10 0.30 206
gemmifera Zenk.) PO,-P
Cabbage Harvest Head 0.13 0.38 0.77 43
(Brassica Heading MR/WL PO,-P 0.25 0.35 206
oleracea var.
capitata L..)
Carrot Harvest L 0.26 43
(Dacus carota Harvest R 0.14 0.33 0.65 43
var. sativis Mid-growth PYML PO,-P  0.20 0.40 206
Hoffm.)
Cauliflower Harvest L (immature 0.62-0.70 43
(Brassica 4 cm)
oleracea var. Harvest Heads 0.51 0.76 0.88 43
botrytis L.) Buttoning MR/YML 0.25 0.35 206
PO,-P
Celery Mid-season YML 0.30-0.50 208
(Apium Mid-season Outer P <0.55 209
graveolens var. Mid-season Outer P <0.46 210
dulce Pers.) Harvest Stalks 0.43 0.64 0.90 43
Mid-season P PO,-P 0.28-0.34 43
Mid-season PYML PO,-P  0.20 0.40 206

Near maturity PYML PO,-P  0.20 0.40 206



Phosphorus 69
TABLE 3.1 (Continued)
Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Cucumber Budding L/5th L 0.28-0.34 0.34-1.25 >1.25 49
(Cucumis from tip
sativus L.) Fruiting L/sth L 0.22-0.24 0.25-1.0 >1.0 49
from tip
Early fruiting ~ P/6th L from  0.15 0.25 206
tip PO,-P
Eggplant Mature leaves PYML 0.25-0.29 0.30-0.12 >1.2 49
(Solanum
melongena L)
Endive 8-L YML 0.45-0.80 211
(Cichorium Maturity YML 0.40-0.60 211
endiva L.) 8-L YML 0.54 212
Escarole 8-L YML 0.45-0.60 211
(Cichorium Maturity YML 0.35-0.45 211
endiva L.) 6-L YML 0.50 212
Lettuce 28 DAP L 0.55-0.76 213
(Lactuca 8-L stage MR/YML <043 214
sativa L.) Mid-growth MR/YML <0.40 215
Mid-growth MR/YML 0.35-0.60 216
Heading MR/YML 0.20 0.40 206
PO,-P
Harvest MR/YML 0.15 0.25 206
PO,-P
Melons Harvest B 0.25-0.40 208
(Cucumis Early growth ~ P/6th L from 0.20 0.40 206
melo L.) GT PO,-P
Early fruit P/6th L from  0.15 0.25 206
GT PO,-P
Ist Mature P/6th L from 0.10 0.20 206
fruit GT PO,-P
Onion 2-leaf 0.44 216
(Allium cepa L.)  4-leaf 0.31 216
6-leaf 0.34 216
Peas Mid-growth YML 0.25-0.35 208
(Pisum Early flowering L 0.33 207
sativum L.") Flowering Entire Tops 0.30-0.35 208
Entire Tops 0.19 0.29 43
Early flowering Pods 0.20 207
Harvest Seeds 0.35 207
Early flowering Pods 0.23 0.57 0.78 43
Pepper Mid-growth YML 0.30-0.70 208
(Capsicum Early-growth ~PYML PO,-P  0.20 0.30 206
annuum L.) Early fruit set PYML PO,-P  0.15 0.25 206
Potato Mid-growth PYML 0.20-0.40 208
(Solanum Tuber initiation 0.38-0.45 217
tuberosum L.) Tubers mature 0.14-0.17 217

Continued
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TABLE 3.1 (Continued)
Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
Early season P/4th L 0.12 0.20 206
from
growing tip
PO,-P
Mid-season P/4th L 0.08 0.16 206
from
growing tip
PO,-P
Late-season P/4th L 0.05 0.10 206
from
growing tip
PO,-P
Radish Maturity L <0.40 215
(Raphanus Maturity L <0.45 219
sativus L.)
Spinach 48 DAP L 0.10 0.25-0.35 43
(Spinacia 40-50 DAP YML 0.48-0.58 208
oleracea L.) Mature YML 0.30-0.50 208
Mature WP 0.27 0.72 1.17 43
Mid-growth PYML 0.20 0.40 206
PO,-P
Sweet corn Silking Ear-leaf <0.25 136
(Zea mays var. Silking Ear-leaf 0.20-0.30 208
rugosa Bonaf.) 8-L stage Ear-leaf <0.31 220
8-L stage Ear-leaf <0.38 221
Tasseling MR of 1st L 0.05 0.10 206
above ear
PO,-P
Sweet potato 4th L L 0.20 0.23 43
(Ipomoea Mid-growth ML 0.20-0.30 208
batatas Lam.) Harvest Tubers 0.06 0.12 0.22 43
Mid-growth P/6th L 0.10 0.20 206
from
GT PO,-P
Tomato Early fruiting L 0.24-0.35 0.42-0.72 43
(Lycoperscion Harvest YML <0.13 0.40 222
esculentum Mill.) Early bloom P/4th L 0.20 0.30 206
from
GT PO,-P
Fruit 2.5cm P/4th L 0.20 0.30 206
from
GT PO,-P
Fruit color P/4th L 0.20 0.30 207
from
GT PO,-P
‘Watermelon Flowering L/5th L 0.30-0.80 49
(Citrullus lanatus from tip
Matsum. & Nakai) Fruiting L/5th L 0.25-0.70 49

from tip
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TABLE 3.1 (Continued)

Growth Plant
Species Stage Part Deficient Low Sufficient High Reference
P/6th L P/6th L from 0.15 0.25 206
from tip GT PO,-P

Note: Phosphorus is reported in units of percent total phosphorus on a dry mass basis except where designated otherwise
under plant part. Units of PO,-P are phosphorus in sap of petioles or leaf midribs.
Abbreviations used for plant parts:

A = apex LB = leaf blade

B = blades MR = midrib

DAP = days after planting NS = not specified (pertaining to growth stage)

DAE = days after emergence P = petiole

DAfl= days after flowering PYML = petiole from young mature leaf

F = fern R =roots

Fl = flowers or flowering WP = whole aboveground plant

GT = growing tip YML = young mature leaves synonymous with recently mature leaf and most recently
L =leaves developed leaf

no other values were available, some values were drawn from sources that did not cite original
research (49). Generally, crops require a preplant application of phosphorus fertilizer in the case of
annual crops or before the fruiting cycle begins in the case of perennial crops. Diagnosis of a phos-
phorus deficiency by tissue analysis for annual crops is often postmortem for the existing crop.

3.2.3 SoIL TESTING FOR PHOSPHORUS

As noted in a previous section, crop response to phosphorus is correlated poorly to the total amount
of phosphorus in a soil. Therefore, a successful soil test should represent some index of phospho-
rus availability. The development of a soil test requires selection of an extractant, development of
studies that correlate the amount of nutrient extracted with phosphorus accumulation by crops, and
calibration studies that determine a relationship between soil test results and amount of fertilizer
required for optimal production.

Over the past century, a number of soil-testing procedures have been proposed, and several
excellent reviews on soil testing for phosphorus have been published (50-53).

This chapter focuses on historical developments, mode of action, and generalized interpreta-
tions of the major phosphorus soil tests utilized in the United States.

The major soil tests that have been used or proposed in the United States are summarized in Table
3.2. Most early soil tests were developed empirically and were based on simple correlations between
extractant and some measure of crop response to fertilization with phosphorus. However, based on the
phosphorus-fractionation method developed by Chang and Jackson (54), inferences have been made
concerning the mode of action, or the forms of phosphorus extracted by various solutions. The inferred
modes of action for various chemical extractant components are presented in Table 3.3. Generally,
water or dilute salt solutions characterize phosphorus in the soil solution or the intensity factor,
whereas acids, complexing solutions, or alkaline buffer solutions generally characterize the quantity
factor. Tests based on water extraction often correlate well with phosphorus accumulation in shallow-
rooted, fast- growing vegetable crops. However, soil tests capable of better characterizing the labile
fraction and capacity factor generally produce more reliable results for field and orchard crops.

An early soil test for phosphorus aimed at characterizing available phosphorus was the 1% cit-
ric acid test developed by Dyer (3). This test was adapted in England but was not used widely in the
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TABLE 3.2
Some Historical and Commonly Used Soil Test and Extracting
Solutions for Determining Available Soil Phosphorus

Name of Test Extractant Reference
AB-DPTA 1M NH,HCO; + 0.005 M DPTA, pH 5 59
Bray I 0.025 N HCI + 0.03 N NH,F 6
Bray II 0.1 NHCL +0.03 N NH,F

Citric acid 1% Citric acid 3
EDTA 0.02 M Na,-EDTA 61
Mehlich 1 0.05 M HC1 + 0.0125 M H,SO, 224
Mehlich 3 0.015 M NH,F + 0.2 M CH;COOH 56

+0.25 M NH,NO,+ 0.013 M HNO,

Morgan® 0.54 N HOAc + 0.7 N NaOAc, pH4 5
Olsen 0.5 M NaHCO;, pH 8.5 58
Truog 0.001 M H,SO, + (NH4),SO,, pH 3 4
Water® Water 225

3A modification of the Morgan by Wolf to include 0.18g/L DPTA gives better
correlations for micronutrients.

®From: C.A. Sanchez. Soil Testing and Fertilizer Recommendations for Crop
Production on Organic Soils in Florida. University of Florida Agricultural Experiment
Station Bulletin 876, Gainesville, 1990.

TABLE 3.3
Forms of Phosphorus Extracted by Constituent Components of
Commonly Used Soil Test Extractants?

Chemical Form of Phosphorus Extracted
Acid (HY) Solubilizes all chemical P in the following order Ca-P>Al-P>Fe-P
Bases (OH™) Solubilizes Fe-P and Al-P in respective order. Also results in

release of some organic P

Fluoride ion Forms complexes with Al thus releasing Al-P. Also precipitates Ca
as CaF, and thus will extract more Ca-P as CaHPO,. No effect on
basic Ca-P and Fe-P

Bicarbonate ions Precipitate Ca as CaCO, thus increasing solubility of Ca-P. Also
remove Al-bound P

Acetate ions Form weak complexes with polyvalent metal ions. Possibly pre-
vents readsorption of P removed by other ions

Sulfate ions Appear to reduce readsorption of P replaced by H ions

2Adapted from G.W. Thomas and D.E. Peaslee, in Soil Testing and Plant Analysis. Madison,
WI: Soil Sci. Soc. Am. Inc., 1973 and E.J. Kamprath and M.E. Watson, in The Role of
Phosphorus In Agriculture. American Society of Agronomy Inc. 677 South Segoe Road,
Madison WI 53711, 1980.

United States. A dilute acid test proposed by Truog (4) and a test based on a universal soil extract-
ing solution proposed by Morgan (5) were among the earliest soil tests used in the United States.

The test based on the Bray-I extractant was perhaps the first to be implemented widely in soil-test-

ing laboratories in the United States, and it is still extensively used in the midwestern United States.
This mild-acid solution has been shown reliably to predict crop response to phosphorus fertilization
on neutral to acidic soils. However, the test is much less effective in basic soils, where the acid is neu-
tralized quickly by the soil bases present and fluoride ions are precipitated by calcium (55).
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In the southeastern United States, the Mehlich 1 (M-I) soil-test extractant is used commonly for
simultaneous extraction of P, K, Ca, Mg, Cu, Mn, Fe, and Zn. The M-I soil test does not correlate
with crop response on calcareous soils probably for the same reasons the Bray-I test does not.
Consequently, the Mehlich 2 (M-1I) test was introduced as an extractant that would allow simulta-
neous determinations of the same nutrients over a wide range of soil properties. However, the cor-
rosive properties of the M-II in instruments discouraged wide acceptance of this extractant and
prompted modifications that ultimately became the Mehlich 3 (M-III) extraction. The M-III has
been shown to be reliable across a wide range of soil-crop production circumstances (56,57).

The sodium bicarbonate (NaHCO;) (58) soil test for phosphorus generally correlates well with
crop response on calcareous soils in the western United States. The NH,HCO,-DPTA (diethylene-
triaminepentaacetic acid) soil test also has been used for the simultaneous determination of P, K,
Zn, Fe, Cu, and Mn (59,60) and performs similar to the NaHCOj test with respect to phosphorus.
Another test that shows good correlations on calcareous soils is the EDTA (ethylenediaminete-
traacetic acid) soil test (61).

Isotopic dilution techniques (53) and phosphorus sorption isotherms (62) have been used not
only to characterize the labile phosphorus fraction but also the phosphorus-buffering capacity of
soils. However, these approaches are too tedious and costly to be used as routine soil tests.

Ultimately, soil-test phosphorus levels must be converted into phosphorus fertilizer recommen-
dations for crops. A useful starting point is the determination of critical soil-test levels, that is the
soil-test phosphorus level above which there is no response to phosphorus fertilizer. An example of
a critical phosphorus soil-test level based on water extraction for celery is shown in Figure 3.5.
Using the double calibration approach described by Thomas and Peaslee (50) information on how
much fertilizer is required to achieve the critical concentration would result in a fertilizer recom-
mendation. This approach is used for Histosols by the Soil Testing Laboratory at the University of
Florida. An example of resulting fertilizer recommendations for several commodities is shown in
Figure 3.6.

The laboratory mentioned above makes recommendations for Histosols over a limited geographi-
cal location. However, most soil-testing laboratories make recommendations over large geographical
area and across more diverse soil types. Under most situations, quantitative information on how phos-
phorus fertilizer additions change with soil-test phosphorus levels across a range of soil types rarely
exist. Owing to this uncertainty, most soil-testing laboratories make phosphorus fertilizer recommen-
dations based on probability of response using class interval grouping such as low, medium, and high.
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FIGURE 3.5 Critical soil-test phosphorus levels for large, harvest-size celery on Florida Histosols. (Adapted
from C.A. Sanchez et al., Soil Crop Sci. Soc. Fla. Proc. 29:69-72, 1989.)
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Crops produced on a soil scoring very low or low have a very high probability of responding to mod-
erate to high rates of fertilization. Crops produced on soils classified as medium frequently respond to
moderate rates of fertilization, and typically, crops produced on soils testing high for phosphorus would
not respond to fertilization (Table 3.4). General soil-test phosphorus interpretations for mineral soils in
California and Florida are shown in Tables 3.5 and 3.6 for comparative purposes. In California, only
the probability of response to NaHCO;-phosphorus is indicated, and it is presumed that specific fertil-
izer recommendations are left to service laboratories, crop consultants, or the grower. In Florida,
specific fertilizer recommendations for phosphorus are made for each level of M-I-extractable phos-
phorus. Furthermore, research aimed at validating and calibrating soil-test fertilizer recommendations
for phosphorus in Florida is ongoing (63-65). It must be stressed that all fertilizer recommendations
must be calibrated locally, and readers are advised to consult the cooperative extension service for
recommendation guidelines specific to their region.
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FIGURE 3.6 Fertilizer phosphorus recommendations for selected crops on Everglades Histosols. (Adapted
from C.A. Sanchez, Soil Testing and Fertilizer Recommendations for Crop Production on Organic Soils in
Florida. University of Florida Agricultural Experiment Station Bulletin 876, Gainesville, 1990.)

TABLE 3.4
Classifications for Soil Nutrient Tests and Yield Potential and Crop Response to Application
of Phosphorus-Containing Fertilizers

Classification Yield Potential and Need for Fertilizer

Very low Very high probability of response to fertilizer. Crop-yield potential less than 50% of maximum.
Deficiency symptoms possible. Highest recommended rate of fertilizer required

Low or poor High probability of response to fertilizer. Crop yield potential 50 to 75%. No pronounced
deficiency symptoms. Needs modest to high fertilizer application

Medium Crop yield potential >75% without fertilizer addition. Low to modest rates of fertilizer may be
required for economic maximum yield when yield potential high or for quality for high value

crops
High Very low probability of yield increase due to added fertilizer
Very High No positive response to fertilizer. Crop may be affected adversely by fertilizer addition

Source: Adapted from B. Wolf, Diagnostic Techniques for Improving Crop Production. Binghampton, New York: The
Hayworth Press Inc., 1996.
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TABLE 3.5
General Guidelines for Interpreting the NaHCO3 Phosphorus Test for
Fertilizing Vegetable Crops in California

Vegetable Response Likely (mg/kg) Response Unlikely (mg/kg)
Lettuce <20 >40
Muskmelon <8 >12

Onion <8 >12

Potato (mineral soils) <12 >25

Tomato <6 >12
Warm-season vegetables <5 >9

Cool-season vegetables <10 >20

Source: Adapted from Soil and Plant Testing in California, University of California, Division of
Agricultural Science Bulletin 1879 (1983). Modified based on personal communication with
Husien Ajwa, University of California, Davis.

3.3 FACTORS AFFECTING MANAGEMENT OF PHOSPHORUS FERTILIZATION

3.3.1 Cropr RESPONSE TO PHOSPHORUS

As noted in the previous section, the amounts of phosphorus applied to crops should be based ide-
ally on a well-calibrated soil test. However, even at a given soil-test phosphorus level, the amount
of phosphorus fertilizer required for economic-optimum yield often will vary with crop. Generally,
fast-growing, short-season vegetable crops have higher phosphorus requirements than field and
orchard crops. Many deciduous fruit crops infrequently respond to phosphorus fertilization even
if soil tests are low (47). It is presumed often that surface soil tests fail to characterize the full soil
volume where trees take up nutrients or the fact that trees take up nutrients over a considerable
time period.

There is considerable variability in phosphorus response among species of vegetable crops
(66-70). For example, lettuce generally shows larger responses to phosphorus than most other veg-
etable crops including cucurbit and brassica species. Furthermore, genetic variation in response to
phosphorus within species also exists. For example, Buso and Bliss (71), in sand culture experiments
found that some butterhead types of lettuce (Lactuca sativa L.) were less efficient than other types
under phosphorus-deficient regimes. However, the magnitude of this variation is usually small com-
pared to the uncertainties and natural variation in soil-test-based phosphorus fertilizer recommenda-
tions. Generally, field experiments show that lettuce has a similar response to phosphorus regardless
of cultivar or morphological type (72,73). As shown by the data presented in Figure 3.7, a similar
soil-test phosphorus index level of 22 mg dm? was required for maximum yield regardless of lettuce
type (73).

Mechanisms of phosphorus-utilization efficiency have been classified into three broad classes
including (a) secretion or exudation of chemical compounds into the rhizosphere, (b) variation in
the geometry or architecture of the root system, and (c) association with microorganisms (74).
Future opportunities for improving phosphorus-utilization efficiency in crops through genetic
manipulation of traits exist (75).

In conclusion, as available data permit, soil-test recommendations for phosphorus should be
customized by crop. However, at present, soil-test-based recommendations are generally not
sufficiently sensitive to allow recommendations to accommodate the more subtle genetic variation
among cultivars within crop species.
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TABLE 3.6
Phosphorus Fertilizer Recommendations for Various Vegetable Crops on
Sandy Soils in Florida Based on the Mehlich 1 Soil Test

Soil Test P (mg/kg) <10 10-15 16-30 31-60 >60
Classification Very Low Low Medium High Very High
Crop P Fertilizer Recommendation (kg/ha)

Bean 60 50 40 0 0
Beet 60 50 40 0 0
Broccoli 75 60 50 0 0
Brussel sprouts 75 60 50 0 0
Cabbage 75 60 50 0 0
Carrot 75 60 50 0 0
Cauliflower 75 60 50 0 0
Celery 100 75 50 0 0
Corn, sweet 75 60 50 0 0
Cucumber 60 50 40 0 0
Eggplant 75 60 50 0 0
Endive 75 60 50 0 0
Escarole 75 60 50 0 0
Kale 75 60 50 0 0
Lettuce 75 60 50 0 0
Muskmelon 75 60 50 0 0
Mustard 75 60 50 0 0
Okra 75 60 50 0 0
Onion/bulb 75 60 50 0 0
Onion/leek 60 50 40 0 0
Onion/bunching 60 50 40 0 0
Parsley 75 60 50 0 0
Pea 40 40 30 0 0
Pepper, bell 75 60 50 0 0
Potato 60 60 30 0 0
Potato, sweet 60 50 40 0 0
Pumpkin 60 50 40 0 0
Radish 60 50 40 0 0
Spinach 60 50 40 0 0
Squash 60 50 40 0 0
Strawberry 75 60 50 0 0
Tomato 75 60 50 0 0
Turnip 75 60 50 0 0
Watermelon 75 60 50 0 0

Source: Adapted from G. Hochmuth and E. Hanlon, IFAS Standarized Fertilization Recommendations
for Vegetable Crops. Fla. Coop. Ext. Serv. Circ. 1152, 1995.

3.3.2 SoiL WATER

Phosphorus availability is affected by soil water conditions. Soil water affects soil reactions gov-
erning the release and diffusion of phosphorus in the soil solution and ultimately the positional
availability of phosphorus relative to root growth. Generally, maximum availability of phosphorus
for most crops has been associated with a soil water tension of about 1/3 bar (76).

The dissolution of fertilizer phosphorus and all amorphous and mineral phosphorus compounds
in the soil depends on soil water. Furthermore, under anaerobic conditions, the reduction of ferric
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FIGURE 3.7 Response of five lettuce types to soil-test phosphorus. (Adapted from C.A. Sanchez and N.M.
El-Hout, HortScience 30:528-531, 1995.)

phosphates to ferrous phosphates might result in additional increased phosphorus solubility
(77,78). Nevertheless, it is the general view that with the exception of aquatic crops, excessive
water resulting in poor aeration would actually restrict phosphorus uptake by crops in spite of this
enhanced solubility. However, Bacon and Davey (79), using trickle irrigation in an orchard, noted
increased phosphorus availability during and immediately after each irrigation and noted that available
phosphorus decreased rapidly as soil moisture declined below field capacity. These authors attributed
this increased phosphorus availability to the reduction of amorphous iron phosphates in anaerobic
micro-sites.

The volume of soil that is occupied by water affects the cross-sectional area through which
phosphorus can diffuse (80). Thus, the lower the soil moisture, the more tortuous the path of
diffusion and the greater the likelihood of contact with soil constituents that render phosphorus
insoluble.

Under most conditions, phosphorus is applied near the soil surface. Thus, during dry periods in
nonirrigated production systems, crops largely draw soil moisture from lower soil depths, and phos-
phorus deficiencies can arise (81). This condition is generally not a problem in irrigated production
systems where root growth extends to near the soil surface.
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3.3.3 SoIL TEMPERATURE

Soil temperature affects reactions that govern the dissolution, adsorption and diffusion of phospho-
rus. Although sorption and desorption generally occur concurrently, an increase in soil temperature
increases kinetics of reactions (82) and enables more rapid equilibration among nonlabile, labile,
and solution phosphorus pools, resulting in more rapid replenishment of solution phosphorus as
phosphorus is taken up by crops. Sutton (83) concluded that most of the effect of temperature on
available phosphorus was due to inorganic reactions, since the effect occurred too rapidly to be
explained by microbial mineralization.

Soil temperature also has the potential to affect root uptake of phosphorus. With excised corn
roots in solution culture experiments, Carter and Lathwell (84) reported that absorption increased
as temperature was increased from 20 to 40°C. The effects of temperature on soil reactions may be
more important than effects on plant physiology. Singh and Jones (85) noted that changes in tem-
perature had a more pronounced effect on the phosphorus nutrition of Boston lettuce in soil culture
than in solution culture.

In production systems where crops are seeded and harvested over the same time interval each
year, soil temperature is unlikely to substantially confound soil-test-based fertilizer recommenda-
tions for phosphorus. However, in crop production situations where planting and harvesting are
extended over seasonal changes, such as many vegetable production systems, temperature
changes can affect the amount of fertilizer required for maximum production. Lingle and Davis
(86) reported that tomatoes seeded in cool soils showed a larger growth (dry mass) response to
phosphorus than those seeded in warm soils. Locascio and Warren (87) noted that tomato
(Lycopersicon esculentum Mill.) growth increased with applications up to 550 kg P/ha at 13°C but
only to 140kg P/ha at 21 or 30°C. Research has shown that the phosphorus rate required for max-
imum production of lettuce in deserts increased as temperatures during the growing season
decreased (88,89). Lettuce produced in the desert of southwestern United States is planted every
day from September through January and is harvested daily from November through April with
mean soil temperatures ranging from 4 to 18°C. As illustrated in Figure 3.8, soil-test levels for
phosphorus requirement for maximum lettuce yield decreased as mean soil temperature during
the growing season increased.

PS-P for optimal yield (mg/kg)
& 2 i

/
A

o
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1 1 1
9 10 11 12 13 14 15
Soil temperature (°C)

FIGURE 3.8 Soil test phosphorus level using phosphorus sorption (PS-P) required for maximum yield of let-
tuce as affected by soil temperature. (Adapted from Gardner and Sanchez, unpublished data.)
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3.3.4 SOURCES OF PHOSPHORUS

Most phosphorus-containing fertilizers are derived from mined phosphate rock. In some unique
production situations on acidic soils, phosphate rock can be used directly as a phosphorus source.
Most cropping systems show the best response to water-soluble phosphorus fertilizers. Water-solu-
ble phosphorus fertilizers are produced by reacting phosphate rock with sulfuric or phosphoric acid
(90). Ammonium phosphates are made by passing anhydrous ammonia through phosphoric acid.
This production includes diammonium phosphate and monoammonium phosphate.

The agronomic effectiveness of phosphorus fertilizers was reviewed by Engelstad and Terman (91).
Most crops require readily available phosphorus, and most soluble sources perform similarly. However,
in some situations the ammonium phosphates produce phytotoxicity (92), and their use is often discour-
aged when high amounts of phosphorus are required. For example, for economic reasons, diammonium
phosphate typically is broadcast applied for lettuce production in the southwestern desert, but its use is
discouraged when broadcast rates are high or when phosphorus fertilizer is banded near the plants.

Soluble, dry fertilizers and solution fertilizers perform similarly under many production sys-
tems. However, there are some unique production situations where solution sources may present
logistical advantages. Often solution sources are easier to use in band placement or point-injection
technologies. Generally, solution sources would be utilized in application with irrigation water.

In conclusion, under most conditions, cost considerations, available application technologies,
and the potential for phytotoxicity are the major determining factors influencing the selection of
sources of phosphorus fertilizers.

3.3.5 TIMING OF APPLICATION OF PHOSPHORUS FERTILIZERS

Overwhelming evidence indicates that for annual crops, phosphorus fertilizers should largely be
applied preplant. Phosphorus moves to plant roots primarily by diffusion, and young seedlings of
most annual crops are very sensitive to phosphorus deficits. Furthermore, yields of some crops often
fail to recover fully from transitory phosphorus deficits (93).

Grunes et al. (94) showed that the proportion of fertilizer phosphorus absorbed by sugar beets
(Beta vulgaris L.) decreased as the time of application was delayed. Lingle and Wright (95)
reported that muskmelons (Cucumis melo L.), which showed large responses to phosphorus at seed-
ing, showed no response to sidedressed phosphorus fertilization. Sanchez et al. (96) reported that a
preplant phosphorus deficit in lettuce could not be corrected by sidedressed fertilization. Preplant
broadcast or band applications are usually recommended for annual crops.

3.3.6 PLACEMENT OF PHOSPHORUS FERTILIZERS

The literature contains many accounts recording the positive effects of applying phosphorus fertil-
izer to a localized area, usually near the plant roots, as opposed to a general soil broadcast applica-
tion. Reviews on the subject of fertilizer placement should be consulted for detailed information
(97,98). Localized placement of phosphorus fertilizers might include row, band, or strip placement.

It is generally presumed that a localized or band application reduces fertilizer contact with the
soil thereby resulting in less phosphorus sorption and precipitation reactions and, thus, enhanced
availability to crops. However, for soils with a high phosphorus-fixing capacity, where phosphorus
is relatively immobile, placement of the fertilizer where root contact is enhanced may be an equally
or more important mechanism than restricting fixation (99-101).

The relative benefits of localized placement of phosphorus fertilizers are neither constant nor
universal across crop production situations. This fact is illustrated by a series of experiments that
the author conducted to improve phosphorus fertilizer use for vegetable crops produced on
Histosols (102,103). The amount of phosphorus required for lettuce production could be reduced
by at least 50% if phosphorus was banded instead of broadcast (Figure 3.9). However, band
placement was not a viable strategy for improving phosphorus-use efficiency for celery under the
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FIGURE 3.9 Marketable yield of lettuce as affected by phosphorus rate and placement. (Adapted from C.A.

Sanchez et al. J. Am. Soc. Hortic. Sci. 115:581-584, 1990.)
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FIGURE 3.10 Relative efficiency of broadcast to banded phosphorus for sweet corn as affected by soil-test

phosphorus level.

existing production system. For sweet corn (Zea mays rugosa Bonaf.), the relative efficiency of
banded to broadcast phosphorus depended on soil-test level (Figure 3.10). The relative efficiency
was greater than 3:1 (band:broadcast) at low soil-test phosphorus levels but approached 1:1 as soil-
test phosphorus approached the critical value. Others have reported a relationship between the rel-
ative efficiency of the localized placement of phosphorus and soil-test levels (105-107). Many
factors including crop root morphology, length of crop growing season, soil chemical and physical
characteristics, and crop cultural practices interact to influence the relative crop response to broad-

cast or band fertilization.
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3.3.7 FOLIAR-APPLIED PHOSPHORUS FERTILIZATION

Foliar fertilization with phosphorus is generally not practiced to the extent that it is done with nitro-
gen and micronutrient fertilizers although a limited amount of fertilizer phosphorus can be absorbed
by plant foliage. Silberstein and Witwer (108) tested various organic and inorganic phosphorus-con-
taining compounds on vegetable crops. They generally observed small responses in plant growth,
but some compounds caused injury at phosphorus concentrations as low as 0.16%. They concluded
that orthophosphoric acid was the most effective foliar phosphorus fertilizer evaluated. Barrel and
Black (109,110) reported that several condensed phosphates and some phosphate fertilizers con-
taining phosphorus and nitrogen could be applied at 2.5 to 3 times the quantity of orthophosphate
without causing leaf damage. Yields of corn and soybeans (Glycine max Merr.) were higher with
tri-polyphosphate and tetra-polyphosphate than with orthophosphate.

Teubner (111) reported that although about 12% of the phosphorus in the harvested plant parts
of some field-grown vegetable crops could be supplied through multiple foliar sprays, foliar phos-
phorus fertilization did not increase total phosphorus absorbed or crop yields. Upadhyay (112)
reported that the yield of soybeans were highest when all fertilizer phosphorus was soil-applied,
intermediate where 50% of the phosphorus was soil-applied and 50% foliar-applied, and lowest
where all the phosphorus was foliar-applied.

Some research suggests that phosphorus in combination with other nutrients might delay senes-
cence and increase yields, but results are inconsistent. Garcia and Hanway (113) reported that foliar
applications of N, P, K, and S mixtures during seed filling seemed to delay senescence and increase
yield in soybean and the complete mixture produced greater yields than foliar sprays where the mix-
ture was incomplete. Subsequent work with soybeans by others ranged from no-yield response (114)
to yield reduction (115) for foliar mixtures containing phosphorus. Similar negative responses have
been obtained with other crops. Harder et al. (116,117) observed temporary decrease in photosyn-
thesis and a decrease in grain yield of corn (Zea mays L.) receiving foliar N, P, K, and S. Batten and
Wardlaw (118) reported that applying monobasic ammonium phosphate to the flag-leaf of phos-
phate-deficient wheat (Triticum aestivum L.) delayed senescence but failed to increase grain yield.

Because only a modest portion of the crop’s total phosphorus requirement can be met by foliar
application and foliar fertilization does not produce consistent positive responses where residual
soil phosphorus or soil-applied fertilizer phosphorus is sufficient, foliar fertilization with phospho-
rus is seldom recommended as a substitute for soil fertilization practices.

3.3.8 FERTILIZATION IN IRRIGATION WATER

Although application of fertilizer in irrigation water (fertigation) is a common practice with mobile
nutrients such as nitrogen, it is less common with phosphorus because of concerns about efficiency
of utilization. Owing to the soil reactions discussed in a previous section, it is often presumed that
much of the phosphorus applied with water will be tied up at its point of contact with the soil.
Nevertheless, there are some situations where fertigation is a viable and economical means of deliv-
ering phosphorus for crop production.

The downward movement of phosphorus in soil is influenced strongly by soil texture as shown
in the laboratory (119,120) and field experiments (121,122). In one study, sprinkler-applied phos-
phorus moved to a depth of approximately 5 cm in a clay loam soil and to approximately 18 cm in
a loamy sand (121). On a basin surface-irrigated Superstition sand that received 91 cm of water,
phosphorus moved to a depth of 45 cm (123).

Phosphorus source seems to be another important factor affecting phosphorus movement in
soils and thus the efficacy of fertigation. Stanberry et al. (124), using radioautographs to trace P32
movement in Superstition sand, noted that phosphorus from phosphoric acid and monocalcium
phosphate moved vertically across the length of the photographic film (20 cm) compared to dical-
cium phosphate and tricalcium phosphate, which showed negligible movement. Lauer (122)
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reported that sprinkler-applied monoammonium phosphate, urea phosphate, and phosphoric acid
showed similar movement in soils. However, ammonium polyphosphate penetrated only to 60 to
70% of the depth of the other sources. Rauschkolb (125) reported that glycerophosphate moved
slightly farther than orthophosphate when injected through a trickle-irrigation system but phospho-
rus from both sources moved a sufficient distance into the root zone such that phosphorus avail-
ability was adequate for tomatoes. O’Neill (126) reported that orthophosphoric acid applied in the
irrigation water for trickle-irrigated citrus (Citrus spp. L.) was delivered to a greater soil volume
than triple superphosphate applied directly below the emitter. The phosphoric acid also lowered the
pH of the irrigation water sufficiently to eliminate clogging problems associated with the precipita-
tion of phosphorus in the irrigation lines.

In established perennial crops such as citrus or deciduous fruits, fertigation is often a viable means
of phosphorus delivery, regardless of the method of irrigation, because tractor application and incorpo-
ration would likely cause root damage and broadcast application would not necessarily be more
efficient than fertigation. For fast-growing annual crops, where most phosphorus should be applied pre-
plant, fertigation might not result consistently in production benefits compared to band application but
might be economical or even necessary depending on the opportunities and constraints of the irrigation
delivery system. Bar-Yosef et al. (127) noted no difference between broadcast and drip-injected phos-
phorus for sweet corn on a sandy soil. Carrijo et al. (128) reported that phosphorus applied through the
irrigation system was more efficient than preplant incorporation for tomato produced on sandy soils
testing low in phosphorus. Reports that phosphorus fertigation sometimes produced positive responses
have been attributed to band-like effects where phosphorus is delivered in or close to the root zone and
not widely mixed with the soil (128,129). Overall, the efficacy of phosphorus fertigation depends on
soil texture, phosphorus source, irrigation method and amount, and cropping system utilized.
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4.1 HISTORICAL INFORMATION

Ever since ancient classical times, materials that contained potassium have been used as fertilizers,
such as excrement, bird manure, and ashes (1), and these materials certainly contributed to crop
growth and soil fertility. However, in those days people did not think in terms of modern chemical ele-
ments. Even an excellent pioneer of modern chemistry, Antoine Laurent de Lavoisier (1743-1794),
assumed that the favorable effect of animal excrement was due to the humus present in it (2). Humphry
Davy (1778-1827) discovered the chemical element potassium and Martin Heinrich Klaproth
(1743-1817) was the first person to identify potassium in plant sap (3). Home (1762, quoted in 4)
noted in pot experiments that potassium promoted plant growth. Carl Sprengel (1787—-1859) was the
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first to propagate the idea that plants feed from inorganic nutrients and thus also from potassium (5).
Justus Liebig (1803—1873) emphasized the importance of inorganic plant nutrients as cycling between
the living nature and the inorganic nature, mediated by plants (6). He quoted that farmers in the area
of Giessen fertilized their fields with charcoal burners’ ash and prophesied that future farmers would
fertilize their fields with potassium salts and with the ash of burned straw. The first potash mines for
the production of potash fertilizer were sunk at Stassfurt, Germany in 1860.

4.2 DETERMINATION OF ESSENTIALITY

Numerous solution culture and pot experiments with K*-free substrates have shown that plants do
not grow without K*. As soon as the potassium reserves of the seed are exhausted, plants die. This
condition may also occur on strongly K*-fixing soils. In contrast to other plant nutrients such as N,
S, and P, there are hardly any organic constituents known with K* as a building element. Potassium
ions activate various enzymes, which may also be activated by other univalent cationic species with
a similar size and water mantle such as NH,*, Rb*, and Cs* (7). These other species, however, play
no major role under natural conditions as the concentrations of Cs*, Rb*, and also NH,* in the tis-
sues are low and will not reach the activation concentration required. In vitro experiments have
shown that maximum activation is obtained within a concentration range of 0.050 to 0.080 M K*.
Ammonium may attain high concentrations in the soil solution of flooded soils, and ammonium
uptake rates of plant species such as rice (Oryza sativa L.) are very high. In the cytosol, however,
no high NH,* concentrations build up because NH,* is assimilated rapidly, as was shown for rice
(8). Activation of enzymes in vivo may occur at the same high K* concentration as seen in in vitro
experiments, as was shown for ribulose bisphosphate carboxylase (9).

It is assumed that K* binds to the enzyme surface, changing the enzymic conformation and thus
leading to enzyme activation. Recent research has shown that in the enzyme dialkyl-glycine car-
boxylase, K™ is centered in an octahedron with O atoms at the six corners. As shown in Figure 4.1,
these O atoms are provided by three amino acyls, one water molecule, and the O of hydroxyl groups
of each of serine and aspartate (10). As compared with Na*, the K* binding is very selective
because the dehydration energy required for K* is much lower than for Na*. If the latter binds to
the enzyme, the natural conformation of the enzyme is distorted, and the access of the substrate to
the binding site is blocked. Lithium ions (Li*) inactivate the enzyme in an analogous way. It is sup-
posed that in most K*-activated enzymes, the required conformation change is brought about by the
central position of K* in the octahedron, where its positive charge attracts the negative site of the
O atom located at each corner of the octahedron. This conformation is a unique structure that gives
evidence of the unique function of K*. In this context, it is of interest that the difference between
K* and Na* binding to the enzyme is analogous to the adsorption of the cationic species to the

Asp

C
((\'\“0 ao\d / e ° AN h ,h% Qg
(o4
a H Ser

FIGURE 4.1 Potassium complexed by organic molecules of which the oxygen atoms are orientated to the
positive charge of K*. (Adapted from K. Mengel and E.A. Kirkby, Principles of Plant Nutrition. 5th ed.
Dordrecht: Kluwer Academic Publishers, 2001.)
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TABLE 4.1
Effect of Metal Chlorides on the H* Release by Roots of Intact Maize Plants

Treatment of Water or Chloride Salt
Outer medium H,0 K* Na* Ca’* Mgt
H* release (umol/pot) 29.5 128%#%* 46.5% 58.1% 78%**
Significant difference from the control (H,0) at *P= 0.05, **P=0.01, and ***P=0.001, respectively.
Source: From K. Mengel and S. Schubert, Plant Physiol. 79:344-348, 1985.

interlayer of some 2:1 clay minerals, where the adsorption of K* is associated with the dehydration
of the K*, thus leading to a shrinkage of the mineral; Na* is not dehydrated and if it is adsorbed to
the interlayer, the mineral is expanded.

It is not yet known how many different enzymes activated by K* possess this octahedron as the
active site. There is another enzyme of paramount importance in which the activity is increased by K*,
namely the plasmalemma H*-ATPase. This enzyme is responsible for excreting H* from the cell. As
can be seen from Table 4.1 the rate of H" excretion by young corn (Zea mays L..) roots depends on
the cationic species in the outer solution, with the lowest rate seen in the control treatment, which was
free of ions. The highest H™ release rate was in the treatment with K*. Since the other cationic
species had a promoting effect on the H* release relative to pure water, the influence of K* is not
specific. However, a quantitative superiority of K* relative to other cations may have a beneficial
impact on plant metabolism since the H concentration in the apoplast of root cells is of importance
for nutrients and metabolites taken up by H* cotransport as well as for the retrieval of such metabo-
lites (11). The beneficial effect of cations in the outer solution is thought to originate from cation
uptake, which leads to depolarization of the plasma membrane so that H* pumping out of the cytosol
requires less energy. This depolarizing effect was highest with K™, which is taken up at high rates
relative to other cationic species. High K™ uptake rates and a relatively high permeability of the plas-
malemma for K™ are further characteristics of K*, which may also diffuse out of the cytosol across
the plasma membrane back into the outer solution.

4.2.1 FUNCTION IN PLANTS

4.2.1.1 Enzyme Activation

The function of potassium in enzyme activation was considered in the preceding section.

4.2.1.2 Protein Synthesis

A probable function of potassium is in polypeptide synthesis in the ribosomes, since that process
requires a high K* concentration (12). Up to now, however, it is not clear which particular enzyme
or ribosomal site is activated by K*. There is indirect evidence that protein synthesis requires K*
(13). Salinity from Na* may affect protein synthesis because of an insufficient K* concentration in
leaves and roots, as shown in Table 4.2 (14). Sodium chloride salinity had no major impact on the
uptake of 'N-labelled inorganic N but severely depressed its assimilation and the synthesis of
labelled protein. In the treatment with additional K™ in the nutrient solution, particularly in the
treatment with 10 mM K*, assimilation of inorganic N and protein synthesis were at least as good
as in the control treatment (no salinity). In the salinity treatment without additional K*, the K* con-
centrations in roots and shoots were greatly depressed. Additional K* raised the K* concentrations
in roots and shoots to levels that were even higher than the K* concentration in the control treat-
ment, and at this high cytosolic K* level, protein synthesis was not depressed.
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TABLE 4.2
Effect of Na* Salinity on the K* Concentration in Barley Shoots and on >N Incorporation
in Shoots

Total >N % of Total % Total >N
K (mmol/kg  (mg/kg fresh % of Total >N in Soluble in Inorganic
Treatment fresh weight) weight) 15N in Protein Amino N N Compounds
Control 1260 54.4 439 53.1 3.0
80 mM NaCl 800 554 28.7 51.3 20.0
80 mM NaCl + 5mM KCl 1050 74.2 399 53.8 6.3
80mM NaCl + 10 mM KClI 1360 74.5 49.0 50.1 0.9

Note: "N solution was applied to roots of intact plants for 24 h. After pre-growth of plants in a standard nutrient solution for
5 weeks, plants were exposed to nutrient solutions for 20 days differing in Na* and K* concentrations.

Source: From H.M. Helal and K. Mengel, Plant Soil 51:457-462, 1979.

4.2.1.3 lon Absorption and Transport

4.2.1.3.1 Potassium Absorption

Plant membranes are relatively permeable to K due to various selective K* channels across the
membrane. Basically, one distinguishes between low-affinity K* channels and high-affinity chan-
nels. For the function of the low-affinity channels, the electrochemical difference between the
cytosol and the outer medium (liquid in root or leaf apoplast) is of decisive importance. The K™ is
imported into the cell for as long as the electrochemical potential in the cytosol is lower than in the
outer solution. With the import of the positive charge (K*) the electrochemical potential increases
(decrease of the negative charge of the cytosol) and finally attains that of the outer medium, equi-
librium is attained, and there is no further driving force for the uptake of K* (15). The negative
charge of the cytosol is maintained by the activity of the plasmalemma H* pump permanently
excreting H* from the cytosol into the apoplast and thus maintaining the high negative charge of
the cytosol and building up an electropotential difference between the cytosol and the apoplast in
the range of 120 to 200 mV. If the plasmalemma H* pumping is affected (e.g., by an insufficient
ATP supply), the negative charge of the cytosol drops, and with it the capacity to retain K*, which
then streams down the electrochemical gradient through the low-affinity channel, from the cytosol
and into the apoplast. Thus in roots, K* may be lost to the soil, which is, for example, the case under
anaerobic conditions. This movement along the electrochemical gradient is also called facilitated
diffusion, and the channels mediating facilitated diffusion are known as rectifying channels (16).
Inwardly and outwardly directed K* channels occur, by which uptake and retention of K are reg-
ulated (17). Their ‘gating’ (opening and closure) are controlled by the electropotential difference
between the cytosol and the apoplast. If this difference is below the electrochemical equilibrium,
which means that the negative charge of the cytosol is relatively low, outwardly directed channels
are opened and vice versa. The plasmalemma H*-ATPase activity controls the negative charge of
the cytosol to a high degree since each H* pumped out of the cytosol into the apoplast results in an
increase of the negative charge of the cytosol. Accordingly, hampering the ATPase (e.g., by low
temperature) results in an outwardly directed diffusion of K* (18). Also, in growing plants, dark-
ness leads to a remarkable efflux of K* into the outer solution, as shown in Figure 4.2. Within a
period of 4 days, the K* concentration in the nutrient solution in which maize seedlings were grown
increased steadily under dark conditions, whereas in light it remained at a low level of <10 uM
(19). The outwardly directed channels may be blocked by Ca?* (20). The blocking may be respon-
sible for the so-called Viets effect (21), which results in an enhanced net uptake of potassium
through a decrease in K* efflux (22).
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FIGURE 4.2 Potassium concentration changes in the nutrient solution with young intact maize plants
exposed to light or dark over 4 days. (Adapted from K. Mengel, in Frontiers in Potassium Nutrition: New
Perspectives on the Effects of Potassium on Physiology of Plants. Norcross, GA: Potash and Phosphate
Institute, 1999, pp. 1-11.)

4.2.1.3.2 Potassium Transport within Tissues

Opening and closure of K* channels are of particular relevance for guard cells (23), and the mech-
anism of this action is controlled by the reception of red light, which induces stomatal opening (24).
Diurnal rhythms of K* uptake were also found by Le Bot and Kirkby (25) and by MacDuff and
Dhanoa (26), with highest uptake rates at noon and lowest at midnight. Energy supply is not
the controlling mechanism, which still needs elucidation (26). Owing to the low-affinity channels,
K* can be quickly transported within a tissue, and also from one tissue to another. This feature of
K* does not apply for other plant nutrients. The low-affinity channel transport requires a relatively
high K* concentration in the range of >0.1mM (17). This action is mainly the case in leaf
apoplasts, where the xylem sap has K* concentrations > 1 mM (27). At the root surface, the K*
concentrations may be lower than 0.1 mM, and here high-affinity K* channels are required, as well
as low-affinity channels, for K* uptake.

The principle of high-affinity transport is a symport or a cotransport, where K* is transported
together with another cationic species such as H* or even Na*. The K*-H* or K*-Na* complex
behaves like a bivalent cation and has therefore a much stronger driving force along the electro-
chemical gradient. Hence, K* present near the root surface in micromolar concentrations is taken up.

Because of these selective K* transport systems, K* is taken up from the soil solution at high
rates and is quickly distributed in plant tissues and cell organelles (28). Potassium ion distribution
in the cell follows a particular strategy, with a tendency to maintain a high K* concentration in the
cytosol, the so-called cytoplasmic potassium homeostasis, and the vacuole functions as a storage
organelle for K* (29). Besides the H"-ATPase, a pyrophosphatase (V-PPase) is also located in the
tonoplast, for which the substrate is pyrophosphate. The enzyme not only pumps H* but also K*
into the vacuole, and thus functions in the cytoplasmic homeostasis (Figure 4.3). This mechanism
is an uphill transport because the vacuole liquid is less negatively charged than the cytosol. In Table
4.3, the typical pattern of K* concentration in relation to K* supply is shown (30). The cytosolic
K* concentration remains at a high level almost independently of the K* concentration in the nutri-
ent solution, whereas the vacuolar K* concentration reflects that of the nutrient solution.

4.2.1.3.3 Osmotic Function

The high cytosolic K* concentration required for polypeptide synthesis is particularly important in
growing tissues; the K* in the vacuole not only represents K* storage but also functions as an indis-
pensable osmoticum. In most cells, the volume of the vacuole is relatively large, and its turgor is
essential for the tissue turgor. The osmotic function is not a specific one as there are numerous
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FIGURE 4.3 Pyrophosphatase located in the tonoplast and pumping H* or K* from the cytosol into the vacuole.

TABLE 4.3
K* Concentrations in the Cytosol and Vacuole as Related
to the K* Concentration in the Outer Solution

K* Concentration (mM)

Outer Solution Vacuole Cytosol
1.2 85 144
0.1 61 140
0.01 21 131

Source: From M. Fernando et al., Plant Physiol. 100:1269-1276, 1992.

organic and inorganic osmotica in plants. There is a question, however, as to whether these can be
provided quickly to fast-growing tissues, and in most cases it is the K* that is delivered at sufficient
rates. In natrophilic species, Na* may substitute for K* in this osmotic function. The high vacuolar
turgor in expanding cells produces the pressure potential required for growth. This pressure may be
insufficient (p<<0.6MPa) in plants suffering from K* deficiency (31). In Figure 4.4, pressure
potentials and the related cell size in leaves of common bean (Phaseolus vulgaris L.) are shown.
Pressure potentials (turgor) were significantly higher in the treatment with sufficient K* compared
with insufficient K™ supply. This higher turgor (y,) promoted cell expansion, as shown in the lower
part of Figure 4.4. From numerous observations, it is well known that plants insufficiently supplied
with K* soon lose their turgor when exposed to water stress. In recent experiments it was found that
K* increased the turgor and promoted growth in cambial tissue (32). The number of expanding cells
derived from cambium was reduced with insufficient K* nutrition.

4.2.1.4 Photosynthesis and Respiration

Potassium ion transport across chloroplast and mitochondrial membranes is related closely to the
energy status of plants. In earlier work, it was shown that K* had a favorable influence on photore-
duction and photophosphorylation (33). More recently, it was found that an ATPase located in the
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FIGURE 4.4 Pressure potential (¢,) and cell size in leaves of common bean (Phaseolus vulgaris L.)
insufficiently (K,) and sufficiently (K,) supplied with K*. (Adapted from K. Mengel and W.W. Arneke,
Physiol. Plant 54:402-408, 1982.)

inner membrane of chloroplasts pumps H* out of the stroma and thus induces a K* influx into the
stroma via selective channels (34). The K* is essential for H* pumping by the envelope-located
ATPase (35). Were it not for a system to pump H* from the illuminated chloroplast, the increase in
stromal pH induced by the electron flow in the photosynthetic electron-transport chain would
quickly dissipate (34). This high pH is a prerequisite for an efficient transfer of light energy into
chemical energy, as was shown by a faster rate of O, production by photolysis in plants treated with
higher K* concentration (36). The favorable effect of K* on CO, assimilation is well documented
(37,38). An increase in leaf K concentration was paralleled by an increase in CO, assimilation and
by a decrease in mitochondrial respiration (38). Obviously, photosynthetic ATP supply substituted
for mitochondrial ATP in the leaves with the high K* concentration. Thus, K* had a beneficial
impact on the energy status of the plant.

4.2.1.5 Long-Distance Transport

Long-distance transport of K* occurs in the xylem and phloem vessels. Loading of the xylem occurs
mainly in the root central cylinder, where protoxylem and xylem vessels are located adjacent to xylem
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parenchyma cells. The K* accumulates in the parenchyma cells (Figure 4.5) and is transported from
there across the plasmalemma and the primary cell wall and through pits of the secondary cell wall
into the xylem vessels (39). There is evidence that the outward-rectifying channels allow a K* flux
(facilitated diffusion) from the parenchyma cells into the xylem vessel (40,41). The release of K* into
the xylem sap decreases its water potential and thus favors the uptake of water (42). The direction of
xylem sap transport goes along the transpiration stream and hence from root to leaves. The direction
of the phloem sap transport depends on the physiological conditions and goes toward the strongest
sinks. These may be young growing leaves, storage cells of roots, or fleshy fruits like tomato.

Phloem sap is rich in K*, with a concentration range of 60 to 100 mM (43). Potassium ions are
important for phloem loading and thus phloem transport. It was shown that K* particularly promotes
the uptake of sucrose and glutamine into the sieve cells at high apoplastic pH (44). These metabo-
lites presumably are taken up into the sieve vessels via a K* cotransport (Figure 4.5). This process
is important, since in cases in which insufficient H* are provided by the plasmalemma H* pump, and
thus the apoplastic pH is too high for a H* cotransport of metabolites, K* can substitute for H* and
the most important metabolites required for growth and storage, sucrose and amino compounds, can
be transported along the phloem. Hence the apoplastic K* concentration contributes much to phloem
loading (Figure 4.5). This occurrence is in line with the observation that the phloem flow rate in cas-
tor bean (Ricinus communis L.) was higher in plants well supplied with K* than in plants with a low
K™ status (43). The favorable effect of K* on the transport of assimilates to growing plant organs has
been shown by various authors (45).

Potassium ions cycle via xylem from roots to upper plant parts and via phloem from leaves to
roots. The direction depends on the physiological demand. During the vegetative stage, the primary
meristem is the strongest sink. Here, K* is needed for stimulating the plasmalemma ATPase that pro-
duces the necessary conditions for the uptake of metabolites, such as sucrose and amino acids. High
K* concentrations are required in the cytosol for protein synthesis and in the vacuole for cell expan-
sion (Figure 4.4). During the generative or reproductive phase, the K* demand depends on whether
or not fruits rich in water are produced, such as apples or vine berries. These fruits need K* mainly
for osmotic balance. Organs with a low water content, such as cereal grains, seeds, nuts, and cotton
bolls, do not require K* to a great extent. Provided that cereals are well supplied with K* during the
vegetative stage, K* supply during the generative stage has no major impact on grain formation (46).

Apoplast | Companion cell Sieve cell
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FIGURE 4.5 Cotransport of K*/sucrose and K*/glutamine from the apoplast into the companion cell, and
from there into the sieve cell, driven by the plasmalemma ATPase.
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However, for optimum grain filling, a high K™ concentration in the leaves is required for the translo-
cation of assimilates to the grains and for protein synthesis in these grains (47).

The generative phase of cereal growth requires hardly any K*, but still appreciable amounts
of N. In such cases, nitrate uptake of the plants is high and K* uptake low. The K* is recycled via
the phloem from the leaves to the roots, where K™ may enter the xylem again and balance the neg-
ative charge of the NO; (48). Both the ionic species, K* and nitrate, are efficient osmotica and are
thus of importance for the uptake of water into the xylem (49). In the phloem sap, K* balances the
negative charge of organic and inorganic anions.

In storage roots and tubers, K* is required not only for osmotic reasons, but it may also have a
more specific function. From work with sugar beet (Beta vulgaris L.) roots, a K*-sucrose cotrans-
port across the tonoplast into the vacuole, driven by an H*/K™* antiport cycling the K* back into the
cytosol, was postulated (50).

4.3 DIAGNOSIS OF POTASSIUM STATUS IN PLANTS

4.3.1 SYMPTOMS OF DEFICIENCY

The beginning of K* deficiency in plants is growth retardation, which is a rather nonspecific symp-
tom and is thus not easily recognized as K* deficiency. The growth rate of internodes is affected
(51), and some dicotyledonous species may form rosettes (52). With the advance of K* deficiency,
old leaves show the first symptoms as under such conditions K* is translocated from older to
younger leaves and growing tips via the phloem. In most plant species, the older leaves show
chlorotic and necrotic symptoms as small stripes along the leaf margins, beginning at the tips and
enlarging along leaf margins in the basal direction. This type of symptom is particularly typical for
monocotyledonous species. The leaf margins are especially low in K*, and for this reason, they lose
turgor, and the leaves appear flaccid. This symptom is particularly obvious in cases of a critical
water supply. In some plant species, e.g., white clover (Trifolium repens L.), white and necrotic
spots appear in the intercostal areas of mature leaves, and frequently, these areas are curved in an
upward direction. Such symptoms result from a shrinkage and death of cells (53) because of an
insufficient turgor. Growth and differentiation of xylem and phloem tissue is hampered more than
the growth of the cortex. Thus, the stability and elasticity of stems is reduced so that plants are more
prone to lodging (54). In tomato (Lycopersicon esculentum Mill.) fruits insufficiently supplied with
K*, maturation is disturbed, and the tissue around the fruit stem remains hard and green (55). The
symptom is called greenback and it has a severe negative impact on the quality of tomato.

At an advanced stage of K* deficiency, chloroplasts (56) and mitochondria collapse (57).
Potassium-deficient plants have a low-energy status (58) because, as shown above, K* is essential
for efficient energy transfer in chloroplasts and mitochondria. This deficiency has an impact on
numerous synthetic processes, such as synthesis of sugar and starch, lipids, and ascorbate (59) and
also on the formation of leaf cuticles. The latter are poorly developed under K* deficiency (15).
Cuticles protect plants against water loss and infection by fungi. This poor development of cuticles
is one reason why plants suffering from insufficient K* have a high water demand and a poor water
use efficiency (WUE, grams of fresh beet root matter per grams of water consumed). Sugar beet
grown with insufficient K*, and therefore showing typical K* deficiency, had a WUE of 5.5. Beet
plants with a better, but not yet optimum, K* supply, and showing no visible K* deficiency symp-
toms, had a WUE of 13.1, and beet plants sufficiently supplied with K* had a WUE of 15.4 (60).
Analogous results were found for wheat (Triticum aestivum L.) grown in solution culture (61). The
beneficial effect of K* on reducing fungal infection has been observed by various authors (54,61,62).
The water-economizing effect of K* and its protective efficiency against fungal infection are of great
ecological relevance.

Severe K* deficiency leads to the synthesis of toxic amines such as putrescine and agmatine; in
the reaction sequence arginine is the precursor (63). The synthetic pathway is induced by a low
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cytosolic pH, which presumably results from insufficient pumping of H* out of the cell by the plas-
malemma H*-ATPase, which requires K* for full activity. The reaction sequence is as follows:

¢ Arginine is decarboxylated to agmatine
¢ Agmatine is deaminated to carbamylputrescine
* Carbamylputrescine is hydrolyzed into putrescine and carbamic acid

4.3.2 SYMPTOMS OF EXCESS

Excess K* in plants is rare as K* uptake is regulated strictly (64). The oversupply of K™ is not char-
acterized by specific symptoms, but it may depress plant growth and yield (65). Excess K* supply
has an impact on the uptake of other cationic species and may thus affect crop yield and crop qual-
ity. With an increase of K* availability in the soil, the uptake of Mg?* and Ca’>" by oats (Avena
sativa L.) was reduced (66). This action may have a negative impact for forage, where higher Mg?*
concentrations may be desirable. The relationship between K* availability and the Mg?" concen-
trations in the aerial plant parts of oats at ear emergence is shown in Figure 4.6 (66). From the
graph, it is clear that the plants took up high amounts of Mg?* only if the K* supply was not
sufficient for optimum growth. High K* uptake may also hamper the uptake of Ca’>" and thus con-
tribute to the appearance of bitter pit in apple (Malus pumila Mill.) fruits (67) and of blossom-end
rot in tomato fruits, with strong adverse effects on fruit quality (55).

The phenomenon that one ion species can hamper the uptake of another has been known for
decades and is called ion antagonism or cation competition. In this competition, K* is a very strong
competitor. If it is present in a relatively high concentration, it particularly affects the uptake of Na™,
Mg?*, and Ca?*. If K* is not present in the nutrient solution, the other cationic species are taken up
at high rates. This effect is shown in Table 4.4 for young barley (Hordeum vulgare L.) plants grown
in solution culture (68). In one treatment with the barley, the K* supply was interrupted for 8 days,
having a tremendous impact on the Na*, Mg?*, and Ca?" concentrations in roots and shoots as
compared with the control plants with a constant supply of K*. The sum of cationic equivalents in
roots and shoots remained virtually the same. This finding is explained by the highly efficient uptake
systems for K* as compared with uptake of the other cationic species. Uptake of K* leads to a par-
tial depolarization of the plasmalemma (the cytosol becomes less negative due to the influx of K™).
This depolarization reduces the driving force for the uptake of the other cationic species, which are
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FIGURE 4.6 Effect of K* availability expressed as K™ diffusion rate in soils on the Mg concentration in the
aerial plant parts of oats at ear emergence and on grain yield (Adapted from H. Grimme et al., Biintehof Abs.
4:7-8, 1974/75.)
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TABLE 4.4
Effect of Interrupting the K* Supply for 8 Days on the Cationic Elemental
Concentrations in Roots and Shoots of Barley Plants

Elemental Concentration (me/kg dry weight)

Roots Shoots
Element Control Interruption Control Interruption
K 1570 280 1700 1520
Ca 90 120 240 660
Mg 360 740 540 210
Na 30 780 trace 120
Total 22,050 1920 2480 2510

Source: From H. Forster and K. Mengel, Z. Acker-Pflanzenbau 130:203-213, 1969.

otherwise taken up by facilitated diffusion. In the roots, the absence of K* in the nutrient solution
promoted especially the accumulation of Na*, and the shoots showed remarkably elevated Ca>* and
Mg?* concentrations. Owing to the increased concentrations of cations except K™, the plants were
able to maintain the cation—anion balance but not the growth rate. The interruption of K* supply for
only 8 days during the 2-to-3-leaf stage of barley significantly depressed growth and yield; the grain
yield in the control treatment was 108 g/pot, and in the K*-interrupted treatment was 86 g/pot. This
result shows the essentiality of K* and demonstrates that its function cannot be replaced by other
cationic species.

In this context, the question to what degree Na™ may substitute for K™ is of interest. The osmotic
function of K™ is unspecific and can be partially replaced by Na*, as was shown for ryegrass (Lolium
spp-) (69) and for rice (70). The Na* effect is particularly evident when supply with K* is not opti-
mum (71). A major effect of Na* can be expected only if plants take up Na* at high rates. In this
respect, plant species differ considerably (72). Beet species (Beta vulgaris L.) and spinach (Spinacia
oleracea 1.) have a high Na* uptake potential, and in these species Na* may substitute for K* to a
major extent. Cotton (Gossypium hirsutum L.), lupins (Lupinus spp. L.), cabbage (Brassica oleracea
capitata L.), oats, potato (Solanum tuberosum L.), rubber (Hevea brasiliensis Willd. ex A. Juss.), and
turnips (Brassica rapa L.) have a medium Na™ uptake potential; barley, flax (Linum usitatissimum L.),
millet (Pennisetum glaucum R. Br.), rape (Brassica napus L.), and wheat have a low Na™ potential and
buckwheat (Fagopyrum esculentum Moench), corn, rye (Secale cereale L.), and soybean (Glycine max
Merr.) a very low Na* uptake potential. However, there are also remarkable differences in the Na*
uptake potential between cultivars of the same species, as was shown for perennial ryegrass (Lolium
perenne L.) (73). The Na* concentration in the grass decreased with K* supply and was remarkably
elevated by the application of a sodium fertilizer. In sugar beet, Na* can partially substitute for K* in
leaf growth but not in root growth (74). This effect is of interest since root growth requires phloem
transport and thus phloem loading, which is promoted by K* specifically (see above). The same
applies for the import of sucrose into the storage vacuoles of sugar beet (50). Also, Na* is an essen-
tial nutrient for some C4 species, where it is thought to maintain the integrity of chloroplasts (75). The
Na™* concentrations required are low and in the range of micronutrients.

4.4 CONCENTRATIONS OF POTASSIUM IN PLANTS

Potassium in plant tissues is almost exclusively present in the ionic form. Only a very small por-
tion of total K* is bound by organic ligands via the e~ pair of O atoms. Potassium ions are
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dissolved in the liquids of cell walls, cytosol, and organelles such as chloroplasts and mitochon-
dria and especially in vacuoles. From this distribution, it follows that the higher the K* content
of a tissue the more water it contains. These tissues have a large portion of vacuole and a low por-
tion of cell wall material. Plant organs rich in such tissues are young leaves, young roots, and
fleshy fruits. Highest K* concentrations are in the cytosol, and they are in a range of 130 to
150mM K* (76). Vacuolar K* concentrations range from about 20 to 100 mM and reflect the
K* supply (30). The high cytosolic K* concentration is typical for all eukaryotic cells (29), and
the mechanism that maintains the high K* level required for protein synthesis is described
above.

If the K* concentration of plant tissues, plant organs, or total plants is expressed on a fresh
weight basis, differences in the K* concentration may not be very dramatic. For practical consider-
ations, however, the K™ concentration is frequently related to dry matter. In such cases, tissues rich
in water show high K™ concentrations, since during drying the water is removed and the K* remains
with the dry matter. This relationship is clearly shown in Figures 4.7a to 4.7c (77). In Figure 4.7a,
the K* concentration in the tissue water of field-grown barley is presented for treatments with
or without nitrogen supply. Throughout the growing period the K* concentration remained at a
level of about 200 mM. In the last phase of maturation, the K* concentration increased steeply because
of water loss during the maturation process. The K™ concentrations in the tissue water were some-
what higher than cytosolic K* concentrations. This difference is presumably due to the fact that in
experiments the water is not removed completely by tissue pressing. In Figure 4.7b, the K* con-
centration is based on the dry matter. Here, in the first phase of the growing period the K* concen-
tration increased, reaching a peak at 100 days after sowing. It then declined steadily until
maturation, when the concentration increased again because of a loss of tissue water. In the treat-
ment with nitrogen supply, the K* concentrations were elevated because the plant matter was richer
in water than in the plants not fertilized with nitrogen. Figure 4.7¢ shows the K* concentrations in
the tissue water during the growing period for a treatment fertilized with K* and a treatment with-
out K* supply. The difference in the tissue water K* concentration between both treatments was
high and remained fairly constant throughout the growing period, with the exception of the matu-
ration phase.

From these findings, it is evident that the K* concentration in the tissue water is a reliable indi-
cator of the K* nutritional status of plants, and it is also evident that this K* concentration is inde-
pendent of the age of the plant for a long period. This fact is an enormous advantage for analysis of
plants for K* nutritional status compared with measuring the K* concentrations related to plant dry
matter. Here, the age of the plant matter has a substantial impact on the K* concentration, and the
optimum concentration depends much on the age of the plant.

Until now, almost all plant tests for K™ have been related to the dry matter because dry plant
matter can be stored easily. The evaluation of the K* concentration in dry plant matter meets with
difficulties since plant age and also other factors such as nitrogen supply influence it (77). It is
for this reason that concentration ranges rather than exact K* concentrations are denoted as opti-
mum if the concentration is expressed per dry weight (see Table 4.6). Measuring K* concentra-
tion in the plant sap would be a more precise method for testing the K* nutritional status of
plants.

Figure 4.7¢ shows the K* concentration in tissue water during the growing period for treatments
with or without K fertilizer. There is an enormous difference in tissue water K* concentration since
the treatment without K has not received K fertilizer since 1852 (Rothamsted field experiments).
Hence, potassium deficiency is clearly indicated by the tissue water K* concentration. The increase
in K* concentration in the late stage is due to water loss.

If the K* supply is in the range of deficiency, then the K* concentration in plant tissue is a
reliable indicator of the K* nutritional status. The closer the K* supply approaches to the opti-
mum, the smaller become the differences in tissue K* concentration between plants grown with
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FIGURE 4.7 Potassium concentration in aboveground barley throughout the growing season of treatments
with and without N supply (a) in the dry matter, (b) in the tissue water, and (c) in the tissue water with or with-
out fertilizer K. (Adapted from A.E. Johnston and K.W. Goulding, in Development of K Fertilizer
Recommendations. Bern: International Potash Institute, 1990, pp. 177-201.)

suboptimum and optimum supply. Such an example is shown in Table 4.5 (65). Maximum fruit
yield was obtained in the K2 treatment at K* concentrations in the range of 25 to 35 mg K/g dry
matter (DM). In the K* concentration range of 33 to 42 mg K/g DM, the optimum was surpassed.
The optimum K* concentration range for just fully developed leaves of 25 to 35mg K/g DM,
as noted for tomatoes, is also noted for fully developed leaves of other crop species, as shown in
Table 4.6 (52). For cereals at the tillering stage, the optimum range is 35 to 45 mg K/g DM. From
Table 4.5, it is evident that stems and fleshy fruits have somewhat lower K* concentrations than
other organs. Also, roots reflect the K™ nutritional status of plants, and those insufficiently supplied
with K* have extremely low K* concentrations. Young roots well supplied with K* have even
higher K* concentrations in the dry matter than well-supplied leaves (see Table 4.5). The K* con-
centrations for mature kernels of cereals including maize ranges from 4 to 5.5 mg/g, for rape seed
from 7 to 9 mg/g, for sugar beet roots from 1.6 to 9 mg/g, and for potato tubers from 5 to 6 mg/g.
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TABLE 4.5
Potassium Concentrations in Tomato Plants Throughout the Growing Season Cultivated with
Insufficient K (K1), Sufficient K (K2), or Excess K (K3)

Harvest Date

May 7 June 30 July 14 July 28 Aug 11 Aug 28
Plant Part Potassium Concentration (mg K/g dry weight)
Leaves K1 10 13 15 10 11
K2 29 25 34 31 30 35
K3 33 41 40 39 41
Fruits K1 22 22 23 18 18
K2 28 30 28 26 26
K3 27 27 33 29 28
Stems K1 14 13 12 8 7
K2 28 26 26 28 24 24
K3 26 31 34 32 32
Roots K1 8 12 6 4 5
K2 17 47 44 22 27 43
K3 43 52 44 37 39

Source: M. Viro, Biintehof Abs. 4:34-36, 1974/75.

TABLE 4.6

Range of Sufficient K Concentrations in Upper Plant Parts

Plant Species Concentration Range (mg K/g DM)
Cereals, young shoots 5-8 cm above soil surface

Wheat (Triticum aestivum) 35-55
Barley (Hordeum vulgare) 35-55
Rye (Secale cereale) 28-45
Oats (Avena sativa) 45-58
Maize (Zea mays)* at anthesis near cob position 20-35
Rice (Oryza sativa)® before anthesis 20-30
Dicotyledonous field crops

Forage and sugar beets (Beta vulgaris)* 35-60
Potatoes (Solanum tuberosum)* at flowering 50-66
Cotton (Gossypium), anthesis to fruit setting 17-35
Flax (Linum usitatissimum), 1/3 of upper shoot at anthesis 25-35
Rape (Brassica napus)* 28-50
Sunflower (Helianthus annuus)* at anthesis 30-45
Faba beans (Vicia faba)* at anthesis 21-28
Phaseolus beans (Phaseolus vulgaris) 20-30
Peas (Pisum sativum)® at anthesis 22-35
Soya bean (Glycine max) 25-37
Red clover (Trifolium pratense)* at anthesis 18-30
White clover (Trifolium repens) total upper plant part at anthesis 17-25
Alfalfa (Medicago sativa) shoot at 15 cm 25-38

Forage grasses
Total shoot at flowering 5 cm above soil surface, Dactylis glomerata,
Poa pratensis, Phleum pratense, Lolium perenne, Festuca pratensis 25-35
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TABLE 4.6 (Continued)

Plant Species Concentration Range (mg K/g DM)
Vegetables

Brassica species® Brassica oleracea botrytis, B. oleracea capita,

B. oleracea gemmifera, B. oleracea gongylodes 3042
Lettuce (Lactuca sativa)? 42-60
Cucumber (Cucumis sativus)* at anthesis 25-54
Carrot (Daucus carota sativus)? 27-40
Pepper (Capsicum annuum)* 40-54
Asparagus (Asparagus officinalis) fully developed shoot 15-24
Celery (Apium graveolens)* 35-60
Spinach (Spinacia oleracea)* 35-53
Tomatoes (Lycopersicon esculentum)* at first fruit setting 30-40
Watermelon (Citrullus vulgaris)® 25-35
Onions (Allium cepa) at mid vegetation stage 25-30
Fruit trees

Apples (Malus sylvestris) mid-positioned leaves of youngest shoot 11-16
Pears (Pyrus domestica) mid-positioned leaves of youngest shoot 12-20

Prunus species®, mid-positioned leaves of youngest shoots in summer

P. armeniaca, P. persica, P. domestica, P. cerasus, P. avium 20-30
Citrus species®, in spring shoots of 4-7 months, C. paradisi, C. reticulata,

C. sinensis, C. limon 12-20

Berry fruits®
From anthesis until fruit maturation Fragaria ananassa, Rubus idaeus,
Ribes rubrum, Ribes nigrum, Ribes grossularia 18-25

Miscellaneous crops

Vine (Vitis vinifera), leaves opposite of inflorescence at anthesis 15-25
Tobacco (Nicotiana tabacum)® at the mid of the vegetation season 25-45
Hop (Humulus lupulus)* at the mid of the vegetation season 28-35
Tea (Camellia sinensis)* at the mid of the vegetation season 16-23

Forest trees

Coniferous trees, needles from the upper part of 1- or 2-year-old shoots,

Picea excelsa, Pinus sylvestris, Larix decidua, Abies alba 6-10
Broad-leaved trees® of new shoots, species of Acer, Betula, Fagus,

Quercus, Fraxinus, Tilia, Populus 12-15

*Youngest fully developed leaf.
Source: W. Bergmann, Erndhrungsstérungen bei Kulturpflanzen, 3" ed. Jena: Gustav Fischer Verlag, 1993, pp. 384-394.

4.5 ASSESSMENT OF POTASSIUM STATUS IN SOILS

4.5.1 POTASSIUM-BEARING MINERALS

The average potassium concentration of the earth’s crust is 23 g/kg. Total potassium concentrations in
the upper soil layer are shown for world soils and several representative soil groups in Table 4.7 (78).
The most important potassium-bearing minerals in soils are alkali feldspars (30 to 20 g K/kg), mus-
covite (K mica, 60 to 90 g K/kg), biotite (Mg mica, 36 to 80 g K/kg), and illite (32 to 56 g K/kg). These
are the main natural potassium sources from which K* is released by weathering and which feed plants.
The basic structural element of feldspars is a tetrahedron forming a Si—Al-O framework in which the
K™ is located in the interstices. It is tightly held by covalent bonds (79). The weathering of the mineral
begins at the surface and is associated with the release of K*. This process is promoted by very low K*
concentrations in the soil solution in contact with the mineral surface, and these low concentrations are



106 Handbook of Plant Nutrition

TABLE 4.7

Total K Concentrations in Some Soil Orders
Soil Order Concentration of K (mg/g soil)
Entisols 26.3+0.6

Spodosols 244+0.5

Alfisol 11.7*+ 0.6

Mollisol 17.2+0.5

Source: P.A. Helmke, in M.E. Sumner ed., Handbook of Soil
Science, London: CRC Press, 2000, pp. B3-B24.

produced by K* uptake by plants and microorganisms and by K* leaching. The micas are phyllosili-
cates (80) and consist of two Si-Al-O tetrahedral sheets between which an M-O-OH octahedral sheet is
located. M stands for A", Fe?*, Fe*", or Mg?" (81). Because of this 2:1 layer structure, they are also
called 2:1 minerals. These three sheets form a unit layer, and numerous unit layers piled upon each other
form a mineral. These unit layers of mica and illite are bound together by K* (Figure 4.8). K™ is located
in hexagonal spaces formed by O atoms, of which the outer electron shell attracts the positively charged
K*. During this attraction process, the K™ is stripped of its hydration water. This dehydration is a selec-
tive process due to the low hydration energy of K*. This action is in contrast to Na*, which has a higher
hydration energy than K*; the hydrated water molecules are bound more strongly and hence are not
stripped off, and the hydrated Na* does not fit into the interlayer. The same holds for divalent cations
and cationic aluminum species. This selective K* bond is the main reason why K* in most soils is not
leached easily, in contrast to Na*. Ammonium has a similar low hydration energy as K* and can, for
this reason, compete with K* for interlayer binding sites (82,83). This interlayer K* is of utmost impor-
tance for the release and for the storage of K*. Equilibrium conditions exist between the K* concen-
tration in the adjacent soil solution and the interlayer K*. The equilibrium level differs much between
biotite and muscovite, the former having an equilibrium at about 1 mM and the latter at about 0.1 mM
K™ in the soil solution (84). For this reason, the K* of the biotite is much more easily released than the
K* from muscovite, and hence the weathering rate associated with the K* release of biotite is much
higher than that of muscovite. The K release is induced primarily by a decrease of the K* concentra-
tion in the adjacent solution caused by K* uptake of plant roots, or by K* leaching, or by both processes.
The release of K* begins at the edge positions and proceeds into the inner part of the interlayer. This
release is associated with an opening of the interlayer because the bridging K™ is lacking. The free neg-
ative charges of the interlayer are then occupied by hydrated cationic species (Ca?*, Mg?*, Na™, cationic
Al species). From this process, it follows that the interlayer K* is exchangeable. The older literature dis-
tinguishes between p (planar), e (edge), and i (inner) positions of adsorbed (exchangeable) K* accord-
ing to the sites where K™ is adsorbed, at the outer surface of the mineral, at the edge of the interlayer,
or in the interlayer. It is more precise, however, to distinguish between hydrated and nonhydrated
adsorbed K* (79), the latter being much more strongly bound than the former. With the exception of the
cationic aluminum species, hydrated cationic species may be replaced quickly by K* originating from
the decomposition of organic matter or inorganic and organic (slurry, farm yard manure) K fertilizer.
The dehydrated K is adsorbed and contracts the interlayers and is thus ‘fixed.” The process is called K*
fixation. Fixation depends much on soil moisture and is restricted by dry (and promoted by moist) soils.

It is generally believed that H released by roots also contributes much to the release of K* from
K-bearing minerals. This process, however, is hardly feasible since in mineral soils the concentration
of free protons is extremely low and is not reflected by the pH because of the very efficient H* buffer
systems in mineral soils (85). It is the decrease of the K* concentration in the adjacent solution that
mainly drives the K* release (86,87). Only high H* concentrations (pH < 3) induce a remarkable
release of K*, associated with the decomposition of the mineral (88). A complete removal of the
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FIGURE 4.8 Scheme of a K*-contracted interlayer of mica or illite and of vermiculite interlayer expanded
by Mg?*. (Adapted from K. Mengel and E.A. Kirkby, Principles of Plant Nutrition. 5th ed. Dordrecht: Kluwer
Academic Publishers, 2001.)

interlayer K* by hydrated cations, including cationic aluminum species, leads to the formation of a
new secondary mineral as shown in Figure 4.8 for the formation of vermiculite from mica (15). In
acid mineral soils characterized by a relatively high concentration of cationic aluminum species, the
aluminum ions may irreversibly occupy the interlayer sites of 2:1 minerals, thus forming a new sec-
ondary mineral called chlorite. By this process, the soil loses its specific binding sites for K* and
hence the capacity of storing K* in a bioavailable form.

Under humid conditions in geological times, most of the primary minerals of the clay fraction
were converted into secondary minerals because of K* leaching. The process is particularly rele-
vant for small minerals because of their large specific surface. For this reason, in such soils the clay
fraction contains mainly smectites and vermiculite, which are expanded 2:1 clay minerals. In soils
derived from loess (Luvisol), which are relatively young soils, the most important secondary min-
eral in the clay fraction is the illite, which is presumably derived from muscovite. Its crystalline
structure is not complete, it contains water, and its K* concentration is lower than that of mica (89).
Mica and alkali feldspars present in the silt and sand fraction may considerably contribute to the K*
supply of plants (90,91). Although the specific surface of these primary minerals in the coarser frac-
tions is low, the percentage proportion of the silt and sand fraction in most soils is high and, hence,
also the quantity of potassium-bearing minerals.

Cropping soils without replacing the K* removed from the soil in neutral and alkaline soils
leads to the formation of smectites and in acid soils to the decomposition of 2:1 potassium-bearing
minerals (92). Smectites have a high distance between the unit layers, meaning that there is a broad
interlayer zone occupied mainly by bivalent hydrated cationic species and by adsorbed water mol-
ecules. For this reason, K* is not adsorbed selectively in the interlayers of smectites. The decom-
position of K*-selective 2:1 minerals results also from K* leaching. In addition, under humid
conditions, soils become acidic, which promotes the formation of chlorite from K*-selective 2:1
minerals. Thus, soils developed under humid conditions have a poor K*-selective binding capacity
and are low in potassium, for example, highly weathered tropical soils (Oxisols).

Organic soil matter has no specific binding sites for K*, and therefore its K* is prone to leach-
ing. Soils are generally lower in potassium, and their proportion of organic matter is higher. Soils
with a high content of potassium are young soils, such as many volcanic soils, but also include soils
derived from loess under semiarid conditions.

4.5.2 POTASSIUM FRACTIONS IN SOILS

Fractions of potassium in soil are (a) total potassium, (b) nonexchangeable (but plant-available) potas-
sium, (c) exchangeable potassium, and (d) water-soluble potassium. The total potassium comprises the
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mineral potassium and potassium in the soil solution and in organic matter. Soil solution potassium
plus organic matter potassium represent only a small portion of the total in mineral soils. The total
potassium depends much on the proportion of clay minerals and on the type of clay minerals.
Kaolinitic clay minerals, having virtually no specific binding sites for K*, have low potassium con-
centrations in contrast to soils rich in 2:1 clay minerals. Mean total K™ concentrations, exchange-
able K* concentrations, and water-soluble K* are shown Table 4.8 (93). Soils with mainly kaolinitic
clay minerals have the lowest, and those with smectitic minerals, which include also the 2:1 clay
minerals with interlayer K*, have the highest potassium concentration. The K* concentration of the
group of mixed clay minerals, kaolinitic and 2:1 clay minerals, is intermediate. Water-soluble K*
depends on the clay concentration in soils and on the type of clay minerals. As can be seen from
Figure 4.9, the index of soluble K* decreases linearly with an increase in the clay concentration in
soils and the level of soluble K* in the kaolinitic soil group is much higher than that of the mixed
soil group and of the smectitic soil group (94).

The determination of total soil potassium requires a dissolution of potassium-bearing soil min-
erals. The digestion is carried out in platinum crucibles with a mixture of hydrofluoric acid, sulfu-
ric acid, perchloric acid, hydrochloric acid, and nitric acid (95). Of particular importance in the
available soil potassium is the exchangeable K*, which is obtained by extracting the soil sample
with a 1M NH,Cl or a 1 M NH, acetate solution (96). With this extraction, the adsorbed hydrated
K* and some of the nonhydrated K™ (K* at edge positions) is obtained. In arable soils, the
exchangeable K* ranges between 40 to 400mg K/kg. Soil extraction with CaCl, solutions
(125 mM) extracts somewhat lower quantities of K* as the Ca?* cannot exchange the nonhydrated
K™, in contrast to NH,* of the NH,"-containing extraction solutions. For the determination of the
nonexchangeable K*, not obtained by the exchange with NH," and consisting of mainly interlayer
K* and structural K* of the potassium feldspars, diluted acids such as 10 mM HCI (97) or 10 mM
HNO, are used (98). These extractions have the disadvantage in that they extract a K™ quantity and
do not assess a release rate, the latter being of higher importance for the availability of K* to plants.

The release of K™ from the interlayers is a first-order reaction (83) and is described by the fol-
lowing equations (99):

¢ Elovich function: y=a+ b Int
* Exponential function: In y=Ina+ b In ¢
* Parabolic diffusion function: y= b "2

where y is the quantity of extracted K*, a the intercept on the Y-axis, and b the slope of the curve.

In this investigation, soils were extracted repeatedly by Ca®"-saturated ion exchangers for long
periods (maximum time 7000 h). Analogous results are obtained with electro-ultra-filtration (EUF), in
which K7 is extracted from a soil suspension in an electrical field (100). There are two successive
extractions; the first with 200V and at 20°C (first fraction) and a following extraction (second fraction)

TABLE 4.8
Representative K Concentrations in Soil Fractions Related to Dominating Clay Minerals

K Concentration in Clay Types (mg K/kg soil)

K Fraction Kaolinitic (26 Soils) Mixture (53 Soils) 2:1 Clay Minerals (23 Soils)
Total 3340 8920 15,780
Exchangeable 45 224 183
Water-soluble 2 5 4

Source: From N.C. Brady, and R.R. Weil, The Nature and Properties of Soils. 12th ed. Englewood Cliffs, NJ: Prentice-Hall, 1999.
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FIGURE 4.9 Potassium solubility of various soils related to their type of clay minerals (Adapted from A.N.
Sharpley, Soil Sci. 149:44-51, 1990.)

with 400V at 80°C. The first fraction contains the nonhydrated adsorbed K* plus the K* in the soil
solution, whereas the second fraction contains the interlayer K*. The extraction curves are shown for
four different soils in Figure 4.10, from which it is clear that the K* release of the second fraction is a
first-order reaction (101). The curves fit the first-order equation, the Elovich function, the parabolic
diffusion function, and the power function, with the Elovich function having the best fit with R > 0.99.

4.5.3 PLANT-AVAILABLE POTASSIUM

Several decades ago it was assumed that the ‘activity ratio’ between the K* activity and the Ca?*
plus Mg?* activities in the soil solution would describe the K* availability in soils according to the
equation (102)

AR = K*/V/(Ca?* Mg2")

In diluted solutions such as the soil solution, the K™ activity is approximately the K* concen-
tration. It was found that this activity ratio does not reflect the K™ availability for plants (103). Of
utmost importance for the K* availability is the K™ concentration in the soil solution. The formula
of the AR gives only the ratio and not the K* activity or the K* concentration. The K* flux in soils
depends on the diffusibility in the medium, which means it is strongly dependent on soil moisture
and on the K™ concentration in the soil solution, as shown in the following formula (104):

J=D, (dc,/dx) +D,(dc,/dx) +c,v;

where J is the K* flux toward root surface, D, the diffusion coefficient in the soil solution, ¢, the
K™ concentration in the soil solution, D, the diffusion coefficient at interlayer surfaces, ¢, the K*
concentration at the interlayer surface, x the distance, dc/dx the concentration gradient, ¢, the K*
concentration in the mass flow water, and v the volume of the mass flow water.
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FIGURE 4.10 Cumulative K* extracted from four different soils by electro-ultra-filtration (EUF). First frac-
tion extracted at 200V and 20°C and the second fraction at 400V and 80°C. (Adapted from K. Mengel and
K. Uhlenbecker, Soil Sci. Soc. Am. J. 57:761-766, 1993.)

The hydrated K* adsorbed to the surfaces of the clay minerals can be desorbed quickly accord-
ing to the equilibrium conditions, in contrast to the nonhydrated K* of the interlayer, which has to
diffuse to the edges of the interlayer. The diffusion coefficient of K* in the interlayer is in the range
of 1073 m%s, whereas the diffusion coeflicient of K™ in the soil solution is about 10~ m%/s (105).
The distances in the interlayers, however, are relatively short, and the K* concentrations are high.
Therefore, appreciable amounts of K* can be released by the interlayers. The K* that is directly
available is that of the soil solution, which may diffuse or be moved by mass flow to the root surface
according to the equation shown above.

Growing roots represent a strong sink for K* because of K* uptake. Generally the K* uptake
rate is higher than the K* diffusion, and thus a K* depletion profile is produced with lowest K*
concentration at the root surface (106), as shown in Figure 4.11. This K* concentration may be as
low as 0.10 UM, whereas in the equilibrated soil solution K*, concentrations in the range of 500
UM prevail. Figure 4.11 shows such a depletion profile for exchangeable K*. From this figure it is
also clear that higher the value of dc/dx the higher the level of exchangeable K* (106). The K*
concentration at the root surface is decisive for the rate of K* uptake according to the following
equation (107):

Q=2raoct

where Q is the quantity of K* absorbed per cm root length, a the root radius in cm, o the K*-absorb-
ing power of the root, ¢ the K* concentration at the root surface, and ¢ the time of nutrient absorption.

The K*-absorbing power of roots depends on the K* nutritional status of roots; plants well sup-
plied with K* have a low absorbing power and vice versa. In addition, absorbing power depends also
on the energy status of the root, and a low-energy status may even lead to K* release by roots (19). The
K* concentration at the root surface also depends on the K™ buffer power of soils, which basically
means the amount of adsorbed K* that is in an equilibrated condition with the K* in solution.
The K* buffer power is reflected by the plot of adsorbed K* on the K* concentration of the equilibrated
soil solution, as shown in Figure 4.12. This relationship is known as the Quantity/Intensity relationship.
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FIGURE 4.11 Potassium depletion profile produced by young rape roots in a Luvisol with three K* levels.
(Adapted from A.O. Jungk, in Plant Roots, the Hidden Half. New York: Marcel Dekker, 2002, pp. 587-616.)

(Q/ relationship) in which the quantity represents the adsorbed K* (hydrated + nonhydrated K*), and
the intensity represents the K concentration in the equilibrated soil solution. As can be seen from
Figure 4.12, the quantity per unit intensity is much higher for one soil than the other, and the ‘high’ soil
has a higher potential to maintain the K* concentration at the root surface at a high level than the
‘medium’ soil.

4.5.4 SoiL TestS FOR POTASSIUM FERTILIZER RECOMMENDATIONS

The most common test for available K* is the exchangeable K* obtained by extraction with 1M
NH,C1 or NH, acetate. This fraction contains mainly soil solution K™ plus K* of the hydrated K*
fraction and only a small part of the interlayer K*. Exchangeable K* ranges between 40 and about
400 mg/kg soil and even more. Concentrations of <100mg K/kg are frequently in the deficiency
range; concentrations between 100 and 250 mg K/kg soil are in the range of sufficiently to well-sup-
plied soils. Since one cannot distinguish between interlayer K™ and K™ from the hydrated fraction,
this test gives no information about the contribution of interlayer K*. The interpretation of the
exchangeable soil test data therefore requires some information about further soil parameters, such
as clay concentration and type of clay minerals. But even if these are known, it is not clear to what
degree the interlayer K* is exhausted and to what degree mica of the silt fraction contributes sub-
stantially to the crop supply (90). Available K* is determined also by extraction with 1 mM HCI, by
which the exchangeable K* and some of the interlayer K* are removed. Furthermore, with this tech-
nique the contribution of the interlayer K* also is not determined. The same is true for soil extrac-
tion with a mixture of 0.25 mM Ca lactate and HCI at a pH of 3.6 (108). Quantities of K* extracted
with this technique are generally somewhat lower than the quantities of the exchangeable K*
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FIGURE 4.12 Potassium buffer power of a soil with a high or a medium buffer power [quantity—intensity
(Q/1) ratio].

fraction. With the EUF technique, a differentiation between the nonhydrated exchangeable K* and
the interlayer K™ is possible, as shown in Figure 4.10. In the EUF, routine analysis extraction of the
adsorbed hydrated K* lasts 30 minutes (200 V, 20°C); for the second fraction (400 V, 80°C), the soil
suspension is extracted for only 5 minutes. The K* extracted during this 5-minute period is a reli-
able indicator of the availability of interlayer K* and is taken into consideration for the recommen-
dation of the potassium fertilization rates. This EUF technique is nowadays used on a broad scale in
Germany and Austria with much success for the recommendation of K fertilizer rates, particularly to
crops such as sugar beet (109). With the EUF extraction procedure, not only are values for available
K™ obtained but the availability of other plant nutrients such as inorganic and organic nitrogen, phos-
phorus, magnesium, calcium, and micronutrients are also determined in one soil sample.

4.6 POTASSIUM FERTILIZERS

4.6.1 KINDS OF FERTILIZERS

The most important potassium fertilizers are shown in Table 4.9 (15). Two major groups may be
distinguished, the chlorides and the sulfates. The latter are more expensive than the chlorides. For
this reason, the chlorides are preferred, provided that the crop is not chlorophobic. Most field
crops are not sensitive to chloride and should therefore be fertilized with potassium chloride
(muriate of potash). Oil palm (Elaeis guineensis Jacq.) and coconut (Cocos nucifera L.) have a
specific chloride requirement, with CI~ functioning as a kind of plant nutrient because of its
osmotic effect (110). Potassium nitrate is used almost exclusively as foliar spray. Potassium
metaphosphate and potassium silicate have a low solubility and are used preferentially in
artificial substrates with a low K*-binding potential to avoid too high K* concentrations in the
vicinity of the roots. Potassium silicates produced from ash and dolomite have a low solubility,
but solubility is still high enough in flooded soils to feed a rice crop (111). The silicate has an
additional positive effect on rice culm stability. Sulfate-containing potassium fertilizers should be
applied in cases where the sulfur supply is insufficient; magnesium-containing potassium fertil-
izers are used on soils low in available magnesium. Such soils are mainly sandy soils with a low
cation exchange capacity.
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TABLE 4.9
Important Potassium Fertilizers

Plant Nutrient Concentration (%)

Fertilizer Formula K K,O? Mg N S P
Muriate of potash KCl 50 60 - - - -
Sulfate of potash K,SO, 43 52 - - 18 -
Sulfate of potash magnesia K,SO, MgSO, 18 22 11 - 21 -
Kainit MgSO,+KCl+NaCl 10 12 3.6 - 4.8 -
Potassium nitrate KNO, 37 44 - 13 - -
Potassium metaphosphate KPO, 33 40 - - - 27

“Expressed as K,0, as in fertilizer grades.

Source: From K. Mengel and E.A. Kirkby, Principles of Plant Nutrition. 5Sth ed. Dordrecht: Kluwer Academic Publishers, 2001.

4.6.2 APPLICATION OF POTASSIUM FERTILIZERS

Chlorophobic crop species should not be fertilized with potassium chloride. Such species are
tobacco (Nicotiana tabacum L.), grape (Vitis vinifera L.), fruit trees, cotton, sugarcane (Saccharum
officinarum L.), potato, tomato, strawberry (Fragaria x ananassa Duchesne), cucumber (Cucumis
sativus L.), and onion (Allium cepa L.). These crops should be fertilized with potassium sulfate. If
potassium chloride is applied, it should be applied in autumn on soils that contain sufficiently high
concentrations of K*-selective binding sites in the rooting zone. In such a case, the chloride may be
leached by winter rainfall, whereas the K* is adsorbed to 2:1 minerals and hence is available to the
crop in the following season. On soils with a medium to high cation exchange capacity
(CEC > 120 mgmol/kg) and with 2:1 selective K*-binding minerals, potassium fertilizers can be
applied in all seasons around the year since there is no danger of K* leaching out of the rooting
profile (Alfisols, Inceptisols, Vertisols, and Mollisols, in contrast to Ultisols, Oxisols, Spodosols,
and Histosols). In the latter soils, high K* leaching occurs during winter or monsoon rainfall.
Histosols may have a high CEC on a weight basis but not on a volume basis because of their high
organic matter content. In addition, Histosols contain few K*-selective binding sites. Under tropi-
cal conditions on highly weathered soils (Oxisols, Ultisols), potassium fertilizer may be applied in
several small doses during vegetative growth in order to avoid major K* leaching.

The quantities of fertilizer potassium required depend on the status of available K* in the soil
and on the crop species, including its yield level. Provided that the status of available K™ in the soil
is sufficient, the potassium fertilizer rate should be at least as high as the quantity of potassium pres-
ent in the crop parts removed from the field, which in many case are grains, seeds, tubers, roots or
fruits. In Table 4.10 (15), the approximate concentrations of potassium in plant parts are shown. It
is evident that the potassium concentrations in cereal grains are low compared with leguminous
seeds, sunflower (Helianthus annuus L.) and rape seed. Potassium removal by fruit trees is shown
in Table 4.11. The concept of assessing fertilizer rates derived from potassium removal is correct
provided that no major leaching losses occur during rainy seasons. In such cases, the K* originat-
ing from leaves and straw remaining on the field may be leached into the subsoil at high rates. Such
losses by leaching are the case for Spodosols, Oxisols, and Ultisols. Here, besides the K™ removed
from the soil by crop plants, the leached K* must also be taken into consideration. On the other
hand, if a soil has a high status of available K™, one or even several potassium fertilizer applications
per crop species in the rotation may be omitted. As a first approach for calculating the amount of
available K* in the soil, 1 mg/kg soil of exchangeable K* equals approximately 5kg K/ha. In this
calculation, interlayer K™ is not taken into consideration. If the soil is low in available K*, for most
soils higher fertilization rates are required than 5kg K/ha per mg exchangeable K*, since with the
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TABLE 4.10

Quantities of Potassium Removed from the Field by Crops

Crop and Product Removal® Crop and Product Removal®
Barley, grain 45 Soybeans, grain 18
Barley, straw 12.0 Sunflower, seeds 19
Wheat, grain 52 Sunflower, straw 36
Wheat, straw 8.7 Flax, seeds 8
Oats, grain 4.8 Flax, straw 12
Oats, straw 15.0 Sugarcane, aboveground matter 3.3
Maize, grain 3.9 Tobacco, leaves 50
Maize, straw 13.5 Cotton, seed + lint 8.2
Sugar beet, root 2.5 Potato, tubers 52
Sugar beet, leaves 4.0 Tomatoes, fruits 3.0
Rape, seeds 11 Cabbage, aboveground matter 24
Rape, straw 40 Oil palm, bunches for 1000 kg oil 87
Faba beans, seeds 11 Coconuts 40
Faba beans, straw 21 Bananas, fruits 49
Peas, seeds 11 Rubber, dry 3.8
Peas, straw 21 Tea 23

kg K/1000 kg (tonne) plant matter.

Source: From K. Mengel and E.A. Kirkby, Principles of Plant Nutrition. 5th ed. Dordrecht: Kluwer
Academic Publishers, 2001.

TABLE 4.11
Potassium Removal by Fruits of Fruit Trees
with Medium Yield

Fruit K Removed (kg/ha/year)
Pome fruits 60
Stone fruits 65
Grapes 110
Oranges 120
Lemons 115

Source: From K. Mengel and E.A. Kirkby, Principles of
Plant Nutrition. 5th ed. Dordrecht: Kluwer Academic
Publishers, 2001.

exception of Histosols and Spodosols, sites of interlayer positions must be filled up by K* before
the exchangeable K* will be raised. This problem is particularly acute on K*-fixing soils. Here,
high K fertilizer rates are required, as shown in Table 4.12 (112). From the discussion, it is clear
that with normal potassium fertilizer rates, the yield and the potassium concentration in leaves were
hardly raised and optimum yield and leaf potassium concentrations were attained with application
of 1580kg K/ha. As soon as the K*-fixing binding sites are saturated by K*, fertilizer should be
applied at a rate in the range of the K* accumulation by the crop.

Plant species differ in their capability for exploiting soil K*. There is a major difference
between monocotyledonous and dicotyledonous species, the latter being less capable of exploiting
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TABLE 4.12
Effect of Potassium Fertilizer Rates on Grain Yield of Maize, Potassium Concentrations
in Leaves, and Lodging for Crops Grown on a K*-Fixing Soil

Leaf K
Fertilizer Applied (mg K/g dry Grain Yield Water in Lodging
(kg K/ha) weight) (1000 kg/ha) Grain (%) (%)
125 6.4 1.75 31.5 42
275 7.8 2.57 28.7 21
460 8.6 4.66 28.6 18
650 10.3 6.95 29.2 20
835 14.3 7.76 29.7 5
1580 17.1 8.98 29.7 2
2200 18.6 8.88 29.3 2
LSD <0.05 1.0 0.65 1.5

Source: From V. Kovacevic and V. Vukadinovic, South Afr. Plant Soil 9: 10-13, 1992.

soil K*, mainly interlayer K*, than the former. In a 20-year field trial on an arable soil derived
from loess (Alfisol), the treatment without potassium fertilizer produced cereal yields that were not
much lower than those in the fertilized treatment, in contrast to the yields of potatoes, faba beans
(Vicia faba L.), and a clover-grass mixture. With these crops, the relative yields were 73, 52, and
84, respectively, with a yield of 100 in the potassium-fertilized treatment (113). This different
behavior is particularly true for grasses and leguminous species. Root investigations under field
conditions with perennial ryegrass and red clover (Trifolium pratense L.) cultivated on an Alfisol
showed considerable differences in root morphology, including root hairs and root length, which
were much longer for the grass (114). Hence the root—soil contact is much greater for the grass
than for the clover. The grass will therefore still feed sufficiently from the low soil solution K*
concentration originating from interlayer K*, a concentration that is insufficient for the clover.
From this result, it follows that leguminous species in a mixed crop stand, including swards of
meadow and pasture, will withstand the competition with grasses only if the soil is well supplied
with available K*.

This difference between monocots and dicots in exploiting soil K* implies that grasses can be
grown satisfactorily on a lower level of exchangeable soil K* than dicots. It should be taken into
consideration, however, that a major depletion of interlayer K+ leads to a loss of selective K*-bind-
ing sites because of the conversion or destruction of soil minerals (92), giving an irreversible loss
of an essential soil fertility component.

Table 4.12 shows that the optimum K* supply considerably decreases the percentage of crop
lodging. This action is an additional positive effect of K*, which is also true with other cereal
crops. As already considered above, K* favors the energy status of plants and thus the synthe-
sis of various biochemical compounds such as cellulose, lignin, vitamins, and lipids. In this
respect, the synthesis of leaf cuticles is of particular interest (15). Poorly developed cuticles and
also thin cell walls favor penetration and infection by fungi and lower the resistance to diseases
(115).

Heavy potassium fertilizer rates also may depress the negative effect of salinity since the exces-
sive uptake of Na™ into the plant cell is depressed by K*. Table 4.13 presents such an example for
mandarin oranges (Citrus reticulata Blanco) (116), showing that the depressive effect of salinity on
leaf area was counterbalanced by higher potassium fertilizer rates. The higher the relative K™ effect,
the higher is the salinity level.
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TABLE 4.13
Effect of Potassium Fertilizer on the Leaf Area of Satsuma
Mandarins Grown at Different Salinity Levels Induced by NaCl
Potassium Applied (g/tree)
0 70 150
Salinity (dS/m) Leaf Area (cm?/tree)
0.65 23.2 26.4 31.1
2.00 19.8 23.7 28.2
3.50 16.9 222 25.0
5.00 13.2 19.4 23.1
6.50 9.7 16.2 21.2
LSD (P =0.05) for the K effect =0.5.
Source: From D. Anac et al., in Food Security in the WANA Region, the Essential Need
for Balanced Fertilization. Basel: International Potash Institute, 1997, pp. 370-377.
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5.1 HISTORICAL INFORMATION

5.1.1 DETERMINATION OF ESSENTIALITY

The rare earth element calcium is one of the most abundant elements in the lithosphere; it is read-
ily available in most soils; and it is a macronutrient for plants, yet it is actively excluded from plant
cytoplasm.
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In 1804, de Saussure showed that a component of plant tissues comes from the soil, not the air,
but it was considerably later that the main plant nutrients were identified. Liebig was the first per-
son to be associated strongly with the idea that there are essential elements taken up from the soil
(in 1840), although Sprengel was the first person to identify calcium as a macronutrient in 1828 (1).
Calcium was one of the 20 essential elements that Sprengel identified.

Salm-Horstmar grew oats (Avena sativa L.) in inert media with different elements supplied as
solutions in 1849 and 1851 and showed that omitting calcium had an adverse effect on growth (2).
However, it was the discovery that plants could be grown in hydroponic culture by Sachs (and
almost simultaneously Knop) in 1860 that made investigation of what elements are essential for
plant growth much easier (2). Sachs’ first usable nutrient solution contained CaSO, and CaHPO,.

It has been well known since the early part of the twentieth century that there is a very distinct flora
in areas of calcareous soils, comprised of so-called calcicole species. There are equally distinctive
groups of plant species that are not found on calcareous soils, the calcifuge species (see Section 5.3.2.3).

5.2 FUNCTIONS IN PLANTS

Calcium has several distinct functions within higher plants. Bangerth (3) suggested that these func-
tions can be divided into four main areas: (a) effects on membranes, (b) effects on enzymes,
(c) effects on cell walls, and (d) interactions of calcium with phytohormones, although the effects
on enzymes and the interactions with phytohormones may be the same activity. As a divalent ion,
calcium is not only able to form intramolecular complexes, but it is also able to link molecules in
intermolecular complexes (4), which seems to be crucial to its function.

5.2.1 EFFECTS ON MEMBRANES

Epstein established that membranes become leaky when plants are grown in the absence of calcium
(5) and that ion selectivity is lost. Calcium ions (Ca®>") bridge phosphate and carboxylate groups of
phospholipids and proteins at membrane surfaces (6), helping to maintain membrane structure.
Also, some effect occurs in the middle of the membrane, possibly through interaction of the
calcium and proteins that are an integral part of membranes (6,7). Possibly, calcium may link
adjacent phosphatidyl-serine head groups, binding the phospholipids together in certain areas that
are then more rigid than the surrounding areas (8).

5.2.2 RoOLE IN CELL WALLS

Calcium is a key element in the structure of primary cell walls. In the primary cell wall, cellulose
microfibrils are linked together by cross-linking glycans, usually xyloglucan (XG) polymers but
also glucoarabinoxylans in Poaceae (Gramineae) and other monocots (9). These interlocked
microfibrils are embedded in a matrix, in which pectin is the most abundant class of macromole-
cule. Pectin is also abundant in the middle lamellae between cells.

Pectin consists of rhamnogalacturonan (RG) and homogalacturonan (HG) domains. The HG
domains are a linear polymer of (1—4)-a/'-linked D-galacturonic acid, 100 to 200 residues long, and
are deposited in the cell wall with 70 to 80% of the galacturonic acid residues methyl-esterified at
the C6 position (9). The methyl-ester groups are removed by pectin methylesterases, allowing cal-
cium ions to bind to the negative charges thus exposed and to form inter-polymer bridges that
hold the backbones together (9). The whole structure can be thought of as resembling an eggbox
(Figure 5.1).

Pectin is a highly hydrated gel containing pores; the smaller the size of these pores, the
higher the Ca?* concentration in the matrix and more cross-linking of chains occurs (11). This
gel holds the XG molecules in position relative to each other, and these molecules in turn hold
the cellulose microfibrils together (Figure 5.2). The presence of the calcium, therefore, gives
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FIGURE 5.1 The ‘eggbox’ model of calcium distribution in pectin. (Based on E.R. Morris et al., J. Mol. Biol.
155: 507-516, 1982.)

Cellulose microfibril Expansin

N\
s

\\ N\

0 S
/

Pectin Xyloglucan

FIGURE 5.2 Diagrammatic representation of the primary cell wall of dicotyledonous plants. (Based on E.R.
Morris et al., J. Mol. Biol. 155:507-516, 1982; F.P.C. Blamey, Soil Sci. Plant Nutr. 49:775-783, 2003; N.C.
Carpita and D.M. Gibeaut, Plant J. 3:1-30, 1993.) To the right of the figure, Ca?* ions have been displaced
from the HG domains by H* ions, so that the pectin is no longer such an adhesive gel and slippage of the bonds
between adjacent XG chains occurs and expansin is able to work on them. This loosens the structure and allows
the cellulose microfibrils to be pushed further apart by cell turgor.
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some load-bearing strength to the cell wall (13). It is suggested that when a primary cell wall is
expanding, localized accumulation of H* ions may displace Ca?" from the HG domains, thereby
lowering the extent to which the pectin holds the XG strands together (11). In a root-tip cell,
where the cellulose microfibrils are oriented transversely, slippage of the XG chains allows the
cellulose microfibrils to move further apart from each other, giving cell expansion in a longitu-
dinal direction.

Cell-to-cell adhesion may also be given by Ca?" cross-linking between HG domains in the
cell walls of adjacent cells, but this action is less certain as experimental removal of Ca?" leads
to cell separation in a only few cases (9). In the ripening of fruits, a loosening of the cells could
possibly occur with loss of calcium. It has been postulated that decrease in apoplastic pH in
ripening pome fruits may cause the release of Ca>* ions from the pectin, allowing for its solubi-
lization (14). However, in an experiment on tomato (Lycopersicon esculentum Mill.), the decline
in apoplastic pH that occurred was not matched by a noticeable decrease in apoplastic Ca>* con-
centration, and the concentration of the ion remained high enough to limit the solubilization of
the pectin (15). It certainly seems that calcium inhibits the degradation of the pectates in the cell
wall by inhibiting the formation of polygalacturonases (16), so the element has roles in possibly
holding the pectic components together and in inhibiting the enzymes of their degradation. In a
study on a ripening and a nonripening cultivar of tomato (Rutgers and rin, respectively), there
was an increase in calcium concentration after anthesis in the rin cultivar, whereas in the Rutgers
cultivar there was a noticeable fall in the concentration of bound calcium and an increase in poly-
galacturonase activity (17). In a study on calcium deficiency in potato (Solanum tuberosum L.),
deficient plants had more than double the activity of polygalacturonase compared with normal
plants (18).

5.2.3 EFFecTS ON ENZYMES

Unlike K* and Mg2*, Ca* does not activate many enzymes (19), and its concentration in the cyto-
plasm is kept low. This calcium homeostasis is achieved by the action of membrane-bound, cal-
cium-dependent ATPases that actively pump Ca?* ions from the cytoplasm and into the vacuoles,
the endoplasmic reticulum (ER), and the mitochondria (20). This process prevents the ion from
competing with Mg2*, thereby lowering activity of some enzymes; the action prevents Ca’* from
inhibiting cytoplasmic or chloroplastic enzymes such as phosphoenol pyruvate (PEP) carboxylase
(21) and prevents Ca>* from precipitating inorganic phosphate (22).

Calcium can be released from storage, particularly in the vacuole, into the cytoplasm. Such flux
is fast (23) as it occurs by means of channels from millimolar concentrations in the vacuole to
nanomolar concentrations in the cytoplasm of resting cells (24). The calcium could inhibit cyto-
plasmic enzymes directly, or by competition with Mg?*. Calcium can also react with the calcium-
binding protein calmodulin (CaM). Up to four Ca?>* ions may reversibly bind to each molecule of
calmodulin, and this binding exposes two hydrophobic areas on the protein that enables it to bind
to hydrophobic regions on a large number of key enzymes and to activate them (25). The
Ca’*—calmodulin complex also may stimulate the activity of the calcium-dependent ATPases (26),
thus removing the calcium from the cytoplasm again and priming the whole system for further stim-
ulation if calcium concentrations in the cytoplasm rise again.

Other sensors of calcium concentration are in the cytoplasm, for example, Ca?*-dependent
(CaM-independent) protein kinases (25). The rapid increases in cytoplasmic Ca?>" concentration
that occur when the channels open and let calcium out of the vacuolar store and the magnitude,
duration, and precise location of these increases give a series of calcium signatures that are part of
the responses of a plant to a range of environmental signals. These responses enable the plant to
respond to drought, salinity, cold shock, mechanical stress, ozone and blue light, ultraviolet radia-
tion, and other stresses (24).
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5.2.4 INTERACTIONS WITH PHYTOHORMONES

An involvement of calcium in the actions of phytohormones seems likely as root growth ceases
within only a few hours of the removal of calcium from a nutrient solution (22). The element
appears to be involved in cell division and in cell elongation (27) and is linked to the action of
auxins. The loosening of cellulose microfibrils in the cell wall is controlled by auxins, giving rise
to excretion of protons into the cell wall. Calcium is involved in this process, as discussed earlier.
Furthermore, auxin is involved in calcium transport in plants, and treatment of plants with the
indoleacetic acid (IAA) transport inhibitor, 2,3,5-tritodobenzoic acid (TIBA), results in restricted
calcium transport into the treated tissue (28). As the relationship is a two-way process, it cannot be
confirmed easily if calcium is required for the action of IAA or if the action of IAA gives rise to
cell growth, and consequent cell wall development, with the extra pectic material in the cell wall
then acting as a sink for calcium. It is also possible that IAA influences the development of xylem
in the treated tissue (29).

Increase in shoot concentrations of abscisic acid (ABA) following imposition of water-deficit
stress leads to increased cytoplasmic concentration of Ca?" in guard cells, an increase that precedes
stomatal closure (24). Further evidence for an involvement of calcium with phytohormones has
come from the observation that senescence in maize (Zea mays L.) leaves can be slowed by sup-
plying either Ca?" or cytokinin, with the effects being additive (30). There is also a relationship
between membrane permeability, which is strongly affected by calcium content and ethylene
biosynthesis in fruit ripening (31).

5.2.5 OTHER EFFECTS

It has been known for a long time that calcium is essential for the growth of pollen tubes. A gradi-
ent of cytoplasmic calcium concentration occurs along the pollen tube, with the highest concentra-
tions being found in the tip. The fastest rate of influx of calcium occurs at the tip, up to 20 pmol
cm~2 s~!, but there are oscillations in the rate of pollen tube growth and calcium influx that are
approximately in step (32). It seems probable that the calcium exerts an influence on the growth of
the pollen tube mediated by calmodulin and calmodulin-like domain protein kinases (25), but the
growth and the influx of calcium are not directly linked as the peaks in oscillation of growth pre-
cede the peaks in uptake of calcium by 4s (32). Root hairs have a high concentration of Ca’*, and
root hair growth has a similar calcium signature to pollen tube growth (24). Slight increases in cyto-
plasmic Ca?" concentration can close the plasmodesmata in seconds, with the calcium itself and
calmodulin being implicated (33). Many sinks, such as root apices, require symplastic phloem
unloading through sink plasmodesmata, so this action implies that calcium has a role as a messen-
ger in the growth of many organs.

It seems that calcium can be replaced by strontium in maize to a certain extent (34), but despite
the similarities in the properties of the two elements, this substitution does not appear to be com-
mon to many plant species. In general, the presence of abundant calcium in the soil prevents much
uptake of strontium, and in a study on 10 pasture species, the concentration of strontium in the shoot
was correlated negatively with the concentration of calcium in the soil (35).

5.3 DIAGNOSIS OF CALCIUM STATUS IN PLANTS

5.3.1 SYMPTOMS OF DEFICIENCY AND EXCESS

Plants deficient in calcium typically have upper parts of the shoot that are yellow-green and
lower parts that are dark green (36) (Figure 5.3). Given the abundance of calcium in soil, such
a condition is unusual, although it can arise from incorrect formulation of fertilizers or nutrient
solutions.
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FIGURE 5.3 Calcium-deficient maize (Zea mays L.). The younger leaves which are still furled are yellow,
but the lamina of the older, emerged leaf behind is green. (Photograph by Allen V. Barker.) (For a color pres-
entation of this figure, see the accompanying compact disc.)

However, despite the abundance of calcium, plants suffer from a range of calcium-deficiency
disorders that affect tissues or organs that are naturally low in calcium. These include blossom-
end rot (BER) of tomato (Figure 5.4 and Figure 5.5), pepper (Capsicum annuum L.), and water
melon (Cucumis melo L.) fruits, bitter pit of apple (Malus pumila Mill.), black heart of celery
(Apium graveolens L.), internal rust spot in potato tubers and carrot (Daucus carota L.) roots,
internal browning of Brussels sprouts (Brassica oleracea L.), internal browning of pineapple
(Ananas comosus Merr.), and tip burn of lettuce (Lactuca sativa L.) and strawberries (Fragaria x
ananassa Duch.) (22,37,38). Recently, it has been suggested that the disorder ‘crease’ in navel
and Valencia oranges (Citrus aurantium L.) may be caused by calcium deficiency in the albedo
tissue of the rind (39).

In these disorders, the shortage of calcium in the tissues causes a general collapse of membrane
and cell wall structure, allowing leakage of phenolic precursors into the cytoplasm. Oxidation of
polyphenols within the affected tissues gives rise to melanin compounds and necrosis (40). With the
general breakdown of cell walls and membranes, microbial infection is frequently a secondary
effect. In the case of crease, calcium deficiency may give less adhesion between the cells of the rind,
as the middle lamella of these cells is composed largely of calcium salts of pectic acid (39).

Local excess of calcium in the fruit gives rise to goldspot in tomatoes, a disorder that mostly
occurs late in the season and that is pronounced with high temperature (41). The disorder ‘peteca’
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FIGURE 5.4 Fruit of tomato (Lycopersicon esculentum Mill. cv Jack Hawkins) (Beefsteak type) showing
blossom-end rot (BER). (Photograph by Philip S. Morley.) (For a color presentation of this figure, see the
accompanying compact disc.)

FIGURE 5.5 Cross section of fruit of tomato (Lycopersicon esculentum Mill. cv Jack Hawkin) showing
advanced symptoms of BER. (Photograph by Philip S. Morley.) (For a color presentation of this figure, see the
accompanying compact disc.)

that gives rise to brown spots on the rind of lemons (Citrus limon Burm. f.) is associated with local-
ized high concentrations of calcium (as calcium oxalate crystals) and depressed concentrations of
boron, although this phenomenon has not yet been shown to be the cause of the disorder (42).

Given the suggestion that calcium may be involved in cell-to-cell adhesion and in the ripening
of fruit, it is hardly surprising that in pome fruits, firmness of the fruit is correlated positively with
the concentration of calcium present (43). However, this relationship is by no means straightfor-
ward; in a study of Cox’s Orange Pippin apples grown in two orchards in the United Kingdom, there
were lower concentrations of cell wall calcium in the fruit from the orchard that regularly produced
firmer fruits than in fruits from other orchards (44). The fruits from this orchard contained higher
concentrations of cell wall nitrogen.
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Other studies have shown no relationship between calcium concentration in apples at harvest
and their firmness after storage, but it is definitely the case that fruit with low Ca** concentrations
are more at risk of developing bitter pit while in storage (45).

5.3.2 CONCENTRATIONS OF CALCIUM IN PLANTS

5.3.2.1 Forms of Calcium Compounds

Within plants, calcium is present as Ca?" ions attached to carboxyl groups on cell walls by
cation-exchange reactions. As approximately one third of the macromolecules in the primary cell
wall are pectin (9), it can be seen that a large proportion occurs as calcium pectate. Pectin may
also join with anions, such as vanadate, and serve to detoxify these ions. The Ca?* cation will
also join with the organic anions formed during the assimilation of nitrate in leaves; these anions
carry the negative charge that is released as nitrate is converted into ammonium (46). Thus, there
will be formation of calcium malate and calcium oxalacetate and, also very commonly, calcium
oxalate in cells.

Calcium oxalate can occur within cells and as extracellular deposits. In a study of 46 conifer
species, all contained calcium oxalate crystals (47). All of the species in the Pinaceae family accu-
mulated the compound in crystalliferous parenchyma cells, but the species not in the Pinaceae fam-
ily had the compound present in extracellular crystals.

This accumulation of calcium oxalate is common in plants in most families. Up to 90% of total
calcium in individual plants is in this form (48,49). Formation of calcium oxalate crystals occurs
in specialized cells, crystal idioblasts, and as the calcium oxalate in these cells is osmotically inac-
tive their formation serves to lower the concentration of calcium in the apoplast of surrounding
cells without affecting the osmotic balance of the tissue (48). A variety of different forms of the
crystals occur (49), and they can be composed of calcium oxalate monohydrate or calcium oxalate
dihydrate (50).

5.3.2.2 Distribution of Calcium in Plants

Calcium moves toward roots by diffusion and mass flow (51,52) in the soil. A number of calcium-
specific ion channels occur in the membranes of root cells, through which influx occurs, but these
channels appear to be more involved in enabling rapid fluxes of calcium into the cytoplasm and
organelles as part of signalling mechanisms (53). This calcium is then moved into vacuoles, endo-
plasmic reticulum, or other organelles, with movement occurring by means of calcium-specific
transporters (20).

The bulk entry of calcium into roots occurs initially into the cell walls and in the intercellular
spaces of the roots, giving a continuum between calcium in the soil and calcium in the root (54).
For calcium to move from the roots to the rest of the plant, it has to enter the xylem, but the
Casparian band of the endodermis is an effective barrier to its movement into the xylem apoplasti-
cally. However, when endodermis is first formed, the Casparian band is a cellulosic strip that passes
round the radial cell wall (state I endodermis), so calcium is able to pass into the xylem if it passes
into the endodermal cells from the cortex and then out again into the pericycle, through the plas-
malemma abutting the wall (55). This transport seems to occur, with the calcium moving into the
endodermal cells (and hence into the symplasm) through ion channels and from the endodermis into
the pericycle (and ultimately into the much higher concentration of calcium already present in the
xylem) by transporters (56,57). Highly developed endodermis has suberin lamellae laid down inside
the cell wall around the entire cell (state II endodermis), and in the oldest parts of the root, there is
a further layer of cellulose inside this (state III) (55). Although some ions such as K* can pass
through state IT endodermal cells, Ca®* cannot. There are plasmodesmata between endodermis and
pericycle cells, even where the Casparian band is well developed, but although phosphate and K*
ions can pass, the plasmodesmata are impermeable to Ca’* ions.
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This restriction in effect limits the movement of calcium into the stele to the youngest part of
the root, where the endodermis is in state I. Some movement occurs into the xylem in older parts
of the root, and this transport can occur by two means. It is suggested that movement of calcium
through state III endodermis might occur where it is penetrated by developing lateral roots, but the
Casparian band rapidly develops here to form a complete network around the endodermal cells of
the main and lateral roots (55). The second site of movement of calcium into the stele is through
passage cells (55). During the development of state II and state III endodermis some cells remain
in state 1. These are passage cells. They tend to be adjacent to the poles of protoxylem in the stele,
and they are the site of calcium movement from cortex to pericycle.

In some herbaceous plants (e.g., wheat, barley, oats), the epidermis and cortex are lost from the
roots, especially in drought, so the passage cells are the only position where the symplast is in con-
tact with the rhizosphere (55). Most angiosperms form an exodermis immediately inside the epi-
dermis, and the cells of this tissue also develop Casparian bands and suberin lamellae, with passage
cells in some places (55). These passage cells are similarly the only place where the symplasm
comes in contact with the rhizosphere.

Because of this restricted entry into roots, calcium enters mainly just behind the tips, and it is
mostly here that it is loaded into the xylem (Figure 5.6). Absorption of calcium into the roots may be
passive and dependent on root cation-exchange capacity (CEC) (58). Transfer of calcium into roots
is hardly affected by respiratory uncouplers, although its transfer into the xylem is affected (54,59).

Once in the xylem the calcium moves in the transpiration stream, and movement around the
plant is restricted almost entirely to the xylem (60,61) as it is present in the phloem only at simi-
larly low concentrations to those that occur in the cytoplasm.
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FIGURE 5.6 Diagrammatic representation of longitudinal section of root, showing development of endo-
dermis and exodermis, and points of entry of calcium. (Based on C.A. Peterson and D.E. Enstone, Physiol.
Plant 97: 592-598, 1996.)
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As calcium is not mobile in the phloem, it cannot be retranslocated from old shoot tissues to
young tissues, and its xylem transport into organs that do not have a high transpiration rate (such as
fruits) is low (22). Its flux into leaves also declines after maturity, even though the rate of transpi-
ration by the leaf remains constant (62), and this response could be related to a decline in nitrate
reductase activity as new leaves in the plant take over a more significant assimilatory role (22,63).
When a general deficiency of calcium occurs in plants, because of the low mobility of calcium in
phloem, it is the new leaves that are affected, not the old leaves, as calcium in a plant remains pre-
dominantly in the old tissues (Figure 5.7).

(a)
Juvenile shoot  10.6% Juvenile leaf
(+0.68)
Middle shoot 4.8% Middle leaf
(x0.77)
Mature shoot 12.06% Mature leaf
(x1.51)
e
[
(
(b)
Juvenile shoot  14.7% Juvenile leaf
(£2.34)
Middle shoot 15.53% Middle leaf
(x2.5)
Mature shoot 13.75% Mature leaf

(+2.25)

-

FIGURE 5.7 Distribution of calcium (a) and distribution of dry mass (b) in Capsicum annuum cv Bendigo
plants grown for 63 days in nutrient solution (values are means of values for nine plants = standard error).
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It was long thought that a direct connection occurs between the amount of transpiration that a plant
carries out and the amount of Ca?" that it accumulates. For example, in a study of five tomato cultivars
grown at two levels of electrical conductivity (EC) there was a linear, positive relationship between
water uptake and calcium accumulation over 83 days (64). However, with the movement of Ca”" in the
symplasm of the endodermis apparently being required for xylem loading, it became accepted that Ca*
is taken up in direct proportion to plant growth, as new cation-exchange sites are made available in new
tissue. The link with transpiration could therefore be incidental, because bigger plants transpire more.
Thus the plant acts as a giant cation exchanger, taking up calcium in proportion to its rate of growth.

Supplying calcium to decapitated plants at increased ion activity (concentration) leads to
increased uptake of the ion, a process that appears to contradict this concept. However, in intact
plants, the rate of uptake is independent of external ion activity, as long as the ratios of activities of
other cations are constant relative to the activity of Ca>* (65,66).

The theory that calcium travels across the root in the apoplastic pathway, until it reaches the
Casparian band of the endodermis and at which its passage to the xylem becomes symplastic, is not
entirely without problems. White (56,67) calculated that for sufficient calcium loading into xylem,
there must be two calcium-specific ion channels per um? of plasmalemma on the cortex side of the
endodermis. This possibility is plausible. However, for the flux of calcium to continue from the
endodermis into the pericycle there must be 0.8ng Ca?*-ATPase protein per cell, equivalent to
1.3 mg per gram of root fresh weight. This concentration is greater than the average total root plas-
malemma protein concentration in plants. Furthermore, there is no competition between Ca?*,
Ba?*, and Sr?* for transport to mouse-ear cress (Arabidopsis thaliana Heynh.) shoots, as would be
expected if there was protein-mediated transport in the symplast. Some apoplastic transport to the
xylem cannot be ruled out.

The walls of xylem vessels have cation-exchange sites on them; in addition to the whole plant
having a CEC, the xylem represents a long cation-exchange column with the Ca®* ions moving
along in a series of jumps (54). The distance between each site where cation exchange occurs
depends on the velocity of the xylem sap and the concentration of Ca?" ions in it (54). Thus, for
transpiring organs such as mature leaves, the calcium moves into them quickly, but for growing
tissues such as the areas close to meristems, the supply of calcium is dependent on the deposition
of cell walls and the formation of new cation-exchange sites (54). It has been suggested that tran-
spiring organs receive their calcium in the transpiration stream during the day, and growing tissues
receive their calcium as a result of root pressure during the night (54).

The restriction in movement of calcium to the xylem gives rise to most of the calcium-deficiency
disorders in plants. For example, BER (Figure 5.4 and Figure 5.5) in tomatoes occurs because the
developing fruits are supplied solutes better by phloem than by xylem as the fruits do not transpire.
Xylem fluid goes preferentially to actively transpiring leaves, giving a lower input of calcium into
developing fruits (68). A period of hot, sunny weather not only gives rise to so much transpiration
that calcium is actively pulled into leaves, but gives rates of photosynthesis that are enhanced to the
extent that fruits expand very rapidly. Under these conditions, it is likely that localized deficiencies
of calcium will occur in the distal end of the fruits, furthest from where the xylem enters them (the
‘blossom’ end) (Figure 5.4 and Figure 5.5). Typically, tomatoes grown for harvest in trusses are more
susceptible to BER than ‘single-pick’ types, presumably because the calcium has to be distributed to
several developing sinks at the same time. Conditions that promote leaf transpiration, such as low
humidity, lower the import of calcium into developing fruits and increase the risk of BER.

It has also been thought in the past that salinity, which increases water potential in the root
medium, would likewise restrict calcium import into the fruit, accounting for increased incidence of
BER that is known to occur under saline conditions. This effect of salinity could be important in some
natural soils, but is also important in glasshouse production of tomatoes as high-electroconductivity
(EC) nutrient solutions are sometimes used because they increase dry matter production in fruits and
improve flavor. However, it has been observed that if the ion activity ratios aK/\/(aCa + ay,) and
ay,/ac, are kept below critical values, the risks of BER developing in high-EC nutrient solutions are
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lowered (69). It seems as if one of the causes of increased BER with salinity is normally due to
increased uptake of K and Mg?*, which restricts the uptake and distribution of Ca>" ions.

Cultivars differ in susceptibility to BER, with beefsteak and plum types of tomato being partic-
ularly susceptible. Susceptibility is related partly to fruit yield, and two susceptible cultivars of
tomato (Calypso and Spectra) were shown to have a higher rate of fruit set than a nonsusceptible cul-
tivar (Counter) (70). The so-called calcium-efficient strains of tomato do not have lower incidence of
BER, since although they accumulate more dry matter than Ca-inefficient strains, this accumulation
is predominantly in the leaves (64). Cultivars with relatively small fruits, such as Counter (70), and
with xylem development in the fruit that is still strong under saline conditions (71), are able to accu-
mulate comparatively high proportions of their calcium in the distal end of the fruits under such con-
ditions and are less susceptible to BER (64). However, cultivars with low yields of fruits per plant
may show even lower incidence of BER than those with high yields (64).

Losses of tomatoes to BER in commercial horticulture can reach 5% in some crops, represent-
ing a substantial loss of potential income. The main approaches to prevent BER are to use less-sus-
ceptible cultivars and to cover the south-facing side of the glasshouse (in the northern hemisphere)
with white plastic or whitewash to limit the amount of solar radiation of the nearest plants and pre-
vent their fruits from developing too quickly in relation to their abilities to accumulate calcium.

5.3.2.3 Calcicole and Calcifuge Species

In general, calcicole species contain high concentrations of intracellular calcium, and calcifuge
species contain low concentrations of intracellular calcium. The different geographic distributions
of these plants seem to be largely determined by a range of soil conditions other than just calcium
concentration in the soil per se. In the calcareous soils favored by calcicoles, in addition to high
concentration of Ca®>*, pH is high, giving low solubility of heavy metal ions and high concentra-
tions of nutrient and bicarbonate ions. In contrast, the acid soils favored by calcifuges have low pH,
high solubility of heavy metal ions, and low availability of nutrients (5).

The growth of calcicole species is related strongly to the concentration of calcium in the soil,
but the inability of calcicole species to grow in acid soils is linked strongly to an inability to toler-
ate the high concentrations of ions of heavy metals, in particular AI**, Mn?*, and Fe3* (5,72). For
calcifuge species, the difficulty in growing in a calcareous soil stems from an inability to absorb
iron, although in some calcareous soils low availability of phosphate may also be a critical factor.

In an experiment with tropical soils in which the sorption of phosphate from Ca(H,PO,), solu-
tion (and its subsequent desorption) were measured, pretreating the soil with calcium sulfate solu-
tion increased the sorption of phosphate (73). In the most acid of the soils tested, sorption of
phosphate was increased by 93%. Because the extracts of the soil became more acid following
calcium sulfate treatment, it appears that the calcium was attracted to the sites previously occupied
by H* ions, and when present, itself offered more sites for sorption of phosphate ions. Where the
supply of phosphorus to plants is limited because it is sorbed to soil inorganic fractions, it seems as
if sorption to calcium is more difficult to break than sorption to other components. In an experiment
in which wheat (Triticum aestivum L.) and sugar beet (Beta vulgaris L.) were grown in a fossil
Oxisol, with mainly Fe/Al-bound P, and in a Luvisol, a subsoil from loess with free CaCO; and
mainly Ca-bound P, both species (but particularly the sugar beet) were able to mobilize the Fe/Al-
bound P more than the Ca-bound P (74).

Some plants are much more efficient than others at taking up phosphate from calcium-bound
pools in the soil. One efficient species is buckwheat (Fagopyrum esculentum Moench). In a compar-
ison of this species and wheat, the buckwheat took up 20.1 mg P per pot compared with 2.1 mg P per
pot for wheat if nitrogen was supplied as nitrate (75). Changing the nitrogen supply to ammonium
nitrate increased phosphorus accumulation by the wheat largely, with very little effect on the buck-
wheat, indicating that it is the capacity of buckwheat to acidify the rhizosphere even when the nitro-
gen supply is nitrate that makes buckwheat able to utilize this firmly bound source of phosphorus.
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For calcifuge species growing on calcareous soils, it seems as if the availability of iron is the
most significant factor affecting plant growth, with chlorosis occurring due to iron deficiency.
However, this deficiency is caused largely by immobilization of iron within the leaves, not neces-
sarily a restricted absorption of iron (76,77). Calcicole species seem to make iron and phosphate
available in calcareous soils by exudation of oxalic and citric acids from their roots (78). The high
concentrations of bicarbonate ions in calcareous soils seem to be important in inhibition of root
elongation of some calcifuge species (79).

5.3.2.4 Critical Concentrations of Calcium

The concentrations of calcium in plants are similar to the concentrations of potassium, in the
range 1 to 50 mg Ca g~! dry matter (Mengel, this volume). Most of the calcium is located in the
apoplast, and where it is present in the symplast, it tends to be stored in organelles or vacuoles or
is bound to proteins. The concentration of free Ca®>* in a root cortical cell is of the order of 0.1
to 1.0mmol m~3 (54).

In general, monocotyledons contain much less calcium than dicotyledons. In an experiment
comparing the growth of ryegrass (Lolium perenne L.) and tomato, the ryegrass reached its maxi-
mum growth rate when the concentration of calcium supplied gave a tissue concentration of 0.7 mg
g~ ! dry mass, whereas tomato reached its maximum growth rate only when tissue concentration was
12.9mg g~' (80,81). This difference between monocotyledons and dicotyledons is dictated by the
CEC of the two groups of plants. In algal species, where the cell wall is absent and CEC is conse-
quently low, calcium is required only as a micronutrient (82).

Tissue concentrations of calcium can vary considerably according to the rate of calcium sup-
ply. In a study by Loneragan and Snowball (81), internal Ca?>* concentrations were reasonably
constant for 0.3, 0.8, and 2.5 UM calcium in the flowing nutrient solutions for each plant species
tested, but with 10, 100, or 1000 uM Ca®* supply, internal Ca>" concentrations were noticeably
higher. In a recent study of chickpea (Cicer arietinum L.), nine different Kabuli (large-seeded)
accessions had a mean concentration of Ca?" in nodes 4 to 7 of the shoot of 17.4mg g~! dry mass
after 33 days of growth, and 10 different Desi (small-seeded) accessions had a mean Ca?* con-
centration of 17.1 mg g~! dry mass (83). In the Kabuli accessions, the range was between 13.5
and 20.6mg g~ !, compared with between 13.1 and 19.0mg g~! in the Desi accessions, so
different genotypes of the same species grown under the same conditions seem to contain very
similar shoot calcium concentrations.

There are considerable amounts of data regarding what the critical concentrations of calcium
are in different plants and different species. For data on these concentrations in a large number of
species, the reader is referred to some special publications (84,85).

In a study of three cultivars of bell pepper, mean tissue concentrations ranged only from 1.5 to
1.8mg g~! dry mass in the proximal parts and from 0.95 to 1.3 mg g~' dry mass in the distal part
of healthy fruits. concentrations in fruits suffering BER were between 0.6 and 1.0mg g~' (86).
Concentrations of calcium in fruits of cucumber (Cucumis sativus L.), a plant that is not suscepti-
ble to BER, are typically three to seven times these values (87).

There is one important exception to the finding that internal calcium concentrations are rela-
tively constant regardless of how plants are grown. Plants supplied with nitrogen as ammonium tend
to have much lower concentrations of cations, including calcium, than plants supplied with nitrate
(22). Thus, tomato plants supplied with ammonium-N are more prone to BER than plants grown on
nitrate.

5.3.2.5 Tabulated Data of Concentrations by Crops

Concentrations of Ca?* in shoots and fruits of some crop species are reported in Table 5.1 and
Table 5.2.
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TABLE 5.1
Deficient and Adequate Concentrations of Calcium in Leaves and Shoots of Various Plant
Species
Concentration in Dry
Plant Plant  Type of Matter (mg kg™)
Species Part  Culture Deficient Adequate Reference Comments
Avena sativa L. (oat) Tops Pot 1100-1400 2600 88 Plants at flowering
culture,
soil
Straw Sand 1000-1400  3600-6400 88 At harvest
culture
Bromus rigidus Roth Shoot Flowing 900 1010 81 Plants grown in 0.3
nutrient and 1000 mmol m ™3
solution Ca?", respectively
Capsicum annuum L. Leaves  Nutrient Up to 30000 89 Mature leaves
(pepper) solution 5000 Juvenile leaves
Citrus aurantium L. Leaves Sand 1400-2000 14800 88 Measurements taken
(orange) Shoots  culture 2300-2800 11700 in September
Ficus carica L. (fig) Leaves  Orchard 30000 90 Values for May, July,
September and October.
30000 10 trees surveyed in 9
29000 areas of 2 orchards, for
35000 3 years
Fragaria x ananassa Leaves  Sand 2300/9000 15000 91 ‘Adequate’ plants had
Duchesne (strawberry) culture 1% of leaves with tipburn.
‘Deficient’ plants had
33.2% of leaves with
tipburn (plants supplied
1/40th control Ca and 3x
K) or 9% of leaves with
tipburn (plants supplied
control Ca and 3x K)
Hordeum vulgare L. Shoots  Flowing 1100 7300 81 Plants grown in 0.3 and
(barley) nutrient 1000 mmol m~3 Ca**,
solution respectively
Linum usitatissimum L. Tops Field 20004500 3700-5200 88
(flax)
Lolium perenne L. Shoots  Flowing 600 10800 81 Plants grown in 0.3
(perennial ryegrass) nutrient and 1000 mmol m~3 Ca?*,
solution respectively
Lupinus angustifolius L. Shoots  Flowing 1400 13900 81 Plants grown in 0.3 and
nutrient 1000 mmol m~3 Ca?*,
solution respectively
Lycopersicon esculentum Leaf Sand 1700 16100 36 Upper leaves (yellow in
Mill. (tomato) blade culture deficient plants)
Leaf 11000 38400 Lower leaves (still green
blade in deficient plants)
Petioles 1100 10800 Upper petioles
Petioles 2600 22300 Lower petioles
Stem Trace 6700 Upper stems
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TABLE 5.1 (Continued)

Plant Plant

Species Part
Stem
Shoots

Malus pumila Mill.
[M. domestica Borkh.]

(apple)

Medicago sativa L.
(alfalfa)

Nicotiana tabacum L.
(tobacco)

Phaseolus lunatus L.
(lima bean)

Prunus persica (L.)
Batsch (peach)

Prunus insititia L.

Prunus domestica L.
Prunus salicina (Lindl.) X
Prunus cerasifera

(Ehrh.) (plum)

Secale cereale L. (rye)

Solanum tuberosum L.
(potato)

Trifolium subterraneum L.
(subterranean clover)

Triticum aestivum L.
(wheat)

Zea mays L. (corn)

Note: Values in dry matter.

Leaves

Shoots

Leaves

Stem

Leaves

Leaves

Shoots

Young
leaves
Shoots

Shoots

Shoots

Type of
Culture

Flowing
nutrient
solution

Flowing
nutrient
solution
Field
trial

Orchard

Nutrient
solution

Flowing
nutrient
solution
Nutrient
solution
Flowing
nutrient
solution
Flowing
nutrient
solution
Flowing
nutrient
solution

Concentration in Dry
Matter (mg kg™")

Deficient

5300 9900

2700 24900

7200

1100 15000

9400-13000  13300-24300

6000 9000
14500
17000
18200
5300/8200
6600/10300
6300/10100

900 8300

Below 900 Above 4500

1400 19100

800 4700

300 9200

Adequate Reference

81

88

81

88

88

92

93

81

18

81

81

81

Comments

Lower stems

Plants grown in 0.3 and
1000 mmol m~3 Ca?*,
respectively

Leaves of terminal shoot,
stated value below which
deficiency symptoms
occur

One cultivar, in 0.3 and
1000 mmol m~—3 Ca?*,

respectively

Poor seed set below first
value, good seed set above
second value

Soil pH 5.6

Soil pH 5.9

Soil pH 6.2

Values for days 45 and 96

Plants grown in 0.3 and
1000 mmol m~3 Ca?*,
respectively

21-day-old plants

One cultivar, in 0.3

and 1000 mmol m~—3 Ca**,
respectively

One cultivar, in 0.3

and 1000 mmol m~—3 Ca?*,
respectively

Plants grown in 0.3 and
1000 mmol m~3 Ca**,

respectively

5.4 ASSESSMENT OF CALCIUM STATUS IN SOILS

5.4.1 ForMs OF CALCIUM IN SOIL

Calcium is the main exchangeable base of clay minerals and, as such, is a major component of soils.
One of the most important natural sources of calcium is underlying limestone or chalk, where it
occurs as calcium carbonate (calcite). Calcium in rocks also occurs as a mixture of calcium and
magnesium carbonates (dolomite). Soils over such rocks often contain large amounts of calcium
carbonate, although not invariably so. The soils may not have been derived from the rock, but have
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TABLE 5.2

Deficient and Adequate Concentrations of Calcium in Fruits of Various Plant Species

Plant

Species

Capsicum annuum L.
(pepper)

Cucumis sativus L.
(cucumber)

Fragaria x ananassa

Duchesne
(strawberry)

Lycopersicon esculentum
Mill. (tomato)

Malus pumila Mill.
[M. domestica Borkh.]
(apple) cv Jonagold

cv Cox’s Orange Pippin

cv Cox’s Orange Pippin

Pyrus communis (pear)

Plant
Part

Fruits

Fruits

Fruits

Fruitlets

in July

Fruit at
harvest

Fruit

Type of
Culture

Nutrient
solution

Rockwool
and nutrient
solution
Sand culture

34
different
orchards

Orchard
grown

4

Orchards

Concentration in Fresh
Matter (mg kg™

Deficient  Adequate
1500-1800
(dry wt)
1000-1200
(dry wt)

600

(dry wt)
3000-6000
(dry wt)
65/120/201
(559/1192/2060)
(dry wt)

210/240 280

(dry wt) (dry wt)

105 190

33 64

36 64

38 62

45

60 76

Note: Values in fresh matter, unless shown to contrary.

Reference
86

87

91

94

95

45

96

97

Comments

Proximal pericarp tissue

Distal pericarp tissue
(healthy)

Distal pericarp tissue
(BER-affected)

Range of values according
to salinity treatment

and size of fruit

Values from left to

right for plants that had
33.2% of leaves with
tipburn (plants supplied
1/40th control Ca and 3x
K), 9% of leaves with
tipburn (plants supplied
control Ca and 3x K) 1%
of leaves with tipburn
(control)

For ‘deficient’ values, first
value is for an experiment
in which 44.5% of fruit
had BER, second value for
an experiment in which
18.9% of fruit had BER.
For ‘adequate’ value 0.9%
of fruit had BER

Fruitlets with ‘deficient’
concentration showed much
higher incidence of physi-
ological disorders in storage
Range found in fruit
harvested in 3 consecutive
years. Fruit with the lower
values had higher incidence
of bitter pit

Minimum level for
recommending fruit for
controlled atmosphere
storage. Below this level
bitter pit is common
Values of 60 and 67 mg
kg~! fresh weight in fruit
from different orchards
linked with high incidence
of internal breakdown and
cork spot
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come from elsewhere and been deposited by glaciers, and furthermore, although calcium carbonate
is sparingly water soluble, it can be removed by leaching so that the overlying soil may be depleted
of calcium carbonate and be acidic.

Some soils contain calcium sulfate (gypsum), but mostly only in arid regions. A further source of
calcium in soils is apatite [Ca(OH,).3Ca(PO,),] or fluorapatite [Cas(PO,);F]. Chlorapatite
[Cay(PO,),Cl] and hydroxyapatite [Cas(PO,);OH] also exist in soils (98). Calcium is also present in the
primary minerals augite [Ca(Mg,Fe,Al)(ALSi),O¢], hornblende [NaCa,(Mg,Fe,Al)s(S1,Al);O,,(OH),],
and the feldspar plagioclase (any intermediate between CaAl,Si,O, and NaAlSi,Oy) (98).

Within the fraction of soils where particles are as small as clay particles, calcium occurs in gyp-
sum, calcite, hornblende, and plagioclase. Sherman and Jackson (99) arranged the minerals in the clay
fractions of the A horizons of soils in a series according to the time taken for them to weather away
to a different mineral. These calcium-containing minerals are all early in this sequence, meaning that
calcium is lost from the minerals (and becomes available to plants) early in the weathering process,
but has been entirely lost as a structural component in more mature soils (98). Any calcium present in
these more mature soils will be present attached to cation-exchange sites, where it usually constitutes
a high proportion of total exchangeable cations, so the amounts present depend on the CEC of the soil.

Concentrations of Ca?* in soils may be affected by ecological disturbance. Acid depositions are
known to decrease Ca®>* concentrations in soils, which while not necessarily affecting plant yields
directly may have a big impact on ecosystem dynamics. Acid deposition on the coniferous forests
of the Netherlands has been shown to give rise to fewer snails, and the birds that feed on the snails
have fewer surviving offspring due to defects in their eggs (100). This effect seems to be related
largely to the abundance of snails being depressed by low calcium concentrations in the plant litter.
In terms of how serious this problem might prove to be, it should be noted that changes in soil Ca?*
concentration caused by acid rain are less than 1 g Ca>* m~2 year™!. This change is small compared
with a transfer of 3.3 to 4.7 g Ca?>" m 2 year™! from mineral soil to young forest stands (101).

Experiments on the Hubbard Brook Experimental Forest in New Hampshire, USA, have shown
that calcium is lost from ecosystems following deforestation. This loss is true for other cations and
also for nitrate. In the Hubbard Brook experiment, during the 4 years following deforestation, the
watershed lost 74.9kg Ca?* ha™! year™! as dissolved substances in the streams, compared with
9.7kg Ca?* ha~! year™! in a watershed where the vegetation had not been cut down (102). This
increased loss was attributed partly to increased water flows due to decreased water loss by tran-
spiration, but more importantly through the breakdown of the plant material enhancing the turnover
of the nitrogen cycle and the consequent generation of H* ions, thereby releasing cations from the
cation-exchange sites of the soil (102). Recent studies have shown that calcium loss continues for
at least 30 years, with the longer-term loss possibly occurring because of the breakdown of calcium
oxalate in the forest soil after removal of the trees (103).

5.4.2 SoiL TESTS

The main test for soil calcium is to calculate the amount of the limestone required for a particular
crop on a particular soil (see 5.5.2 below).

5.4.3 TABULATED DATA ON CALCIUM CONTENTS IN SOILS

Concentrations of Ca?* in soils typical of a range of soil orders are shown in Table 5.3.

5.5 FERTILIZERS FOR CALCIUM

5.5.1 KINDS OF FERTILIZER

The most common application of calcium to soils is as calcium carbonate in chalk or lime. This
practice occurred in Britain and Gaul before the Romans (Pliny, quoted in Ref. (105)). It does not
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TABLE 5.3
Calcium Concentration, Cation Exchange Capacity and pH of Top Layers of
Some Representative Soils

Caz+
Soil Order Concentration CEC pH

Soil (mmol kg™) (cmol, kg™

Typic Cryoboralf, Alfisol 30.5 13.3 5.9

Colorado, 0-18 cm depth

Typic Gypsiorthid, Aridisol 100.0 21.6 7.9

Texas, 5-13 cm depth

Typic Ustipsamment, Entisol 9.5 52.0 6.6

Kansas, 0-13 cm depth

Typic Dystrochrept, West Inceptisol 5.0 11.4 4.9

Virginia, 5-18 cm depth

Typic Argiustoll, Kansas, Mollisol 73.5 23.8 6.6

0-15 cm depth

Typic Acrustox, Brazil, Oxisol 2.1 20.5 5.0

0-10cm depth

(low CEC below 65cm)

Typic Haplorthod, New Spodosol 14.5 25.7 4.9

Hampshire, 0-20 cm depth

Typic Umbraquult, Ultisol 2.0 26.2 39

North Carolina, 0—15 cm depth

Typic Chromoxerert, Vertisol 84.0 24.6 7.8

California, 0—10 cm depth

Source: Data from USDA, Soil Taxonomy: A Basic System of Soil Classification for Making and
Interpreting Soil Surveys. Agricultural Handbook Number 436. Washington, DC: USDA, 1975.

come strictly under the definition of fertilizer, as the main functions of the calcium carbonate are to
make clay particles aggregate into crumbs, thereby improving drainage, and to lower soil acidity.

Despite the observation that addition of gypsum to tropical soils may increase the sorption of
phosphate (73), it seems as if this effect is not universal, and it is the change in pH brought about
by limestone or dolomite that is more important in aiding phosphate sorption than the provision of
Ca’* ions. In an experiment on addition of calcium carbonate, dolomite, gypsum, and calcium chlo-
ride to the Ap horizon of a Spodosol, all additions increased the retention of phosphorus in the soil
except the calcium chloride (106). The order of this increase was calcium carbonate > dolomite >
gypsum, which followed the order of increase in pH. Gypsum is not expected to increase pH of soil,
but it is likely that this pH change, and the consequent effect on phosphorus sorption, was due to
impurities, likely lime, in the gypsum used.

Following an addition of lime, Ca?* from the calcium carbonate (CaCO,) exchanges for
AI(OH)," and H" ions on the cation-exchange sites. The AI(OH),* ions give rise to insoluble
AI(OH); that precipitates; the H" ions react with bicarbonate (HCO,)~ that arises during the disso-
lution of calcium carbonate in the soil water. This reaction leads to the formation of carbon diox-
ide, lost from the soil as a gas, and water, both of which are neutral products (107).

In very acid soils, there is a shortage of available calcium, and application of calcium carbon-
ate will help rectify this problem. One of the outcomes of adding calcium would be to displace AI**
and H" ions from the root plasmalemma, where they would otherwise be displacing Ca’>* ions
(108). Experiments with alfalfa (Medicago sativa L.) grown on acid soils showed that while appli-
cation of lime increased calcium concentrations in the shoots, it also decreased concentrations of
aluminum, manganese, and iron. As those cultivars that were the least sensitive to the acid soil had
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lower concentrations of these three elements anyway, it seems as if the beneficial effect of the lime
was in modifying soil pH rather than supplying additional Ca (109).

The more neutral or alkaline pH brought about by liming gives a more favorable environ-
ment for the microorganisms of the nitrogen cycle, enhancing the cycling of nitrogen from
organic matter. It also increases the availability of molybdenum, and it restricts the uptake of
heavy metals (107).

Another action of lime is to decrease the concentration of fluoride in tea (Camellia sinensis L.)
plants. This crop accumulates high concentrations of fluoride from soils of normal fluoride con-
centration. The action of liming in limiting fluoride concentrations in tea plants is surprising given
that the uptake of fluoride is higher from more neutral soil than from acid soil and given that lim-
ing may increase the water-soluble fluoride content of the soil (110). In this case, it appears that the
Ca?" in the lime either affects cell wall and plasmalemma permeability or changes the speciation of
the fluoride in the soil.

In some instances calcium sulfate (gypsum) may be applied as a fertilizer, but this application
is more for a source of sulfur than calcium or to improve soil structure. Apatite (applied as rock
phosphate) and superphosphate contain twice as much calcium by weight as the phosphorus that
they are used primarily to supply, and triple superphosphate contains two thirds as much calcium as
phosphorus (98). One situation where gypsum is particularly useful is in the reclamation of sodic
soils, where the calcium ions replace the sodium on the cation-exchange sites and the sodium sul-
fate that results is leached out of the soil (107).

Calcium nitrate and calcium chloride are regularly used as sprays on developing apple fruits to
prevent bitter pit (111). Of the two calcium forms, nitrate is less likely to cause leaf scorch, but some
varieties of apple are susceptible to fruit spotting with nitrate. Dipping the fruit in CaCl, immedi-
ately after harvest supplements the regular sprays (111). Spraying apple trees with calcium nitrate
during the cell expansion phase of fruit growth increases the nitrogen and the calcium concentra-
tions in the fruit at harvest and gives firmer fruit at harvest and after storage (112).

Application of calcium salts to sweet cherry (Prunus avium L.) fruits just before harvest may also
decrease the incidence of skin cracking that follows any heavy rainfall at this time (43). Multiple appli-
cations throughout the summer give better protection, and CaCl, is better than Ca(OH),, as the latter
can cause fruit to shrivel in hot seasons (113). Recent research has shown that spraying CaCl, and
boron with a suitable surfactant on strawberry plants at 5-day intervals from the time of petal fall gives
fruits that are firmer and more resistant to botrytis rot at harvest, or after 3 days storage, than untreated
fruits; after the 3 days, they have a higher concentration of soluble solids and more titratable acidity
(114). Treating pineapples with lime during their growth seems to lower the incidence of internal
browning that arises in the fruit in cold storage, and increases their ascorbic acid content (38). The
fruit of tomato cultivars particularly susceptible to BER (e.g., the beefsteak cultivar Jack Hawkins)
may be sprayed with calcium salts, although the efficacy of this treatment is doubtful.

There are also calcium treatments for improving shelf life and fruit quality that are used after
harvest. For example, dipping cherry tomatoes in 25 mM CaCl, after harvest increases apoplastic
calcium concentrations and decreases incidence of skin cracking (115). Vacuum infiltration of Ca?*
increases the time of ripening of peaches, so that they can be stored for longer periods before sale,
and such use of calcium salts is common for tomatoes, mangoes (Mangifera indica L.), and avoca-
does (Persea americana L.) (116). The firmness of plums (Prunus domestica L.) is increased by
pressure infiltration of 1 mM CaCl, (117).

There is some evidence that supply of supplementary calcium nitrate partially alleviates the
effects of NaCl salinity in strawberry in hydroponic culture (118) and in cucumber and melon
(Cucumis spp. L.) in irrigated fields (119).

5.5.2 AprpPLICATION OF CALCIUM FERTILIZERS

Liming is carried out by application of CaCO; in limestone, a process that is described in some
detail in Troeh and Thompson (98). The neutralizing capacity of the limestone used is measured by
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comparing it to calcite, which is CaCO;, with a calcium carbonate equivalent (CCE) of 100%. The
fineness of the lime affects its efficiency for liming, and the CCE and fineness and hardness of the
lime together give the effective calcium carbonate equivalent or reactivity. Application should
occur when the soil is dry or frozen, to avoid damage to the soil by the vehicles carrying the lime.
Although soil testing will determine if an application is required, it is often the practice to apply
lime a year ahead of a crop in a rotation that has a strong lime requirement (often a legume). An
application once every 4 to 8 years is usually effective. Limestone, burned lime (CaO), or slaked
lime [Ca(OH),] can also be used. Burned lime has a CCE of 179% and slaked lime a CCE of 133%.

The amount of lime required is determined from soil analysis, either by a pH base saturation
method or a buffer solution method (98,120). The soil requirement for lime, defined, for example,
as the number of tonnes of calcium carbonate required to raise the pH of a hectare of soil 200 mm
deep to pH 6.5 (120), will depend on the initial pH and also on CEC of the soil. Most soils have a
much greater proportion of their cations attached to cation-exchange sites than in solution, mean-
ing that a high proportion of the H* ions present are not measured in a simple pH test. Adding lime
to the soil neutralizes the acidity in the soil solution, but the Ca?* ions displace H" ions from the
exchange sites, with the potential to make the pH of the soil acidic once more, and this acidity is
neutralized by reaction of the H with the lime. The H* in soil solution is called the active acidity,
and the H" held to the exchange sites on soil colloids is called the reserve acidity The greater the
CEC, the greater the reserve acidity and the greater the lime requirement (98).

In the pH-base saturation method, the percent base saturation of the soil, the CEC of the soil
and the initial pH all have to be measured. To calculate how much lime should be added the percent
base saturation at the initial and at the target pH value are read off a graph, and the amount of CaCO,
to be added is calculated from the difference in percent base saturation at the two pH values multi-
plied by the CEC (98).

In the buffer solution method, a sample of the soil is mixed with a buffer, and the amount of
lime required is read off a table from the value of decrease in buffer pH on adding the soil (120).
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6.1 HISTORICAL INFORMATION

6.1.1 DETERMINATION OF ESSENTIALITY

The word ‘magnesium’ is derived from ‘magnesia’ for the Magnesia district in Greece where talc
(magnesium stone) was first mined (1,2). However, there are other cities that are also named after
the magnesium deposits in local regions (3). In 1808, Sir Humphry Davy discovered magnesium,
but named it magnium, because he considered magnesium to sound too much like manganese.
However, in time, the word magnesium was adopted (3-6). Twenty years later, magnesium was
purified by the French scientist, Bussy (7). The essentiality of magnesium in plants was established
nearly 50 years later (around 1860) by scientists such as Knop, Mayer, Sachs, and Salm-Horstmar
(4,8,9), and during the period 1904-1912, Willstatter identified magnesium as part of the chloro-
phyll molecule (3,6). For many years, magnesium was applied unknowingly to agricultural lands
through manure applications or as an impurity with other processed fertilizers (10); therefore, inci-
dences of magnesium deficiency were relatively uncommon. One of the first mentions of magne-
sium deficiency in plants was in 1923 on tobacco and was referred to as ‘sand drown,” since the
environmental conditions that were associated with magnesium deficiency occurred in excessively
leached sandy soils (11). Over 100 years later, magnesium has become a global concern, as scien-
tists suggest that magnesium deficiency may be one of the major factors causing forest decline in
Europe and North America (12—17). This malady may be an indirect result of the acidification of
soils by acid rain, which can cause leaching of magnesium as well as other alkali metals.

Magnesium is also an essential nutrient for animals. If forage crops, commonly grasses, are low
in magnesium, grazing animals may develop hypomagnesia, sometimes called grass tetany. For this
reason, many studies have been conducted on magnesium nutrition in forage crops, in an effort to
prevent this disorder (18-24). Based on the review of fertilizer recommendations for field soils in
the Netherlands by Henkens (25), the magnesium requirement for forage crops is closely associated
with the concentration of potassium and crude protein in the crop. This relationship of magnesium
with potassium and crude protein (nitrogen) for animal nutrition is not much different from the
magnesium-potassium-nitrogen associations in plant nutrition.

6.2 FUNCTION IN PLANTS

6.2.1 METABOLIC PROCESSES

Magnesium has major physiological and molecular roles in plants, such as being a component of
the chlorophyll molecule, a cofactor for many enzymatic processes associated with phosphoryla-
tion, dephosphorylation, and the hydrolysis of various compounds, and as a structural stabilizer for
various nucleotides. Studies indicate that 15 to 30% of the total magnesium in plants is associated
with the chlorophyll molecule (26,27). In citrus (Citrus volkameriana Ten. & Pasq.), magnesium
deficiency was associated directly with lower total leaf chlorophyll (28); however, there were no
effects on chlorophyll a/b ratios within the magnesium-deficient leaves.
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The other 70 to 85% of the magnesium in plants is associated with the role of magnesium as a
cofactor in various enzymatic processes (1,2,26,29), the regulation of membrane channels and recep-
tor proteins (30,31), and the structural role in stabilizing proteins and the configurations of DNA and
RNA strands (32,33). Since magnesium is an integral component of the chlorophyll molecule and the
enzymatic processes associated with photosynthesis and respiration, the assimilation of carbon and
energy transformations will be affected directly by inadequate magnesium. In nutrient film-grown
potato (Solanum tuberosum L.), relatively low (0.05 mM) or high (4.0 mM) magnesium concentrations
increased dark respiration rates and decreased photosynthetic rates relative to magnesium fertilization
rates ranging from 0.25 to 1.0mM (34). In hydroponically grown sunflower (Helianthus annuus L.),
photosynthetic rates decreased in ammonium-fertilized, but not nitrate-fertilized plants when the mag-
nesium concentration of nutrient solutions decreased below 2 mM (35). This effect was related to the
decreased enzymatic activity as well as the decrease in photosynthetic capacity due to the loss in
assimilating leaf area, occurring mainly as a consequence of leaf necrosis and defoliation (36).

Magnesium may also influence various physiological aspects related to leaf water relations
(37,38). In hydroponically grown tomato (Lycopersicon esculentum Mill.), increasing magnesium fer-
tilization from 0.5 to 10 mM resulted in an increase in leaf stomatal conductance (Gs) and turgor
potential (V') and a decrease in osmotic potential (*¥';) but had no effect on leaf water potential (V)
(37). In other studies (38) where low leaf water potentials were induced in sunflower (Helianthus
annuus L.) leaves, the increased magnesium concentrations in the stroma, caused by decreased stroma
volume due to dehydration, caused magnesium to bind to the chloroplast-coupling factor, thereby
inhibiting the ATPase activity of the enzyme and inhibiting photophosphorylation. Other experiments
(39-41) have indicated that even though up to 1.2mM magnesium may be required in the ATPase
complex of photophosphorylation, magnesium concentrations of 5 mM or higher result in conforma-
tional changes in the chloroplast-coupling factor, which causes inhibition of the ATPase enzyme.

As regards to the role of magnesium in molecular biology, magnesium is an integral component of
RNA, stabilizing the conformational structure of the negatively charged functional groups and also con-
currently neutralizing the RNA molecule (42—44). In many cases, the role of the magnesium ion in the
configurations and stabilities of many polynucleotides is not replaceable with other cations, since the lig-
and configurations are of a specific geometry that are capable of housing only magnesium ions (45). In
addition, magnesium serves as a cofactor for enzymes that catalyze the hydrolysis and formation of
phosphodiester bonds associated with the transcription, translation, and replication of nucleic acids (1,2).

6.2.2 GROWTH

Magnesium deficiency may suppress the overall increase in plant mass or specifically suppress root
or shoot growth. However, the extent of growth inhibition of roots and shoots will be influenced by
the severity of the magnesium deficiency, plant type, stage of plant development, environmental
conditions, and the general nutritional status of the crop. In tomato, suboptimal magnesium con-
centrations did not affect overall plant growth (37); however, an accumulation of assimilates
occurred in the shoots, suggesting that assimilate transport from the shoots to the roots was
impaired. For birch (Betula pendula Roth.) seedlings, decreased magnesium availability in the rhi-
zosphere had no effect on root branching pattern but decreased root length, root diameter, and root
dry weight (36). In addition, the fraction of dry matter allocated to the leaves increased even though
overall leaf area decreased (36). In raspberry (Rubus spp. L.), enhanced shoot growth was corre-
lated with increased magnesium in the leaves (46,47).

6.2.3 FrUIT YIELD AND QUALITY

Magnesium deficiencies and toxicities may decrease fruit yield and quality. In two cultivars of apple
(Malus pumila Mill.), fruit magnesium concentrations were correlated negatively with fruit color,
whereas fruit potassium concentrations were positively correlated with fruit color (48). The effects
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of magnesium on apple fruit quality may have been due to antagonistic effects on potassium uptake
and accumulation. In tomato, even though increasing magnesium fertilization rates did not affect
total shoot dry weight, overall fruit yield decreased with increased magnesium fertilization supply
from 0.5 to 10mM (37).

6.3 DIAGNOSIS OF MAGNESIUM STATUS IN PLANTS
6.3.1 SYMPTOMS OF DEFICIENCY AND EXCESS

6.3.1.1 Symptoms of Deficiency

In a physiological sense, magnesium deficiency symptoms are expressed first as an accumulation of
starch in the leaves (49), which may be associated with early reductions in plant growth and
decreased allocation of carbohydrates from leaves to developing sinks (50). This process is followed
by the appearance of chlorosis in older leaves, patterns of which can be explained by the physio-
logical processes associated with magnesium uptake, translocation, and metabolism in
plants (3-5,49). Magnesium is physiologically mobile within the plant. Therefore, if insufficient
magnesium is available from the rhizosphere, magnesium can be reallocated from other plant parts
and transported through the phloem to the actively growing sinks. Because of this mobility within
the plant, symptoms of deficiency will first be expressed in the oldest leaves (Figure 6.1). Early
symptoms of magnesium deficiency may be noted by fading and yellowing of the tips of old leaves
(49,51,52), which progresses interveinally toward the base and midrib of leaves, giving a mottled
or herringbone appearance (52). In later stages of development, deficiency symptoms may be
difficult to distinguish from those of potassium deficiency. Under mild deficiencies, a ‘V’-patterned
interveinal chlorosis develops in dicots as a result of magnesium dissociating from the chlorophyll,
resulting in chlorophyll degradation. In conifers, minor magnesium deficiency symptoms are
browning of older needle tips (0.10% magnesium concentration) and in more severe deficiencies,
the enter needle turns brown and senesce (0.07% magnesium concentration) (49,53). In some
plants, a reddening of the leaves may occur, rather than chlorosis, as is the case for cotton
(Gossypium spp.) (52,54), since other plant pigments may not break down as quickly as chlorophyll.
The loss of protein from magnesium-deficient leaves, however, usually results in the loss of plastic
pigments from most plants (55). On an individual leaf, as well as on a whole plant basis, deficiency

FIGURE 6.1 Symptoms of magnesium deficiency on (left) pepper (Capsicum annum L.) and (right) cucum-
ber (Cucumis sativus L.). (Photographs by Allen V. Barker.) (For a color presentation of this figure, see the
accompanying compact disc.)
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symptoms may begin to appear only on the portions of a leaf or the plant that are exposed to the
sun, with the shaded portions of leaves remaining green (49,56). Under severe deficiency symp-
toms, all lower leaves become necrotic and senesce (28,36) with symptoms of interveinal yellow-
ing progressing to younger leaves (36,56).

Magnesium has functions in protein synthesis that can affect the size, structure, and function of
chloroplasts (26). The requirement of magnesium in protein synthesis is apparent in chloroplasts, where
magnesium is essential for the synthesis and maintenance of proteins in the thylakoids of the chloro-
phyll molecule (57-59). Hence, the degradation of proteins in chloroplasts in magnesium-deficient
plants may lead to loss of chlorophyll as much as the loss of magnesium for chlorophyll synthesis.

On a cellular level, magnesium deficiency causes the formation of granules of approximately
80nm in diameter in the mitochondria and leads to the disruption of the mitochondrial membrane
(60). In the chloroplasts, magnesium deficiency results in reduced and irregular grana and reduced
or nonexistent compartmentation of grana (61). Palomiki (53) noted that chloroplasts were rounded
and thylakoids were organized abnormally in magnesium-deficient Scots pine (Pinus sylvestris L.)
seedlings. In the vascular system, magnesium deficiency may cause swelling of phloem cells and
collapse of surrounding cells, collapse of sieve cells, and dilation of proximal cambia and
parenchyma cells in conifers (53). These alterations at the cellular level occurred before visual
changes were evident and before a detectable decrease in leaf magnesium occurred.

6.3.1.2 Symptoms of Excess

During the early 1800s, symptoms of ‘magnesium’ toxicity in plants were described; however, dur-
ing this time, manganese was called magnesium and magnesium was referred to as magnium or
magnesia (3-5). Because of the confusion in nomenclature, early reports regarding magnesium and
manganese should be read carefully. At the present time, no specific symptoms are reported directly
related to magnesium toxicity in plants. However, relatively high magnesium concentrations can
elicit deficiency symptoms of other essential cations. Plant nutrients that are competitively inhib-
ited for absorption by relatively high magnesium concentrations include calcium and potassium and
occasionally iron (62). Therefore, symptoms of magnesium toxicity may be more closely associ-
ated with deficiency symptoms of calcium or potassium.

6.3.2 ENVIRONMENTAL CAUSES OF DEFICIENCY SYMPTOMS

Conditions of the soil and rhizosphere such as drought or irregular water availability (63,64), poor
drainage or excessive leaching (11), low soil pH (65-67), or cold temperatures (68,69) will exag-
gerate magnesium deficiency symptoms, as magnesium is not physically available under these envi-
ronmental conditions or physiologically, the plant roots are not capable of absorbing adequate
magnesium to sustain normal plant growth.

Conditions of the soil and rhizosphere such as drought or irregular water availability will impact
magnesium uptake. In sugar maple (Acer saccharum Marsh.), foliar analysis indicated that magne-
sium deficiency occurred during drought (64). Likewise, Huang (63) reported that drought-stressed
tall fescue (Festuca arundinacea Schreb.) had lower leaf magnesium concentrations than well-
watered fescue.

Low soil pH is also associated with a low supply or depletion of magnesium, possibly due to
leaching; however, research suggests that impairment of root growth in acid soils (pH 4.3 to 4.7)
also may hinder magnesium absorption (67). In one study (65), low soil pH (3.0) resulted in
increased accumulation of magnesium in the shoots, but decreased accumulation in the roots.
Contradicting Marler (65) and Tan et al. (67), Johnson et al. (70) found no clear correlation between
low soil pH and magnesium accumulation.

Relatively high and low root-zone temperatures affect magnesium uptake, but the degree of
impact may be influenced by plant type and stage of plant development. Huang et al. (71) and
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Huang and Grunes (68) reported that increasing root-zone temperature (10, 15, 20°C) linearly
increased magnesium accumulation by wheat seedlings that were less than 30 days old but sup-
pressed accumulation by seedlings that were more than 30 days old. Similarly, magnesium uptake
decreased when temperatures in the rhizosphere decreased from 20 to 10°C (69).

Although any environmental condition such as unfavorable soil temperature or pH may reduce
root growth and thus reduce magnesium uptake, other characteristics such as mycorrhizal colo-
nization can increase magnesium uptake. Likewise, it has been shown that plants that have colo-
nization of roots by mycorrhiza show higher amounts of magnesium accumulation relative to
nonmycorrhizal plants (72-75).

Shoots exposed to environmental parameters such as high humidity (76), high light intensity
(77,78), or high or low air temperatures (79) will decrease the ability of plants to absorb and
translocate magnesium, since transpiration is reduced and the translocation of magnesium is
driven by transpiration rates (63,76,80-84).

Light intensity can affect the expression of symptoms of magnesium deficiency. Partial shading
of magnesium-deficient leaves has been shown to prevent or delay the development of chlorosis
(77). Others (49,56) have also determined that magnesium deficiency symptoms may begin to
appear only on the portions of a leaf or plant that are exposed to the sun, with the shaded portions
of leaves remaining green. Zhao and Oosterhuis (78) also reported that shading (63% light reduc-
tion) increased leaf-blade concentrations of magnesium in cotton plants by 16% relative to
unshaded plants.

6.3.3 NUTRIENT IMBALANCES AND SYMPTOMS OF DEFICIENCY

Magnesium deficiency symptoms may be associated with an antagonistic relationship between mag-
nesium ions (Mg?") and other cations such as hydrogen (H*), ammonium (NH,"), calcium (Ca>"),
potassium (K™), aluminum (AI**), or sodium (Na*). The competition of magnesium with other
cations for uptake ranges from highest to lowest as follows: K>NH,* > Ca > Na (85,86). These
cations can compete with magnesium for binding sites on soil colloids, increasing the likelihood that
magnesium will be leached from soils after it has been released from exchange sites. Within the
plant, there are also antagonistic relationships between other cations and magnesium regarding the
affinity for various binding sites within the cell membranes, the degree of which is influenced by
the type of binding site (lipid, protein, chelate, etc.), and the hydration of the cation (87). These bio-
chemical interactions result in competition of other cations with magnesium for absorption into the
roots and translocation and assimilation in the plant (88-92).

6.3.3.1 Potassium and Magnesium

Increased potassium fertilization or availability, relative to magnesium, will inhibit magnesium
absorption and accumulation and vice versa (34,35,90,93-99). The degree of this antagonistic effect
varies with potassium and magnesium fertilization rates, as well as the ratio of the two nutrients to one
another. This phenomenon has been documented in tomato (62,96), soybean (Glycine max Merr.),
(93,100), apple (101), poplar (Populus trichocarpa Torr. & A. Gray) (102), Bermuda grass (Cynodon
dactylon Pers.) (103—105), perennial ryegrass (Lolium perenne L.) (18), buckwheat (Fagopyrum escu-
lentum Moench) (93), corn (Zea mays L.) (98), and oats (Avena sativa L.) (93). Potassium chloride
fertilization increased cotton (Gossypium hirsutum L.) plant size and seed and lint weight and
increased efficiency of nitrogen use, but had suppressive effects on magnesium accumulation in vari-
ous plant parts (106). Fontes et al. (107) reported that magnesium concentrations of potato (Solanum
tuberosum L.) petioles declined as potassium fertilization with potassium sulfate increased from 0.00
to 800kg K ha~!. Legget and Gilbert (100) noted that with excised roots of soybean, magnesium
uptake was inhibited if calcium and potassium were both present but not if calcium or potassium was
present alone. The opposite also holds true in that potassium and calcium contents of roots were
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depressed with increasing rates of magnesium fertilization (100). Similar results were obtained in
potatoes (Solanum tuberosum L.) where increasing magnesium fertilization from 0.05 to 4.0 mM
decreased the potassium concentration in shoots from 76.6 to 67.6 mg g~! shoot dry weight (34).

6.3.3.2 Calcium and Magnesium

High rhizosphere concentrations of calcium, relative to magnesium, are inhibitory to the absorption
of magnesium and vice versa (34,35,37,86,90,108-110). In the early 1900s, the importance of
proper ratios of magnesium to calcium in soils was emphasized through studies conducted by Loew
and May (4) on the relationships of lime and dolomite. High calcium concentrations in solution or
in field soils sometimes limit magnesium accumulation and may elicit magnesium deficiency symp-
toms (111-113). In tomato, the magnesium concentration in shoots (62) and fruits (114) decreased
as the calcium fertilization rate increased. Similarly, it was shown that increased calcium concen-
trations inhibited magnesium uptake in common bean (Phaseolus vulgaris L.) (86). On the other
hand, decreased accumulation of calcium in birch was directly correlated with the decreased
absorption and accumulation of calcium as magnesium fertilization rates increased (36). The
absorption of calcium decreased from 1.5 to 0.3 mmol g~! root mass as magnesium fertilization
increased (36). Morard et al. (115) reported a strong antagonism between calcium and magnesium,
suggesting that calcium influenced magnesium translocation to leaves. Optimum leaf Ca/Mg ratios
are considered to be approximately 2:1; however, Ca/Mg ratios >1:1 and <5:1 can produce ade-
quate growth without the expression of magnesium deficiency (36,85). In a study with tomato, the
root, stem, and leaf calcium concentrations decreased as fertilization rates increased from 0.50 to
10.0 mM Mg in solution culture (37). Similarly, with woody ornamentals, high fertilization rates of
calcium relative to magnesium inhibited the accumulation of magnesium and decreased root and
shoot growth, and inversely, high magnesium decreased calcium accumulation and plant growth
(35,109). Clark et al. (116) used flue-gas desulfurization by-products to fertilize corn in greenhouse
experiments. They noted that the materials needed to be amended with magnesium at a ratio of 1
part magnesium to 20 parts of calcium to avoid magnesium deficiency in the corn. In containerized
crop production, general recommendations indicate sufficient calcium and magnesium additions to
produce an extractable Ca/Mg ratio of 2:5 (117). Navarro et al. (118) reported an antagonist effect
of calcium on magnesium accumulation in melon (Cucumis melo L.), regardless of salinity levels
imposed by sodium chloride. In other studies (119-121), it was shown that even with the use of
dolomitic lime, magnesium deficiency might occur. This occurrence is due to the different solubil-
ities of magnesium carbonate (MgCO,) and calcium carbonate (CaCO,) in the dolomite. Therefore,
during the first 4 months, both magnesium and calcium solubilized from the dolomite. However,
after 4 months, all of the magnesium had dissolved from the dolomite, leaving only Ca from the
CaCO; available for dissolution and availability to the plant (119,120). Based on these studies, it
appears that the use of solid calcium and magnesium fertilizers with similar solubility rates may be
important so that both elements are available in similar and sufficient levels throughout the entire
crop production cycle (119-121).

6.3.3.3 Nitrogen and Magnesium

Nitrogen may either inhibit or promote magnesium accumulation in plants, depending on the form
of nitrogen: with ammonium, magnesium uptake is suppressed and with nitrate, magnesium uptake
is increased (35,101,122-124). In field soils, the chances of ammonium competing with magnesium
for plant uptake are more likely to occur in cool rather than warm soils because in warmer soils, most
ammonium is converted into nitrate by nitrification processes. In forests, high inputs of ammoniacal
nitrogen amplified latent magnesium deficiency (125). In conditions of sand culture, ammonium-
nitrogen of Norway spruce (Picea abies Karst.) resulted in significantly lower magnesium and
chlorophyll concentrations in current-year and year-old needles compared to fertilization with
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nitrate-nitrogen (126). Similarly, in herbaceous plants such as wheat (Triticum aestivum L.) (127)
and bean (Phaseolus vulgaris L.) (128), ammoniacal nitrogen reduced shoot accumulation of magne-
sium (127). In cauliflower (Brassica oleracea var. botrytis L.), increasing nitrate-nitrogen fertilization
from 90 to 270kg ha™! increased yield response to increased magnesium fertilization rates (22.5 to
90kg ha™!) (129). Similarly, in hydroponically grown poinsettia (Euphorbia pulcherrima Willd.),
magnesium concentrations in leaves increased as the proportion of nitrate-nitrogen to ammonium-
nitrogen increased, even though all treatments received the same amount of total nitrogen (130). In a
similar way, magnesium fertilization increased the plant accumulation of nitrogen, which was applied
as urea, in rice (Oryza sativa L.) (131). As with other nutrients, the degree of impact of nitrogen on
magnesium nutrition is influenced by the concentrations of the nutrients, relative to each other. For
example, Huang et al. (71) demonstrated with hydroponically grown wheat that nitrogen form had no
significant effect on shoot magnesium levels when magnesium concentrations in solutions were rela-
tively high (97 mg L™!); however, at low magnesium concentrations (26 mg L") in solutions, increas-
ing the proportion of ammonium relative to nitrate significantly decreased shoot Mg concentrations.
In another study, Huang and Grunes (68) also noted that even though magnesium uptake rates were
significantly higher for plants supplied with nitrate rather than ammonium, increasing the proportion
of the nitrogen supply as nitrate decreased net magnesium translocation to the shoots.

6.3.3.4 Sodium and Magnesium

High soil or nutrient-solution salinity levels (with NaCl), relative to magnesium supply, may inhibit
magnesium accumulation in plants (132-135). Howeyver, results are variable since salinity often
inhibits plant growth; therefore, there may be a reduction in the total uptake of a nutrient into a plant.
However, since the plant is smaller, the magnesium level, expressed in terms of concentration, may
be higher. Application of sodium-containing fertilizers (chloride or nitrate) lowered the concentration
of magnesium in white clover (Trifolium repens L.) leaves but increased the magnesium in perennial
ryegrass (Lolium perenne L.) (133). In hydroponically grown taro (Colocasia esculenta Schott.) (136)
and wheat (137), sodium chloride treatments resulted in a suppression of leaf magnesium. Use of
sodium chloride to suppress root and crown rot in asparagus (Asparagus officinalis L. var. altilis L.)
also suppressed magnesium accumulation in the leaves (138). Even in a halophyte such as Halopyrum
mucronatum Stapf., increasing sodium chloride concentrations in nutrient solutions from 0.0 to
5220mg L' significantly decreased magnesium concentrations in the shoots and roots (134).
However, in hydroponically grown bean (Phaseolus vulgaris L.), sodium chloride increased leaf con-
centrations of magnesium, perhaps as a result of growth suppression (139). Growth suppression of
rice was associated with salinity, but the levels of magnesium in the leaves were unaffected (140).
Other research (141) found that sodium chloride increased accumulation of magnesium in shoots but
suppressed magnesium accumulation in roots of strawberry (Fragaria chiloensis Duchesne var.
ananassa Bailey). In fact, some (142) have attributed the salt tolerance of some soybean cultivars to
the ability to accumulate potassium, calcium, and magnesium, in spite of saline conditions.

6.3.3.5 Iron and Magnesium

Uptake and accumulation of iron may be inhibited or unaffected by increased magnesium fertilization.
In addition, the translocation of magnesium from the roots to the shoots may decrease in iron-
deficient plants relative to iron-sufficient plants (143). The antagonistic relationship of iron with mag-
nesium has been demonstrated in tomato (62) and radish (Raphanus sativus L.) (144). Nenova and
Stoyanov (143) noted that the uptake and translocation of magnesium was reduced in iron-deficient
plants compared to iron-sufficient plants. However, Bavaresco (145) reported that under lime-induced
chlorosis, chlorotic grape (Vitis vinifera L.) leaves did not differ from green leaves in nutrient compo-
sition, but the fruits of chlorotic plants were different in that they had higher magnesium than fruits
from normal plants. Iron concentrations did not differ among any of the tissues.
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6.3.3.6 Manganese and Magnesium

Manganese, as a divalent cation, can compete with magnesium for binding sites on soil particles as
well as biological membranes within plants (146). However, manganese is required in such small
quantities (micromolar concentrations in nutrient solutions resulting in Manganese, as a divalent
cation, can compete with magnesium for binding sites on soil particles as well as biological mem-
branes within plants (146). However, manganese is required in such small quantities (micromolar
concentrations in nutrient solutions resulting in = 20 to 500 ppm in most plant tissues) that man-
ganese toxicity usually occurs before quantities are high enough to significantly inhibit magnesium
uptake to physiologically deficient levels (62,85). However, some experiments (147,148) have
demonstrated that manganese can inhibit magnesium uptake. However, Alam et al. (147) and
Qauartin et al. (148) did not indicate if the inhibition of magnesium was substantial enough to
induce magnesium deficiency symptoms. On the other hand, increased magnesium fertilization has
been shown to decrease manganese uptake and accumulation (34,80), and in some cases, magne-
sium fertilization may mitigate manganese toxicity (149,150). In one study (151), the tolerance of
certain cotton (Gossypium hirsutum L.) cultivars to manganese appeared to be related to the ability
to accumulate more magnesium than by the manganese-sensitive cultivars.

6.3.3.7 Zinc and Magnesium

As with manganese, zinc is a divalent cation that is required in minuscule quantities for normal
plant growth. Therefore, plants usually suffer from zinc toxicity before concentrations are high
enough to inhibit magnesium uptake. However, some research has indicated that as zinc increases
to toxic levels in plants, the accumulation of magnesium is suppressed, but not to the degree of
inducing magnesium deficiency symptoms. In hydroponically grown tomato (62), increasing zinc
concentrations from 0.0 to 1.58mg L~' did not affect magnesium concentrations in shoots.
Similarly, nontoxic levels of zinc applications through zinc-containing fungicides or fertilization
(soil or foliar applied) did not affect magnesium concentrations in potato leaves, although zinc con-
centrations increased in leaves (152). However, at higher zinc concentrations (30 vs. 0.5mg L),
magnesium accumulation in tomato leaves and fruit was inhibited (153). Similarly, with blackgram
(Vigna mungo L.) grown in soil, accumulation of zinc in plants led to a suppression of magnesium,
calcium, and potassium in leaves (154). Bonnet et al. (155) also reported that zinc fertilization of
ryegrass (Lolium perenne L.) lowered magnesium content of leaves, in addition to lowering the
efficiency of photosynthetic energy conversion, and elevating the activities of ascorbate peroxidase
and superoxide dismutase. Conversely, pecan (Carya illinoinensis K. Koch) grown under zinc-
deficient conditions had higher leaf magnesium than trees grown under zinc-sufficient conditions
(156). However, in nutrient film-grown potatoes (Solanum tuberosum L.), increased levels of mag-
nesium fertilization (1.2 to 96.0mg L") did not affect zinc concentrations in tissues.

6.3.3.8 Phosphorus and Magnesium

Phosphate ions have a synergistic effect on accumulation of magnesium in plants, and vice versa.
This phenomenon is associated with the ionic balance related to cation and anion uptake into plants
as well as the increased root growth sometimes observed with increased phosphorus fertilization.
For example, with hydroponically grown sunflower (Helianthus annuus L.), phosphorus accumula-
tion increased in tissues from 9.0 to 13.0mg g~ ' plant dry weight as magnesium concentrations in
nutrient solutions were increased from 0.0 to 240 mg L™ (35). Likewise, increasing phosphorus fer-
tilization increases magnesium accumulation, as demonstrated in field-grown alfalfa (Medicago
sativa L.) (157). The effect of phosphorus fertilization increasing magnesium uptake has also been
documented in rice (Oryza sativa L.), wheat (Triticum aestivum L.), bean (Phaseolus vulgaris L.),
and corn (Zea mays L.) (158). Reinbott and Blevins (82,159) reported that phosphorus fertilization
of field-grown wheat (Triticum aestivum L.) and tall fescue (Festuca arundinacea Shreb.) increased
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leaf calcium and magnesium accumulation and concluded that proper phosphorus nutrition may be
more important than warm root temperatures in promoting magnesium and calcium accumulation,
particularly if soils have suboptimal phosphorus concentrations. Reinbott and Blevins (160) also
showed a positive correlation between calcium and magnesium accumulation in shoots with
increased phosphorus fertilization of hydroponically grown squash (Cucurbita pepo L.).

6.3.3.9 Copper and Magnesium

Like other micronutrients, copper is a plant nutrient, which is required in such low concentrations
relative to the requirements for magnesium that high copper fertilization is more likely to induce
copper toxicity before causing magnesium deficiency symptoms. However, some studies have
shown that copper may competitively inhibit magnesium accumulation in plants (161,162). In taro
(Colocasia esculenta Schott), increasing the nutrient solution copper concentrations from 0.03
to 0.16mg L™, significantly decreased the accumulation of magnesium in leaves from 5.5 to
4.4mg g~ ! dry weight (161). In a study (162) using young spinach (Spinacia oleracea L.), where
copper concentrations in nutrient solutions were increased from 0.0 to 10.0mg L™!, which is two
orders of magnitude greater than the copper concentrations used in the study conducted by Hill et
al. (2000), copper toxicity symptoms did occur, and there was a significant suppression in magne-
sium accumulation in the leaves and roots from 322 and 372mg kg™ ! to 41 and 203 mg kg™ !,
respectively (162). However, the magnesium concentration reported in this study (162) is an order
of magnitude lower than what is found typically in most herbaceous plants (85). On the other hand,
effects of magnesium fertilization on copper uptake are not documented, although one study (34)
indicated that increasing rates of magnesium fertilization did not significantly reduce the uptake
and accumulation of copper.

6.3.3.10 Chloride and Magnesium

The effects of chloride on magnesium accumulation in plants have been studied in relation to the
effects of salinity on growth and nutrient accumulation. In many of these studies, it is difficult to
separate the effects of chloride from those of sodium ions; hence, many of the results show a depres-
sion of magnesium accumulation with increases in sodium chloride concentration in the root zone
(132—-135). In grapes (Vitis vinifera L.), salinity from sodium chloride did not affect magnesium
concentrations in leaves, trunk, or roots (163). With tomato, increased magnesium fertilization rates
did not increase the accumulation of chlorine in the leaves, stems, or roots (37). With soybean,
uptake of chloride by excised roots was low from magnesium chloride solutions but was enhanced
by the addition of potassium chloride (100).

6.3.3.11 Aluminum and Magnesium

Free aluminum in the soil solution inhibits root growth, which in turn will reduce ability of plants
to take up nutrients (164). Research with red spruce (Picea rubens Sarg.) indicated that magnesium
concentrations in roots and needles of seedlings were suppressed by exposure to = 400 uM alu-
minum in nutrient solutions (165,166). Increasing concentrations of free aluminum have also been
shown to reduce magnesium accumulation in taro (167), maize (Zea mays L.) (168,169), and wheat
(Triticum aestivum L.) (170). Aluminum-induced magnesium deficiency may be one mechanism of
expression of aluminum toxicity in plants, and aluminum tolerance of plants may be related to the
capacity of plants to accumulate magnesium and other nutrients in the presence of aluminum
(67,95,168,170-172). Some studies (173) have shown that the toxic effects of aluminum were
reduced when magnesium was introduced into the nutrient solution and subsequently increased the
production and excretion of citrate from the root tips. The authors (173) hypothesized that the
citrate binds with free aluminum, forming nontoxic aluminum-—citrate complexes. Keltjens (168)
also reported that aluminum chloride in solution culture restricted magnesium absorption by corn
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but that aluminum citrate or organic complexes did not inhibit magnesium absorption and were not
phytotoxic.

Sensitivity to aluminum toxicity may or may not be cultivar-specific. In a study (170) with
wheat, differences in magnesium accumulation occurred for different cultivars, with a significantly
greater accumulation of magnesium in the leaves of the aluminum-tolerant ‘Atlas 66’ compared to
the aluminum-sensitive ‘Scout 66’ and increasing the magnesium concentration in nutrient solu-
tions relative to aluminum and potassium concentrations increased the aluminum tolerance of
‘Scout 66’ (170). However, in another study (174) with aluminum-tolerant and aluminum-sensitive
corn cultivars, increasing concentrations of aluminum resulted in higher nutrient concentrations in
the shoots of aluminum-sensitive than in the aluminum-tolerant cultivar, probably the result of a
greater suppression of growth in the sensitive cultivar.

6.3.4 PHENOTYPIC DIFFERENCES IN ACCUMULATION

The uptake and accumulation of magnesium may change during different stages of physiological
development. Knowledge of these changes is important in managing nutritional regimes for plant
growth and for sampling of plants to assess their nutritional status. In poinsettias, magnesium accu-
mulation was greatest from the period of flower induction to the visible bud stage, but then accumu-
lation decreased during the growth phase of visible bud to anthesis (130). With cotton (Gossypium
hirsutum L.), maximum daily influx of magnesium into roots occurred at peak bloom (175).
Accumulation (net influx) of magnesium in annual ryegrass (Lolium multiflorum Lam.) decreased
with increasing plant age (176,177). Similarly, magnesium uptake rates by tomato decreased from 68
to 17.5 weq g~ ! fresh weight per day as the plants aged from 18 to 83 days (110). With anthurium
(Anthurium andraeanum Lind.), changes in the allocation of magnesium to different organs with
increased plant age were attributed to transport of nutrients from lower leaves to the flowers, result-
ing in a lowering of magnesium concentrations in the lower leaves (178). Tobacco (Nicotiana
tabacum L.) showed decreasing concentrations of leaf magnesium from base to top of the plants over
the growing season, and stem magnesium concentrations also fell with plant age (179). Sadiq and
Hussain (180) attributed the decline in magnesium concentration in bean (Phaseolus vulgaris L.)
plants to a dilution effect from plant growth. However, Jiménez et al. (181) reported no significant
differences in shoot-tissue magnesium concentrations throughout the different growth stages of
different soybean cultivars.

6.3.5 GENOTYPIC DIFFERENCES IN ACCUMULATION

Variation in magnesium accumulation might occur for different cultivars or plant selections
within a species. In a 2-year study with field-grown tomato plants in an acid soil, magnesium con-
centration of leaves was significantly greater in cultivar ‘Walter’ (1.1%) than in ‘Better Boy’
(0.9%) in a dry, warm year, but no differences (average 0.6%) occurred between the cultivars in
a wetter, cooler year that followed (182). Mullins and Burmester (183) noted that cotton cultivars
differed in concentrations of magnesium in leaves and burs under nonirrigated conditions.
Differences in magnesium concentrations in different cultivars of Bermuda grass (Cynodon
dactylon Pers.) have been reported (184). Rosa et al. (185) suggested that variation in calcium,
magnesium, and sulfur among broccoli (Brassica oleracea var. italica Plenck) varieties justifies
selection of a particular cultivar to increase dietary intake of these elements. Likewise, in
different wheat (Triticum aestivum L.) (170) and barley (Hordeum vulgare L.) (171) cultivars,
aluminum tolerance was associated with the ability to take up and accumulate magnesium under
conditions of relatively high aluminum concentrations (1.35 to 16.20 mg L") in the rhizosphere.
Similar studies (94) have been conducted to select clonal lines of tall fescue (Festuca arundi-
nacea Schreb.), which display higher accumulation of magnesium, in an effort to prevent mag-
nesium tetany in grazing animals.
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6.4 CONCENTRATIONS OF MAGNESIUM IN PLANTS

6.4.1 MAGNESIUM CONSTITUENTS

Magnesium is present in the plant in several biochemical forms. In studies with forage grasses,
magnesium was measured in water-soluble, acetone-soluble, and insoluble constituents (18). These
forms are present in the phloem, xylem, cytoplasm (water-soluble fraction), chlorophyll (acetone-
soluble fraction), and cell wall constituents (insoluble fraction).

6.4.1.1 Distribution in Plants

The quantity of magnesium accumulated will differ for various plant organs, with a tendency
toward greater allocation of magnesium in transpiring organs such as leaves and flowers, rather
than the roots (186—-188); however, this translocation to different plant parts may be affected by the
status of other elements in the plant (143,164,189). Similarly, the ability of magnesium to remo-
bilize and translocate out of a particular plant organ may vary among plant organs (186,187). In
cucumber, magnesium concentrations were seven times higher in the shoots (70 pumol g~! fresh
weight) than in the roots (10 pmol g~! fresh weight) (190). In native stands of 13-year-old
Hooker’s Banksia (Banksia hookeriana Meissn.), magnesium was distributed to different plant
organs as follows (mg g~ ! dry weight): 0.99 in stems, 1.41 in leaves, and 0.73 in reproductive
structures, which account for 54, 21, and 25% of the total magnesium content, respectively (191).
In walnut (Juglans regia L.), magnesium remobilization from catkins was less than that from
leaves (186,187). Additional studies (192) indicate that the magnesium concentration in the seeds
of several halophytes ranged from 0.22 to 0.90% for forbs and 0.07 to 0.97% for grasses (192). In
corn (Zea mays L.), less magnesium was translocated from the roots to the shoots for iron-deficient
plants than with plants with sufficient iron (143). In a similar manner for hydroponically grown
tomatoes, increasing potassium concentrations of nutrient solutions resulted in decreased magne-
sium concentration in leaves and roots, but increased magnesium concentrations in fruits and seeds
(193).

Although magnesium accumulates to higher levels in aboveground organs than in belowground
organs, there may also be spatial differences in magnesium accumulation within a particular organ
(194). In corn leaves, magnesium concentration decreased from the leaf tip to the leaf base (194).
The relative distribution of magnesium within plants may be altered by magnesium fertilization
rates as well as the fertilization rates of other nutrients. Other environmental stresses, such as iron
deficiency, have also been shown to modify the spatial gradient of magnesium concentrations along
the leaf blade of corn (194).

6.4.1.2 Seasonal Variations

In perennial ryegrass (18) and walnut (186,187), magnesium concentration increased throughout the
growing season. For field-grown soybeans, there was an indication that magnesium was remobilized
from stems and leaves and translocated to developing pods later in the growing season (195), since
stems and leaf tissue magnesium concentrations decreased from approximately 0.70% to less than
0.50% as pod magnesium concentrations increased from 0.48 to 0.51%, indicating a remobilization
of magnesium from vegetative to reproductive tissue. However, the degrees of differences were
affected by soil type and irrigation frequency (195).

6.4.1.3 Physiological Aspects of Magnesium Allocation

Physiologically, certain stages of plant development, such as flowering and fruiting, may make
plants more susceptible to magnesium deficiencies. In camellia (Camellia sasanqua Thunb.
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‘Shishi Gashira’), magnesium deficiency may be expressed after flowering, as the first vegetative
flush commences in the spring (56). This expression appears to be attributed to the large flowers
of ‘Shishi Gashira’ acting as sinks for magnesium. After flowering, when magnesium reserves in
the plants are low, plants may be markedly susceptible to magnesium deficiency and may
develop typical magnesium deficiency symptoms if sufficient magnesium is not available in the
soil for uptake. Similarly, in cucumber, magnesium concentration in leaves increased with leaf
age, until flowering and fruiting, at which point concentrations increased in the younger leaves
(190). In grapes (Vitis vinifera L.), the magnesium concentration (10.1 mg/cluster) of ripening
berries of ‘Pinot Blanc,” a cultivar that is susceptible to lime-induced chlorosis during ripening,
was significantly higher than the magnesium concentration (7.1 mg/cluster) for berries of the
lime-tolerant cultivar ‘Sauvignon Blanc’ (145). However, in blades and petioles, there were no
differences in magnesium concentrations (145). In other grape cultivars (‘Canadian Muscat’ and
‘Himrod’) that are susceptible to berry drop and rachis necrosis, spray applications of magne-
sium were shown to increase berry yield through the alleviation of rachis necrosis and berry drop
(196). A similar observation was noted on grapefruit (Citrus paradisi Macfady) trees by Fudge
(197). As fruit and seed development occurred, a depletion of magnesium from leaves near to the
fruits was apparent, as only the leaves in proximity to the fruits expressed magnesium deficiency
symptoms.

6.4.2 CRITICAL CONCENTRATIONS

6.4.2.1 Tissue Magnesium Concentration Associations with Crop Yields

The magnesium concentration of tissues considered as deficient, sufficient, or toxic depends on
what growth parameter is being measured in the crops. In many food crops, classification of nutri-
ent sufficiency is based on harvestable yields and quality of the edible plant parts (198). In orna-
mental plants, sufficiency values are based on plant growth rate and visual quality of the
vegetative and reproductive organs. In forestry, ratings are based on rate of growth and wood
quantity and quality. For example, in birch (Betula pendula Roth.) seedlings, magnesium
sufficiency levels in leaves were correlated with relative growth rate (36). Based on their studies,
maximum growth rate was correlated with a mature healthy leaf magnesium concentration of
0.14%, a concentration that was considered deficient for rough lemon (Citrus jambhiri Lush.)
production (28). Austin et al. (199) reported that magnesium concentrations in taro (Colocasia
esculenta Schott) varied from 0.07 to 0.42% with hydroponically grown plants and noted that
growth parameters (biomass, leaf area, nutrient concentrations) did not vary as the magnesium in
solution varied from 1.20 to 19.2mg L~!. In corn, optimal leaf magnesium concentrations were
determined to range between 0.13 and 0.18% for maximum corn yields (198). With peach
(Prunus persica Batsch.), the critical concentration or marginal level of magnesium in leaves was
determined to be about 0.2% of the dry mass based on the appearance of symptoms of deficiency
but with no growth suppression at this concentration (200).

6.4.2.2 Tabulated Data of Concentrations by Crops

In most commercially grown crops, magnesium concentrations average between 0.1 and 0.5% on a
dry weight basis (29). However, total magnesium concentration may vary considerably between
different plant families. The legumes (Leguminosae or Fabaceae) can have nearly double the mag-
nesium concentration as most cereal crops (201). Likewise, oil seed crops and root crops can also
contain high concentrations of magnesium (201). A tabulated description of magnesium concentra-
tions for different crops is presented in Table 6.1.
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TABLE 6.1

Ranges of Magnesium Concentrations in Different Crops, Which Were Considered
Deficient, Sufficient, or Excessive, Depending on the Crop and the Crop Yield Component
Being Considered

Type of Crop Diagnostic Range (%)

Latin Name Common Name Low Sufficient High
Abelia R. Br. Abelia 0.25-0.36
Abeliophyllum Nakai. White forsythia 0.20-0.24
Abies Mill. Fir 0.06-0.16
Acalypha hispida Burm.f. Chenille plant 0.60
Acer L. Maple 0.10-0.77
Achillea L. Yarrow 0.18-0.27
Acorus gramineus Ait. Japanese sweet flag 0.23-0.37
Actinidia Lindl. Kiwi-fruit 0.35-0.80
Aeschynanthus radicans Jack Lipstick plant 0.25-0.30
Aesculus L. Buckeye, horsechestnut 0.17-0.65
Aglaonema Schott Chinese evergreen 0.30-1.00
Agrostis L. Bent grass 0.25-0.30
Ajuga L. Bugleweed 0.23-0.53
Allamanda L. Allamanda 0.25-1.00
Allium cepa L. Onion 0.25-0.50
Allium sativum L. Garlic 0.15-2.5
Alocasia cucullata (Lour.) Chinese taro 0.87
G. Don.
Aloe L. Aloe 0.62-1.32
Alstroemeria L. Alstroemeria 0.20-0.50
Amelanchier Medic. Serviceberry 0.22-0.30
Amsonia Walt. Blue star 0.17-0.27
Anacardium L. Cashew 0.02-0.15
Ananas Mill. Pineapple 0.30-0.60
Annona L. Custard apple, soursop 0.30-0.50
Anthurium Schott. Anthurium 0.34-1.00
Antirrhinum L. Snapdragon 0.50-1.05
Aphelandra squarrosa Nees. Zebra plant 0.50-1.00
Apium L. Celery 0.20-0.50
Arachis hypogaea L. Peanut or groundnut 0.30-0.80
Aralia spinosa L. Devil’s walkingstick 0.14-0.55
Araucaria Juss. Bunya-bunya, 0.20-0.50

monkey puzzle tree,

Norfolk Island pine
Armoracia rusticana P. Horseradish 0.25-3.0
Gaertn., B. Mey. & Scherb.
Artemisia L. Dusty miller, 0.19-0.62

wormwood,

tarragon
Asarum L. Ginger or snakeroot 0.50-0.72
Asclepias L. Milkweed 0.22-0.40
Asparagus L. Asparagus 0.10-0.40
Aspidistra elatior Blume Cast-iron plant 0.12-0.33
Aster L. Aster 0.18-0.35
Astilbe Buch.-Ham. Ex D. Don Lilac rose 0.12-0.28
Aucuba japonica Thunb. Japanese laurel 0.13-0.26
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Type of Crop Diagnostic Range (%)
Latin Name Common Name Low Sufficient High
Avena sativa L. Oats 0.07-0.39 0.13-0.52
Beaucarnea recurvata Lem. Pony-tail palm 0.20-0.50
Begonia L. Begonia 0.30-0.88
Berberis L. Barberry 0.13-0.26
Beta vulgaris L. Beet 0.25-1.70
Betula L. Birch 0.14-0.37 0.16-1.00
Bougainvillea glabra Choisy. Paper flower 0.25-0.75
Bouvardia Salisb. Bouvardia 0.49-0.73
Brassica L. Mustard, kale, 0.17-1.08
cauliflower,
broccoli, cabbage
Bromelia L. Bromeliad 0.40-0.80
Bromus L. Bromegrass 0.08-0.30
Buddleia L. Butterfly bush 0.17-0.50
Buxus L. Boxwood 0.18-0.60
Caladium Venten. Fancy-leaf caladium 0.20-0.40
Calathea G. F. Mey. Feather calathea 0.25-1.30
Callicarpa L. Beautyberry 0.25-0.42
Callisia L. Wandering jew 0.92-1.40
Calycanthus L. Sweetshrub or 0.12-0.17
Carolina allspice
Camellia L. Tea 0.12-0.33
Campsis Lour. Trumpet creeper 0.14-0.19
Capsicum L. Pepper 0.30-2.80
Carex L. Sedge 0.15-0.28
Carica L. Papaya 0.40-1.20
Carissa grandiflora Natal plum 0.25-1.00
(E. H. Mey.) A. DC.
Carpinus L. Hornbeam 0.18-0.40
Carya Nutt. Hickory, pecan 0.04-0.12 0.18-0.82
Caryopteris Bunge. Bluebeard 0.16-0.17
Catalpa Scop. Catalpa 0.34-0.36
Catharanthus G Don Madagascar or 0.32-0.78
rosy periwinkle
Cattleya Lindl. Orchid, cattleya 0.27-0.70
Ceanothus impressus Trel. Santa Barbara ceanothus 0.16-0.19
Cedrus Trew. Cedar 0.09-0.35
Celosia L. Celosia 1.36-4.05
Celtis L. Hackberry 0.47-0.53
Cercis L. Redbud 0.12-0.39
Chaenomeles Lindl. Flowering quince 0.20-0.30
Chamaecyparis Spach Falsecypress 0.07-0.39
Chimonanthus praecox Fragrant wintersweet 0.23-0.37
(L.) Link
Chionanthus Lindl. Fringetree 0.13-0.31
Chlorophytum Ker-Gawl. Spider plant 0.25-1.50
Chrysanthemum L. Chrysanthemum 0.29-0.97
Chrysobalanus L. Coco plum 0.25-1.00
Cichorium endiva L. Endive 0.36-2.50
Citrullus lanatus (Thunb.) Watermelon 0.30-3.50

Matsum. & Nakai

Continued
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TABLE 6.1 (Continued)
Type of Crop Diagnostic Range (%)
Latin Name Common Name Low Sufficient High
Citrus L. Lime, orange, 0.17-1.00
grapefruit, etc.
Cladrastis Raf. Yellowwood 0.24-0.32
Clematis L. Clematis 0.10-0.18
Clethra L. Summer-sweet 0.59-0.93
Cocculus DC. Laurel-leaf moonseed 0.13-0.21
Codiaeum A. Juss. Croton 0.40-0.75
Colffea L. Coffee 0.25-0.50
Coleus Lour. Coleus 1.27-1.48
Cordyline terminalis (L.) Ti plant 0.23-0.49
Kunth
Coreopsis L. Coreopsis 0.46-0.50
Cornus L. Dogwood 0.23-0.90
Coronilla L. Crownvetch 0.42-0.65
Corylopsis sinensis Hemsl. Chinese winterhazel 0.11-0.21
Corylus L. Hazelnut, Filbert 0.22-0.59
Cotinus Mill. Smoke tree 0.19-0.41
Cotoneaster Medic. Cotoneaster 0.17-0.45
Crassula Thunb. Jade plant 0.33-0.82
Crataegus L. Hawthorn 0.29-0.33
Crossandra Salisb. Crossandra or 0.40-0.60
firecracker flower
Cucumis L. Cantaloupe, honeydew, 0.35-0.80
cucumber
Cucurbita L. Pumpkin, squash 0.30-2.50
Cymbidium Swartz Orchid, cymbidium 0.19-1.00
Cynodon L. Bermuda grass 0.10-0.50
Dactylis L. Orchard grass 0.15-0.30
Daphne odora Thunb. Winter daphne 0.10-0.18
Daucus L. Wild carrot 0.25-0.60
Desmodium Desv. Tick trefoil 0.14-0.17
Dianthus L. Carnation 0.19-1.05
Dicentra Bernh. Dutchman’s breeches, 0.19-0.35
bleeding heart
Dieffenbachia Schott. Dumb cane 0.30-1.30
Digitalis L. Foxglove 0.24-0.40
Diospyros L. Persimmon 0.18-0.74
Dizygotheca N. E. Br. False aralia 0.20-0.40
Draceana L. Dracaena 0.20-1.00
Dypsis Noronha ex Mart. Areca palm 0.20-0.80
Elaeagnus pungens Thunb. Thorny elaeagnus 0.17-0.22
Elaeis Jacq. Oil palm 0.12-0.27 0.23-0.50
Epipremnum Schott. Devil’s ivy 0.30-1.00
Eriobotrya Lindl. Loquat 0.05
Eruca Mill. Arugula 0.28-0.29
Eucalyptus L’Hér. Mindanao gum or bagras 0.13-0.42
Euonymus L. Spindle tree 0.10-0.47
Euphorbia milii Desmoul. Crown-of-thorns 0.25-1.00
Euphorbia pulcherrima Poinsettia 0.20-1.00

Willd. ex Klotzsch
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Type of Crop Diagnostic Range (%)
Latin Name Common Name Low Sufficient High
Fagus L. Beech 0.13-0.36
Feijoa sellowiana O. Berg. Pineapple guava 0.15-0.22
Festuca L. Fescue 0.24-0.35
Ficus L. Fig 0.20-1.00
Forsythia Vahl. Golden-bells 0.12-0.26
Fothergilla L. Witchalder 0.20-0.42
Fragaria L. Strawberry 0.25-0.70
Fraxinus L. Ash 0.17-0.49
Gardenia Ellis Gardenia 0.25-1.00
Gelsemium sempervirens Carolina jasmine 0.13-0.20
(L.) Ait
Geranium L. Cranesbill 0.24-0.37
Gerbera L. Transvaal daisy 0.24-0.63
Ginkgo biloba L. Ginkgo 0.25-0.41
Gladiolus L. Gladiolus 0.50-4.50
Gleditsia L. Honeylocust 0.22-0.35
Glycine max (L.) Merrill Soybean 0.25-1.00
Gossypium L. Cotton 0.30-0.90
Gynura Cass. Royal velvet plant 0.70-0.94
Gypsophila L. Baby’s breath 0.40-1.30
Halesia L. Silverbell 0.14-0.37
Hamamelis L. Witchhazel 0.15-0.18
Hedera L. Ivy 0.15-0.70
Helianthus annuus L. Sunflower 0.25-1.00
Heliconia L. Parrot flower 0.33-0.74
Heliotropium L. Heliotrope 0.57-0.73
Helleborus L. Lenten rose 0.21-0.33
Hemerocallis L. Daylily 0.13-0.38
Heuchera L. Alumroot 0.20-0.30
Hibiscus syriacus L. Rose-of-Sharon 0.36-1.12
Hordeum L. Barley 0.15-0.40
Hosta Tratt. Hosta 0.11-0.51
Hydrangea L. Hydrangea 0.22-0.70
Hypericum L. St. Johnswort 0.18-0.35
Iberis L. Candytuft 0.36-0.53
Ilex L. Holly 0.16-1.00
Hlicium L. Anise-tree 0.11-0.32
Impatiens L. Impatiens, New Guinea 0.30-3.64
Ipomoea batatas L. Lam. Sweet potato 0.35-1.00
Iris L. Iris 0.17-0.45
Itea virginica L. Sweetspire 0.13-0.20
Ixora L. Flame-of-the-woods or 0.20-1.00

Indian jasmine

Jasminum L. Jasmine 0.25-1.00
Juglans L. Walnut 0.29-1.01
Juniperus L. Juniper 0.08-0.41
Kalanchoe Adans. Kalanchoe 0.24-1.50
Kalmia L. Laurel 0.11-0.98
Kerria DC. Japanese rose 0.35-0.41

Continued



162 Handbook of Plant Nutrition
TABLE 6.1 (Continued)

Type of Crop Diagnostic Range (%)
Latin Name Common Name Low Sufficient High
Koelreuteria Laxm. Goldenraintree 0.21-0.31
Lactuca sativa L. Lettuce 0.24-3.50
Lagerstroemia L. Crepe myrtle 0.23-0.72
Larix Mill. Larch 0.11-0.15
Leea L. West Indian holly 0.25-0.80
Leucothoe D. Don Fetterbush 0.23-0.32
Liatris Gaertn. ex Schreb. Gayfeather 0.41-0.45
Ligustrum L. Privet 0.13-0.32
Lilium L. Lily, Asiatic 0.19-0.70
Limonium Mill. Statice, sea lavender 0.50-2.13
Lindera Thunb. Spicebush 0.16-0.49
Liquidambar L. Sweetgum 0.19-0.53
Liriope Lour. Lily-turf 0.10-0.49
Litchi Sonn. Lychee fruit 0.20-0.40
Lolium L. Ryegrass 0.16-0.32
Lonicera L. Honeysuckle 0.20-0.48
Loropetalum R. Br. Fringeflower 0.13-0.20
Lotus L. Bird’s-foot trefoil 0.40-0.60
Lycopersicon lycopersicum Tomato 0.30-2.50
(L.) Karst. ex Farw.
Lysimachia L. Loosestrife 0.28-0.54
Macadamia F. J. Muell. Macadamia nut 0.08-0.30
Magnolia L. Magnolia 0.12-0.45
Mahonia Nutt. Oregon holly 0.11-0.25
Malpighia glabra L. Barbados cherry 0.25-0.80
Malus Mill. Apple 0.01-0.47 0.12-0.72
Mandevilla Lindl. Mandevilla 0.25-0.50
Mangifera L. Mango 0.20-0.50
Manihot Mill. Cassava 0.25-0.60
Maranta L. Prayer plant 0.25-1.00
Medicago L. Alfalfa or lucerne 0.30-1.00
Metasequoia glyptostroboides Dawn redwood 0.24-0.31
H. H. Hu & Cheng.
Monstera Adans. Swiss-cheese plant or 0.25-0.65

Mexican breadfruit

Murraya paniculata (L.) Jack Orange jasmine 0.25-0.40
Musa L. Banana 0.04-0.09 0.25-0.80
Myrica cerifera L. Wax myrtle 0.11-0.35
Nandina Thunb. Heavenly bamboo 0.11-0.24
Nasturtium officinale R. Br. Watercress 1.00-2.00
Nephrolepis Schott. Sword fern 0.20-1.20
Nicotiana L. Tobacco 0.20-0.86
Nyssa L. Tupelo 0.23-0.51
Olea L. Olive 0.20-0.60
Ophiopogon Ker-Gawl. Mondo grass 0.15-0.67
Oryza sativa L. Rice 0.15-0.30
Osmanthus Lour. Devilweed 0.08-0.29
Ostyra Scop. Hornbeam 0.11-0.54
Oxydendrum DC. Sourwood 0.24-0.29
Pachysandra Michx. Spurge 0.16-0.73
Pandanus L. Screwpine 0.22-0.35
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Type of Crop Diagnostic Range (%)

Latin Name Common Name Low Sufficient High
Pandanus L. Screwpine 0.22-0.35
Panicum L. Switchgrass 0.14-0.33
Parrotia C.A. Mey. Persian ironwood 0.09-0.17
Parthenocissus Planch. Woodbine 0.14-0.33
Fassiflora L. Passionfruit 0.25-0.35
Pelargonium zonale L. Geranium, Zonal 0.19-0.51
Pennisetum L. Fountain grass 0.18-0.19
Peperomia Ruiz & Pav. Peperomia 0.24-1.50
Persea Mill. Avocado 0.25-0.80
Petunia Juss. Petunia 0.36-1.37
Phalaenopsis Blume. Orchids, moth 0.40-1.07
Phalaris arundinacea L. Ribbon grass 0.19-0.22
Phaseolus L. Bean 0.25-1.00
Philodendron Schott. Philodendron 0.25-1.80
Phleum L. Timothy 0.16-0.25
Phlox L. Phlox 0.16-0.57
Photinia Lindl. Photinia 0.17-0.30
Picea A. Dietr. Spruce 0.08-0.63
Pieris D. Don Lily-of-the-valley bush 0.14-0.23
Pilea Lindl. Aluminum plant 0.53-1.80
Pinus L. Pine 0.09-0.50
Pistacia L. Pistachio, Mastic 0.18-1.25
Pisum L. Pea 0.27-0.70
Pittosporum Banks ex Gaertn. Mock orange 0.18-0.75
Platanus L. Sycamore 0.15-0.30
Platycodon A. DC. Balloonflower 0.28-0.32
Poa L. Bluegrass 0.13-0.37
Podocarpus L"Hér. Yew-pine 0.25-0.80
Polyscias J. R. Forst & G. Forst Ming aralia 0.43-0.47
Populus L. Cottonwood 0.14-0.72
Prunus L. Apricot, cherry, 0.25-1.20

plum, almond,

peach, nectarine
Psidium L. Guava 0.25-0.50
Pulmonaria L. Lungwort 0.18-0.27
Pyracantha M. J. Roem. Firethorn 0.22-0.23
Pyrus L. Pear 0.05 0.21-0.80
Quercus L. Oak 0.09-0.42
Rhapis L £. Lady palm 0.20-0.30
Rhododendron L. Azalea 0.14-1.00
Rhus L. Sumac 0.18-0.27
Ribes L. Currant, gooseberry, 0.20-0.50
Rosa L. Rose, hybrid tea 0.22-0.64
Rosmarinus officinalis L. Rosemary 0.17-0.40
Rubus L. Blackberry, raspberry 0.25-0.80
Rudbeckia L. Coneflower 0.51-0.69
Ruscus aculeatus L. Butcher’s broom 0.16-0.17
Saccharum officinarum L. Sugarcane 0.10-0.20
Saintpaulia H. Wendl. African violet 0.35-0.85
Salix L. Willow 0.15-0.35

Continued
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TABLE 6.1 (Continued)

Type of Crop Diagnostic Range (%)
Latin Name Common Name Sufficient High
Salvia L. Sage 0.25-0.86
Sansevieria Thunb. Mother-in-law tongue 0.30-1.40
Sarcococca Lindl. Sweetbox 0.24-0.55
Saxifraga L. Strawberry begonia 0.45-0.66
Schefflera J. R. Forst & Umbrella or octopus tree 0.25-1.00
G. Forst
Schlumbergera Lem. Christmas cactus 0.40-2.00
Secale cereale L. Rye 0.35-0.56
Sedum L. Stonecrop 0.24-0.67
Sinningia Nees Gloxinia 0.35-0.70
Solanum melongena L. Eggplant 0.30-1.00
Solanum tuberosum L. Potato 0.50-2.50
Solidago L. Goldenrod 0.30-0.43
Sophora L. Pagoda tree, mescal 0.27-0.40
Sorghum Moench. Sorghum 0.10-0.50
Spathiphyllum Schott. Peace lily 0.20-1.00
Spigelia marilandica L Indian pink 0.57-1.43
Spinacia oleracea L. Spinach 0.60-1.80
Spiraea L. Bridal-wreath 0.11-0.38
Stachys byzantina C. Koch Lamb’s ears 0.28-0.31
Stenotaphrum secundatum St. Augustine grass 0.15-0.25
(Walt.) O. Kuntze
Stewartia L. Stewartia 0.26-0.34
Strelitzia Ait. Bird-of-paradise 0.18-0.75
Stromanthe Sond. Stromanthe 0.30-0.50
Styrax L. Snowbell 0.08-0.24
Syringa L. Lilac 0.20-0.40
Tagetes L. Marigold 1.33-1.56
Taxodium L. Rich. Baldcypress 0.19-0.27
Taxus L. Yew 0.16-0.30
Ternstroemia Mutis ex L.f. False cleyera 0.29-0.33
Teucrium L. Wall germander 0.05-0.14
Thalictrum L. Meadow-rue 0.26-0.31
Theobroma cacao L. Cocoa or chocolate 0.20-0.50
Thuja L. Arborvitae 0.09-0.39
Thymus L. Thyme 0.29-0.40
Tilia L. Basswood 0.18-0.81
Torenia L. Wishbone flower 0.90-0.93
Trachelospermum Lem. Star jasmine 0.18-0.28
Tradescantia L. Spiderwort 0.33-1.32
Trifolium L. Clover 0.20-0.60
Tripogandra Raf. Tahitian bridal-veil or 0.42-0.46

fern—leaf inch plant

Triticum L. Wheat 0.15-1.00
Tsuga Carriere. Hemlock 0.16-0.26
Ulmus L. Elm 0.22-0.58
Vaccinium L. Blueberry, cranberry 0.12-0.40
Verbena L. Verbena 0.53-1.58
Veronica L. Speedwell 0.23-0.72
Viburnum L. Arrowwood 0.15-1.00
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Type of Crop Diagnostic Range (%)
Latin Name Common Name Low Sufficient High
Vigna unguiculata ssp. Black-eyed pea 0.30-0.50
unguiculata (L.) Walp.
Vinca L. Periwinkle 0.17-0.47
Viola L. Pansy 0.36-0.49
Vitex L. Chaste tree 0.22-0.33
Vitis L. Grape 0.13-1.50
Yucca L Soft yucca 0.20-1.00
Zamia L. Coontie fern 0.22-0.26
Zea L. Corn or maize 0.13-1.00
Zelkova Spach. Saw-leaf 0.13-0.20
Zingiber Boehmer. Ginger 0.35-0.47
Zoysi Willd. Zoysiagrass 0.11-0.15

6.5 ASSESSMENT OF MAGNESIUM IN SOILS
6.5.1

Approximately 1.3, 4.7, and 4.3% of the earth’s continental upper layer, lower layer, and the ocean
crust is made up of magnesium, respectively (202). However, in surface soils, magnesium concen-
trations usually range from 0.03 to 0.84%, with sandy soils typically having the lowest magnesium
concentrations (=0.05%), and clay soils containing the highest magnesium concentrations
(=0.50%) (10,29). Like other metallic elements, the soil magnesium pool consists of three frac-
tions: nonexchangeable, exchangeable, and water-soluble fractions. The nonexchangeable fraction
consists of the magnesium present in the primary minerals and many of the secondary clay miner-
als (Table 6.2) (29). In many cases these compounds may be hydrated with one to several water
molecules. The exchangeable fraction may make up approximately 5% of the total magnesium in
the soil, accounting for 4 to 20% of the cation-exchange capacity of the soil (29). Magnesium con-
centrations in the soil solution typically range from 0.7 to 7.0 mM, but may be as high as 100 mM,
with the soil solutions of acid soils generally having a lower magnesium concentration (about
2.0mM) than soil solutions derived from neutral soils (about 5.0 mM) (29,203-207).

FORMS OF MAGNESIUM IN SOILS

6.5.2 SODIUM ABSORPTION RATIO

Magnesium is also an important component in evaluating the sodium absorption ratio (SAR) of irri-
gation waters and soil extracts. The SAR is calculated as

SAR = (Na*)/V/(Ca2* + Mg?*)/2

In this equation, the concentrations of sodium (Na'), calcium (Ca*), and magnesium (Mg?") ions
are expressed in meq L™!. When concentrations of magnesium, calcium, or both elements are
increased, relative to sodium, the SAR decreases. Many soils in arid climates are affected by SAR
in that as the SAR increases, the permeability of the soil decreases since the sodium reacts with clay,
causing soil particles to disperse resulting in reduced water penetration into the soil (208). In most
cases, a soil is considered sodic when the SAR > 13 (209). However, at lower SAR values, some
crops may still be susceptible to the adverse effects of sodium on nutrient uptake rather than to the
physiochemical effects on soil permeability.
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TABLE 6.2
Primary and Secondary
Magnesium

Name

Actinolite

Adelite

Admontite

Amesite (Serpentine Group)
Amianthus

Ankerite

Anthophyllite

Antigorite

Arfvedsonite

Artinite

Asbestos

Ascharite

Astrakanite

Augite

Axinite

Bayleyite

Benstonite

Berthierine (Serpentine Group)
Bischofite

Biotite

Blodite

Boracite

Botryogen

Boussingaultite

Brandesite

Brindleyite (Serpentine Group)
Bronzite

Brucite

Calciotalc

Camsellite

Carnallite

Caryopilite (Serpentine Group)
Cebollite*

Chlorite®

Chloritoid

Chlorophoenicite
Chrysolite

Clinochlore

Clinochrysotile (Serpentine
Group)

Clinoenstatite

Clintonite

Colerainite®

Collinsite

Cordierite

Corrensite

Crossite
Cummingtonite
Deweylite?
Dickinsonite

Minerals, Nonminerals, and

Chemical Formula

Ca,(Mg, Fe);Si;0,,(OH),
CaMg(AsO,)(OH)
MgB,0O,,7H,0

Mg, Al(SiAl)O5(OH),

See Parachrysotile

Ca(Fe, Mg, Mn)(CO,),

Mg ;8i50,,(OH),

See Genthite

Na,(Fe, Mg),FeSi;0,,(OH),
Mg,(CO,)(OH),3H,0

See Tremolite

See Camsellite
MgSO,-Na,SO,-4H,0

(Ca, Na)(Mg, Fe, Al, Ti)(Si, Al),O4
See Magnesio-axinite
Mg,(UO,)(CO,)5-18H,0

(Ba, Sr)¢(Ca, Mn);Mg(CO3),3
(Fe, Fe, Mg),(Si, Al),05(OH),
MgCl,-6H,0

K(Mg, Fe);(Al, Fe)Si;0,,(OH, F),
Na,Mg(S0,),4H,0
Mg,B,0,;Cl
MgFe(SO,),(OH)-7TH,0
(NH,),Mg(50,),-6H,0

See Seybertite

See Nimesite

See Hypersthene

Mg(OH),

See Seybertite

See Szaibelyite
KMgCl;-6(H,0)

(Mn, Mg);Si,05(OH),
Ca,(Mg, Fe, Al)Si,(O, OH),
(Mg, Fe)4(AlSi;)O,,(OH),
(Fe, Mg, Mn),Al,Si,0,,(OH),
(Mn, Mg),Zn,(AsO,)(OH, O),
See Olivine

(Mg, Fe);Al(Si;ADO, (OH)q
(see Colerainite)

See Deweylite

Mg,Si,04

See Xanthophyllite
4Mg0O-Al,04-25i0,-5H,0
Ca,(Mg, Fe)(PO,),-2H,0
Mg,AlSis0,5

(Ca, Na, K)(Mg, Fe, Al),
(Si, Al)30,,(OH),,-H,O
Na,(Mg, Fe),(Al, Fe),Si;0,,(OH),
(Mg, Fe),Si;0,,(OH),
Mg,Si,05(OH),

(K, Ba)(Na, Ca)s(Mn, Fe,
Mg),,Al(PO,),,(OH, F),

Gems Containing

Magnesium
Concentration (%)

15
11
6

13
22
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TABLE 6.2 (Continued)

Magnesium
Name Chemical Formula Concentration (%)
Diopsode CaMgSi,0q 11
Dolomite CaMg(CO;), 13
Dypingite Mg;(CO5),(OH),-5H,0 25
Edenite NaCa,(Mg, Fe);Si;AlO,,(OH), 15
Elbaite Na(Al, Fe, Li, 7
Mg),B,AL(ALSi 0,,)(O, OH, F),
Enstatite Mg,Si,04 24
Epsomite MgSO,-7H,0 10
Falcondoite See Genthite -
Fayalite See Hortonolite -
Ferrierite (Na, K),Mg(Si, Al);;0,,(OH)-9H,0 2
Fluoborite Mg, (BO;)(F, OH), 40
Forsterite Mg,SiO, 35
Gageite (Mn, Mg, Zn),,Si,,05,(OH),, 34
Galaxite (Mn, Fe, Mg)(Al, Fe),0, 17
Ganophyllite (K, Na),(Mn, Al, Mg), 15
(Si, Al);,0,4(OH),-8-9H,0
Garnierite® (Ni, Mg);Si,05(OH), 26
Genthitef 2Ni0O-2Mg0-3Si0,-6H,0 9
Glauconite (K, Na)(Fe, Al, Mg),(Si, Al),0,,(OH), 13
Glaucophane Na,(Mg, Fe),Al,Si;0,,(OH), 9
Gordonite MgAlL,(PO,),(OH),-8H,0 5
Griffithite 4(Mg, Fe, Ca)O-(Al, Fe),0,-55i0,-7H,0 14
Griphite Na,Li,Cay(Mn, Fe, 13
Mg) |9Alx[(FsOH)(P04)3]x
Grunerite (Fe, Mg),Si30,,(OH), 24
Harkerite Ca,,MgAl,Sig(O,0H);,(BO;), 7
(COy)s(H,0, CI)
Hastingsite NaCa,(Fe, Mg),Fe(SicAl,)O,,(OH), 12
Hectorite Na,.;(Mg, Li);Si,0,((F, OH), 19
Hexahydrite MgSO,-6H,0 11
Hogbomite (Mg, Fe),(Al, Ti);0,, 14
Holdenite (Mn, Mg),Zn,(As0,),(Si0,)(OH), 17
Hornblende Ca(Mg, Fe),AlSi;AlO,,(OH), 13
Hortonolite® (Fe, Mg, Mn),SiO, 35
Hulsite (Fe, Mg),(Fe, Sn)BO; 25
Huntite CaMg;(COy), 21
Hydroboracite CaMgB(O4(OH),-3H,0 6
Hydromagnesite Mg4(CO;),(OH),-4H,0 26
Hydrotalcite MgAl(CO;)(OH),,-4H,0 24
Hypersthene" (Fe, Mg)SiO, 24
Iddingsite MgO-Fe,0,-35i0,-4H,0 5
Jurupaite' (Ca, Mg)(Si O,,(OH), 24
Kainite MgSO,KCI-3H,0 10
Kammererite-Red See Colerainite -
Kerolitel (Mg, Ni);Si,0,,(OH),-H,0 18
Kieserite MgSO,-H,0 18
Kurchatovite Ca(Mg, Mn, Fe)B,0, 15
Landesite (Mn, Mg),Fe;(PO,);(OH);-9H,0 16
Langbeinite K,Mg,(S0,); 13
Lansfordite MgCO;-5H,0 14
Lazulite MgAlL(PO,),(OH), 8
Leonite K,Mg(S0O,),-4H,0 7
Lizardite (Serpentine Group) See Clinochrysotile -
Loweite Na;,Mg,(50,),5-15H,0 9

Continued
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TABLE 6.2 (Continued)

Name

Ludwigite
Magnesio-axinite*
Magnesioludwigite'
Magnesite

Mcgovernite
Meerschaum™

Melilite

Merwinite

Monticellite
Montmorillonite

Mooreite

Népouite

Nesquehonite

Nimesite" (Serpentine Group)
Norbergite

Northupite

Novacekite

Odinite (Serpentine Group)

Olivine®
Orthoantigorite
(Serpentine Group)
Orthochrysotile?
(Serpentine Group)
Parachrysotile?
(Serpentine Group)
Pargasite
Penninite?
Periclase

Peridot

Phlogopite
Pickeringite
Picromerite
Pimelite

Polyhalite
Prochlorite

Pyrope

Rabbittite
Ralstonite
Redingtonite
Rhodonite
Riebeckite
Ripidolite
Roscoelite

Saleeite

Saponite

Sapphirine
Sarcopside
Schoenite*
Sepiolite
Serpentine
Seybertite®
Sheridanite
Sklodowskite

Chemical Formula

Mg,FeBO; (see Magnesioludwigite)
Ca,MgAl1,BO;Si,0,,(OH)
3Mg0-B,0;-MgO-Fe,0,

MgCO;
MnyMg,Zn,As,Si,0,,(OH),,
Mg,SiO,5(OH),-6H,0

(Ca, Na),(Al, Mg)(Si, Al),O,
Ca;Mg(SiO,),

CaMgSiO,

(Na, Ca),.3;(Al, Mg),Si,0,,(OH),-nH,0

(Mg, Zn, Mn),5(SO,),(OH),-8H,0
See Garnierite
Mg(HCO;)(OH)-2H,0

(Ni, Mg, Fe),Al(Si, Al)s(OH),
Mg;(SiO)(F.OH),
Na;Mg(CO,),Cl
Mg(UO,),(AsO,), 12H,0

(Fe, Mg, Al, Fe, Ti, Mn), ,
(Si, Al),05(OH),

(Mg, Fe),Si0,

See Lizardite

Mg,Si,05(0H),
Mg,Si,04(0H),

NaCa,(Mg, Fe),Al(SigAl,)O,,(OH),
(Fe, Mg);Al(Si;ADO,(OH)g

MgO

See Olivine
KMg,(Si;ADO,(F.OH),
MgAl,(SO,),22H,0

See Schoenite

See Kerolite
K,Ca,Mg(S0,),-2H,0

See Penninite

Mg;AL(Si0,),
Ca;Mg;(UO,),(CO;)4(OH),-18H,0
(Na)x(Mg)x(Al)(2—x)(F,OH),-H,O
(Fe, Mg, Ni)(Cr, Al),(SO,),-22H,0
(Mn, Fe, Mg, Ca)SiO,

Na,(Fe, Mg),Fe,Si;O,,(OH),

See Penninite

K(V, A, Mg),AlSi;0,,(OH),
Mg(UO,),(PO,),-10H,0
Ca,.,s(Mg, Fe);(Si,
Al),0,,(OH),-nH,0

(Mg, Al)g(Al, Si)¢O,,

(Fe, Mn, Mg);(PO,),
K,Mg(S0,),-6H,0

See Meerschaum

(Mg, Fe),Si,04(OH),

Ca(Mg, Al);(AL;S1)0,,(OH),

See Penninite
Mg(UO,),(Si0;0H),-5H,0

Magnesium
Concentration (%)

25

5
25
30

7
15
10

7
16
13
32
18

6
37
10

2
22

35

26

29
28

15
26
18
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TABLE 6.2 (Continued)

Magnesium
Name Chemical Formula Concentration (%)
Spadaite MgSiO,(OH),-H,0 18
Spinel MgAl O, 17
Staurolite (Fe, Mg, Zn),Aly(Si, Al),0,,(OH), 6
Stevensite (Ca, Na),Mg;Si,0,,(OH), 18
Stichtite Mg,Cr,(CO;)(OH),,-4H,0 22
Stilpnomelane K(Fe, Mg)y(Si, Al);,(O,0H),, 20
Swartzite CaMg(UO,)(CO,);-12H,0 3
Szaibelyite' MgBO,(OH) 29
Tachyhydrite CaMg,Cl¢-12H,0 9
Taeniolite KLiMg,Si,0,,F, 12
Talc Mg,Si,0,,(OH), 19
Tilasite CaMg(AsO,F 11
Tremolite? Ca,(Mg, Fe);Sig0,,(OH), 15
Triplite (Mn, Fe, Mg, Ca),(PO,)(F,OH) 30
Tychite NaMg,(CO;),(SO,) 9
Uvite (Ca, Na)(Mg, 10
Fe);AlsMg(B0O,),Si,0,3(OH, F),
Vanthoffite Na,Mg(SO,), 4
Vesuvianite Ca, (Mg, Fe),Al,Si,0;,(OH), 3
Vosenite 3(Fe, Mg)O-B,0;-FeO-Fe,0, 19
Wagnerite (Mg, Fe),(PO,F 30
Xanthophyllite" Ca(Mg, Al);(AL;S1)0O,,(OH), 18
Xonotlite See Jurupaite and Stevensite -

Note: The concentration of magnesium in these products is calculated from the chemical formula. The
magnesium concentration presented in the table is based on the highest amount of magnesium possible in
the compound (when magnesium occupies all potential sites in the formula).

Cebollite (synonym: Cebollit or Cebollita) may be referred to as Ca;Al,(SiO,);(OH), with no Mg.
"There are several different minerals apart from the Chlorite group of minerals.

‘Colerainite may be referred to as a synonym for Clinochlore.

dDeweylite may be referred to as a synonym for Clinochrysotile and Lizardite.

°Népouite may be referred to as a synonym for Garnierite with the same chemical formula and it may also
be referred to as Falcondoite as a synonym for Garnierite and Genthite with different chemical formulas.
fAntigorite may be referred to as a synonym for Genthite with the chemical formula (Mg, Fe),Si,O5(OH),.
gFayalite may be referred to as a synonym for Hortonolite.

"Bronzite may be referred to as a synonym for Hypersthene.

iMg-bearing Xonotlite may be referred to as a synonym for Jurupaite or Stevensite with different chemi-
cal formulas.

iKerolite (Ni) may be referred to as a synonym for Pimelite.

kAxinite may be referred to as a synonym for Magnesio-axinite.

'Ludwigite may be referred to as a synonym for Magnesioludwigite but with chemical formula Mg,FeBOs.
mSepiolite may be referred to as a synonym for Meerschaum.

"Nimesite may be referred to as a synonym for Brindley

°Olivine may be referred to as a synonym for Peridot or Chrysolite-light yellowish green.

PTremolite, Orthochrysotile, and Parachrysotile are occasionally referred to as Asbestos.

9Colerainite, Kammererite—Red, Pennine, Prochlorite, Ripidolite, Sheridanite may all be referred to as syn-
onyms for Penninite.

'Schoenite may be referred to as synonym for Picromerite.

*Brandesite, Calciotalc, Seybertite, and Xanthophyllite may be referred to as synonyms for Seybertite.
'Camsellite may be referred to as synonym for Szaibelyite and Ascharite.

“Clintonite, Brandesite, Calciotalc, and Seybertite may be referred to as synonyms for Xanthophyllite.
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6.5.3 SoiL TesTS

Several methods have been developed to extract the exchangeable magnesium fraction from soils.
When preparing soils for extractions, the drying temperatures of 40 to 105°C do not affect the
extractability of magnesium (210). In most soils, magnesium can be extracted with a solution con-
taining ammonium acetate (211-213), CaCl, (210) or with water (214). However, for soils with a
low cation-exchange capacity, acidic extractions are recommended (215). For alkaline soils, a water
extraction is utilized (214). Another extraction method (AB-DTPA, ammonium bicarbonate-dieth-
yleneaminepentaacetate) is utilized for alkaline soils; however, this method is suitable only for the
extraction of sodium and potassium, since magnesium as well as calcium will react and precipitate
with the bicarbonate in the extraction reagent (216). In Sweden, soils are extracted with ammonium
lactate at pH 3.75 (10), and in Turkey, chemical extractions methods include various concentration
of hydrochloric acid in addition to the ammonium acetate procedure (212).

After proper extractions are performed, the magnesium concentration of solutions can be
quantified by ion-selective electrodes, flame-plasma emission spectroscopy, or atomic absorption
spectroscopy (217). The wavelength used in atomic absorption is 285.2 nm. In the United States, the
Environmental Protection Agency (EPA) (218,219) guidelines indicate that magnesium concentra-
tions of samples have to be determined by inductively coupled plasma (ICP) spectrophotometry
according to methods described in EPA Method 200.7, by ICP-mass spectrometry in EPA Method
200.8 (218), or by atomic absorption method 7450 EPA 7-series (219).

6.5.4 TABULATED DATA ON MAGNESIUM CONTENTS IN SOILS

6.5.4.1 Soil Types

Considering surface soils, sandy soils typically have the lowest magnesium concentrations and clay
soils typically have the highest magnesium concentrations (193,220). Common soil types high in
magnesium include soils that are not leached heavily or soils in depressions where leached nutri-
ents may accumulate. Leached soils such as lateritic soils and podzols tend to be low on
magnesium (29). Soils derived from parent bedrock of dolomite or igneous rock tend to be high in
magnesium (29,221).

6.6 FERTILIZERS FOR MAGNESIUM

6.6.1 KINDS OF FERTILIZERS

Magnesium-containing fertilizers are derived from the mining of natural mineral deposits or
through synthetic processing. Organic magnesium sources include most manures (209). The
magnesium availability to plants from different fertilizers will be dictated by the water solubility of
the compounds, release rates from fertilizer coatings (where applicable), and particle size, with the
finer particles solubilizing more quickly than the coarser-grade fertilizers. Magnesium concentra-
tions and solubility characteristics for some common fertilizers are listed in Table 6.3.

6.6.2 EFFECTS OF FERTILIZERS ON PLANT GROWTH

Although the requirements for magnesium is low relative to other macronutrients such as nitrogen
(222), the effect of magnesium fertilization on plant growth may vary with the form of magnesium
used and the fertilizer texture (coarseness) (223). Therefore, the type of magnesium fertilizer to use
will depend on variables such as the type of crop and the longevity of the production cycle. In stud-
ies with ryegrass (Lolium perenne L.), the highest magnesium uptake occurred from fertilizers as
follows: magnesium sulfate > potassium magnesium sulfate (K,SO,.2MgSO,) > ground
dolomite > pelletized dolomite (224). Studies by Tayrien and Whitcomb (119,120,225) indicated
that the use of calcium carbonate and magnesium oxide produced greater vegetative growth than
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TABLE 6.3
Fertilizers Containing Magnesium and the Approximate Percentage of
Magnesium
Solubility in

Fertilizer Formula % Mg Water (g L") Reference
Epsom salts MgSO,-7H,0 10 1720 cold 227,228
Kieserite MgSO,-H,0 18 680 hot 227
Burned lime nCaO and nMgO 6.0-20.0 0.006 cold 227,228
Sulphate of K,SO,2MgSO, 12 Soluble 227
potash magnesia,
Langbeinite
Magnesite MgCO, 29 0.11 cold 228
Dolomite CaCO;-MgCO, 11.7-13.1 0.32 228,229
Dolomitic limestone CaCO;,-MgCO, 1.3-6.5 0.01 229

mixtures
Hydrated lime Mixture of 2.3-11 0.009 cold; 228

Ca(OH), and 0.04 hot

Mg(OH),
Limestone, high Mg CaCO; and MgCO, 0.6-1.3 0.01 229
Limestone, high Ca CaCO; and MgCO;, 0-0.6 0.01 229
Magnesium nitrate Mg(NO,),-6H,0 10 1250 cold 228
Magnesium MgNH,PO,-H,0 16 0.14 227,230
ammonium
phosphate
Animal manures 0.8-2.9

kg/1000kg

Calcium (Ca, Mg)PO,-nH,0 9.0 (typical) Sparingly
magnesium soluble
phosphate

Note: Cold water is 15 or 20°C; hot water is 100°C.

equivalent quantities of calcium and magnesium supplied with dolomitic limestone (calcium car-
bonate and magnesium carbonate intergrade). However, in studies with cotoneaster (Cotoneaster
dammeri C.K. Schneid), the greatest vegetative growth of roots and shoots occurred with the use of
dolomite rather than with combinations of other calcium and magnesium sources (109). In other
experiments with containerized woody ornamentals, the use of calcium and magnesium sulfates
resulted in equal or better quality plants than plants receiving the same amount of calcium and mag-
nesium in the carbonate form, regardless of the grade of dolomite (223). The effects of powdered
dolomite compared to pelletized dolomite on plant quality varied with the rate of dolomite applica-
tion, plant type, and form of other nutrients used, but there tended to be a general trend of increased
plant quality with powdered dolomite compared to pelletized dolomite at low fertilizer rates
(2.97 kg dolomite m~?), but higher plant quality with pelletized compared to powdered dolomite at
higher fertilization rates (5.95 kg dolomite m™~?). The diversity of growth effects with different fer-
tilizer types can be attributed to the different solubilities of magnesium compounds and the coarse-
ness of the fertilizers. The more soluble and finer the particle size of the fertilizers are, the more
quickly they will dissolve and be available for plant uptake, but also the more quickly magnesium
will leach from the root zone. Therefore, although quickly soluble fertilizer forms are suitable for
relatively short-term crops (a few weeks), they would not be suitable for long-term crops since fer-
tilizer might not be available in the later stages of crop development.
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6.6.3 APPLICATION OF FERTILIZERS

The primary goal is to have sufficient magnesium, relative to other nutrients, readily available for
plant uptake throughout crop development. The type and rate of magnesium to apply depends upon
the crop, soil type, and method of production (field, container, or hydroponics). If plants are grown
hydroponically, a completely soluble form of magnesium would be required. For container-grown
nursery crops, Whitcomb (119,120) suggested injecting dissolved Epsom salts (magnesium sulfate)
into irrigation water at a rate to produce a calcium/magnesium ratio from 1:1 up to 5:1. In prelimi-
nary studies with juniper (Juniperus spp. L.), increased vegetative growth occurred when magne-
sium was supplied by applications of magnesium sulfate in the irrigation water versus equivalent
magnesium applications through the incorporation of fine dolomitic lime into the planting media
(119-121). Obatolu (226) reported that magnesium deficiency resulted in a loss of yield and qual-
ity of tea (Camellia sinensis O. Kuntze) in Nigerian plantations. A spray of 30% magnesium oxide
corrected magnesium deficiency within 14 days and increased growth from 16 to 134%. Two appli-
cations of a 20% solution were required to correct deficiencies. A second application of the 30%
solution was toxic to the tea plants.
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