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ABSTRACT

The objectives of this study were: to determine the external

and internal P requirements of four cereal crops (wheat, millet,

sorghum and maize); to determine the relationship between P uptake by

mai ze and the vol ume of soil ferti1 i zed at various P rates and to

develop means for transferi ng soil management informati on from one

site to another.

In order to fu1fi 11 these objecti ves, the study was conducted

in two parts. In the first part, the external and internal P

requirements of four cereal crops, wheat, millet, sorghum and maize,

were estimated from P field experiments identified in 5 countries.

Soil samples and the field experimental data were secured. This was

supplemented with experiments performed in Pakistan and in Hawaii. All

the soil and plant analyses were done in Hawaii. Phosphorus sorption

curves were developed for soils from each_of the experimental sites.

The procedure used to determine P sorption curves consisted of

equil ibrating 3 g samples of soil for 6 days at 25°C in 0.01 M CaC1
2

containing grad2d amounts of Ca(H2P04)2. The samples were shaken for

30 minutes twice daily. Estimates of concentrations of P in solution

establ ished by ferti1 i zation in field were obtained from P sorption

curves so developed. Crop yields were plotted as a function of the P

concentration in sol uti on. From these curves, the external P

requirements were determined. For internal P requirements, leaf

samp1 es of an index ti ssue were taken from the experiments performed

in Pakistan (Tandojam) and in Hawaii.
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In the second part, a series of three pot experiments were

performed to investigate the influence of P rates, placement and

mixing of a previously fertil i zed soil fraction with an unfertil i zed

one on dry matter yield, P uptake and root distribution in maize. A

P-deficient and high P-retentive soil (Tropeptic Eutrustox) was used.

Mai ze was grown for 4 weeks in each experiment. The roots from

fertilized and unfertilized soil fractions were collected separately

and washed. Dry weights of shoots and roots were recorded. Phosphorus

was determined in the shoots.

The external P requirements of· four cereal crops varied within

a narrow range from 0.018 to 0.025 ug/ml. For wheat grown at seven

locations in Pakistan, India, Nebraska and Tanzania, the external P
\

requirement determined from a composite yield response curve was 0.025

ug/ml P in solution (R2 = 0.7). At one location, two varieties of

wheat were grown simultaneously and their external P requirements were

0.023 and 0.029 ug/ml.

Millet data were obtained from two experiments, one in Hawaii

with four varieties and the other in Pakistan with one variety. The

external P requirement determined from a composite yield response

curve was 0.018 ug/ml with R2 =0.78.

For sorghum, experimental data were obtained from three

experiments performed in Pakistan, Bangladesh and Hawaii. The external

P requi rement was 0.021 ug/ml as determined from a composite yiel d

response curve (R2 = 0.8).

For maize grown on a Tropeptic Eutrustox in Hawaii, external P

requirement was 0.018 ug/ml. At the other location (a Humoxic

Tropohumult) in Hawai t , residual effect of P appl ied 2 years earl ier
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was such that yield response to freshly app1 ied P was small. It is

likely that the decomposition of the bagasse (0.8% of the surface

soil) added in the past, increased the avai1abi1ity of P. Thus the

external P requirement of maize on this site was low (0.008 ug/m1).

The internal P requirements of four cereals were: wheat, 0.25%

P in recently mature leaf at ti11ering; maize, 0.3% P in ear-leaf at

early si1king; millet, 0.29 to 0.42% P and sorghum, 0.37 to 0.41% P in

flag leaf at head emergence.

The results of greenhouse placement studies revealed that

increasing rates of applied P resulted in increased shoot dry weights,

root dry weights, P content and P uptake in shoots. With the lower

rates of applied P, maize response was greater where P was mixed with

small amount of soil. Shoot dry weights and P uptake were greater when

P was mixed with 12.5% than when mixed with 100% of the soil volume.

However, this trend reversed at high P rates so that localized

placement of P was no more and often less beneficial than mixing P

with entire soil volume. Subsequent study on the influence of mixing

previously ferti 1i zed soi1 fraction with unferti1 i zed soi1 fraction

revealed that leaving the fertilized and unfertilized soil fractions

unmixed, gave greater yields than mixing the soil fractions. The

advantage of unmixed treatments over mixed treatments was greatest

where a low P rate was previously applied to 12.5% soil volume. In

case of mixed treatments, prior placement of low to moderate rates of

P in a fraction of soil volume had some advantage over prior mixing of

P with the entire soil volume.

The results of this study suggest that P sorption curves can be

used as a basis for transfering information about P fertilizer
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requirements from one site to an other irrespective of differences in

P sorption capacity. The P sorption curves can be useful tool s for

making predictions about P fertilizer requirements in areas where

detail ed experimentation has not been done. Where P ferti1 i zer has

been applied in the past~ the P sorption approach may underestimate

the residual effectiveness of previously added P. When the amount of P

fertilizer applied is less than that required for optimum yields, it

may be advantageous to fertilize a small volume of soil.
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CHAPTER I

INTRODUCTION

Soils vary greatly in the amount of fertilizer phosphorus

required to provide an adequate supply of available P to plants. t4any

tests have been devised over the years to estimate the quantities of

plant available P. These tests, while predicting whether or not

fertilizer P is needed, do not estimate the amount required unless they

have been calibrated for the particular soil in question. Numerous

studies have been undertaken in an attempt to correlate soil P,

extracted by one method or another, with the responsiveness of plants to

P fertilization. Results have been inconsistent however. Although good

correlations have been obtained between soil P and yield in greenhouse

studies, results of field calibration studies have not been very

encouraging. It is unfortunate that many well managed experiments were

site specific i.e. there is insufficient collateral information to

permit use of the results at other locations. Furthermore, frequently

experimentation is limited to regions with similar soils. Thus results

of these experiments were limited in applicability to diverse soil and

climatic conditions.

Knowledge of fertilizer requirements for various soil-crop

combinations is useful for farmers, farm advisors and policy planners.

Future projections about fertilizer-use could be based on P-requirements

derived from P-sorption curves (Fox and Yost, 1979). The concept of

developing a map or atlas of soil P and fert1izer requirements has been

proposed and some uses to which such a map might be put have been

discussed (Fox, 1978).
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There is abundant evidence that the immediate source of P for

plants growing in soils is the soil solution (Fox and Searle, 1978).

Furthermore, a close relationship exists between P in the solution and P

in the sorbed state: the quantity of P sorbed varying directly with the

concentration of P in solution. Fox and Kamprath (1970) used this

information to plot P sorption curves which provide a basis for

estimating the amount of P required to maintain a given level of P in

sol uti on.

Considerable effort has been expended during the past decade on

determi ni ng the external P requi rements of vari ous crops (defi ned here

as the concentration of P in soil solution associated with 95% of the

maximum yield) with the use of P sorption isotherms. Used in conjuction

wi th appropri ate values for external P requi rement of a crop, the

sorpti on curves provide a di rect assessment of the ferti 1i zer

requirements for a particular soil-crop combination.

Studies in Hawaii suggest that P sorption isotherms can be used

as a basi s for transfering information about P fertil i zer requi rements

from one location to another, irrespective of di fferences in sorption

capacity (Fox et al., 1974; Vander Zaag et al ,.; 1979). Al though work

with P sorption is encouraging, it is clear that an understanding of

plant requirements for P as well as soil properties affecting P

availability is required for proper use of P sorption curves.

Mi nera logy and texture are maj or factors i nfl uenc i ng P

sorption. Other factors are time, temperature, water content, mixing,

supporting electrolyte, soil pH, competition for adsorption sites,

desilication of soils, and surface area for adsorption (Fox and Searle,

1978). Li kewi se, there are numerous soil and management factors whi ch

2



affect external P requi rement of a given crop. These factors can be

1i sted in summary as edaphic factors, culti var di fferences, effects of

weather, mycorrhi zal effects, and management factors (Fox, 1979, 1981

Peaslee and Fox, 1978).

Soils with high P sorption capacity, coupled with low

concentration of P in solution, require large applications P fertilizer

to assure maximum yields of P-demanding crops. Cost of fertilizer is a

major barrier to fertilizer use, specially for farmers that need

fertilizer most. Strategies to increase the effeciency of applied

phosphorus are particularly important for these soils.

A physical theory on p1 acement of fertil i zers in improving

efficiency has been put forth by DeWit (1953) and summarized by Wijk

(1966). According to the theory, fertilizing the entire soil volume may

not be the most efficient use of fertilizer when the quantity of

application is less than that required for maximum uptake.

Cerpo:'~ s are the worl dis most important group of food crops.

Wheat, rice and maize each account for production of over 300 million

tons annually. Maize ranks third after rice and cassava in total

production among all crops in the tropics, but is second in total area

planted. Sorghum and millets occupy the sixth and seventh place in

importance. They are presently consumed as food by millions of Africans

and Asians, principally in ustic and aridic moisture environments. Wheat

is restricted to tropical highlands or the boundary of the tropics where

tempratures are sufficiently low to permit this basically-temperate

crop to grow. Wheat is particularly important in northern parts of

Indian sub-continent, northern Mexico, the Andes and southern Brazil.

3
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Although cereals have been extensively studied as regards to

their P requirements, many of the studies were site specific. Therefore,

general application of the results was not justified. This study was

undertaken along lines that would make the results more generally

applicable. Four cereals were used, viz. millet (Pennisetum typhoides),

sorghum (Sorghum vulgare), wheat (Triticum aestivum) and corn (Zea

mays). The objectives of this study were:

1. Determine the external and internal P requirements of four

cereal crops on various soils.

2. Determine the relationship between P uptake by corn and the

volume of soil fertilized at various Prates.

3. Develop means for transferi ng soi1 management informati on from

one site to another.



CHAPTER II

REVIEW OF LITERATURE

Plant growth and yields are functions of many variables which

can be grouped into soil, crop, climate and management categories

(Fitts, 1955). The suppl y of P to growi ng plants is one of these

variables. It is generally agreed that P, after nitrogen, is the plant

nutrient that is most frequently deficient in soils, particularly in the

tropics. Furthermore, there is great variability among soils from

various agro-climatic regions in their ability to provide P for growing

plants. Plants also vary in their P requirements for optimal growth (Fox

et al., 1974; Fox, 1979). Such variations in soil and plant requirements

for P are associated with many factors and have been summarized by Fox

and Searle (1978), Peaslee and Fox (1978) and Fox (1981).

Fertilizer-use recommendations for food production should

include the amounts of P fertilizers needed for various sof I-crop

combinations. Making such recommendations is confronted with

difficulties because soils from various agro-c1imatic zones vary so

much. Soil testing separates P deficient soils from those that are not.

Soil test correlation studies have helped determine P requirements of

crops in regions with similar soils. When dealing with diverse soils

from different agro-climatic zones, soil tests have been less valuable.

A considerable effort has been expended on investigations into soil and

plant requirements of P and various factors influencing these

requirements. Work done on these aspects is reviewed in the following

sections.
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Soil P Test Correlation Studies

The use of various reagents to extract P from soil has been the

standard approach to soil testing for many years. The effectiveness of

these extractants is related to their abl1ity to extract different forms

of inorganic P. Ahmed and Islam (1975) compared widely different soils

from Bangladesh to determine relative abilities of the soil P tests to

identify different P fractions. They found that most acid extractants

were effective in determining calcium phosphate. The North Carolina

(0.025 N H2S04 + 0.05 N HC1), Bray 1 (0.03 N NH4F + 0.025 N HC1), Bray 2

(0.3 N NHl + 0.025 N HC1), 0.3 N HC1, and the Na-EDTA methods were

effective in extracting both calcium and aluminum phosphate. The

alkaline Olsen method (0.5 MNaHC03, pH 8.5 ) was the only one sensitive

to i ron phosphate. Simi 1ar results have been obtained by others (Chang

and Juo, 1963; Srivatsava and Pathak, 1971; John, 1972)

In view of variability in soil properties related to P

availability, the method used satisfactorily in one region is not

necessarily reliable for other regions with different soil conditions.
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Consequently, several investigators have recommended different

extractants for di fferent broad soil groups (Goswami et al., 1971; Oko

and Agboola, 1974). Co1ewe11 (1967) has reviewed the methods for

Australian conditions with similar conclusions.

The extractant that seems to have the widest applicability is

NaHC03 method as proposed by Olsen et ale (1954). The use of carbon

black for c1 eari ng colored NaHC03 extracts can be el iminated by the

ascorbic acid procedure of Murphy and Riley (1962) as modified by

watanabe and Olsen (1965). Recently, NaHC03 method has been further



modified, by adding EDTA to include extraction of K, Ca, Mg, Zn, Fe, Cu,

and NH 4-N. A commercial f10ccu1ant, Superf10c 127, is added to clear the

extracts (ISFEIP, 1971,1972).

Although many extractants can, for a considerabl e range of

conditions, provide a reasonably accurate answer to the question whether

the soil is deficient in P, soil tests are of limited value in
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predicting the amount of P needed for optimum production of a

particular soil-crop combination. Thus soil test calibration experiments

were performed to determine fertilizer needs of soils in relation to

soil test val ues (ISFEIP, 1967; Hauser, 1973; Palencia et al., 1975;

Rudd and French, 1976).

According to Bray (1948) , a successful soil test 1aboratory

method should meet three criteria:

1. It must extract all or a proportionate part of the available
forms of nutrients in soils with widely different properties.

2. The procedure must be rapid and accurate.

3. The amounts extracted shoul d correl ate with the growth and
response of each crop to the nutrient in question under various
conditions.

Most soil tests do not meet the cri teri a gi ven by Bray. The

soil tests which are most frequently used throughout the world are the

Olsen, the Bray and the North Carolina (also called "Mehlich", "doub1e

acid") methods. Rudd and French (1976) reported that, of the nine

methods of P extraction they investigated, none consistently related

extractab1e P to the response of wheat to superphosphate. The Na HC03
method best predicted the yield response over a range of soil s in the

cereal districts in one season but failed to predict response in the

other season. This lack of relationship may be due to adverse climatic



conditions or due to wider range of soil and c1 imatic variabil ity

associated with the experiments conducted in one season than in the

other (Eck and Stewart, 1959).

Difficulties were usually encountered when soil test

calibrations were applied beyond the conditions encountered during

calibrations or when comparing diverse soils (Lawton et el., 1947} •

Hence a more universally applicable basis for making P fertilizer

recommendations was needed.

Water extraction has been used as a method of estimating plant

available P because, at wide ratios of soil to water, it integrates the

intensity, capacity and, to a limited extent, the rate factors (Thompson

et ale, 1960; Paauw, 1971). Paauw (1971) reported a good correlation

between the water extractable P (Sissingh, 1971) and percent P in shoots

of wheat for diverse soils from Australia, Britain, the Netherlands and

the USA. The correlation for potatoes grown on the same soils was not as

good. Factors like organic matter content, particle size, CaC03, ph, P

sorption capacity and other factors related to the origin of the soils

did not affect the correlation between the water-extractable P and

percent P in wheat shoots.

Soil P research in Hawaii has been directed towards using the

concept set forth by Beckwith (1965) that P sorption isotherms can be

used to estimate P needs of soils (Fox and Kamprath, 1970; Rajan, 1973;

Silva and Fox, 1974; Fox and Searle, 1978; Peaslee and Fox, 1978; Vander

Zaag et al., 1979; Fox, 1981). Phosphorus sorption isotherms have

advantage over conventional methods of soil testing, because the

isotherms take into consideration both intensity and capacity factors.

Diffusion of P is also indirectly accounted for because P diffusion is

8
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proportional to intensity and capacity factors (Lewis and Quirk, 1962;

Ornanwar and Robertson, 1970).

P Sorption Curves and Their Utility

Phosphorus moves to the root surface of plants primari ly by

diffusion (Barber, 1962; Olsen and Watanabe, 1963). Therefore a critical

factor governing the flux of P to root surfaces is the concentration of

P in soil solutions (an intensity factor in phosphorus nutrition),

because this factor determines the diffusion gradient of P in the soil.

Account must also be taken of P buffering by the soil (a capacity

factor), because this describes the ability of the soil to replenish the

soil sol ution.

Beckwith (1965) stimulated the use of P sorption curves by

advocating that a standard equilibrium concentration be used to compare

the adsorption capacities of soils. He suggested a standard

concentration of 0.2 ug P/ml because this is adequate for most plant

species. There has been some confusion about Beckwith I s proposal, and

also about subsequent work based on it. The impression that P sorption

methods overestimate the fertil i zer requirement of crops mainly stems

from mistaken assumption that the requirement for P in solution is 0.2

ug/ml for all crops. Beckwith did not propose 0.2 ug P/ml as a universal

P requirement for crops. In fact most crops require less P in solution

than that (Fox, 1979; Vander Zaag, 1979).

Many factors of soil mineralogy, chemistry, and management are

integrated in a measurement of the kind proposed by Beckwith. When

values of P sorbed are plotted against log P in an equilibrium solution
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(P in solution), fairly smooth P sorption curves are obtained. The

procedure for obtaining the data required for plotting P sorption curves

was given by Fox and Kamprath (1970). The slope of a P sorption curve is

directly proportional to the buffering capacity of the soil. Ozanne and

Shaw (1967) suggested that the ammount of P absorbed by soi 1sin the

equil ibri urn P concentrations interval of 0.25 to 0.35 uq/ml may be a

good measure of P buffering capacity of soils. The intercept at zero P

sorption is an estimate of P in the soil solution. Amounts of P required

to attain desired levels of P in solution can be read directly from a P

sorption curve.

Phosphate sorption curves have been used to predict P

requirements of several crops under different soil and climatic

conditions (Ozanne and Shaw, 1968; Fox and Kamprath, 1970; Jones and

Benson, 1975; Juo and Fox, 1977; Vander Zaag, 1979; Fox, 1981) •

Advantages of the P sorption approach are:

1. It integrates P intensity, capacity and quantity aspects of
soil which play an important role in P flux to roots of
growing plants.

2. Phosphorus fertilizer requirements can be estimated
directly from P sorption curves.

Fox et al. (1974) found that corn, growing on two soils

differing in their buffering capacity required the same concentration

(0.05 uq/ml ) of P in solution for 95% maximum yield. Ozanne and Shaw

(1968) used P sorption curves to estimate the amount of P required for

wheat. The relationship between predicted and actual values was close

(r = 0.96) and linear.
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Vander Zaag et al , (1979) estimated P requi rement of potatoes

from a composite curve representing diverse soil and climatic conditions

as 0.2 ug P/ml. The soils differed in their P requirement from 15 ug/g

to 670 ug/g at standard P in solution. The results obtained by Rajan

(1973) for millet grown in pots imply that the measurement of P in

solution as an indicator of plant available P would be useful only when

P sorption capacities of the soils used are of the same order. He

suggested grouping of soils according to their P sorption capacities for

determining requirements of plants for P in solution.

Mechanisms of P Sorption

Many revi ews of research or. P sorption mechani sms have been

made (Wild, 1950; Hemwall, 1957; Larsen, 1967). Mekaru and Uehara (1972)

showed that P sorption was related to charge characteristics of soil

parti c1e surfaces. These surfaces can be placed into two broad groups

based on charge characteristics: those dominated by variable-charge

materials and those dominated by materials with constant charge. The

variable-charge materials include organic matter, silica, and hydrated

oxides of iron and aluminum. The importance of iron and aluminum

compounds in P sorption by soils of the tropics have been emphasized by

many workers (Syers et al ,.; 1971, 1973; Hi nga, 1973; Raj an and Fox,

1975; Weaver et al., 1975). Usually they are associated with highly

weathered soils. Mechanisms involved in P fixation by iron oxides have

been studied by Parfitt et ale (1975). A possible mechanism for P

sorpt i on is that the phosphate repl aces hydroxyl 1i gands to become

chemisorbed to the hydrated oxide surface (Fox and Searle, 1978).



Factors Affecting P Sorption
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Several factors infl uence P sorption by soil s , ,Among them,

mineralogy and texture are major factors. Phosphorus sorption by soils

can be ranked according to mineralogy as follows: quartz =aluminum free

organic matter < 2:1 clays < 1:1 clays < crystalline oxides of iron and

aluminum < amorphous oxides of aluminum and iron (Fox and Searle, 1978).

Juo and Fox (1977) have suggested the following relationships based on P

sorption by some benchmark soils of West Africa.

Standard P sorption P sorption scale Usual soil mineralogy encountered
ug P/g soil

< 10

10 to 100

100 to 500

500 to 1000

> 1000

Very low

Low

medium

High

Very high

Quartz, organic materials

2:1 clays, quartz - 1:1 clays

1:1 clays - oxides

Crystalline oxides moderately
weathered ash

Desilicated amorphous materials

Soi 1 texture infl uences the P sorption capacities of soil s

because soil texture and specific surface are closely related. Hydrated

oxides of i ron and al umi num frequently coat the surfaces of other

minerals including clay minerals. Equal applications of fertilizer P to

soil s with different texture often produce unequal effects on pl ant

growth. This has been attributed to change in availability of P due to

differences in the solubility of P after the fertilizer reacts with the

soi1 (Fri ed and Shapi ro, 1956; Cole and 01 sen, 1959). The concentrat ion

of soil solution P required for a given uptake of P by crops is also



influenced by soil texture. For the same amount of P uptake by plants,

higher concentrations of soil solution P are needed in coarse textured

soils as compared to fine textured soils because coarse-textured soils

are poorly buffered, the cross section for diffusion is small because of

low moisture contents, and the path for diffusion is crooked.

Other factors which influence P sorption are: time,

temperature, water content, mixing, supporting electrolyte, soil pH,

competition for adsorption sites, desilication of soils and surface area

for adsorption. Influence of each of these factors on P sorption has

been discussed by Fox and Searle (1978).

Phosphorus Supply to Plant from Soil

The rate of P uptake by plants depends on the rate of movement

of P to root surfaces. A major factor in the flux of P to roots is the

concentration of P in solution. At the. low concentrations of P usually

observed in soils, diffusion is the main process of transport to the

roots (Barber, 1962; Olsen et al., 1962). Barber (1974) has described

diffusion of P in the soil solution to the root by the equation:

Dp = Deaf lY(dC/dC)

where De is the diffusion coefficient of P04
11 in water, a is the

vol umetric moi sture content, f 1 is the tortuosity factor, Y is a factor

accounting for negative adsorption and water viscosity effects, and

dC/dC accounts for the bufferi ng capacity of the soil. He suggested

that the buffering capacity is frequently the factor that has the
-

greatest influence on the diffusion coefficient, particularly so with P
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because the value may be as low as 0.001 in soil s that strongly sorbed

P.

Olsen and Watanabe (1963) studied the relationship between the

P diffusion coefficients of sandy and clay soils and the rates of P

uptake by corn seedlings from equal initial concentrations of P in the

soil solution. They found that the rate of P uptake by plants was

proportional to~ where Dp is the diffusion coefficient and b is the

slope of the line relating labile P to the concentration of P in

solution (a phosphate capacity factor). For the soils they investigated,

the equation predicted that the rate of uptake of P will be one-third as

much from the sandy soil as from the cl ay soil at equal concentrations

of P in the soil solution. Actual measurement of the rate of P uptake by

corn seedlings agreed closely with the predicted values if the P

concentration was less than 0.2 ugjml.

Rowell et ala (1967) has shown that self diffusion coefficients

of H2P04 in a sandy soil were proportional to C1jC. Increase in

buffeiing capacity decreased P diffusion. Olsen and Watanabe (1970)

observed just the opposite. They compared the soils of different

buffering capacities and found that diffusion of P increased with

increasing buffering capacity. This occurred presumably because

increases in volumetric moisture content and tortuosity more than

compensated for decreases in C1/C (increase in buffering capacity). Such

may not be the case for soils with very high buffering capacity such as

Andepts.

Investigations into the process of transport of P from soil to

plant roots have clearly helped in conceptualizing the various factors

critical to the process. It is also clear that some factors like water

14



content, clay content and P concentration in solution influence many

other factors, thus making it difficult to assign anyone value to these

terms.

External P Requirements

The immediate source of P for plants is the P in soil solution.

It has been demonstrated that the growth of plants is rel ated to the

concentration of P in solution. Fox and Kamprath (1970) reported that

yields of millet grown on three soil s approached 95% of maximum yield

when the P concentration was 0.2 ug/ml, irrespective of soil texture, or

past P ferti 1i zer treatments. Such resul ts suggested that the

concentration of P in soil solution, related with a particular level of

relative yield, might have practical significance. Thus the term,

"external P requirement" has been used to designate the concentration of

P in solution required for 95% maximum yield.

Subsequent studies determined that the external P requirement

of crops varies with the species and the cultivar grown (Fox et al.,

1974; Nishimoto et al., 1977; Vander Zaag, 1979). Varietal effects were

less frequently observed. The physiological mechanisms responsible for

these differences are not completely understood. In a recent review of

this subject, Salinas and Sanchez (1976) observed that varieties and

species more tolerant of low available soil P can either absorb P at a

faster rate or translocate it to the tops at a faster rate than

sensitive varieties or species. In some cases, tolerant varieties have a

slower relative growth rate that permits them to operate at a low level

of external P supply.
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Rajan (1973) studied P in solution requirements of millet grown

in pots on seven soils from Hawaii. He concluded that the concentration

of P in sol ution corresponding to maximum growth of millet varied from

0.022 to 0.6 ugjml and was inversely related to the phosphate sorption

capacity of soil s , The degree of P saturation, at which maximum yield

was attained, ranged from 13 percent to 75 percent of the soils studied.

Woodruff and Kamprath (1965) simil ar1y showed that the growth

of millet (Pennisetum glaucum) was related to the degree of saturation

of the P adsorption maximum. Soils with a large P adsorption maximum

require a lower P saturation as soils with low adsorption maximum.

Short term pot experiments do not give valid estimates of the

external P requirements. Also the abnormal rooting patterns which

develop in pots result in P absorption by roots which differs from roots

of field grown crops. A review of some of the field investigations on P

requirements of crops follows:

Fox et ...1. (1974) showed that corn grown in the field on two

soils required 0.05 ug Pjml in the external solution" For potatoes grown

under diverse soil and climatic conditions, Vander Zaag et ale (1979)

reported 0.2 ugjml P in solution required for 95% maximum yield. The

buffering capacity of the soils did not influence the external P

requirements. From such studies, inference may be drawn that the

external P requirement for field production (i.e. the concentration of P

in solution associated with near maximum yield) of a particular species

is reasonably constant for a wide range of soil conditions.

In a more recent study on 21 soil s from the southern USA,

Peaslee and Fox (1978) reported that the external P requirement of corn

was 0.02 ug P/ml as compared to 0.01 ug P/ml obtained in Nigeria (Fox
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and Kang, 1978) and 0.05 us P/ml obtained in Hawaii. They explained that

the lower external P requirement may be associated with somewhat lower

yields, warm soil temperatures, utilization of residual P and relatively

long growing season in the southern USA.

Jones and Benson (1975) observed that the maximum yield of

sweet corn was obtained on a high P-fixing Idaho soil when the

equilibrium P solution was 0.13 ug/ml. Higher P requirement of 0.3 ug/ml

was reported by Mokwunye (1977) for mai ze grown at Samaru, Ni geri a. He

explained that high P requirement of maize was associated with low

buffering capacity of the soil requiring a higher saturation of the

adsorption capacity and a higher equilibrium concentration for maximum

growth as suggested by Woodruff and Kamprath (1965).

External P requirement of crops is influenced by many factors.

Recently Peaslee and Fox (1978) and Fox (1979, 1981) have discussed

these factors in a greater detail.

Some soil factors are:

1. Buffering capacity of the soil for P and quantity of labile
P.

2. Cross section area for diffusion of P to roots and
tortuosity of the diffusion path.

3. Soil factors associated with root development, especi all y
root hair proliferation and mycorrhizal associations.

4. Mineralization of organic P.

5. ~pecies and concentration of salts in soil fiolution.

6. Temperature.

7. Nature of solid-phase P as this influences the rate of
dissolution of P compounds.

Plant factors include:

1. Yield potential.

17
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2. Effectiveness of roots and associated mycorrhiza in 'p
uptake.

3. Interaction of roots with solid-phase P.

4. Threshold P concentration for P uptake by roots.

5. Sol ution concentration at which roots are saturated with
respect to P uptake.

6. Differential uptake of cations by plants.

Management factors include:

1. Volume of soil fertilized and placement of fertilizer with
respect to roots.

2. Time of fertilization in relation to expected utilization.

Effects of Mycorrhizae on P Requirements

Many trees form a symbiotic relationship with fungi named

ectomycorrhizae, so called because fungi live on the surface of roots.

Most crop plants form a symbiosis with endomycorrhizae. Endomycorrhizae,

also called vesicu1ar-arbuscular (V.A.) mycorrhizae, differ from the

ectomycorrhizae in that they penetrate the root cells and tissues.

The influence of endomycorrhizae on growth of field crops is

not so well documented as is the case for the ectomycorrhi zae-tree

association. Only recently the potential contribution of endomycorrhizae

to the P nutrition of crops has begun to be realized. Mycorrhizal plants

frequently absorb more mineral nutrients, especially P, from soils than

plants without mycorrhizae (Mosse, 1973, 1977, 1980; Yost and Fox, 1979;

Vander Zaag et al., 1979a). The mechanism by which mycorrhizae work is

thought to be due to increased exploitation of the soil giving

increased utilization of available nutrients. Phosphorus absorption is



thought to be enhanced by the extension of hyphae beyond the zones of P

depletion around the roots (Tinker, 1975).

The P requirement of cassava is high when the non-mycorrhizal

plants are grown in sand or solution cultures (Ma1avo1ta et al ,; 1955;

Edwards et a1., 1976). When grown in field, however, cassava often do

not respond to P applications. This discrepancy has been explained by

the contribution of mycorrhizae to the P nutrition of field grown

cassava (Vander Zaag et al ,; 1979a). Plants which develop effective

19

mycorrhizae have lower external P requirements than their

non-mycorrhyza1 counterparts (Yost and Fox, 1979).

Hayman and Moose (1971) reported a 12-fold increase in the

yield of onions when plants were inoculated with mycorrhiza propagu1es

and grown in a P-deficient, sterilized soil. Subsequent studies using

32p showed that these yield increases were due to increased P uptake by

the mycorrhizal plants (Hayman and Masse, 1972). Field research in

Hawaii also indicates that mycorrhiza are responsible for increased

uptake of P by various crop species (Vander Zaag et al., 1979a; Yost and

Fox, 1979).

Although mycorrhizal root development may decrease the external

P requirement of plants (Mosse, 1973), Hayman and Mosse (1972)

demonstrated that mycorrhi za do not tap sources of soi 1 P that are

unavailable to the uninfected plant. This has been further documented by

Barrow et a1. (1977) who showed that mycorrhizal onion and subterranean

clover did not have special access to firmly held P.

These studies and that of Murdoch et al . (1967) indicate that

mycorrhizal plants use sparingly soluble P more efficiently than



non-mycorrhi zal plants but they do not, apparently, make P avail able

that is unavailable in their absence.

Residual Efficiency of P

Residual effects of P are particularly important for situations

that require large applications of P for plant growth. Few studies have

been made on the highly weathered soils to evaluate long term effects of

fertilizer P. Younge and Plucknett (1966) showed that massive broadcast

applications of phosphate on an Oxisol in Hawaii kept a grass-legume

sward production for nearly 10 years. On an Ultisol from North Carolina,

Kamprath (1967) showed that large initial applications of fertilizer had

a marked residual effect on yield of corn 7 to 9 years after

application.

Kurtz and Quirk (1965) and Fox et al , (1968) used P sorption

isotherms to evaluate the residual effects of P fertilizers. Phosphate

that had been applied nine years earlier was still effectively

decreasing the P requirement of a Gibbsihumox in Hawaii (Fox et al.,

1968) and the effect was detectable in pot studies after 19 years (Fox

and Searle, 1978).

Fox and Kamprath (1970) showed that the effects of previous P

treatments (residual P) were obvious from the spread of P sorption

curves corresponding to the rates ot P applied to a Georgeville clay

loam 10 years earl ier. In 1ater work, Peaslee and Fox (1978) observed

that the effectiveness of residual P was underestimated when determining

P requirement of maize in the southern USA. Fox et al. (1981) reported

that the res i dua1 effects of fert i 1i zer P frequentl yare greater than
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residual values indicated by shifts in the sorption curves. This results

in excessive recommendation of phosphate fertilizers.

Internal P Requirements

A determination of critical nutrient levels in plants for

various nutri ents and crops has been the object of numerous studies

(Macy, 1936; Tyner, 1946; Goodall and Gregory, 1947; Ulrich, 1952).

Critical nutrient levels for corn were established in 1940 ls and 1950's

by several workers (Tyner, 1946; Viets et al., 1954). These values were

critically reviewed in the 1960's by Dumenil (1961) and Hanway (1962a,

1962b) •

The critical level of a nutrient is generally assumed to be the

internal concentration of a specific tissue collected in a specific way

that is associated with maximum yield of plants. Little or no yield

increase is expected from applying additional increments of the nutrient

in question. The internal P requirement is used to designate P

percentage in index ti ssue of the plant associ ated with 95% of maximum

yield. Species differ in their internal P requirements. Andrew and

Robins (1969, 1971) determined the critical P levels in the tops of

several tropical legume and grass species which were correlated with

maximum yields. The critical levels varied form 0.16 to 0.25 for the

species studied.

Hanway and Dumenil (1965) considered plant analysis,

specifically leaf analysis, an excellent means for diagnosing the

nutrient status of corn during the growing season. They reported that

maximum yield of corn was associated with 0.34% P in leaves.



Tyner (1946) reported that 0.29 percent P in corn leaves at

silking was associated with maximum yields. A higher value (0.33% P)

was reported by Arnon (1975) for corn 1ea f at si 1ki ng and lower val ue

(0.25% P) was reported by Melsted et ale (1969) for corn leaf at

tassell ing. Dumenil (1961) reported that leaf contents of P at 95%

maximum yield of corn ranged from 0.28 to 0.32%. This kind of agreement

is quite good considering the many sources of error in culture, sampling

and chemical analysis. Variation in critical levels may be attributed to

differences in stage of sampling, tissue samp1ed s climates soil, variety

and other factors which exert influences on plant analyses.

Placement of P Fertilizers

Loca1ized P placements it is believed, improves efficiency of

applied fertilizers by increasing the uptake of P by roots. It is

particularly important in soils low in P and soils requiring large

amounts of P fertil izers by reason of phosphate sorption. Results of

band-placed P fertilizers have been variable, however. Beneficial

effects of banding have been reported in some cases (Barbers 1977)s

while in others broadcasting and banding were equally good (Shere et

al , , 1975). Broadcasting and banding combinations have been al so used

(Yost et al os 1979).

Barber (1977) investigated the relative effectivenes of three

methods of applying P: near the row at planting, broadcast and plowed

under, and applied as strip to contact about one-tenth of the soil

surface and then mixed by plowing. He reported that strip application

gave the highest yield at all rates of P whereas Fox and Kang (1978) s
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working on an Alfisol in Nigeria, reported that placement was

advantageous only at sub-optimal Prates.

Yost et ale (1979) studied the influence of various rates of P

applied on an Oxisol by banding or broadcasting or combination of band

plus broadcast. They grew maize crops in succession. In the first crop,

all treatments that received only banded fertilizer yielded

si gnifi cantl y 1ess than those treatments that recei ved the same amount

of broadcast fertilizer P. With repeated band application to subsequent

crops, however, the banded treatments yielded more than the same amount

of fertil izer P broadcast initially. Possible reasons for the inferior

performance of the first crop of maize on band placed P treatments have

been discussed by Fox (1978). The P absorption curve for roots must have

a sigmoidal shape with a threshold concentration, below which there is

no net uptake. Mixing a small quantity of fertilizer in small volume of

extremely P-defficient and P-rententive soil will increase P

concentration in fertil i zed zone and may be very efficiently used, but

the overall efficiency may be low when fertilizer used over the entire

range is considered. Under such circumstances banded fertilizer which is

later incompletely mixed with soil, and additional band application of P

may give superior results. This was probably the case when banding was

superior than broadcast in subsequent crops of maize in the studies by

Yost et ale (1979).

Infl uence of time and method of appl ication of P was

investigated by Shere et ale (1975). They reported that fraction of P

taken up by cotton (Gossypium hirustum L.) from labelled superphosphate

varied from as little as 2% (30 days after planting) to as high as 65%



(60 days after planting). No significant difference in the P content of

cotton leaf was observed when P was applied by broadcast or by banding.

Many factors contribute to the differential response of band

appl i ed P. Some of those factors are: amount of native P present in

soil, amounts of P applied, buffering capacity of soil, rooting habit of

the species grown, volume of soil fertilized, amount of fertilizer

applied in relation to that required, extent of mixing, percent of roots

in fertilized zone, and the rate of P uptake by roots. Some of the

investigations on these aspects of P placement are reviewed here.

An improved interpretation of otherwise confusing data from

experiments on fertilizer placement was made possible with the

introduction of DeWit's theory (DeWit, 1953), which essentially uses the

uptake of nutrients from broadcast applications of fertilizer to predict

the uptake of nutrients from localized placement of fertilizer.

The theory proposed by DeWit (1953) was based on the

achievement of an equal concentration of fertilizer per unit volume of

soil in the localized and broadcast applications. This is shown in

Figure 1 where Xr is the band width and Xb is the row width. A broadcast

application of Mb units of fertilizer would require a localized

application of (Xr/Xb)Mb units of fertilizer in the two placement

patterns. Under these condit ions, DeWi t found that the uptake from the

localized fertilizer (Ur) could be predicted from the uptake from the

broadcast application (Ub) by the following equation which he called the

compensation function:

Ur/Ub = (Xr / xb)0.44
This relationship is the key part of DeWit's theory of

fertilizer placement. A reduction in the amount of fertilizer applied by
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Figure 1. A pattern of localized and broadcast placement of
fertilizer in equal concentrations (from DeWit)



reducing the band width does not lead to a proportionate reduction in

nutrient uptake from the fertilizer (Fig. 2). Instead there is

compensation in uptake because of more intense root activity in the zone

of localized fertilizer application.

DeWit indicated that the compensation function was val id only

when a relatively small part of the fertilizer nutrient applied was

actually recovered by the plant. For high recovery percentages, DeWit

derived a correction factor which adjusted the compensation function

which Maftoun (1965) rearranged as follows:

(Xr/Xb)0.44
l+[(X IX )0.56 l'U 1Mb r - ~ b b

As the fraction Ub/Mb increases, the expected uptake ratio Ur/Ub
decreases.

Singh and Black (1964), in one of the few tests (greenhouse) of

DeWit's theory, concluded that the theory is a first approximation of

actual results. Hammond and Robertson (1965) reported that results of P

and K uptake by corn from local i zed and broadcast app1 ications of

fertilizer, although limited by insufficient replication, generally

agreed with the theory.

Phosphorus uptake by corn (Zea mays L.) roots growing in soil

depends on P uptake characteristics of roots, active root surface area,

and P supply characteristics of the soil (Barber, 1980). Shenck and

Barber (1979) reported that a mathematical simulation model integrating

these factors accurately predicted P uptake by corn from soils uniformly

treated with P. Use of the model requires information on both plant and

soil factors.
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Figure 2. The relationship between the ratio of uptake rates
from placed (Ur) and broadcast (Un) fertilizers and
the ratio between the width of the fertilizer band
(Xr) and the distance beb~een the crop row (Xb).



Anghinoni and Barber (1980a) used soultion culture experiments

in a growth chamber to determine the effect of supplying P to varying

portions of corn root system on P i nfl ux characteri stics of roots and

root growth rates in solution culture. These results suggest that

placing P in part of the soil volume can ·similarly affect root

distribution between P-treated and the untreated soil volumes but the

relative effect may vary from that observed in solution.

Anghinoni and. Barber (1980b) studied the influence of P level

and P distribution in the soil on corn root growth and P uptake. They

found that increased rates of P mixed uniformly with the soil tended to

decrease root length per pot even though shoot growth increased. Placing

a common rate of P per pot in part of the soil vol ume increased root

growth in the P-treated soi1 vol ume compared to root growth in the

untreated soil. The difference was expressed by the relation y = xO. 68,

where y is the fraction of total root length in x, the fraction of the

total soil volume that was P treated. Separate calculations of P uptake

from each soil volume revealed very little P uptake from the untreated

soil compared to that from the treated soil.

Stryker et al. (1974a) explored the implications of non-uniform

P distributions in the root zone of corn on growth and P uptake

util i zing spl it root system. Maximal dry matter accumul at ion occurred

only when the enti re root system was exposed to an external P supply.

Shoot growth reduced by about 20% when part of the root system was

devoid of an external P supply. The effect was not due to a lack of

total P uptake because a portion of the root system could take up enough

P if the external supply was sufficient. Based on significant

differences in P concentrations, leaf widths, and dry weight that
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occurred between opposite sides of some leaves from plants with one root

zone devoid of an external P supply, they postul ated that these

non-uniform effects on leaves were the result of non-uniform transport

from the roots to leaves. Subsequent work using 32p showed that

non-uniform accumulation of P in the leaves was dependent on the type of

root chosen for uptake (Stryker et al., 1974b).

Some studies (Ohlrogge, 1957; Kissel and Reql and , 1967) have

stressed the very si~able quantities of nutrients that can be absorbed

by a small portion of a root system and have suggested that the total

nutrient needs of the plant can be met via a single root. Under such

conditions, roots growing in regions devoid of a given nutrient must

necessarily rely on internal translocation either from other parts of

the root system or from the shoots to supply that nutrient in optimal

amounts.
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CHAPTER III

MATERIALS AND METHODS
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The external and internal P requirements of four cereal crops,

name1y wheat, mi 11 et, sorghum and maize, were est imated from the data

obtained from P field experiments conducted in Hawaii and other places.

A considerable part of the field data was the work of other

investigators in several countries (Bangladesh - Emerson Nafziger; India

- M. K. Misra, D. C. Bisen; Pakistan - A. H. Khan, A. H. Raja, M. I.

Raja; Tanzania - Peter Fehr; Nebraska - E. D. Penas). The writer was

involved in the experiments conducted in Hawaii; and the three

experiments, one each on wheat, so~ghum and mi 11 et, performed at the

Agricultural Research Institute, Tandojam, Pakistan.

The relationship between P uptake by corn and the volume of

soil fertilized at various P rates was studied in a series of three pot

experiments. Maize (H-68) was used as a test crop. Phosphorus placement

treatments were imposed by fertilizing different volumes (fractions) of

soil (Tropeptic Eutrustox) at different Prates.

Field Experiments

Philosophy and General Procedures

Field experimentation is expensive and time consuming. Also

many well managed experiments are often limited to regions with similar

soils. Consequently, the applicability of results is limited in scope

and of little value when dealing with diverse soil and climatic

conditions. In an effort to overcome these factors, two approaches were



used to determine the external and internal P requirements of four

cereal crops.

For the first approach, field experiments were designed or

modified with the requirements of these studies in mind. Maize, sorghum

and millet, each with several levels of P, were used as experimental

crops in Hawaii. Parallel experiments were conducted on millet, sorghum

and wheat at the Agricultural Research Institute, Tandojam, Pakistan.

The P requirement of maize was studied at two locations in Hawaii:

Kuiaha Experimental Site (Humoxic Tropohumult) on the island of Maui and

Poamoho Experimental Site (Tropeptic Eutrustox) on the island of Oahu.

Millet and sorghum experiments were conducted at both the Tandojam

(Typic Torriorthent) and the Poamoho sites. The phosphorus requirement

of wheat was studied only at the Tandojam Site.

The second approach used suitabl e Prate fiel d experiments

recently carried out by International or National Agencies. These were

identified by personal contact, including visits to. several

institutions. The following criteria were used in selecting Prate

experiments for inclusion in this study:

1. The number of P rates used were suffi cient to defi ne a yi e1d
response curve.

2. The highest P application rate was sufficient to permit
extrapolation to 100 percent yield obtainable with reasonable
confidence.

3. Cultural practices, including plant population .dens i ty , water and
nutrients other than phosphorus, were adequate for acceptable
yields.

4. Phosphorus treatments were not confounded by other variables.

5. The field plot design included a degree of randomization and
repl ication.
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6. The coefficient of variablity was less than 20%.

7. Soil samples representing the control {no P} plots were available.

Data were not necessarily excl uded if the experimental

technique was lacking in one aspect of these criteria. Sites that met

the criteria in most respects were used in the following manner:

1. Data were obtained on the following aspects of management: P
fertilizer rates used, yields obtained for each level of P
.applied, and method in which P was applied.

2. A soil sample was obtained that represented the check plot {no P
added}. Such samples were used to determine a P sorption curve
for that soil.

3. Samples of index plant tissue were collected if available.

4. Phosphorus fetril i zer rates that had been appl i ed were converted
to equivalent values of P concentration in solution using
P-sorption curves. The procedure used to estimate the levels of P
established in solution is illustrated for the Tandojam soil ig
Figure 3. In the conversion from kg/ha to ug/g, we assumed 2xlO
kg soil per hectare, 0-15 cm depth. If soil bulk density varies
significantly from the norm, the conversion factor should be
changed accordingly. In the example given, unfertilized soil
supports 0.01 ug/ml P in solution. Phosphorus applied at 52 kg
P/ha {26 ug Pig} increased P in solution to 0.115 ug/ml.

Using the two approaches, 7 experiments on wheat, 4 on maize, 3

each on millet and sorghum were identified. Yields representing each P

level at each location were expressed as percentages of the maximum

yield of the experiment and plotted against estimated concentrations of

P in solution that had been established by fertilization. From these

plots, external P requirement {P in solution associated with 95% of the

maximum yield} was determined for each crop-soil combination.

Internal P requirements were obtained from the experiments

conducted in Hawaii, and Tandojam. Ear-leaf samples taken at the time of

silk emergence, in case of maize, and flag leaf samples taken at the
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time of head emergence (late booting), in case of millet, sorghum and

wheat, were used as index tissues.

Laboratory Methods

P-Sorption Curves

The procedure for determining P sorption curves was that of Fox

and Kamprath (1970). Three-gram samples of soil were equilibrated for 6

days in 30 ml of 0.01 MCaC1 2 containing graded amounts of Ca(H2P04)2.
Two drops of toluene per sample were added to retard microbial growth.

The sampl es were equil ibrated in 50 ml plasti c centri fuge tubes shaken

longitudinally in a recipr-Ocating shaker for two 3D-minute periods
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daily. The equilibrated samples were centrifuged in a super-speed

centrifuge at 15000 rpm for 15 minutes. An al iquot, usually 10 ml, was

used to determine P in the supernatant sol ution (P in sol ution).

Phosphorus which disappeared from sol ution was considered to have been

sorbed (P sorbed). Phosphorus sorbed was plotted against P concentration

in the supernatant solution.

Extractable Phosphorus

Three methods were used for determining extractable P. I3ray and

Kurtz No.1 method employed 1:7 ratio of soil to the extractant (.025 N

HCl + .03 N NH 4F). The samples were shaken longitudinally for 5 minutes

at 120 reci procati ons per mi nute in centrifuge tubes and then

centrifuged. Phosphorus was determined colorimetrically in the

supernatant solution.
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01sen 1s method consisted of extracting soil P with 0.5 MNaHC03
(pH 8.5) using soil: extractant ratio of 1:20. Polyacrylamide was added

at the rate of 0.5 gram per liter of the extracting solution to diminish

color in the extract due to dissolved organic matter (Banderis et a1.,

1976). The samples were shaken in centrifuge tubes for 30 minutes at 120

cycles per minute, filtered and P was determined co10rimetrica11y in the

fi 1trate.

Phosphorus in a saturation extract was obtained by placing 60

m1 of field moist soil in leaching tubes fitted with small discs of

filter paper in the bottom. One-m1 a1iquots of distilled water were

added until leachate appeared. The initial leachate « 2 m1) was

recycled. The tubes were covered to minimize loss of moisture. After two

days, water was added in 1 m1 a1iquots at 15-20 minute intervals over a

period of 4 hours or until 10 to 12 m1 of leachate were collected. The

initial absorbance was checked and, if turbidity was detected, samples

were centrifuged at high speed after which P was determined.

In all cases, P color development was done by the Murphy and

Riley ascorbic acid method (1962) and for the NaHC03 extract the

modification of Watanabe and Olsen (1965) was used.

Tissue analysis

Plant leaf and grain samples were analysed by x-ray

fluorescence or by wet digestion with 2:1 nitric-perchloric acid mixture

(Blanchar et al., 1965). The nutrients in the digest were determined by

atomic absorption spectrophotometry, flame photometry ,or

colorimetrical1y as appropriate.



Wheat Experiments

The phosphorus requirement of wheat was derived from data

collected at seven locations namely: Agricultural Research Institutes at

Tandojam and Tarnab in Pakistan; JNK Agricultural University at Jabalpur

in India; University of Nebraska research-demonstration plots in

farmer1s fields in Johnson and Seward counties, Nebraska; and Arusha and

Karatu locations in Tanzania. Some soil properties from these locations

and pertinent experimental details for each location are given in Tables

1 and 2.

Tandojam Experiment

The wheat experiment at Tandojam was performed on Lal ian silt

loam (Typic Torriorthent) duri ng the wi nter of 1978-79. The soil is a

calcareous alluvium deposited by the Indus river. The mean annual

rai nfall is 150 to 175 mm, most of whi ch fall s duri ng the monsoon

(mid-June to mid-September). The mean annual temperature is 630 F, and

the mean annual evaporation is about 2000 mm (Ahmad, 1951). Average

monthly air temperature, soil temperature and pan evaporation data for

the period June-December 1978 are given in Appendix Table 1.

Two varieties of wheat, Pak-70 and Pavan, were planted on Nov.

26, 1978. Seven rates of phosphorus designed to establish .01, .015,

.023, .034, .052, .08 and .115 ug/ml P in solution were added. The

rates of P applied as treble superphosphate were: 0, 9, 18, 26, 35, 44,

and 52 kg P/ha. The treatments were repl icated four times and assigned

at random in a split-plot design with varieties as main plots and P

treatments as sub-plots. Phosphorus was broadcast, incorporated and the
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Tabl e 1

Some Properties of the Seven Soils from Wheat Experimental Sites
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Extractable P
Location Soil Sub-group pH

0.01 MCaC1 2 Olsen Bray 1

ug/ml ug/g ug/g

Pakistan
Tandoj am Typic Torriorthent 8.00 .010 6.3 .6

Tarnab Typic Ustochrept 7.90 .012 8.7 .6

India
Jabal pur Mollisol 7.50 .012 6.2 2.6

Nebraska
Johnson Co. Udic Agri ustol 5.65 .008 7.2 6.0
Seward Co. Aquic Argiudoll 5.35 .011 10.5 14.0

Tanzania
Arusha Inceptisol 6.60 .030 21.4 21.3
Karatu Alfisol? 5.90 .025 15.7 7.1



Table 2

Experimental Details Pertaining to Wheat Experiments Conducted at Seven Locations

Location Collaborating
Scientist

(Institution)

Cultivar
Grown

N
Applied

K
Applied

P-fertil her
Rates

Solution-P
Levels Established

k!l/ha -kg7hil- -- kg P/ha ug/ml
Pakistan

Tandojam

Tarnab

India
Jablapur

K.S. Memon Pak-70
(Univ of Hawaii) Pavan
M. H. Memon
(Agri. Res. Inst.)

A. H. Raja Tarnab 73
A. H. Khan
(Agri. Res. Inst.)

M. K. Misra Kalyan Sona
D. C. Bisen
(JNK Agri. Univ.)

120

120

150

33

40

0, 9, 18, 26,
35, 44, 52

0, 26, 52. lOS,
210, 419

0, 18, 35, 53,
70

.01, .015, .023, .U34,

.052, .08, .115

.012, .034. .094, .43
2.2, 12.2

.012, .015, .019, .024,

.031

+

*

Nebraska
Johnson County E.D. Penas Centurk 60

(Univ. of Neb.)

Seward County II II Centurk 60

Tanzania
Arusha Peter Fehr* + **

Karatu Peter Fehr* + **

Agronomic Research Project sponsored by Canadian International
Agriculture, Tanzania.

** Applied adequate Nfor optimum yields; amounts not reported.
Not reported

0, 7, IS, 23, 30, .008, .OU9, .011, .016
38 .023 .032

.011, .014, .019, .0311

.U52, U76

0, 9, 13, 18, 26 .030, .038, •U44, •U52,
.068

" " .025, .026, .026, .027,
.U28

Development Agency in cooperation with the Ministry of

w
OJ



land irrigated 10 days before planting. The land was plowed again to

assure good mixing and wheat was planted using a hand drill. The rows

were 1 foot apart in plots 3 m x 9.8 m in size. Nitrogen was applied at

the rate of 120 kg N/ha - half at the time of sowing and half at 30 days

after sowing.

Plant leaf samples were secured at the following stages of

development: tillering, flag leaf, head emergence and at harvest. The

harvest sample included both the straw and grain. An area of 14.7 m was

harvested per plot at 150 days after planting and grain and straw yields

were recorded. Dried leaf and grain samples were ground in a Willey Mill

and analyzed for P by wet digestion in 2:1 nitric: perchl or f c acid

mixture (B1anchar et a1., 1965). Color was developed by ascorbic acid

method of Murphy and Riley (1962).

Other Locations

Six wheat experiments were identified using the criteria given

in the section on general procedures. Soil samples and experimental data

were obtained from experiments performed in Pakistan (A. H. Khan, A. H.

Raja), India (M. K. Misra, D. C. Bisen), Nebraska (E. D. Penas), and

Tanzania (P. Fehr). Soil properties and experimental procedures are

presented in Tables 1 and 2. Straw and grain samples were available from

the Tanzania experiments only.

The experiment at Jabal pur (India) was p1 anted after soybean

harvest. The experimental site consisted of four strips (LO' L1/ 2, L1
and L2) on which different ferti1 ity level s had been estab1 ished by

prior fertilization. There were three series of treatments in each

strip: nitrogen series (0, 50, 100, 150 and 200 kg N/ ha at 120 and 50
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kg/ ha of P205 and K20), phosphorus series (0, 40, 80, 120, and 160 kg

P20S/ha at 150 and 50 kg/ha of Nand K20) and potassium series (0, 25,

Strips Total N 01 sen P Exch. K
ug/g ug/g (NH40AC extractable)

meq/100g

LO 99 6.2 0.52

L1/2 109 7.6 0.59

L1 115 8.7 0.49

L2 123 14.0 0.53

S0, 75, and 100 kg K20/ha at 150 and 120 kg/ha P20S and K2O). Four

complete control plots (NOPOKO) were laid on either side of each series

in each strip.

Millet Experiments

The P requi rement of mi 11 et was based on fi e1d experiments

performed at the Agricultural Research Institute, Tandojam, Pakistan and

the Poamoho Agricultural Experiment Station, University of Hawaii.

Tandojam Experiment

The expe ri menta1 site at Tan dojam wa s not fert il i zed wit h P

during the previous 6 years. The soil is a Lalian silty clay loam (Typic

Torriorthent) moderately deep phase over clay, alkaline in reaction (pH,

8.1), low in organic matter (0.9%) and calcareous (6.0 % CaC03).
Phosphorus status of the soil was: 5.4 ug/g Olsen1s P, 0.2 ug/g Bray 1-P

and 0.006 ug/ml P in 0.01 MCaC1 2•

The experimental field was divided into two portions: millet

was grown on one and sorghum (see the section on sorghum experiments) on



the other. The millet experiment was laid out in a randomized complete

block desi gn with fi ve phosphorus rates (0, 9, 18, 26, and 35 kg P/ha)

and four replications. Phosphorus as treble superphosphate was applied

as broadcast and incorporated by plowing. Nitrogen as urea was applied

at the rate of 120 kg N/ha: one- half of it at the time of planting and

another half at 30 days after planting. The levels of P established by P

fertilizations as estimated by the procedure of Fox and Kamprath (1970)

were as follows: 0.006, 0.011, 0.020, 0.036 and 0.068 ug/ml P in

solution.

Pearl millet, variety B-18, was planted on July 20, 1978 in

plots 2.3 m x 15.2 m in size. The rows were 46 cm apart with plants

spaced 15 cm apart in the rows. Monthly averages (June - December 1978)

of air and soil temperatures, rainfall and pan evaporation data are

given in Appendix Table 1. A bird-watch was maintained from sun-up to

sun-down daily for the critical period of grain fill ing to maturity.

Thus, the loss of grain due to bird damage was negligible.

Plant leaf samples were collected 35 and 65 days after planting

and at harvest (November 1, 1978). Harvested earheads were dried,

threshed manually and winnowed free of husks using hand winnower. Grain

weight was recorded and the grain samples were taken for analysis. The

1eaf and grai n sampl es were analyzed for P by vanadomol ybdo-phosphori c

acid yellow color method.

Hawaii Experiments

Existing experimental plots at the Poamoho Agricultural

Experiment Station were used for millet experiment performed in 1980.

The plots had 10 levels of P established in 1971 in an augmented block
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design (Federer, 1956). The plots were cropped repeatedly and before

every crop was planted, the soil was refertilized to re-establish the 10

levels of P in solution (control, 0.003, 0.006, 0.012, 0.05,0.1,0.2,

.4 and 1.6 ugjml). In 1976, P fertilizer was added to the control plot

(no P added in the past) to raise the P level to 0.8' ugjml P in

solution. The P sorption curves were developed for each of the 10

treatments prior to refertilization for millet crop. The P fertilizer

requirements to re-establish the ten levels of P in solution were

obtained from the P sorption curves and are given in Table 3.

The soil at Poamoho is a Wahiawa series (clayey, kaolinitic,

isohyperthermic, Tropeptic Eutrustox). The samples from each of the ten

P treatments, taken prior to refertilization for millet crop, were

analyzed for P. Phosphorus as treble superphosphate was applied by

broadcasting and rototilled into surface 15 cm soil ten days before

planting. Soil samples were secured four weeks after P application for P

analysis.

On May 2, 1980, three rows each of Pearl millet, varieties

RMP-l, Serere 3A (Casady et al., 1976), Star and a hybrid tviillex 23,

were planted in plots 5.5 m x 15.2 m, The spacings were 46 cm between

rows and 15 cm between plants. Nitrogen as urea was side-dressed at the

rate of 250 kgjha: one-fourth at 2 weeks and three-fourth at 5 weeks

after pl ant i ng. The hei ght measurements were taken at 7 weeks after

planting. Flag leaf samples were secured at head emergence (late

booting) stage of growth (on 45th, 54th, 54th, and 59th day of planting

from Serere 3A, RMP-l, Star and Millex 23 respectively). Bird damage was

avoided the same way as in the Tandojam Experiment.
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Table 3

Fertilizer P Requirements to Re-establish
the Ten P Levels for the Millet Experiment in Hawaii (1980)

(Tropeptic Eutrustox)

P in Sol ution

43

Treatment Found Desired P Required

------------ug/ml------------ ug/g

1 .002 .003 12.5

2 .004 .006 15.0

3 .008 .012 12.5

4 .014 .025 20.0

5 .039 .05 13.0

6 .076 .10 17 .0

7 .152 .20 16.4

8 .258 .40 36.0

9 .266 .80 85.8

10 .876 1.60 48.0
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Mill et was harvested at 90 (Serere 3A), 96 (RMP-1), 98 (Star)

and 99 (Mill ex 23) days after planti ng. Harvested earheads were oven

dried and threshed using a Hammer Mill and winnowed free of husks. Grain

yield was recorded and the samples were taken for analysis.The flag leaf

and grain samples were digested in a 2:1 nitric-perchloric acid mixture.

Phosphorus was determined in the digest by the ascorbic acid method of

Murphy and Riley (1962).

After millet was harvested, the plots were used to determine

the relative P requirements of maize, millet and sorghum planted

simultaneously (refer the section on maize experiments).

Sorghum Experiments

The sorghum data was obtai ned from three experimental

locations: Agricultural Research Institute, Tandojam, Pakistan (K. S.

Memon, M. H. Memon); Mennonite Central Committee, Feni, Bangladesh

(Emerson Nafziger); and Poamoho Agricultural Experiment Station,

University of Hawaii (R. L. Fox, K. S. Memon).

Tandojam Experiment

The sorghum experiment at Tandojam was on land adjacent to the

millet experiment previously described. Soil analyses and experimental

procedures, including planting date were the same as for the millet

experiment at Tandoj am except that the sorghum took 1 week longer to

mature.



Bangladesh Experiment

Five rates of P (0, 18.5, 37, 74 and 185 kg/ha) were applied.

The levels of P in solution established by fertilization as estimated

from the P sorption curve were: 0.008, 0.015. 0.03, 0.1 and 1.0 ug/m1.

Some soil properties were: pH - 6.2; extractable P, Olsen - 5.9 ug/g,

Bray - 3.2 ug/g; NH 40Ac extractable cations (meq/lOO g), K - 0.38,

Na - 0.26, Ca - 1.5, Mg - 1.9. The soil received a blanket application

of 62 kg N/ha and 52 kg K20/ha at the time of pl anti ng and 31 kg N/ha

after one month. Variety Martin Milo was planted on Feb. 16, 1977 and

harvested at 94-114 days after planting.

Hawaii Experiment

In Hawaii, the relative P requirements of sorghum, millet and

maize were determined on plots that were previously used to determine

the relative P requirements of 4 varieties of millet. For details, on

this comparative study refer the following section on maize experiments.

Maize Experiments

Four experiments were identified for determining the P

requirement of maize. The locations, where these experiments were

performed, were: Agricultural Research Institute, Tarnab, Pakistan (A.

H. Khan, A. H. Raja); Maize and Millet Research Institute, Pirsabak

(Nowshera), Pakistan (M. I. Raja); and Kuiaha and Poamoho Experimental

Sites on the islands of Maui and Oahu, University of Hawaii, Hawaii(R.

L. Fox, K. S. Memon).
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Tarnab Experiment

The mai ze experiment was performed on the existing plots that

had been used for the wheat experiment described previously. Soil

samples were obtained for P analysis from each of the p-treatments (P

applied in November 1977) prior to planting maize in July 1978. No

additional P was applied for the maize experiment.

Pirsabak Experiment

The experiment at Pirsabak was a factorial experiment involving

N (0, 60 and 120 kg/ha), P (0, 13, 26 and 52 kg/ha) and Zn (0 and 10

kg/ha as ZnS04) treatments repl icated four times. The treatments were

assigned at random in a split-split plot design with N as main plots, Zn

as sub-plots and P as sub-sub plots. Soil samples were collected from

border areas of the control (NOPOZn O) plots 8 weeks after mai ze was

planted. The levels of P in solution established by P fertilizer

application were estimated as 0.016, 0.031, 0.06 and 0.21 ug/ml.

Kuiaha Experiment

A field experiment on maize was performed on the existing plots

at the University of Hawaii Kuiaha Experimental Site on the island of

Maui, Hawaii. The elevation at the site is 320 m and mean annual

rainfall is 1800 mm. The soil is a Haiku clay (Humoxic Tropohumult)

weathered from basic igneous rocks and volcanic ash. The predominant

mineralogy is oxides of iron and aluminum.

The plots were estab1i shed and uti 1i zed by Cassman (Cassman et

al., 1981) during the period June 1977 to September 1978. The management

history of the plots during the period is briefly stated as follows: The
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plots were fertilized with P in June 1977 to establish 0.002 (control),

0.011, 0.025, 0.07, 0.17 and 0.5 ugjml P in solution using the procedure

of Fox and Kamprath (1970). After a crop of corn, bagasse was

incorporated into the entire field (May 1978) at the rate of 16,000

kgjha. Two N-level sub-plots, each 5 m x 5 m, were established within

each of the six main-plots. One sub-plot received no N (bagasse) while

700 kgjha N as urea was incorporated in the other sub-plot (bagasse+N).

Cowpeas and soybeans were grown during June to September 1978.

Soi 1 sampl es were secured from each of the sub-plots in May

1979 and analyzed for extractable P and Pin 0.01 M CaC1 2 (Fox and

Kamprath, 1970). Phosphorus level s were re-establ ished to 0.003

(control), 0.006, 0.012, 0.025, 0.05 and 0.1 ugjml P in sol ution in one

sub-plot from each P treatment. The remaining one-half of each plot did

not receive additional phosphorus.

Maize (H-763) was planted on May 14, 1979 in rows 75 cm apart

and 22 cm between pl ants. Seeds were treated with Isotox to avoid

damage by birds, especially pheasants. Height of plants to the tip of

the highest leaf was measured 6 weeks after planting. Soil samples were

also secured for P-analysis at that time. Dry weight of ear-leaf sam?les

taken at early silk emergence was recorded. Both the grain (at

harvesting) and the leaf samples were analyzed for P by wet digestion in

2:1 nitric-perchloric acid mixture. Color was developed by ascorbic acid

method of Murphy and Riley (1962).

Poamoho Experiment

An experiment to determine the relative P requirements of

maize, millet and sorghum was located on the plots used for tile
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previously described millet experiment. The plots were fertilized to

re-establish again the 10 P levels: 0.003, 0.006, 0.012, 0.025, 0.05,

0.1, 0.2, 0.4, 0.8 and 1.6 uq/ml P in sol ution. The P requi red for each

of the 10 P levels was calculated from P sorption curves (Table 4).

Three rows each of maize (H-763), millet (RMP-1) and sorghum

(Topaz) were p1 anted in each plot in November 1980. The spaci ngs were:

75 em between rows and 22 em between p1 ants (mai ze) and 46 cm between

rows and 15 em between plants (millet, sorghum). Soil temperatures at 5

and 10 em depths were recorded at various intervals (Appendix Table 2).

Ear-leaf samples of maize were taken at silk emergence and flag

leaf samples of sorghum and millet were taken at late boot growth stage.

Grain and sta1 ks were harvested at maturity and yie1 ds were recorded.

The grain and the leaf samples were analyzed for mineral nutrient

contents by x-ray fluorescence.

Relative P Requirements of Cereals

The re1 ati ve P requi rements of cereal crops were determi ned

from the experiments that involved more than one cereal species grown on

the same site. Thus the experiments that were performed at the

Agricultural Research Institute, Tandojam, Pakistan and the Poamoho

Agricultural Experiment Station, University of Hawaii, Hawaii, were used

to determine the relative P requirements of maize, millet and sorghum.

At the Tandoj am si te, mi 11 et and sorghum were p1 anted on the same date

into adjacent fields with similar soil properties. At the Poamoho site,

two experiments were performed. The first experiment involved four

varieties of millet that were grown simultaneously during May to August



Tabl e 4

Fertilizer P Required
to Re-establish the Ten P Levels for the

Maize, Millet and Sorghum Experiment in Hawaii (1980-81)
(Tropeptic Eutrustox)

Pin So1ut i on

Treatment Found Desired P Required

------------ uglml ----------- uglg

1 .002 .003 13.5

2 .004 .006 21.5

3 .0lD .012 10.0

4 .020 .025 18.0

5 .047 .05 9.5

6 .094 .10 12.0

7 .139 .20 30.5

8 .273 .40 43.0

9 .524 .80 79.0

10 .935 1.60 60.5
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1980. In the second experiment, mai ze, mi 11 et and sorghum were grown

simultaneously (November 1980 to February 1981) in split plots under the

same management and cl imatic conditions. The P requi rement of wheat

determined from wheat experiments performed at seven locations was

compared with the P requirements of the other three cereals.

Pot Experiments

Effects of P rate and placement on P uptake, dry matter yield,

and root distribution were studied in a series of three experiments

using maize as a test crop. A preliminary investigation about fertilizer

rates, fractions of soil volume to be fertilized and the technique of

localizing P (Experiment 1) was followed by a more elaborate study in

Experiments 2 and 3. Details about the treatments used and the dates of

planting and harvesting are given in Table 5.

The soil used was a Tropeptic Eutrustox from the Poamoho

Agricultural Experiment Station, University of Hawaii. A P sorption

curve was developed using the procedure of Fox and Kamprath (1970). The

unamended soil equil ibrated with .005 ug/ml P in sol uti on. Other soil

properties were : pH- 5.5, K (N NH 40Ac extractable)- 0.77 meq/100 g

soil, extractable P, 01sen1s - 3.8 ug/g and Bray 1 - 2.0 ug/g.

The foll owi ng experimental procedures were common to all the

three pot experiments.

50

Soil per pot

Blanket application
N

8 kg on 0.0. basis

2 9 Nas NH NO - one-half applied by fifth day of
planting ana oRe-half at 2 weeks after planting



Table 5

Experimental Details Pertaining to Two Pot Experiments on P Rate and Placement

Patricu1ars Experiment 1 Experiment 2

Treatments

P-rates * PO - No P applied
PI - 29 ug Pig soil
P2 - 83 " " "

PO - No P applied
PI - 25 ug Pig soil
P2 - 50 ""
P3 - 100 " "
P4 - 150 " "
P5 - 200 " "
P6 - 300 " "
P7 - 400 " "
P8 - 600 " "
P9 - 800 " "
P10 - 1200 " "

R1 - 7-30-77
R2 - 8-10-77

u
"

fertil ized
u

- 100'; soil
50'; "
25';
12.5'; "

VlOO
V50
V25
V 12.5 -

100'; soil fertilized
75';" "
50';" "
25';" "

VlOO 
V 75 
V50 
V 25 -

12-2-76Date of planting

Soil volume fertilized

Date of harvesting 12-30-76 R1 - 8-25-77
R2 - 9-5-77

* Amount of P required for each P rate was calculated on 8 kg soil basis (entire soil volume) and
applied as Ca("2P04). "20.

01......



Test crop

K 1.6 g K2S04 (0.23 meq K)

Zn 0.22 g ZnS04.H20 (10 ug Zn/g soil)

Maize (H-68)

52

Plants per pot Two

Layout design Randomized block

Replications Two

Experiment 1.

This was a P rate and placement study in which different rates

of P (0, 29 and 83 ug Pig soil) were mixed with either the entire soil

volume/pot (100% soil volume fertilized) or placed in 3/4, 1/2 and 1/4

fractions of soil vol ume (75, 50 and 25% soil volume fertil ized). Each

pot was partitioned into four compartments by four cardboard partitions

(wrapped in aluminum foil) held in position by a cylindrical hollow tube

(1.7 inch diameter) in the center as shown in Figure 4. Each of the four

compartments was filled with 2 kg of appropriately treated soil as per

plan. For example, for 50% of soil volume fertilized, 4 kg of the

fertil ized soil were put into two opposite compartments and the other

two compartments were filled with 4 kg of unfertilized soil. The central

tube in each pot was filled with quartz sand and the tube was lifted out

1eavi ng the sand to fi 11 the empty space. Phosphorus rate treatments

were imposed by mixing appropriate amounts of P fertilizer with 8, 6, 4

and 2 kg soil for 100, 75, 50 and 25% soil volume fertilized.

The pots were irrigated to field capacity and maize (H-68) was

planted in the quartz sand. r~isture was brought to field capacity daily

by bri nging pots to a specifi ed wei ght with water to replace that lost

by evapo-transpiration. After harvesting plant tops, samples of the

fertilized and unfertilized soil were collected from each pot using an



25%

·UNFERTILIZED SOIL

50% 75%

FERTILIZED SOIL
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12.5% NO FERTILIZER 100%

Figure 4.. Top view of placement of P fertilized soils in pots.
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Oakfield core sampler. Any roots present in the samples were recovered.

Roots from the four compartments of each pot were washed free of soil

and put into separate bags. Dry weights of shoots and roots were

recorded. Shoots were analyzed for P by the vanadomolybdo phosphoric

acid yellow color method (Jackson, 1958). Moist soil samples were

analyzed for P in 1:2 soil-water extract taken after a half hour of

shaking.

Experiment 2.

Phosphorus rate and placement study in Experiment 1 was

continued in Experiment 2 at 10 rates of P placed in 4 soil vel urnes

(Table 5). Phosphorus was placed in the soil as described in Experiment

1 except for one modification: aluminum foil partitions were replaced by

nylon netting to allow root access between fertilized and unfertilized

soil within each pot. This modification was used in Experiment 3 as

well. Soil in pots was allowed to equilibrate with fertilizer P for one

week before planti ng. The roots from the fert il i zed soil and

unfertilized soil of each pot were recovered by screening and the soil

was saved for Experiment 3.

Experiment 3.

The objective of the experiment was to investigate the

influence of mixing previously fertilized fractions of soil volume with

unfertilized soil fractions on P uptake and dry matter yield in maize.

Soil saved from Experiment 2 was used in thi s study. Phosphated and

unphosphated soil volumes from treatments P1, P3, P5, P7 and P9 were put

back in place in each pot the same way as in Experiment 2. For

treatments P2, P4, PS' P8 and P10, phosphated and un phosphated soil from



each pot were mixed together and put back in corresponding pots, with

quartz sand in the center. A small sample of fertilized soil was taken

from each of the 10 P treatments prior to mixing and analyzed for P in

sol ution.

Four maize (H-68) seeds were planted in the center of each pot

and thinned to 2 seedlings/pot on the sixth day of planting. Plants were

harvested at the end of 4 weeks. The shoots were oven dried, and dry

weights recorded. Phosphorus in shoot samples of Experiments 2 and 3 was

analyzed by the ascorbic acid method of Murphy and Riley (1962).
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CHAPTER IV

RESULTS AND DISCUSSION

Phosphorus Requirements of Wheat

P Sorption Characteristics

The soils from the seven experimental locations used for the

wheat experiments varied in their P sorption capacities as is evident

from the P sorption curves presented in Figure 5. Quantities of

fertilizer P required to establish the standard concentration of 0.2

ug/m1 P in solution ranged from 65 kg/ha to 520 kg/ha (Table 6).

External P Requirement of Wheat

Grain yields obtained at various locations (Tables 7, 8, and

9) were plotted against P in sol ution as presented in Figure 6. The

response to app1 ied P was evident from increase in grain yields 'with

increased P in solution levels. The highest yield of 6.39 T/ha was

obtained for variety Ka1yan Sona at the Jaba1pur (India) location. At

Tarnab, Pakistan, grain yields decreased when P rates exceeded 52 kg/ha

(P in solution increased from 0.094 to 12.2 ug/m1 as the fertilizer

rate increased from 52 to 419 kg/hal. Decreases in grain yield were

also observed as a result of P application at the Tanzania location.

Apparently P in solution in the unamended soils was adequate for

optimum yields so that additions of P were not beneficial. Decrease in

yields at higher P levels was presumably because of P and Zn

interaction.
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I. Karatu, Tanzania
2. Jabalpur alndia
3.Johnson,Nebr0 ska
4. Seward, Nebraska
~. Tarnab, Pakistan
6. Arush a,Tanzania
7. Tandojam, Pakistan
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Figure 5. P ·serption for the soils from seven wheat experimental sites.
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Tabl e 6

Fertilizer P Required at Standard P Concentration
in Solution and for 95% of Maximum Yield of Wheat

Grown at Seven Locations

58

Location P Required at Standard
P Concentration
(0.2 ug P/ml)

P Requi red for
95% of Maximum

Yiel d

---------------------kg/ha--------------------

Pakistan

Tandoj am

Tarnab

India

Jabal pur

Nebraska

Johnson Co.

Seward Co.

Tanzania

Arusha

Karatu

66

75

215

175

113

65

520

20

19

62

50

24

o
o



Table 7

Effect of Fertilizer P Application on Grain Yield
and P Content of Two Varieties of Wheat Grown at Tandojam, Pakistan

Grain Yield P Content at
Fertilizer Estimated P Actual Rel ative Tillering Flag Leaf Head Emergence Harvesting
P Applied in Solution Stage Stage Stage Straw Grain

VI V2 Vi V2 VI V2 VI V2 VI V2 VI V2 VI V2

Itg/ha ugfm\ Itgfha " of max ------------------------------- "--------------------------------
0 0.010 2442 3142 70 67 .203 .191 .248 .200 .209 .194 .050 .032 .253 .250

9 0.015 2718 4044 77 86 .225 .200 .278 .200 .216 .186 .047 .026 .233 .267

18 0.023 3187 4340 91 93 .246 .230 .290 .216 .225 .184 .043 .024 .260 .264

26 0.034 3337 4447 95 95 .237 .225 .273 .218 .206 .161 .043 .029 .244 .273

35 0.052 3277 4685 93 100 .238 .238 .284 .211 .231 .194 .050 .U29 .244 .246

44 0.080 3512 4595 100 98 .275 .235 .304 .209 .241 .194 .043 .029 .228 .261

52 0.115 3396 4629 97 99 .263 .250 .298 .220 .243 .194 .044 .029 .269 .244

VI - Pak-70
V2 - Pavan

CJ'1
~



Table 8

Yield Response and P Content of Wheat Grain and
Straw as Affected by Fertilizer P Applications at

Two Locations in Tanzania

Fertilizer Estimated P Grain Yield Relative Yield P Content
P Applied in Sol ution %of Max. Graln straw

kgjha ugjml kgjha -------%-------

ARUSHA

0 .030 4890 94 .212 .019

20 .038 5210 100 .212 .025

30 .044 5130 98 .182 .022

40 .052 5010 96 .204 .027

60 .068 4480 86 .228 .028

KARATU

60

o

20

30

40

60

.025

.026

.026

.027

.028

2370

2500

2400

2410

2270

95

100

96

96

91

.250

.236

.200

.205

.204

.044

.048

.047

.050

.058



Tabl e 9

Yield Response of Wheat to Fertilizer P
Applications at Four Locations in Pakistan, India

and Nebraska (USA)

Locations Fert i1 i zer Estimated P Grain Yield Relative Yield
P Applied in Sol ut ion %of Max.

kglha uglml kglha

Pakistan
Tarnab 0 .012 2470 83

26 .034 2830 95
52 .094 2984 100

105 .430 2344 79
210 2.200 2707 91
419 12.200 2620 88

India
Jabal pur 0 .012 4579 72

18 .015 5831 92
35 .019 6138 97
53 .024 6388 100
70 .031 6342 99

Nebraska
Johnson Co. 0 .008 2758 79

7 .009 2959 85
15 .011 3161 90
23 .016 3363 96
3U .023 3498 100
38 .032 3498 100

Seward Co. U .011 2287 81
7 .014 2354 83

15 .019 2556 90
23 .031 2690 95
30 .052 2825 100
38 .076 2690 95
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Figure 6. Grain yield of wheat as a function of P concentration in
solution at seven locations.
1- Jabalpur, India; 2 and 8 - Arusha and Karatu, Tanzania;
3 and 5 - Tandojam (Varieties Pavan and Pak-70), Pakistan;
4 and 7 - Johnson Co. and Seward Co., Nebraska; 6 - Tarnab,
Paki stan.
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The varieties, Pak-70 and Pavan, grown simultaneously at

Tandojam, were different in their yield potential. Maximum yield

obtained for Pavan was about 30% higher than Pak-70. The yield response

curves were similar, however (Figure 7). Phosphorus in solution

associated with 95% of predicted maximum yields was 0.029 for Pak-70

and 0.023 for ~avan.

Actual yields from each experimental site were converted to

relative yields (as described in Chapter III) and plotted against

corresponding P in solution as shown in Figure 8. A Mitscherlich

equation of the form y = 93.3 - 63.8 e- 116•4 x predicted yields with

reasonable accuracy, R2 being 0.8. Phosphorus in sol ution associ ated

with 95% maximum yield for all locations was 0.025 ug/ml. Predicted

quantities of added P requi red to establ ish 0.025 ug/ml P in sol ution

ranged from none to 62 kg/ha (Table 6). The quantities of P required at

Tandojam and Tarnab locations in Pakistan are comparable to the amounts

locally recommended (26 kg P/ha) for these locations.

Internal P Requirement of Wheat

The internal P requirement of wheat was determined using data

from the Tandojam experiment. Phosphorus contents of both the varieties

(Pak-70 and Pavan) increased at tillering and flag leaf stages as P

levels in solution increased (Table 7). This increase was about the

same (30% over control) for both varieties at tillering and declined to

22% above control in Pak-70 and to 10% above control in Pavan sampled

at the fl ag 1eaf stage. At the head emergence stage, Pak-70 continued

to show response (16% increase in P content over control) to P

appli cat i on but Pavan was unaffected. From these data, it appears that
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Figure 7. Grain yield of two varieties of wheat grown
simultaneously at Tandojam~ Pakistan, in relation
to P concentration in solution.
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the P contents of wheat {both vari et ies} at the ti 11 eri ng stage were

better related with P in solution than at any of the other stages of

growth. Internal P requirement at the tillering stage associated with

the estimated external P requi rement (0.025 ug/m1) was approximately

0.25% P for both varieties.

Phosphorus contents were higher in leaf samples from Pak-70

than from Pavan at every stage of growth. Gra in, however, accumu1 ated

slightly more P in Pavan than in Pak-70. Similar results were obtained

for wheat grown at the two locations in Tanzania {Table 8}. Phosphorus

content of wheat straw was about twice as much at Kar~tu than at Arusha

but the P contents of grain were not very different. Phosphorus content

of straw at maturity seems to be related to the yield potential {or the

size of the sink} of the variety grown. Where grain yield obtained is

high, P content of straw is low apparently due to increased

translocation of P into the grain.

Phosphorus Requ;rements of M;llet

Phosphorus Sorpt;on Character;st;cs

The soils from Millet experimental sites at Tandojam (La1ian 

si l ty clay loam,. Typic Torriorthent) and Hawaii (Wahiawa - clayey,

kaolinitic, isohyperthermic, Tropeptic Eutrustox) were quite different

in their P sorption capacity (Figures 9 and 10). The La1ian soil sorbed

26.5 ug PIg at 0.2 uglm1 P in solution as compared to 350 ug PIg

required by treatment 1 of Wahiawa soil.

Past fertilizer applications to Wahiawa soil were evident from

a shift of P sorption curves to the right of treatment 1 {Figure 1O}.
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The curves for treatments 8 and 9 were close together because treatment

9 was originally a control (no P) plot which was fertilized 6 years

later than the other treatments. Slow reaction of P with soil over a

period of the past 16 months (no P applied during that period)

decreased P in solution relatively more in treatment 9 than in other

treatments.

When comparing P in solution "found" to that established or

"expected", the values found, were lower than expected for all ten

treatments presented in Table 3. Thus, P was applied to each of the ten

P treatments based on P sorpti on curves (Figure 10). Phosphorus in

solution was determined after 4 weeks of P application (approximately 3

weeks after planting millet). Phosphorus in solution levels "found"

were in excess of the expected P level s for treatments 1 to 3, equal

for treatments 4 and 5, and progressively less than expected for

treatments 6 to 10 (Figure 11). This matter was further investigated by

comparing P in saturation extracts before and after fertilization. The

results presented in Figure 12 demonstrate agreement between expected

results and P found in solution at low P concentrations but as the

concentrations became greater, P in solution levels deviated from that

expected. Values were higher than expected at 4 weeks after P

application for all treatments.

The di screpancies between P in sol ution "found" and that

"expected" seem to result from differences in the way soil samples are

equilibrated in the laboratory compared to the way soils are

equilibrated in the field. The phosphate sorption procedure employed a

total of 6 hours of shaking and equilibration with 0.01 MCaC1 2• When

soil samples (secured at the end of the experiment) were subjected to
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the shaking procedure, then dried and crushed before being placed in

leaching tubes, excellent agreement was obtained between P

concentrations in saturation extracts and expected concentrations of P

in soil solutions as shown in Figure 13 (Fox et at ,; 1981). These

results suggested that even after 9 years of fertilization, there was

considerable disequilibrium between the exterior and the interior of

peds in well-aggregated soi 1s , Thi s suggests a need for the 1east

disruptive practical techniques of equilibration for gathering data for

P sorption curves.

Early Growth of Millet (Hawaii Experiment)

Early growth as measured by height of 7 week-old plants

(Appendix Table 3) is depicted graphically in Figure 14. Serere 3A was

the tallest and RMP-1 was the shortest of the four vari et i es , Thi s

trend did not persist in later growth, however. At harvesting, Millex

23 and Star were the tallest, followed by Serere 3A and RMP-1 as

observed visually. Maximum height was associated with 0.05 ug/ml P in

solution for all varieties except RMP-1 which attained its maximum at

0.025 ug/ml. Percentage maximum increase in heights over control were

38, 54, 44 and 35 for Millex 23, RMP-1, Serere 3A and Star

respectively. Heights generally decreased with increased in P in

solution beyond 0.05 ug/ml.

Dry Weight of Flag Leaf Samples (Hawaii Experimentl

Dry weights of flag leaf samples (I8 leaves/trt) secured at

the late boot stage increased with increased P in sol ution for all

varieties (Table 10). The trend was inconsistent, however. This
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Tab1 e 10

Dry Weight of Flag Leaf Samples of
Four Millet Varieties in Relation to the Levels

of P in Solution Established at Hawaii Location in 1980

Dry Wei ght of 18 F1 ag Leaves

P in Sol ution Millex 23 RMP-1 Serere 3A Star

ug/ml ----------------------- 9 -------------------------

.003 4.81 3.12 2.66 4.95

.006 4.93 4.24 3.89 6.52

.012 5.54 4.13 4.14 6.12

.025 5.49 4.39 6.66 6.74

.050 5.53 4.75 5.79 6.13

.1 5.92 3.83 4.20 5.49

.2 5.49 5.02 4.91 4.76

.4 4.79 4.45 3.16 6.88

.8 6.12 4.66 5.25 5.55

1.6 6.06 6.17 4.29 7.56

Mean 5.47 4.48 4.49 6.07
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confirmed the visual observation about variation in the size of flag

leaves of plants from the same P treatment. The varietal differences in

the si ze of fl ag 1eaf (average dry weights for all P treatments) seem

consistent with the growth (height) attained by each variety as

observed visually.

External P Requirement of Millet

Three experiments, two in Hawaii and one in Pakistan, were

performed to determine P requirement of millet. Grain yield data from

two experiments, one involving four varieties of millet (Millex 23,

RMP-l, Serere 3A and star) grown at the Poamoho Experimental Site in

Hawaii (May to August 1980) and the other with one variety (B-18) grown

at the Tandojam Experimental Site in Paki stan (July to October 1978),

are presented in Tables 11 and 12. The data from the third experiment

that was performed at the same site in Hawaii (November 1980 - February

1981) are not presented, because of a variable stand of millet and bird

damage at the time of grain formation and maturity.

Grain yield data given in Tables 11 and 12 are graphically

presented in Figure 15. Varieties apparently differed in their yield

potential; Millex 23 was the highest yielding and B-18 the lowest. The

other three varieties were comparable and medium in their yielding

potential. All the five varieties responded to fertilizer P

applications. Grain yields increased with increased P in solution

levels. Percentage increase over the control ranged from 22 for variety

8-18 to 110 for variety Star. At high levels of P in solution, there

was a consistent decrease in grain yields for all varieties grown in

Hawaii. There are two possible reasons for this decrease. One
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Table 11

Actual and Relative Yields of Four
Varieties of Millet in Relation to the Levels of

P in Solution Established at Hawaii Location in 1980

Grain Yield

Pin Sol ut ion Millex 23 RMP-1 Serere 3A Star

AY RY AY RY AY RY AY RY

ug/ml kg/ha . % kg/ha % kg/ha % kg/ha %

.003 3424 63 2430 68 2419 61 1907 48

.006 3761 69 2949 83 2836 71 2677 67

.012 4266 78 2987 84 3040 76 2830 71

.025 5139 95 3523 99 3769 95 3672 92

.050 5250 97 3465 97 3985 100 4007 100

.1 5058 93 3025 85 3835 96 3728 93

.2 5438 100 3445 96 3355 84 3728 93

.4 4996 92 3567 100 3400 85 3631 91

.8 3985 73 3081 86 3536 89 3534 88

1.6 4011 74 2519 71 2594 65 2737 68

AY = Actual yield
RY = Relative yield
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Tabl e 12

Effect of Fertilizer P Application on Grain
Yield and P Content of Millet (8-18) Grown at Tandojam, Pakistan.

Fertilizer Estimated P Grain Yield P Content of Leaf Samples at P Content
P Applied in Solution of Grain

Actual Relative 35 Days 65 Days 103 Days
(Harvesting)

kg/ha ug/ml kg/ha ~ of max ---------------------t--------------------------

0 .006 2112 82 .256 .337 .125 .288

9 .011 2352 91 .312 .388 .138 .294

18 .020 2583 100 .291 .431 .144 .300

26 .036 2475 96 .340 .419 .128 .344

35 .068 2543 98 .309 .431 .131 .294

.......
00
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Figure 15. Grain yield of four varieties of millet grown at Hawaii
(Millex 23, RMP-l, Serere 3A and Star) and one at
Tandojam, Pakistan (B-18) in relation to P concentration
in solution.



is that high amounts of applied P may have depressed Zn availability to

plants. This possibility was rejected because Zn contents of flag leaf

of variety RMP-1 (Table 13) were not affected by the level of P in

solution. Thus decreased yields, especially at 0.8 and 1.6 ug/ml P in

solution, were most likely due to heavy infestation by weeds primarily

Cyperus rotundus L. which were a problem on treatments 7 (replication

II only), 9 and 10 inspite of repeated manual weeding. Herbicide spray

was avoided because of uncertainities about the effect of herbicide on

mill et ,

Relative yields of all the five varieties of millet were

plotted against P concentration in solution as shown in Figure 16. An

equation of the form y = 94.6 - 50 e-132x predicted the yields with

reasonable accuracy (R2 = 0.78). The yield data for traetments 9 and 10

of the Hawaii experiment were excluded in arriving at the above

equation for the reasons already discussed. Phosphorus in solution

associ ated with 95% of predicted maximum was 0.018 ugjml. Thi sis

slightly lower than the external P requirement of wheat estimated from

seven experiments.

When relative yield data for each variety were considered

individually, the following results were obtained.

80

Variety Equation fitted External P
requirement

ug/ml

Mill ex 23 y = 96 _ 44.8 e-82•2x 0.95

RMP-1 y = 96 - 39.3 e-133.4x 0.77

Serere 3A y = 94 - 45.3 e-110.5x 0.79

Star y = 94 _ 60 e-101x 0.95

B-18 Y = 98 - 56 e-206x 0.93

.025

.016

.020

.025

.012



Table 13

Zinc Contents of Millet Variety
RMP-1 in Relation to Concentration of P in

Solution at the Poamoho Experimental Site in Hawaii

Zinc Content of Flag Leaf in
P in Sol ution

*1980 1981

ug/ml -------------- ug/g --------

.003 64 66

.006 66 55

.012 60 56

.025 65 66

.050 66 68

.1 64 57

.2 67 55

.4 65 57

.8 68 55

1.6 67 62

* Millet, sorghum and maize were grown simultaneously from November
1980 to Feburary 1981.

81
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Of the four varieties grown simultaneously in Hawaii, external

P requirements of three varieties, Millex 23, Serere 3A and Star, were

slightly more than the value predicted from the composite yield

response curve shown in Figure 16. For the fourth variety, RMP-1, the

external P requirement was slightly lower but comparable to variety

B-18 grown at Tandojam, Pakistan. These results are indicative of

varietal differences in the external P requirement of a given species.

A variety with a low external P requi rement can either absorb P at a

faster rate or translocate it to the tops at a faster rate than a

variety with a high P requirement (Salinas and Sanchez, 1976).

Differences in yield potential may be another factor contributing to

the differences in external P requirements (Fox, 1979). In this study,

variety B-18 was the lowest yielding of all five varieties, and also

had the lowest external P requirement.

Internal P Requirement of Millet

Phosphorus contents of the flag leaf of the millet varieties

grown in Hawaii increased 2 to 3 fold with increase in concentration of

P in solution (Table 14). On the average, Millex 23 accumulated more P

than the other three varieties. The internal P 1evel associ ated with

0.018 ug/ml P in solution was approximately 0.32% for Millex 23, Serere

3A and Star, and 0.29% for RMP-1.

At Tandojam (variety B-18), flag leaf P contents increased

from 0.34 to 0.43% with increase in P in sol ution from 0.006 to 0.068

ug/ml (Table 12). Internal P requirement of this variety was 0.42% P in

the flag leaf at 65 days after planting. Thus,· for the five varieties

planted at the two locations, internal P requirements ranged from 0.29%



Table 14

Phosphorus Content of Flag leaf and Grain Samples of Four Millet
Varieties in Relation to P Concentration in Solution at Hawaii loaction in 1980

Estimated P Flag leaf Grain

in Solution Mi1lex 23 Rmp - 1 Serere 3A Star Millex 23 RMP - 1 Serere 3A Star

------------------------------------------ %P ------------------------------------------

.003 .213 .250 .223 .243 .196 .216 .176 .263

.006 .268 .261 .282 .268 .213 .254 .228 .272

.012 .294 .278 .290 .301 .232 .248 .232 .280

.025 .362 .311 .358 .341 .239 .254 .233 .309

.05 .395 .358 .404 .353 .247 .270 .262 .320

.1 .450 .403 .414 .406 .260 .314 .292 .322

.2 .504 .429 .433 .429 .268 .301 .275 .319

.4 .544 .511 .466 .473 .307 .304 .272 .338

.8 .568 .471 .460 .466 .274 .291 .269 .307

1.6 .668 .535 .486 .565 .300 .344 .286 .336

OJ
~
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for RMP-1 to 0.42% P for B-18. Such varietal differences in internal P

requi rements al so have been reported by Ni shimoto et al , (1975) for

Chrysanthemum morifolium. Two varieties, Iceberg and Indianapolis

Yellow, responded similarly to external P levels, but internal P

requirement was 0.35% for 'Indianapolis Yellow' and 0.5% for 'Iceberg'.

Phosphorus contents of grain increased from 0.2 to 0.35% with

increased P in solution levels. Millex 23, that accumulated highest P

in flag leaf (Av. = 0.42%) contained lowest P (0.25%) in grain. This is

because Millex 23 was the highest yielding of all the varieties so that

the dilution of P levels occurred.

Phosphorus Requirements of Sorghum

Phosphorus Sorption Characteristics

The phosphorus requirements of sorghum were studi ed at three

locations. The soils from two locations t ,e , Tandojam, Pakistan and

Feni, Bangladesh were low P-sorbing soils. They required 26.5 and 50 ug

Pig, respectively, for establishing the standard concentration of 0.2

uglml P in solution (Figure 17). At the third location (Hawaii), the

plots had been fertil ized repeatedly over the preceeding 10 years to

establish and re-establish the prescribed ten levels of P in solution.

They ranged from 0.003 to 1.6 ug P/ml. The soil from this location was

a high P-sorbing soil compared with the soils from the other two

locations (Figure 18). At the standard concentration of 0.2 uglml P in

solution, treatment 1 sorbed 350 ug Pig soil.
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External P Requirement of Sorghum

The grain yield of sorghum obtained at the three locations is

88

given in Table 15 and depicted graphically in Figure 19. The yield of

variety Martin Milo in Bangladesh was greater (maximum yield = 6.19

T/ha) compared to the variety Karo Sartho (maximum yield = 3.32 T/ha)

and hybrid Topaz (maximum yield = 3.96 kg/ha) grown at Pakistan and

Hawaii locations. In Hawaii, yield response to P application in

treatments 9 and 10 was some what peculiar. A higher yield in treatment

9 was possibly the result of this treatment being fertilized with P six

years later than the other 9 treatments so that the P applied to this

treatment was the highest and had an amendment effect (Gillman and Fox,

1980). Decreased yield in treatment 10 may be associated with

infestation by weeds. Possibility of depressed Zn availability due to

PxZn interaction was rejected because plants in treatment 10

accumulated more zinc than other treatments (Table 16).

Actual grain yields given in Table 15 were expressed as

relative yield and plotted against P in solution (Figure 20). For the

Bangladesh location, yield obtained at 0.1 ug P/m1 was considered as

maximum (5.59 T/ha). For the Hawaii location, yield obtained at 0.2

ug/m1 P in solution was considered to be the maximum. The relative

yields were plotted against P in solution. A curve that was defined by

the equation y = 96.8 - 126.6 e-156.2x, where y = predicted yield and x

is P in solution, was reasonably accurate (R2 = 0.8) in predicting

yield. The external P requirement in sol ution associated with 95%

maximum yield was 0.021 ug P/m1. This would require application of 9 ug

Pig to the Tandojam soil and 13 ug PIg to the soil from Bangladesh. In



Tabl e 15

Actual and Relative Yield of Sorghum in
Relation to P Concentration in Solution at Three Locations

Grain Yield
Location Estimated Pin Solution Actual Relative

ug/ml kg/ha %max

Hawaii .003 550 17
.006 814 25
.012 2518 77
.025 2692 82
.05 2660 81

.1 3252 99

.2 3287 100

.4 3283 100

.8 3960 120

1.6 2558 78

Feni (Bangladesh) .008 2476 44
.015 4720 84
.03 5571 99
.10 5590 100

1.00 6190 111

Tandojam (Pakistan) .006 2518 76

.011 3018 91

.020 2924 88

.036 3315 100

.068 3263 98

89
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Table 16

Phosphorus and Zinc Contents of Sorghum
Flag-leaf and P in Grain Samples in Relation to P

Concentration in Solution at the Hawaii Experimental Site
(1980-81)

91

Estimated P

in Sol uti on

ugjml

P Content of

Flag Leaf Grain

--------------%-------------

Zn in'
Fl ag Leaf

ugjg

.003 .38 .30 50

.006 .36 .32 49

.012 .41 .41 53

.025 .42 .41 52

.05 .42 .39 51

.1 .43 .44 53

.2 .46 .34 54

.4 .45 .49 49

.8 .62 .44 63

1.6 .61 .52 76
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Hawaii treatment 1 would require 120 ug Pjg soil. To go from unamended

state to 0.021 ug Pjml would require even more (data not presented).

When data from each location was separately analyzed, the

equations that predicted the yields were:

Location Equation fitted R2 External P
Requirement

ugjg

Tandojam Y= 98 - 39.7 e-l10.4x 0.82 0.019

Feni Y= 104 -194.5 e-146.7x 0.97 0.025

Hawaii Y= 96.2 -115 e-108x 0.85 0.029

External P requirement of sorghum grown at Tandojam was 0.01 ugjml less

than that required at the Hawaii location. This could be explained by

the soil temperature data given in Appendices 1 and 2. Soil temperature

during the growth period was approximately 10 C higher at Tandojam than

at the Hawai i Experimental Site. Thus the lower external P requi rement

at Tandojam was a consequence of increased P desorption at higher

temperature (Gardner and Jones, 1973; Fox, 1979).

Internal P Requirement of Sorghum

Leaf and grain samples were not available for the Bangladesh

experiment. At Tandojam, the P content of the flag leaf taken 65 days

after planting was the highest among the growth stages sampled (Table

17). Phosphorus content of leaves and grain increased with P rate but

this was not consistent. The internal P requirement i ,e , P content of

the flag leaf 65 days after planting associated with 0.021 ugjml P in
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Table 17

Phosphorus Content of Sorghum Leaf
and Grain Samples in Relation to P Concentration

in Solution at Tandojam (Pakistan) Experimental Site

P Content of

94

F1 ag Leaf at
Estimated P
in Sol ution Recently Mature

Leaf at 35 Days 65 Days 110 Days Grain

ug}ml ------------------------- %-------------------------

.006

.011

.020

.036

.068

.315

.334

.311

.353

.378

.340

.375

.363

.380

.356

.175

.188

.163

.179

.167

.300

.321

.313

.306

.338
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solution, was approximately 0.37%. The value was a little higher

(0.41%P) for the Hawaii location (Table 16). Both the grain and flag

leaf accumulated more P in Hawaii than at Tandojam at a given level of

P in solution. This was probably related to cultivar differences

(Salinas and Sanchez, 1976).

!hosphorus Requirements of Maize

Phosphorus Sorption Characteristics

The phosphorus requi rements of mai ze were studi ed at four

locations, two in Pakistan (Tarnab and Pirsabak) and the other two in

Hawaii (Kuiaha experimental site on the island of Maui and Poamoho

experimental site on the island of Oahu). At the Tarnab location, the

plots were previously fertilized with P for the wheat crop as

prescribed and no additional P was added for the mai ze experiment.

Phosphorus 'in solution in these plots ranged from 0.006 ugjml in the

unamended soil to 0.075 ugjml where 419 kg Pjha had been applied in the

past (Table 18). At the Pirsabak location, levels of P in solution

established by fertilization were 0.016 ugjml for the control to 0.21

ugjml where 52 kg Pjha had been applied. Soils from the Tarnab and

Pirsabak locations were low P-sorbing, 'thus they required only 37.5 and

25 ug Pjg, respectively, at, the standard concentration of 0.2 ugjml P

in solution (Figures 5 and 21). The two soils from Hawaii were

relatively high P-sorbing because of their oxidic mineralogy. At the

standard P in solution, the Haiku soil (Humoxic Tropohumult) from

Kuiaha required 720 ug Pjg (Figure 22), and the Wahiawa soil (Tropeptic
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Tabl e 18

Actual and Relative Yields
of Maize in Relation to P Concentration

in Solution at Tarnab and Pirsabak, Pakistan

Fert i"i zer Estimated P Grain Yield
P Applied in Solution

Actual Relative

kgJha ugJml kg/ha %max

*Tarnab

0 .006 1275 82

26 .010 1431 92

56 .021 1496 96

105 .026 1561 100

210 .040 1544 99

419 .075 1414 91

Pi rsabak

0 .016 2707 95

13 .031 2849 100

26 .060 2660 93

52 .210 2600 91

P was applied to previous crop of wheat. No additional P was added
for maize crop.
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Eutrustox) from Poamoho required 350 ug Pig for treatment 1 (Figure

18) •

The experimental sites in Hawaii differed in their history of

P fertilization. At Poamoho, the plots had been fertilized repeatedly

over the preceeding 10 years to estab1 ish and re-estab1 ish the ten

levels of P in solution (.003 to 1.6 ug/m1) prescribed. At the Kuiaha

site, P fertilizer was applied in June 1977 followed by a crop of maize

(September - December 1977), bagasse incorporation (May 1978) and a

crop of soybeans and cowpeas (June - August 1978) as described

previously. The level s of P in sol ution estab1 ished initially (June

1977) and those found 4, 7, 14 and 23 months after P application are

given in Table 19 and depicted graphically in Figure 23. At a given

rate of P applied in June 1977, levels of P in solution determined in

August 1978 were comparable for bagasse and bagasse+N treatments. Hence

the average value was used in plotting the data in Figure 23.

It is obvious from the data that level s of P in sol ution

dec1 ined with time at all rates of app1 ied P. The rate at which it

declined, was faster at high P levels than at low P levels. Also levels

of P in sol ution conti nued to decrease even after about 2 years of P

application. Similar trends were observed for Bray 1 and Olsen

extractable P (Table 20, Figures 24 and 25). In each case Olsen's

method extracted more P than Bray 1.

After referti1ization in May 1979, extractable P (Bray 1,

Olsen and saturation extract P) levels increased with an increase in

the rate of applied P (Tables 19 and 20). Six weeks after P had been

applied, sub-plots receiving P contained more extractable P than

sub-plots without added P. Where no fertilizer had been applied in May



Table 19

Phosphorus in Saturation Extracts and in 0.01 MCaCl
(P in SOlution) Equilibrated with the Haiku Soil from the ~uiaha

Plots in Relation to the Levels of P Established in June 1977 and in May 1979

P in Solution P in Solution Determined P in Solution June 1979 (6 weeks
Established Re-established After P Application)2

June Oct. Jan' Aug. Hay Hay P in P in
1977 1977 1978 1978 1979 19791 Solution Saturation

BagasSe
Extract

Bagasse + N

--------------------------------------------------- ug}ml ----------------------------------------------
1 .002 .002 .0013 .0013 .0013 .003 .003 .002 .005

2 .011 .007 .004 .004 .004 .005 ~006
.0025 .006
.003 .012

3 .025 .011 .008 .007 .007 .006 .012 .004 .008
.004 .015

4 .070 .025 .012 .012 .012 .008 .025 .005 .009
'005 .029

5 .170 .068 .033 .023 .017 .009 .050 .005 012
.006 :U44

6 .500 .110 .073 .065 .038 .023 .100 .008 .U40
.037 .137

1 P-levels re-established in one-half of each plot. The other one-half did not receive additional
phosphorus.

2 Upper figure of each pair in the column represents the sub-plots not receiving P in May 1979.

......
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lable 20

Extractable Phosphorus From the Haiku Soi I on Various Uates In
Relation to the levels of P in Solution Established In June 1977 and in May 19/91

Aug. 1978 Aug. 1978 2 ,hllll' 14793
P in Sol ut ion oct , 1977 Jan. 1978 May 1979 "-II'vel s(8agasse) (8ayasse+N) (b wl'eks t1111~rEstabl ished Ile-l!stabllshrd "-i1ppllciltillll)

June 1977 8ray Olsen 8ray Olsen 8ray Olsen 8ray Olsen 8ray 01sen Nay 1Y79 llray 1I1c;1'1I

ug/ml --------------------------------------ug/g----------------------------------- uII/ml 1111 lei

.002 .4 2.6 .4 2.3 .4 2.5 .6 2.6 .3 3.1 •11lI2 .!J J •

2 .nOl 3.9 11.2 2.0 10.9 1.6 8.0 1.7 7.7 1.6 8.0 .11116 1.2 b."'
2.1 II.

3 .025 8.0 18.4 5.1 16.0 3.8 14.1 3.4 14.7 3.2 12.1 .012 2.9 11.!J
S.b 14.

4 .070 24.4 38.6 9.8 28.0 6.8 22.0 6.1 21.3 5.8 22.2 .1I2!> !J.j IY.
9.9 :n.

5 .170 39.1 63.1 21.3 44.5 12.6 34.7 9.8 31.1 9.2 33.7 .\I!JII
1.11 24.

Ib.(, 4ft.

6 .500 53.7 84.3 39.6 75.7 35.9 74.4 23.2 5!i.8 23.6 6ti.9 • 11111 111.4 !l9.
:l('. J 7.,.

1 Two extractants were used: 8ray No. 1 - 0.U25 N Hel + n.03 NH4F
Olsen - U.S H NaHCU3, pH 8.5

" P levels ra-est.ab l tshed in one-half ot each plot. lhe other one-half did not receive add i t iuna l phusphurus ,

3 UPJlpr fillUrl' of each patr in the column represents the sub-plots not rece iv inq " in 11ay 197Y.
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1979, a residual effect of previously added P (in June 1977) was

evident. Bray 1 P increased from 0.5 to 18.4 ug/g, Olsen P increased

from 3 to 59 ug/g and saturation extract P increased from 0.005 to 0.04

ug/m1 at the highest rate P applied in June 1977. This was not the case

with P in sol ution level s. Except at the highest Prate, P in sol ution

was essentially the same in sub-plots with and without P added in May

1979. The reasons for this discrepancy are not understood. It is

thought however, that the amount of shaking involved in the P sorption

procedure exposed un reacted surfaces so that levels of P in solution

declined. When the procedure did not involve any shaking, as in the

case of saturation extracts, fertilized soil contained more P than the

unfertilized one at each Prate.

Early Growth of Maize (Kuiaha Experiment)

Plant growth measured by height of plants increased as a

result of P applied in May 1979 (22 inches to 63 inches) and that

applied in June 1977 (22 inches to 52 inches). Thus the residual effect

of P added about 2 years before was apparent (Appendix Tab1 e 4).

Referti1ization in May 1979 further enhanced maize growth. A plot of

height vs , P in sol ution showed that the growth was maximum at 0.05

ug/m1 P in solution (Figure 26).

Dry weight of Ear-leaf (Kuiaha Experimentl

Dry weights of ear-leaf samples (eight leaves/treatment)

obtained at silking from 36.2 to 72.0 g (Table 21). The dry weights

were minimum where no P was applied in the past. The control plots
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Table 21

Dry Weight of Haize Ear-leaf at Silking
in Relation to the levels of P Established in June 1977 and 1n May 1979

P levels P levels Detennined P levels Re-established1 Dry Weight of 8 leaves 2
Established 1979 1979

1977 . 11 111 1 11 111 1 11 111 Av.

-----------------------------------ug/ml----------------------------- -------------- 9 -------------

.002 ~Controll .003 .004 .003 Control Control Control 42.2 38.9 36.1 39.0

.002 Control .0025 .004 .0025 Control Control Control 42.7 35.1 30.9 36.2

.011 .004 .006 .003 -- -- -- 63.9 66.7 64.9 65.8

.011 .003 .005 .006 .006 .006 .006 69.6 72.2 68.0 69.9

.025 .010 .009 .004 -- -- -- 70.5 71.9 65.8 69.4

.025 .006 .005 .003 .012 .012 .012 72.7 75.5 68.0 72.0

.070 .008 .008 .006 -- -- -- 67.7 66.2 71.9 68.6

.070 .008 .009 .008 .025 .025 .025 74.1 71.7 67.5 71.1

.170 .006 .009 .009 -- -- -- 67.7 65.9 70.0 67.9

.170 .009 .010 .008 .050 .050 .050 69.4 74.1 62.6 68.7

.500 .026 .034 .015 -- -- -- 69.8 69.9 73.5 71.1

.500 .016 .021 .025 .100 .100 .100 71.9 68.6 66.7 69.1

1 P levels re-established in one-half of each plot. The other one-half did not receive additional P.

2 Upper figure of each pair in the column represents the sub-plots not receiving P in May 1979.

.....
o......



showed a decreasing fertility gradient from replication I to III. This

fertility gradient was also observed by Cassman (1979). Phosphorus

application increased dry weights and the maximum was achieved at 0.025

ug/ml (Figure 27). The dry weights were only sl ightly higher for the

sub-plots receiving P in May 1979 than those fertilized 2 years before.

Thus the residual effect of previously appl i ed P was such that the

benefit from freshly added P was very little.

External P Requirement of maize

Tarnab Experiment. Grain yields ranged from 1275 to 1561 kg/ha (Table

18). These yields were the lowest of all the locations. Also, the

yields were much lower than those reported for the variety (Changez)

grown in this area (MMRI, 1976). The reasons for the low yields were

not reported. The response to P was al so small. On the relative yield

basis, 82% of the maximum yield was obtained at the lowest P level

(0.006 ug/ml).

Pirsabak Experiment. Statistical analysis of the yield data (not

presented) showed that only N application increased yields

significantly and the effects of P, Zn and various interactions were

insignificant. Therefore the yields obtained for Zn and no Zn

treatments at the highest rate of N application (120 kg N/ha) were

averaged and are given in Table 18. Yields were almost twice (2707 to

2849 kgl ha) of those obta i ned at the Tarnab 1ocat i on for the same

variety (Changez). The response to P was negligible. On the relative

yield basis, 95% of maximum yield was obtained at the lowest level of P

in solution (0.016 ug/ml).
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Figure 27. Dry weight of ear-leaf in relation to the levels of P in
solution established at the Kuiaha Experimental Site (Hawaii)
in May 1979.



Poamoho Experiment. Grain yields ranged from 6.03 to 9.13 T/ha (Table

22). On the relative yield basis, the lowest yield (66% of maximum) was

obtained at the lowest level (0.003 ug/ml) of P in sol ution. Relative

yields were plotted against the levels of P in solution established at

the time of planting (Figure 28). An equation of the form y = 93.2 - 38

e- 112x predicted the yields with R2 = 0.67. External P in solution

required for 95% of maximum yield was 0.018 uq/ml , Higher external P

requirement (0.05 ug/ml) has been reported by Fox et ale (1974) for

maize grown on two soils in Hawaii. This discrepancy can be explained

by the fact that that the plots used by them were not P ferti 1i zed in

the past so that there was no residual P and thus the external P

requirement was high. In this case, the external P requirement was low

because the P sorption procedure underestimated the effectiveness of

residual P accumulated as a result of P fertil i zation over the past 10

years (Fox et al., 1981). Similar observations have been made by

Peaslee and Fox (1978) when determining the P requirement of maize in

Southern USA. They reported an external P requirement of 0.02 ug/ml for

maize.

Estimates of external P requirements may also be influenced by

the model used to fit the data. When the data of Fox et al. (1974) were

plotted using the linear response plateau model of Waugh et ale (1975),

the predicted external P requi rement decreased from 0.05 to

approximately 0.035 ug P/ml (Fox et al, 1981). The model has been used

to good advantage in Tropical America.

Kuiaha Experiment. Grain yields ranged from 3.48 to 9.16 T/ha (Table

23). Maximum yield obtained in this experiment was equal to the maximum

obtained in the Poamoho experiment. On the relative yield basis, 38% of
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Tab1 e 22

Grain Yield and Phosphorus
Content of Maize in Relation to the Levels .. *of P in Solution at the Poamoho Experimental Si te in Hawall

(1980-81 )

Estimated P Grain Yield P Content of
in Sol ution

Actual Relative Ear-1 eaf Grain
ugJml TJha %max ------------- %-----------

0.003 6.03 66 0.28 0.30

0.006 7.24 79 0.28 0.31

0.012 7.46 82 0.29 0.31

0.025 8.20 90 0.31 0.35

0.050 8.05 88 0.31 0.34

0.1 7.41 81 0.35 0.36

.2 8.03 88 0.37 0.37

.4 9.13 100 0.37 0.35

.8 9.04 99 0.39 0.41

1.6 9.13 100 0.48 0.45

Maize, millet and sorghum were grown simultaneously.
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Table 23

Grain Yield of Maize in Relation to the
Levels of P Established in the Soil in June 1977 and in May 1979

P Level s P Levels Detennined P Levels Re-established1 Grain Yield2
Established 1979 1979

1971 . 11 III I II III I II III t«,

-----------------------------------ug/ml----------------------------- ------------kg/ha ----------

.002 (Control) .003 .004 .003 Control Control Control 4935 3754 2236 3642

.002 (Control) .0025 .004 .0025 Control Control Control 4737 2829 2413 3326

.011 .004 .006 .003 -- -- -- 7951 7509 8070 7843

.011 .003 .005 .006 .006 .006 .006 7164 7680 7125 7523

.025 .010 .009 .004 -- -- -- 7842 7727 8226 7932

.025 .006 .005 .003 .012 .012 .012 8377 8232 8492 8367

.070 .008 .008 .006 -- -- -- 7810 8398 7951 8053

.070 .008 .009 .008 .025 .025 .025 8206 7800 8320 8109

.170 .006 .009 .009 -- -- -- 7446 7909 8304 7886

.170 .009 .010 .008 .050 .050 .050 8377 8128 8143 8216

.500 .026 .034 .015 -- -- -- 7961 7914 7795 7890

.500 .016 .021 .025 .100 .100 .100 9287 9064 9152 9168

1 P levels re-established in one-half of each plot. The other one-half did not receive additional P.

2 Upper figure of each pair in the column represents the sub-plots not receiving P in May 1979.

,.....
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maximum yield was obtained at the lowest level of P in solution (0.003

ugjml). This yield was much lower than that obtained for the same P in

sol ution in the Poamoho experiment. The difference could be explained

by the fact that the plots in Poamoho were repeatedly fertilized in the

past to maintain 0.003 ug Pjml but no fertilizer P was applied at this

level of P in solution in the Kuiaha experiment. Thus higher yield at

0.003 ugjm1 P in sol ution in the Poamoho experiment is assumed to be

the effect of residual P that was not fully accounted for by the P

sorption procedure. Comparision of extractable P contents (Table 20,

Figure 29) and ear-leaf P contents (Tables 22 and 24) clearly

demonstrated this point.

Responses to P app1 ied in May 1979 were small, except at the

highest rate of P fertilization (Table 23). Thus yields were comparable

for the treatments with and without P. The residual effect of P applied

2 years earlier was greater than assumed. It is likely that organic

anions released through decomposition of the bagasse (0.8% of the

surface soil) added in the past, increased availability of P by forming

more stable complexes with iron and a1 uminum phosphates (Swenson et

al., 1949). Furthermore, decomposition of organic matter (bagasse)

during the warmer days of summer released organic-P that was available

to the growing maize plants. Thus the benefit from added P was small.

It appears that the effect of inorganic P applied as fertilizer was

less at maturity than at 6 weeks. Similar effects were seen in Nigeria

when maize was planted on recently cleared land (Fox and Kang, 1978).

Relative yield is plotted against P in solution in Figure 30.

The equation of the form y = 92.2 - 309 e-552x best predicted the yield
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Table 24

Phosphorus Content of Maize Ear-leaf in Relation
to the Levels of P Established in the Soil in June 1977 and in May 1979

P Level s P Levels Determined P Levels Re-establlshed1 P at Sl1king2
Established 1979 1979

1977 . II III I II III I II III Av •

-----------------------------------ug/ml------------------------------- --------------~--------------

.002 (Control) .003 .004 .003 Control Control Control .16 .17 .12 .15

.002 (Control) .0025 .004 .0025 Control Control Control .17 .13 .12 .14

.011 .004 .006 .003 -- -- -- .30 .28 .25 .28

.011 .003 .O'J5 .006 .006 .006 .006 .30 .29 .30 .30

.025 .010 .009 .004 -- -- -- .31 .31 .30 .31

.025 .006 .005 .003 .012 .012 .012 .31 .31 .34 .32

.070 .008 .008 .006 -- -- -- .31 .38 .32 .34

.070 .008 .009 .008 .025 .025 .025 .34 .31 .33 .33

.170 .006 .009 .009 -- -- -- .35 .32 .33 .33

.170 .009 .010 .008 .050 .050 .050 .34 .34 .35 .34

.500 .026 .034 .015 -- -- -- .35 .34 .32 .34

.500 .016 .021 .025 .100 .100 .100 .37 .34 .33 .35

1 P levels re-established in one-half of each plot. The other one-half did not receive additional P.

2 Upper figure of each pair in the column represents the sub-plots not receiving P in May 1979.

t->
t->
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(R2 = 0.96). The external P in solution required for 95% of maximum

predicted yield was 0.008 ugjml.

Internal P Requirement of Maize

The internal P requi rement of mai ze was determined from the

experiments conducted in Hawai t , At the Poamoho site, P content of

ear-leaf increased from 0.28% at 0.003 ugjml to 0.48% at 1.6 ugjml P in

solution (Table 22). Grain P content also increased with P in solution

and the values were slightly higher than those in the ear-leaf.

Internal P required at 0.018 ugjml was approximately 0.3% P in

ear-leaf. This value lies within the range (0.29 to 0.32% P) of leaf P

contents associated with 95% maximum yield (Dumenil, 1961).

At the Kuiaha site, the ear-leaf P contents ranged from 0.15

to .35% (Table 24). Lowest P content (0.15%) was obtained for control

plots where no P was applied either in June 1977 or,in May 1979. Where

P was applied in May 1979, P contents were slightly higher than the

plots receiving P in June 1977. The trend of the ear-leaf P content

data was similar to that obtained for yield. The internal P requirement

associated with 95% maximum yield was approximately 0.29% P. This value

is nearly equal to that obtained in the Poamoho experiment. Grain P

contents were somewhat higher in the Kuiaha experiment (Table 25) than

in the Poamoho experiment except at the lowest P level (0.003 ug P ml).

It is conel uded that the external P requi rement of mai ze is

influenced by past history of fertilization and the addition of organic

materials. The lowest external P requirement (0.008 ugjml) at the

Kuiaha Experimental Site is due to increased availabil ity of P in the

presence of organic matter (bagasse) caused by the organic aeids formed



Table 25

Phosphorus Content of Maize Grain in Relation
to the Levels of P Established in the Soil in June 1977 and in May 1979

P Levels P Levels Determined P Levels Re-established 1 P in Grai n2
Established 1919 1979

1977 . 11 111 I II III I II III Av.
----------------~------------------ug7ml----------------------------- -------------- %-------------
.002 fControl) .003 .004 .003 Control Control Control .28 .22 .24 .25
.002 Control) .0025 .004 .0025 Control Control Control .23 .22 .19 .21

.011 .004 .006 .003 -- -- -- .46 .39 .29 .38

.011 .003 .005 .006 .006 .006 .006 .35 .42 .36 .38

.025 .010 .009 .004 -- -- -- .49 .39 .33 .40

.025 .006 .005 .003 .012 .012 .012 .39 .49 .40 .43

.070 .008 .008 .006 -- -- -- .42 .41 .38 .40

.070 .OOB .009 .008 .025 .025 .025 .31 .50 .51 .44

.170 .006 .009 .009 -- -- -- .51 .43 .45 .46

.170 .009 .010 .008 .050 .050 .050 .46 .43 .55 .48

.500 .026 .034 .015 -- -- -- .48 .54 .47 .50

.500 .016 .021 .025 .100 .100 .100 .42 .52 .45 .46

1 P levels re-established in one-half of each plot. The other one-half did not receive additional P.

2 Upper figure of each pair in the column represents the sub-plots not receiving P in May 1979.

......
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as decomposition products and through the release of organic P. The

organic anions released may coordinate with iron and aluminum to form

complexes more stable than the basic aluminum phosphate or basic iron

phosphate and thus rel ease phosphate to the sol ution (Swenson et al.,

1949)•

Relative P Requirements of Cereals

The experiments performed at the Agricul tural Research

Institute, Tandojam, Pakistan and the Poamoho Agricultural Experiment

Station, Uni versity of Hawai i, were used to determine the rel ati ve P

requirements of maize, millet and sorghum. At the Tandojam site, millet

and sorghum were planted simultaneously into adjacent fields with

similar properties. The experimental results showed that the external P

requirement of sorghum was slightly more than that of millet.

At the Poamoho site, four var-tet tes of millet were grown

simultaneously during May to August 1980. The external P requirement

determined from the composite yield response curve of four varieties

(y = 94.3 - 47.6 e-108x) was 0.021 ugjml P in solution. This study was

foll owed by another experiment on mai ze, mill et and sorghum that were

grown simultaneously during November 1980 to February 1981. In this

experiment, millet stand was variable and there was considerable grain

damage by birds. Thus the yield response data for millet grown in the

previous experiment was used for comparing the external P requirements

of maize, sorghum and millet.

The external. P requirements were 0.029, 0.021 and 0.018 ugjml

P in solution for sorghum, millet and maize respectively. The

120



relatively higher external P requirement of sorghum than that of millet

is consistent with the results obtained at the other (Tandojam) site.

The data for wheat were obtained from seven experiments

performed in 4 countri es , The external P requi rement determined from

the composite yield response curve was 0.025 ug/ml. Thus the external P

requirement of wheat was slightly higher than other 3 cereals studied.

Based on these results, it appears that the external P

requirements of four cereal crops vary within a narrow range. Two

points are common to the crops studied. They all belong to one family,

Graminaceae, and the length of the growing season does not vary so much

from one crop to another. In case of the root crops studi ed by Vander

Zaag (1979), the length of the growi ng season was an important factor

i nfl uenci ng P requi rements of cassava, taro, sweet potatoes, potatoes

and yams. He reported that, wi th one mi nor exception, the external P

requirements of five roots crops were inversely related to the length

of growing season.

Phosphorus Placement Studies

Three pot experiments were performed to investigate the

influence of P rate and the volume of soil fertilized on dry matter

yield, P uptake and root distribution in maize. The soil (Tropeptic

Eutrustox) used in this study required 380 ug PIg soil to provide 0.2

uglml P in solution (Figure 31). The experimental results are presented

in the following sections.
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Experiment 1

In this preliminary study 3 rates of P (0,29 and 83 ug Pig)

were incorporated in 25, 50, 75 and 100% of soil volume. The levels of

P estab1i shed by fert i 1i zat i on are presented in Table 26. The lowest

rate of P applied (29 ug Pig) increased the level of P in solution only

two-fold (0.005 to 0.009 ug P/ml) when P was incorporated in the entire

soil volume and four-fold (0.005 to 0.02 ug P/ml) when localized to 25%

of soil volume. At the highest Prate (83 ug Pig), incorporation of P

in the entire soil volume resulted in a three-fold increase of P in

solution (0.005 to 0.016 ug P/ml) and from 0.016 to 0.115 ug P/ml when

P was localized in 25% of soil volume.

Effect of P Rate and Placement on Dry Matter Yield

The influence of P rate and placement (% soil volume

fertilized) on dry weight of shoots and roots of 4 weeks old maize is

shown in Table 27. Shoots weights increased from 2.48 g to 4.42 g per

pot when rate of appl ied P increased from 0 to 83 ug Pig soil.

Restricting P application to various proportions of the soil volume

resulted in a progressive increase in shoot dry weights only at the

highest P rate. At the lower P rate, shoot dry weights were unaffected

by placement. Dry wei ghts of roots showed a simil ar trend but the

magnitude of increase was small (Figure 32). Shoot dry weight increased

78% over the control when the highest P rate was mixed with the entire

soil volume, while root dry weight increased only 28% over the control.

The ratio of root weight per gram of shoot weight decreased from 0.46

for the control to 0.33 when 83 ug Pig was applied to the entire soil
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Table 26

Estimated P in Sol ution in Rel ation
to P Rate and Volume of Soil Fertilized

(Experiment 1)

124

PRate

ugJg

1 0

2 29

3 83

Vol ume of Soil
Fertil i zed

%

100

75

50

25

100

75

50

25

Estimated P*
in Soluti on

ugJml

.005

.009

.010

.012

.020

.016

.020

.035

.115

* Estimated from the P sorption curve in Figure 31



Tabl e 27

Effect of P Rate and Placement on Dry Weights
of Shoots and Roots, P Content and P Uptake in Maize

(Experiment 1)

125

PRate

ug/g

Volume of
So; 1 Fertf l t zed

Dry We; ght of
Shoots Roots

------9------

P Content
of Shoots P Uptake

mg/pot

1 o 2.48 1.15 .24 5.84

2 29

3 83

100

75

50

25

100

75

50

25

3.79

3.53

3.96

3.48

4.42

4.56

5.36

6.73

1.48

1.27

1.52

1.21

1.46

1.65

1.66

2.10

.26

.25

.24

.25

.26

.24

.25

.23

9.85

8.96

8.50

8.74

11.45

10.89

13.38

15.15
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Figure 32. Dry weight of maize shoots and roots in relation
to P rate and volume of soil fertilized
(Experiment 1) .



volume. This demonstrates that increasing P caused relatively more

shoot growth than root growth. These results are consistent with the

field observations by Barber (1980) and the pot experiments by Atkinson

(1973), Asher and Loneragan (1967) and Schenk and Barber (1979).
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Effect of P Rate and Placement on P Content and Uptake

The rates of P applied were low as indicated by plant growth,

so that P content of shoots was also low (0.23% to 0.26%). Rate and

placement of applied P did not influence the P content of shoots (Table

27). Phosphorus application and localized placement increased supply of

P to the roots giving increased shoot growth. Thus P uptake data

(Figure 33) showed simil ar trend to that observed for dry weights of

shoots.

Effect of P Rate and Placement on Root Distribution

When a given rate of P fertilizer is applied to a portion of

the soil volume, the concentration of P in solution increases in

proportion to the degree of reduction in the volume of soil fertilized.

Thus growth of roots in fertilized soil may differ from that in

unfertilized soil. The distibution of roots between P fertilized and

unfertilized soil volumes (Table 28) demonstrated that roots grew

better in fertilized soil than in unfertilized soil. Thus the

percentage of root weight in fertilized soil was greater than the

percentage of soil volume fertilized. This can be expressed by the

relation y = xO. 67 where x is the proportion of the soil vol ume

fertilized and y is the proportion of total root weight in the
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Tabl e 28

Distribution of Maize Roots as Influenced
by P Rate and Volume of Soil Fertilized

(Experiment 1)

129

PRate Soil Volume Root Dry Weight per kg of
Fertilized Fertilized Unfertilized

Soil Soil

Root Weight per pot
From Fertil ; zed

Soil

1

ug/g

o
% ------------ g -----------

.143

2 29

3 83

100

75

50

25

100

75

50

25

.185

.178

.230

.245

.183

.228

.245

.453

.102

.149

.120

.140

.171

.199

100

83

61

40

100

83

59

43



ferti1 ized soil (Figure 34). Anghinoni and Barber (l980b) obtained

similar results (y = xO• 68) for 18 days old corn.

Root weight per kg of fertilized soil increased when the

volume of soil fertilized decreased from 100 to 25% (Table 28). Some

increase in root weight per kg of unferti1 ized soil was a1 so observed.

There are two possible reasons for this increase(increased root weight

per unit of unfertilized soil). One possibility is that the

unfertilized roots were supplied. with P by internal translocation of P.

Another possible reason, that some P from fertilized soil might have

come in contact with adjacent unfertilized soil, was rejected as is

evident form the data presented in Table 29. Samples taken at the end

of the experiment from fertilized and unfertilized soil volumes of each

pot were analysed for P status in 1:2 soil water extract. The

fertilized soil contained P in proportion to the initial concentration

of P in soil solution while P in unfertilized soil remained unchanged

regardless of the treatment given to the fertilized portion.

Results of this experiment show that incorporation of P with

25 and 50% of soil vol ume was advantageous over mixing P with 75 and

100% of soil vol ume only at the higher Prate (83 ug Pig soil).

According to DeWit's theory (DeWit, 1953) the advantage of P placement

(restricted volume fertilized) is most apparent in P deficient soils

that are distinctly under-fertilized. In the case of this experiment,

we expected that the beneficial effect of placement would have been

greatest at the lower P rate. We now bel ieve that the reason for the

lack of response to P placement at the low P rate was that the

concentration of P in the unamended soil was very low relative to that

needed for adequate P nutrition. Placement of the small amount of P in
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Table 29

Effect of P Rate and Placement
on the Concentration of P in Soil Solution

(1:2 soil-water extract) in P Fertilized and Unfertilized soil
(Experiment 1)

132

PRate Soil Vol ume
Fertil i zed Fertil ized Soil Unfertilized Soil

ug/ml % ----------------ug/ml-----------------

1 o .005

2 29

3 83

100

75

50

25

100

75

50

25

.007

.009

.010

.017

.016

.019

.044

.188

.005

.006

.006

.007

.005

.005



this soil was approximately equal in overall efficiency as the same

amount mixed with the entire soil volume.

Experiment 2

Experiment 2 was similar to Experiment 1 except that the range

of P rates was greater in order to study the entire response curve.

Level s of P in sol ution were establ ished by applyi ng 10 rates of P to

12.5, 25, 50 and 100% of soil volume (Table 30). When the entire soil

volume was fertilized, P in solution ranged from 0.005 ug P/ml

(control) to 6.6 ug P/ml at the highest rate of P (1200 ug PIg)

applied. Restricting the volume of soil fertilized greatly increased P

in solution - as much as 80 ug P/ml when a moderate P rate of 300 ug

PIg was applied to 12.5 %of soil volume.

Effect of P Rate and Placement on Dry Matter Yield

Shoot dry wei ghts of 4 weeks 01 d mai ze pl ants increased from

2.1 9 to 27.9 g when P was incorporated into the entire soil volume at

the rates ranging from Po to P10 (Table 31). Similarly root dry weights

also increased (0.62 g at Po to 2.47 g at P10) with the rate of applied

P, but root wei ghts did not increase as much as did shoot dry wei ghts

(Table 32). Thus when applied P was localized to a portion of soil

volume, plant response depended on both the P rate and on the degree of

reduction in the proportion of soil fertilized.

A plot of shoot dry weight against P rate and placement

clearly demonstrated that the placement of fertilizer P in a fraction

of the soil volume was most beneficial at low P rates (Figure 35). With
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Tabl e 30

Levels of P in Solution Established in
Relation to P Rate and Volume of Soil Fertilized

(Experiment 2)

Volume of Soil Ferti 1i zed
PRate

V100 V50 V25 V12•5

uglg ----------------------ugjml--------------------

Po 0 .005

PI 25 .009 .010 .017 .042

P2 50 .011 .017 .042 .22

P3 100 .017 .042 .22 1.85

P4 150 .027 .095 .67 6.60

P5 200 .042 .22 1.85 18.00

P6 300 .095 .67 6.60 80.00

P7 400 .220 1.85 18.00

P8 600 .670 6.60 80.00

Pg 800 1.850 18.00

P10 1200 6.600 80.00
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Table 31

Shoot Dry Welght, P Content and P Uptake
ln Malze ln Relatlon to P Rate and Volume of So11 Fertillzed

(Experlment 2)

Shoot Dry Welght/Pot P Content ln Shoots P Uptake
PRate

V100 V50 V25 V12•5 VIOO V50 V25 V12•5 VIOO V50 V25 V12•5
ug/g -------------9----------- -------------%------------- ---------mg/pot-----------

Po 0 2.1 -- -- -- .19 -- -- -- 4

PI 25 3.7 4.1 4.1 6.8 .22 .22 .21 .21 9 10 9 14
P2 50 4.7 6.0 7.9 11.2 .22 .22 .23 .26 11 14 18 29
P3 100 6.3 12.0 19.6 16.9 .23 .24 .24 .28 15 29 47 47

P4 150 14.9 17.6 18.6 20.5 .26 .26 .29 .35 38 46 54 72

P5 200 17.6 17.9 20.0 19.3 .26 .31 .37 .39 46 55 75 75
P6 300 17.3 22.0 19.0 18.0 .31 .35 .45 .45 52 78 85 82
P7 400 24.6 23.3 23.9 21.9 .33 .40 .47 .41 80 93 112 90
P8 600 25.8 23.3 21.9 20.3 .45 .48 .46 .41 117 112 100 83
P9 800 26.2 23.5 23.6 21.1 .50 .51 .49 .43 130 119 114 91
PIO 1200 27.9 23.1 21.5 22.5 .58 .55 .48 .41 160 126 102 90

.....
W
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Tabl e 32

Dry Weight of Maize Roots
in Relation to P Rate and Volume of Soil Fertilized

(Experiment 2)

Dry Weight of Roots/Pot
PRate

V100 V50 V25 V12•5
ugjg ------------------ g -----------------

Po 0 .62

PI 25 .89 1.07 .63 .93

P2 50 1.13 .76 0.80 .93

P3 100 1.04 1.87 1.39 1.69

P4 150 1.95 2.75 1.70 1.85

P5 200 1. 70 1.88 1. 23 1.68

P6 300 1. 92 2.09 1. 38 1.23

P7 400 2.31 2.10 1. 79 1.47

P8 600 2.00 1.70 1.36 1.39

P9 800 2.20 2.12 1.87 1.41

PlO 1200 2.47 1.92 1.77 1.60
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138

higher P rates, incorporation of P in the entire soil volume was

superior to localized placement. Maximum shoot weight of 20.9, 21.9,

23.7 and 27.8 g was obtained by applying P to 12.5, 25, 50 and 100% of

soil volume respectively. Phosphorus rate associated with 95% of

maximum yield at respective volumes of soil fertilized, were calculated

as 190, 192, 380 and 750 ug Pig using the regression equations given in

Figure 35. These P rates correspond to approximately 1.5 ug/ml P in

solution in the fertilized soil except when 190 ug Pig were mixed with

12.5 %of soil volume. With this localized application P in solution in

the fertilized soil was 15.0 ug P/ml. From these data it follows that

the concentration of P in solution required for near maximum yield of

4-week old maize was 1.5 ug P/ml. Increase in P in solution beyond this

level of P in solution was not beneficial presumably because P uptake

rate had reached a maximum.

Effect of P Rate and Placement on P Content and Uptake

Phosphorus contents of maize shoots increased three-fold from

0.19 to 0.58% P with increase in P rate from Po to P10 (Table 31). At

rates from Po to P5, applied P was utilized mainly in increasing shoot

growth such that P content of shoots increased little (0.19 to 0.26%).

Although shoot growth continued to increase with P rate, shoot dry

weights increased only sl ightly at Prates P7 to PlO such that P

accumulated in shoots (increased from 0.33 to 0.58%).

Localized P applications also influenced P content of shoots.

The response was dependent on the appl ication rate and the vol ume of

soil fertilized. At the lowest level of P applied P (PI)' P content was

unaffected by restricting application to smaller soil volumes. This



result was also obtained in Experiment 1 with small P application rate

(23 ug/g). From P2 to PS' P content of shoots was highest when P was

applied to 12.S% so~l volume. With application rates greater than PS'
highest P content was obtained when larger volumes of soil were

fertilized. Thus at the highest Prate (PlO), P content was highest

when P was mixed with entire soil volume.

The influence of P rate and placement on P uptake in maize is

given in Table 31 and depicted graphically in Figure 36. Phosphorus

uptake increased with increasing P applications but, maximum uptake and

the application rate at which maximum uptake occurred were dependent on

the fraction of soil volume fertilized. When the entire soil volume

was fertilized, P uptake continued to increase with P rate and maximum

uptake was not achieved even at the highest rate of applied P. When P

was restricted to 12.S% of soil volume (V12•S)' maximum P uptake

occurred at P7, even though P in solution in the fertilized soil volume

increased tremendously from P7 to PlO• Also the highest uptake (90 mg

P/pot) obtained at V12•S was SO% of the highest uptake (160 mg P/pot)

obtained at V100•
Restricting P applications to a portion of soil volume rather

than mixing it with entire spil volume affectd P uptake by maize in at

least two ways. 1) Stimulation of root growth in the fertil ized zone

and 2) The effect of P rate on increasing the rate of P supply .to roots

growing in fertilized soil. The results of this study demonstrate that

placement of small amounts of P in a small volume of soil were

advantageous over mixing with the entire soil volume because increased

P concentration in fertilized soil resulted in an increase in rate of P

absorption by roots. When rate of P absorption reached at maximum,
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further increase in P in solution did not increase P uptake, unless P

was mixed with a greater fraction of the soil volume.

It is of interest to note that for the same concentration of P

in the fertilized zone, P uptake per unit volume of soil fertilized was

greater when placed than when it was mixed with the entire soil volume.

For example, P rates PI' P2, P3 and P5 correspond to the same

concentration of P in fertilized soil (200 ug Pig) when applied to

12.5, 25, 50 and 100% of the soil volume respectively. The relationship

between uptake ratios and P placement ratios presented in Table 33

showed that reduction in the amount of P applied by reducing the volume

of soil fertilized does not lead to a proportionate reduction in uptake

from fertilizer. Instead there is compensation in uptake because of

more intense root activity in the zone of localized P application.

According to DeWit (DeWit, 1953), when the concentation of

fertilizer per unit volume of soil is the same in the localized and

broadcast applications, uptake from localized fertilizer could be

predicted from the uptake from the broadcast application by the

equation he called the compensation function:

0·44
Ur/Ub = (Xrl Xb)

where Xr/Xb is the fraction of soil volume fertilized, Ur is the uptake

from locally applied fertilizer and Ub is the uptake from fertilizer

applied to entire soil volume. Calculation of DeWit's compensation

function given in the last column of Table 33, showed that the data

agreed closely with DeWit I s compensation function at concentrations

400, 800 and 1200 ug Pig soil. At the lower concentration of 200 ug Pig

soil, the val ue of compensation function was higher (0.7 to 0.8) so
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Tabl e 33

Phosphorus Uptake Ratios
in Relation to P Placement Ratios

(Experiment 2)

P Concentration Vol ume of Soil * +
in Fert i1i zed Fertilized Xr/Xb Ur/Ub Log (Ur/Ub)
Soi1 Fraction Log (Xr/Xb)

ug/g %

200 100 1.0 1.00 .00

50 .5 .58 .78

25 .25 .33 .80,
12.5 .125 .24 .70

400 100 1.0 1.00 .00
50 .5 .68 .56
25 .25 .57 .41
12.5 .125 .33 .53

800 100 1.0 1.00 .00
50 .5 .71 .49
25 .25 .56 .42
12.5 .125 .34 .52

1200 100 1. 1.00 .00
50 .5 .69 .54
25 .25 .52 .47
12.5 .125 .43 .41

* Fraction of soil volume fertilized (phosphorus placement ratio)

+ Ur is the uptake from locally applied P and Ub is P uptake when
P was applied to the entire soil volume.
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that the compensation in P uptake was lower than at 400, 800 and 12C8

ug PIg soil.

Effect of P Rate and Placement on Root Distribution

Dry weights of roots from fertilized soil were higher than the

roots from unfertilized soil (Table 34). When expressed on the

percentage basis, roots recovered from fertilized soil in each pot were

proportionately more than the reduction in the proportion of soil

volume fertilized. For example, percentage of roots per pot that were

recovered from fertilized soil at PI' V12•5 was higher (29%) than the

volume of soil fertilized (12.5%). The relationship between root

distribution and the volume of soil fertilized is shown in Figure 37

and can be expressed as y = xo. 72 where x is the fraction of soil

volume fertilized and y is the fraction of roots in the fertilized soil

volume. This relationship is very close to that obtained in Experiment

1.

These results explain, in part, the reasons for compensation

in P uptake discussed in the preceeding section. Additional

compensation in P uptake may resul t from physiological changes as a

result of non-uniform distribution of P.

Experiment 3

This study was performed to evaluate the influence of rate and

placement of previously applied P on the growth and P uptake by a

subsequent crop. In the field, fertilizer placed or band applied in one

season would eventually be mixed and tilled with the unfertilized soil



Table 34

Distribution of Maize Roots in
Relation to P Rate and Volume of Soil Fertilized

(Experiment 2)

Dry Weight of Roots/kg of
Fertilized (F) and Unfertilized (UF)

Percent of Total
Roots/pot From Fertilized Soil

PRate

V100 F

*V50
UF F

V25

UF

Soil

V12•5

F UF
VIOO *V50 V25 V12•5

ug/g -- ~~- ---------------------9::::::::..:---:-------------- -------==------::::..:..:--%--------- -- ---------

Po 0 .OB 100

PI 25 .11 .16 .11 .11 .07 .24 .10 100 5B 36 29
P2 50 .14 .12 .OB .16 .08 .17 .09 100 61 40 18
P3 100 .13 .28 .18 .20 .16 .32 .20 100 61 30 21

P4 150 .24 .38 .30 .25 .20 .38 .21 100 56 29 20
P5 200 .21 .28 .19 .24 .12 .37 .19 100 60 39 22
P6 300 .24 .29 .23 .25 .15 .30 .13 100 56 37 24

P7 400 .29 .29 .23 .29 .20 .25 .17 100 56 33 18
P8 600 .25 .27 .16 .23 .15 .30 .16 100 63 34 21
Pg 800 .28 .31 .22 .35 .19 .33 .16 100 58 37 23
PIO 1200 .31 .28 .20 .28 .20 .43 .17 100 58 32 27

* Data from one replication only.
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in the following seasons. Such mixing of previously fertilized soil

fraction with unfertilized soil is likely to differ in P supply

characteristics from the unmixed soil with intact fertilizer bands.

The soil previously fertil i zed in Experiment 2 was used for

this investigation. Fertilized and unfertilized soil volumes were mixed

for alternate P treatments as described in Chapter III. Phosphorus in

sol ution determined prior to mixing showed that the level s of P were

much lower than that estab1 ished in the beginning of Experiment 2

(Table 35). At the highest rate of P applied to the entire soil volume,

P in solution was 0.98 ug/m1 compared to 6.6 ug/m1 established

initially in Experiment 2. The decline in P in solution was even

greater where initially established levels were higher. For example, at

Prate P5 applied to 12.5% volume, the level of P in solution was 2.3

ug/ml as compared to 80 ug/m1 estab1 ished initially. Phosphorus in

solution decreased for two apparent reasons. Part of the P was absorbed

by plants grown on this soil and part of it disappeared from the

solution because of slow reactions of fertilizer with the soil.

Effect of P Rate, Placement and Mixing on Plant Growth

Shoot dry weights increased with the rate of applied P (Table

36). At a given rate however, shoot growth depended on both the volume

of soil fertilized and the mixing of fertilized and unfertilized soil

(Figures 38 to 41). When the entire soil volume was fertilized (VlQO)'

mixing of fert i1i zed soil did not incl ude any unfertil i zed soi 1. Thus

shoot growth response to P rate was simi1 ar for both the mixed (M) and

unmixed (UM) treatments (Figure 38).



Table 35

Phosphorus in Solution in Ferti.lized
Soil Prior to Mixing with Unfertilized Soil in

Relation to Rate and Placement of P Applied in Experiment 2
(Experiment 3)

Vol ume of Soil Ferti 1i zed
PRate

V100 V50 V25 V12•5
-----,---------------------------------------,-r----------------------ug 9 --------------------ug m ----------------------

Po 0 .0045

PI 25 .0045 .005 .013 .02

P2 50 .0045 .008 .013 .03

P3 100 .010 .014 .040 .15

P4 150 .010 .022 .060 .48

P5 200 .015 .036 .205 1.20

P6 300 .025 .110 .6S0 2.30

P7 400 .050 .230 1.35 6.1

Ps 600 .195 1.095 5.10 13.5

P9 SOO .270 1.50 6.40 15.5

PlO 1200 .9S0 3.30 8.75 36.0
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Table 36

Shoot Dry Weight of Maize
in Relation to P Rate, Volume of Soil Fertilized

and Mixing of Fertilized Soil with Unfertilized Soil
(Experiment 3)

* **
Vol ume of Soil Fertilized

PRate Mixing

V100 V50 V25 V12•5
ugJg ---------------------gJpot------------------

Po 0 0.88

PI 25 UM 1.01 1.10 1.24 1.00

P2 50 M 1.04 0.93 0.89 1.02

P3 100 UM 1.67 2.51 4.13 5.86

P4 150 M 1.79 1. 76 2.14 3.04

P5 200 UM 2.55 6.05 10.03 12.36

P6 300 M 5.89 8.57 8.38 7.91

P7 400 UM 11.44 14.53 16.23 14.03

P8 600 M 16.19 18.27 14.60 14.66

P9 800 UM 17.59 17.15 17.00 17.96

P10 1200 M 16.26 18.20 18.59 16.73

Phosphorus applied in Experiment 2, no additional Padded
in Experiment 3.

** UM - Fertilized soil was not mixed with unfertilized soil.
M- Fertilized soil was mixed with unfertilized soil
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Figure 38. Shoot weight of four-week old maize in relation to P rate, placement and
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Figure 39. Shoot weight of four-week old maize in relation to P rate, placement and mixing
of previously fertilized soil fraction with unfertilized fraction (Experiment 3).
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Figure 40 Shoot weight of four-week old maize in relation to P rate, placement and
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Figure 41. Shoot weight of four-week old maize in relation to P rate, placement and
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With local i zation of P to a fraction of soil vol ume, unmixed

treatments (UM) almost invariab1 y outyie1 ded mixed treatments (M) at

all the volumes (V I2•S' V25 and VSO) of soil fertilized. The magnitude

of the difference between mixed and unmixed treatments depended on the

P rate and the fraction of soil volume fertilized (Figures 39 to 41).

At low P rates, the advantage of unmixed treatments over mixed

treatments was highest where P was applied to 12.S% of the soil volume

(V I2•S). When P rates were high (Pa to PlO), yields from unmixed

treatments were lower than from mixed treatments at VSO• However, where

smaller proportions of soil had been initially fertilized, yields were

higher from unmixed than from mixed treatments.

The response to P rate and p1 acement for unmi xed treatments

was simil ar to that obtai ned in Experiment 2, but the P rate at whi ch

yields were maximum at respective soil volumes, had shifted to higher

rates of P (Figure 42). This is because P in solution levels were much

lower in this experiment than initially established in Experiment 2.

For the mixed treatments, there was a marked beneficial effect

of placement at low P rates (Figure 43). At P4' shoot weight increased

from 1.79 to 3.04 g (70% increase) where P had been placed in 12.S%

soil volume instead of the entire soil volume. With application rates

higher than P4, the highest shoot weight was obtained when larger

'volumes of soil were fertilized.

The influence of mixing on the availability of localized P

applications can be ,explained as follows. When a given rate of

fertilizer is placed, P in solution increases as the fraction of soil

volume fertilized is reduced. Subsequent mixing of the fertilized soil

fraction with the unfertilized one would result in localized zones or
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small areas of high P concentration in the mixture. Thus a plant

growing in this soil may benefit from local ized high P concentration

spots provided the absorption mechanism is not saturated or that toxic

conditions occur which depends on P rate and degree of localization of

P prior to mixing with unfertilized soil. In this experiment, mixing at

P4 increased shoot growth because of improved P supply to the roots at

VI2• S' V2S and VSO compared to VI DO where P was initially mixed with

the entire soil volume. The effect of prior mixing of fertilizer with a

fraction of soil volume tended to disappear as the rate of P

application increased.

Effect of P Rate, Placement and Mixing on P Content and Uptake

The influence of P rate, placement and mixing on P content and

uptake is shown in Tabl es 37 and 38. For the unmixed treatments, both

the P content and uptake (Figure 44) increased with the rate of applied

P, and also when a given rate of P was localized to a fraction of soil

volume. This effect of P rate and placement was generally similar to

that observed in Experiment 2 except that the maximum was not achieved

and the val ues obtai ned for a given P rate and pl acement were lower

than in Experiment 2. This happened because, levels of P in solution

had declined considerably due to plant uptake of P in Experiment 2 and

slow reaction of fertilizer with soil, and possibly because of

different weather conditions during Experiment 3.

For the mixed treatments, maize response to P rate and

placement was different than that'Qotalfffid for the unmixed treatments.

Both the P content and uptake increased with P rate but placement of

app1 i ed P had no inf1 uence on P content except at the highest Prate



Tab1 e 37

Phosporus Content of Maize Shoots in
Relation to P Rate, Volume of Soil Fertilized

and Mixing of Fertilized Soil with Unfertilized Soil
(Experiment 3)

* **
P Content at

PRate Mixing

VlOO V50 V25 V12•5

uglg ------------------ %---------------------

Po a .13

PI 25 UM .13 .13 .15 .12

P2 50 M .14 .13 .13 .13

P3 100 UM .14 .15 .17 .20

P4 150 M .15 .15 .15 .16

Ps 200 UM .15 .18 .22 .25

P6 300 M .17 .19 .19 .18

P7 400 UM .20 .24 .28 .31

P8 600 M .25 .24 .26 .26

P9 800 UM .26 .32 .37 .33

PlO 1200 M .43 .32 .32 .31

* Phosphorus applied in Experiment 2, no additional P added in
Experiment 3.

** UM - Fertilized soil was not mixed with unfertilized soil.
M- Fertilized soil was mixed with unfertilized soil.
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*

Tabl e 38

Phosphorus Uptake in Maize
in Relation to P Rate, Volume of Soil Fertilized

and Mixing of Fertilized Soil with Unfertilized Soil
(Experiment 3)

* **
P Uptake at

P Rate Mixing

VlOO V50 V25 V12•5
ugjg ----------------- mg/pot --------------

Po a 1.2

PI 25 UM 1.3 1.3 1.5 1.2

P2 50 M 1.6 1.2 1.2 1.4

P3 100 UM 1.7 3.7 6.3 11.6

P4 150 M 2.8 2.7 3.2 4.7

P5 200 UM 4. 10.6 21.0 31.0

P6 300 M 10. 16. 15.6 14.0

P7 400 UM 26. 34. 45. 43.

P8 600 M 40. 44. 47. 37.

P9 800 UM 47. 55. 63. 58.

P10 1200 M 69. 58. 59. 51.

Phosphorus applied in Experiment 2, no additional P added in
Experiment 3.
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** UM - Fertilized soil was not mixed with unfertilized soil.
M- Fertilized soil was mixed with unfertilized soil.
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where it decreased from 0.43 to 0.31% when P was localized to 12.5%

soil volume (Table 37). Phosphorus uptake data (Figure 45) showed that

placement had some beneficial effect at low to moderate P rates. At the

highest Prate (P10), prior placement of P in the entire soil volume

was advantageous over placement in a fraction of soil volume.

The results suggest that moderate rates of band applied P can

have beneficial effects on growth of subsequent crops. The fraction of

soil volume fertilized and the extent of subsequent mixing of

fertilized soil fraction with unfertilized soil fraction will influence

the beneficial effect.
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CHAPTER V

CONCLUSIONS

The findings of this study can be summarized as follows:

162

1. The external P requirements of four cereals, wheat, millet,

sorghum and mai ze, determined from P fiel d experiments performed

in five countries, ranged from 0.018 to 0.025 ug/ml P in solution.

Varietal differences in P requirements of a given species

simil arly varied within a narrow range. The external P

requirements for each of the four cereal species were:

a. For wheat grown at seven locations in Pakistan, India, Nebraska

and Tan zan i a, the external P requi rement determi ned from a

composite yield response curve was 0.025 ug/ml P in solution

(R2 = 0.7). At one location, two varieties of wheat were grown

simultaneously and their external P requirements were 0.023 and

0.029 ug/ml.

b. Millet data were obtained from two experiments, one in Hawaii

with four varieties and the other in Pakistan with one variety.

The external P requirement determined from a composite yield

response curve was 0.018 ug/ml with R2 = 0.78.

c. For sorghum, experimental data were obtained from three

experiments performed in Paki stan, Bangl adesh and Hawai t , The

external P requi rement was 0.021 ug/ml as determined from a

composite yield response curve (R2 = 0.8).

d. For mai ze grown on a Tropeptic Eutrustox in Hawai i, external P

requirement was 0.018 ug/ml. At other location (a Humoxic

Tropohumult) in Hawaii, residual effect of P applied 2 years



earl ier was such that yiel d response to freshly appl ied P was

small. It is likely that the decomposition of the bagasse (0.8%

of the surface soil) added in the past, increased the

availability of .P. Thus the external P requirement of maize on

this site was low (0.008 ug/m1).

2. Past history of fertilization, especially residual P, have some

inf1 uence on lowering the external P requi rements. Addition of

organic materials like bagasse possibly can reduce the external P

requirements.

3. Interna1 P requ i rements of faur cerea1s were: wheat, 0.25% Pin

recently mature leaf at ti11ering, Maize, 0.3% P in ear-leaf at

early si1king; millet, 0.29 to 0.42% P and sorghum, 0.37 to 0.41%

Pin fl ag 1eaf at head emergence.
I

·4. The results of greenhouse studies on the inf1 uence of P rate and

placement in maize reveal the following:

a. When the quantity of P fertilizer to be applied to high

P-retentive, P-defici ent soi1 is 1ess than that requi red for

optimum yields, it can be advantageous to place the fertilizer

in a fraction of soil volume rather than fertilizing the entire

soil volume.

b. The extent of benefits from P placement depend on both the P

rate and the proportion of soil volume fertilized. The relative

efficiency of placed P is maximized when low rates of Pare

placed in a small fraction of soil volume. When P is applied in

a small fraction and at high rates, crop yields are lower than

those obtained by fertilizing the entire soil volume.
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c. The relationship between root distribution and the fraction of

so11 volume fertilized can be expressed as y = xO. 72 where x is

the fraction of soil volume fertilized and y is the fraction of

roots in the fertilized soil volume.

d. Phosphorus uptake by maize from localized and broadcast

applications of fertilizer were generally in agreement with

predictions based on the theoretical considerations proposed by

DeWit.

e. Near-maximum dry matter yield of 4-weeks-01d maize was obtained

when P in solution in the fertilized soil fraction was 1.5

ugjml irrespective of the volume of soil fertilized.

f. Phosphorus placed in one season can have beneficial effects on

the growth of a subsequent crop, depending on P rate, fraction

of soil vol ume ferti1 i zed and the extent of subsequent mixing

of fertilized soil with unfertilized soil.

Based on this study, it appears that P sorption curves can be

used as a basis for transfering information about P fertilizer

requirements from one site to another irrespective of differences in P

sorption capacity. The P sorption curves can be useful tool s for

making predictions about P fertilizer requirements in areas where

detailed experimentation has not been done. Where P fertilizer has

been app1 ied in the past, the P sorption approach may· underestimate

the residual effectiveness of previously added P. When the amount of P

fertilizer applied is less than that required for optimum yields, it

may be advantageous to fertilize small volu~e of soil.

164



Appendix Table 1

Average Monthl y Ai rand Soi 1
Temperatures, Rainfall and Pan Evaporation Rate

Recorded at the Department of Agronomy and at Malir Farm,
Sind Agricultural University, Tandojam, Pakistan during 1978

Temprature at noon
Rai nfall Pan evapor-at ion

Air Soil Rate

Max. Mi n, 5 cm 10 cm

---------------C------------- ITI11 mmJday

June 37.3 27.1 46.6 35.5 67 11.6

July 33.3 26.8 38.6 30.8 245 8.7

August 33.6 25.9 36.7 31.7 134 8.8

September 33.7 24.3 36.0 30.7 9.5

October 35.2 19.7 31.0 28.7 6.3

November 27.1 11.3 25.7 25.1 5.4

December 24.0 10.6 22.2 22.6 4.0
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Appendix Table 2

Soil Temperature Data
for the Poamoho Experimental Site

Soil Temperature at Noon
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Date 5 em 10 em

------------- C ------------
11-24-80 27 24

12- 4-80 24 23

12-17-80 18.5 18.5

12-24-80 23 22.5

12-29-80 24 23

1-15-81 22 21

1-17-81 22 21

3- 6-81 23 21



Appendix Table 3

Height of Millet Plants
(Av. of 18 plants/trt.) as a Function of

P Concentration in Solution at Hawaii Location (1980)

Hei ght of Plants to Full Leaf Extension

P in Solution Mi 11 ex 23 RMP - 1 Serere 3A Star

ugJml ---------------------- cm -----------------------

.003 112 91 125 129

.006 117 108 162 127

.012 117 107 156 131

.025 146 140 163 164

.05 152 126 180 174

.1 149 117 171 155

.2 143 113 173 154

.4 146 128 171 141

.8 155 110 159 167

1.6 141 105 157 146
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Appendix Table 4

Height of Maize (6 weeks old) in Relation
to the Levels of P Established in the Soil in June 1977 and in May 1979

P Levels P Levels Determined P Levels Re-established1 Height to
established 1979 1979 Full Leaf Extension2

1977 . II III I II III I II III Av.

-----------------------------------ug/ml----------------------------- ------------1nches-----------

.002 (Control) .003 .004 .003 Control Control Control 22 24 23 23

.002 (Control) .0025 .004 .0025 Control Control Control 26 20 21 22

.on .004 .006 .003 -- -- -- 38 34 29 34

.ou .003 .005 .006 .006 .006 .006 47 42 27 39

.025 .010 .009 .004 -- -- -- 49 49 34 44

.025 .006 .005 .003 .012 .012 .012 54 48 46 49

.070 .008 .008 .006 -- -- -- 45 37 42 41

.070 .008 .009 .008 .025 .025 .025 60 44 54 53

.170 .006 .D09 .009 -- -- -- 45 48 41 45

.170 .009 .010 .008 .050 .050 .050 67 63 59 63

.500 .026 .034 .015 -- -- -- 51 58 46 52

.500 .016 .021 .025 .100 .100 .100 62 62 64 63

1 P levels re-established in one-half of each plot. The other one-half did not receive additional P.

2 Upper figure of each pair in the column represents the sub-plots not receiving P in May 1979.
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