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Foreword
 

Phosphate fertilizer solubility requirements have a major impact upon 
the choice of manufacturing technology used to process phosphate-bearing 
minerals into useful fertilizer products. Currently, about 95% of all phos­
phate rock (concentrate)is processed to increase its solubility. To achieve this 
objective, phosphoric acid is the major intermediace product produced from 
the concentrate. The phosphoric acid is further processed into a number of 
finished products that usually exhibit a high level ofwater solubility, typically 
in the range of800/o-900/o.About 70% of all phosphate fertilizers are produced 
using variations of this phosphoric acid-based technique. 

Calcium is the most significant impurity in the phosphate ore; in the 
phosphoric acid process, it is removed as hydrated calcium sulfate commonly 
referred to as phosphogypsum. About 5 tons ofphosphogypsum is produced 
for each ton of P20 5 produced in the form ofphosphoric acid. The procedures 
used for managing this large amount of phosphogypsum together with its 
associated process water are not only costly but also the subject of a number 
of environmental concerns. 

The phosphoric acid-based products are effective from an agronomic 
viewpoint and, because they are very concentrated with respect to nutrient 
content, are usually more cost-effective at the farm level than less soluble 
products that are less dependent upon phosphoric acid. 

This review, with commentary, was prepared to examine the agronomic 
merits of phosphate water solubility and attempt to answer the question-
How much is enough? As such, it provides further agronomic support to a 
complementary IFDC publication entitled Phosphate Fertilizers wd the 
Environment--A DiscussionPaper. 

James J. Schultz 
International Fertilizer Development Center 
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Preface
 

The purpose of this paper is to assess 
the agronomic aspects of the water solubil-
ity of solid phosphate fertilizers. Included is 
a discussion of the more important soil, 
crop, fertilizer management, and climatic 
factors that affect plant response to the level 
of water solubility of applied phosphate 
fertilizers. It should be recognized that, in 

view of the interacting variables involved, 
predicting the agronomic need for water­
soluble phosphorus for a given crop/soil/ 
climatic situation is, at best, a subjective 
judgment, unless extensive field experiments 
have been done in each particular environ­
ment/farming system. 
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Water Solubility of Phosphate Fertilizers:
 
Agronomic Aspects-A Literature Review
 

Introduction 

Phosphorus Solubility in Fertilizers 
Water-soluble phosphorus in fertiliz-

ers, i.e., the portion that is soluble in water, 
can be expressed as a percentage of either 
the "available" (as defined below) or the total 
phosphorus content. In this paper, water-
soluble phosphorus is expressed as a per-
centage of the total phosphorus content; 
however, in some of the literature cited in 
this review, water-soluble phosphorus is 
expressed as a percentage of the available 
phosphorus. For most commercially pro-
cessed phosphates, the difference is not 
great. Only where there is a substantial 
amount of insoluble phosphate will the dif-
ference be significant. 

"Available" phosphorus is often defined 
as the proportion of the total phosphorus in 
the fertilizer that is potentiaily available to 
the crop. This is estimated using various 
extractants. In the United States, available 
phosphorus is determined by using a neu-
tral ammonium citrate solution to extract 
the residue from the water-soluble phos-

processed phosphates such as ammonium 
phosphates have a relatively low content of 
citrate-insoluble phosphorus; however, 
phosphate rock and partially acidulated 
phosphate rock have amuch higher propor­
tionofphosphorus in citrate-insoluble form. 
In those situations where phosphate rock 
for direct application or partially acidulated 
phosphate rock is of value, vater-soluble 
phosphorus is not generally an overriding 
issue. In this review, where the level of water 
solubility is important, the water-insoluble 
phosphate is regarded asbeinglowincitrate­
insoluble phosphate and high in citrate­
soluble phosphate. 

Some phosphate rocks contain signifi­
cant amounts of impurities that lower the 
water-soluble phosphorus content in the 
processed product, whether it be super­
phosphate or monoammonium phosphate. 
Sikoa et al. (1989) and Mullins and Sikora 
(1990) found that such decreases in water 
solubility were not great enough to affect 
agronomic performance. However, most of 
the water-solubility levels tested in these 
studies were in the range of 80/a to 1000/oof 

phorus determination (AOAC, 1984). This is the available phosphorus. 
often referred to as citrate-soluble phospho-
rus and will be so expressed for the purpose 
of this discussion. In other countries, solu-
tions of citric or formic acid are used. These 
methods, at best, give approximations of the 
phosphorus that can be used by the crop. 
Yet, an orderly fertilizer marketing system 
requires some guarantee of quality in the 
product; thus, such solubility criteiia are 
useful for commercial purposes. 

It should be recognized that the propor-
tions ofcitrate--soluble and citrate-insoluble 
phosphorus can vary in the non-water-
soluble fraction of the phosphate in fertil-
izer. It is assumed that most chemically 

The nature of the water-insoluble frac­
tion in the fertilizer becomes more impor­
tant as the percentage of water-soluble 
phosphorus declines. Govil and Prasad 
(1972) found that sorghum yield response to 
phosphorus declined when the water solu­
bility was below 50% in triple superphos­
phate/dicalcium phosphate mixtures and 
below 75% in triple superphosphate/phos­
phate rock mixtures. The difference in these 
cases can be explained in terms of the 
nature of the water-insoluble fraction. 
Dicalcium phosphate has a higher citrate­
soluble fraction and greater phosphorus 
availability compared with phosphate rock. 

SI'/ 



Those phosphates that are of low water 
solubility but of varying citrate solubility, 
such as phosphate rock and partially acidu-
lated phosphate rock, dissolve quite slowly 
in soil. Dissolution occurs in very thin sur-
face "layers" around the fertilizer particle: 
movement of phosphorus away from the 
particle site is also minimal in such cases, 

Phosphorus Solubility in the Soil 
Single superphosphate (SSP)and tripie 

superphosphate (TSP)containwater-soluble 
monocalcium phosphate: ammonium phos-
phates contain water-soluble mono- and 
diammonium phosphates (MAP and DAP). 
When applied to the soil, these water-soluble 
phosphates react with soil components to 
form reaction products of lower water solu-
bility. This process, called phosphorus fi'xa-
tion or retention, has been studied quite 
thoroughly over the years. 

With water-soluble phosphates, the ii-
tial reactions between the fertilizer solution 
and the soil occur quite rapidly; further 
reactions occur over a much longer period of 
time. The nature of the reaction products 
varies according to the soil pH (acidity or 
alkalinity). In acid soils, complex iron and 
aluminum phosphates predominate; in cal-
careous soils, first dicalcium phosphate 
forms, and later octacalcium phosphate. In 
each case, the solubility of the reaction 
products formed is significantly lower than 
that of the water-soluble phosphate applied 
in the fertilizer. Correspondingly, the con-
centration ofphosphorus in the soil solution 
declines as reaction products of lower solu-
bility form. 

Evenwith theuse ofwater-solublephos-
phatic fertilizers, phosphorus is rapidly con-
verted to forms of low solubility in many 
soils, and is regarded as being quite immo­
bile. Young et al. (1985) stated that phos-
phorus moves only 2-3 cm from a fertilizer 
particle. This has two important conse-
quences. First, phosphatic fertilizers need to 
be distributed throughout the soil volume 

exploited by the majority of the root system. 
Second, in many soils phosphorus derived 
from fertilizers is retained in the cultivated 
soil layer. Results (Johnston, 1976; Johnston 
and Poulton, 1992) showed that after more 
than 125 years of annual applications of 
superphosphate applying 33 kg P/ha to a 
silty clay loam low in organic matter and 
growing arable crops, there was little P 
enrichment of soil below 30 cm. However, P 
had leached below this depth where super­
phosphate had been applied to permanent 
grassland. Where farmyard manure had 
been applied, subsoils had also been en­
riched with P (Table 1). Apparently, the 
movement of P was linked with organic 
matter. Concentrations of Pin 0.01 MACaCl2 
extracts of soils were much larger from 
highly organic soils than from soils low in 
organic matter. The phosphorus in these 
extracts was probably in organic compounds 
of low molecular weight, and it may well be 
that these are readily leached from soil 
(Johnston and Poulton, 1992). An impor-. 
tant exception to this generalization is the 
downward movement of P on very sandy 
soils, but even in this case Pmaybe retained 
in clay-enriched subsoils. 

Only about 10O/ to 20% of applied 
phosphorus is taken up by the first crop. 

Table 1. 	 Total Phosphorus (mg/kg) in Soil at 
Different Depths Where Superphos­
phate or Farmyard Manure Was 
Applied to -SurfaceSoils at pH 6.5 

Soil Type and P Treatment" 
Silty Clay Loam 

Peraannt 
soilDepth Arable Crops

None SP FYM 
Grassland

None SID 
(cm) 

0-23 780 1,295 1.375 575 1,425 
23-30 465 525 650 555 785 
30-46 415 450 525 500 600Below 46 400 395 440 - ­Below_46_400_395_440____ 

a. SP =superphosphate. FYM =farmu-ard manure. 
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The remainder contributes to building up 
soil reserves. In most soils, these reserves 
provide significant amounts of phosphorus 
to the crop In spite of the loss in water 
solubility that takes place in the soil after 
application. 

Currently there is no universally reli-
able method to estimate the size of these soil 
phosphorus reserves. Many different chemi-
cal extractants have been used in an at-
tempt to obtain 	 an Indication of their 
magnitude. The principle adopted is to re-
late an amount of extracted phosphorus to 
the crop 	response to freshly applied phos-
phate fertilizer. Because so many extractants 
are used, the term "readilysoluble phospho-
rus"will be used here for this category of soil 
phosphorus. 


Phosphorus added to soil in the form of 
fertilizers or as organic manures appears to 
be held in soil as phosphate ions on sites 
with varying bonding energies. Reagents to 
determine readily soluble phosphorus re­
move phosphate from sites with low bond­
ing energies. However, phosphate held on 
siteswith high bonding energies will become 
available to crops in the long term. 

Agronomic Factors Relating to 

Water Solubility 


The agronomic effects of phosphorus 
water solubility in fertilizers cannot be pro-

perly understood without considering sev­
eral related factors; this topic has attracted 
much attention over the years. Most of the 
data available in developed countries were 
obtained from research conducted before 
the levels of residual soil phosphorus in-
creased. Therefore, these earlier data must 
be interpreted in light of the present level of 
soil fertility. 

Particle 	Size 
Research has shown rather clearly that 

the effects ofwater solubility on crop growth 
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are closely related to the particle size of the 
phosphate fertilizer. In acid soils, the effec­
tiveness of water-soluble phosphorus is en­
hanced by use of larger particles to limit the 
contact with the soil and thereby delay the 
formation of reaction products of decreased 
solubility. The interaction between water 
solubility and particle size is illustrated in 
Figure 1, which shows the relative crop 
response to water-soluble and water­
insolube phosphates of varying particle 
size. The benefit of water solubility declines 
as particle size decreases. However, with 
water-insoluble phosphates, effectiveness 
increases as particle size decreases. This 
applies to phosphate rock as well; Kha­
sawneh and Doll (1978) showed that fine­
ness of grinding increased the effectiveness 
ofphosphate rock down to 100mesh. Grind­
ing to finer particle size was not justified. 

Within a given particle size of granular 
fertilizer, the water solubility level affects the 

, , , , ,
 
4,
 

cPc9 24%A,,,Cc.?4% 

2 	 59. MAP, 42% DCP
 

DC* - -


X "..
 
1 9. °1­

0 ,,
-9+14 -16+20 -28+35 -35+48 -48+60 

Granule Size (Mesh) 

Source: Bouldin et al. (1960). 

Figure 1. 	Relative effectiveness of phosphate fertili­
zers for two successive crops of oats grown
ingreenhouse pots, as affected by water 
solubility and granule size. Water-soluble 
monammonium phosphate, MAP; water­
insoluble anhydrous dicalcium phosphate, 
DCP.
 



volume ofsoil into which fertilizer phospho- ers requires a higher level ofwater solubility. 
rus moves upon dissolution; i.e., the higher A choice of particle size is not always an 
the level of water-soluble phosphorus, the option; manufacturing, handling, and ap­
greater the volume of soil affected around plication practices often dictate particle size. 
the particle and the greater the chance that For more information on particle size effects, 
plant roots will encounter such high-phos- see Terman etal. (1964), Barber (1980), and 
phorus zones. The volume of soil affected by Engelstad and Terman (1980). 
granular, water-insoluble phosphate par­
ticles is much less (Figure 2). The early­
growth stimulation caused bywater-soluble Application Method 
phosphate is thought to be related to the For obtaining a rapid early-growth re­
high concentration of phosphorus near the sponse in cooler soils typical of the temper­
youngseedlings (hasawneh and Copeland, ate climates, water-soluble phosphorus is 
1973). applied in spots or in bands near the seed. 

Banding stimulates growth by increasing 
._Volume __ Volume the phosphorus concentration in the soil 

4.2 cm3 20.6 cm 3 solution near the plant roots. As mentioned 
previously, applyingwater-soluble phospho­
rus in granular form increases the chances 
of plant roots encountering phosphorus­
enriched soil. The same principle applies to 
localized placement such as banding; be­
cause the band is positioned near the seed 

Ga row, chances are very good that roots will 
Granule quickly encounter phosphorus-enriched soil 

with immediate increases in uptake. Young 
14% Water Solubility 70% Water Solubility et al. (1985) pointed out that plants often 

absorb about 50/6 of the seasonal need for 
Source: Sample and Taylor (1964). phosphorus by the time they accumulate 
Figure 2. Volume of soil affected by Pdiffusing from 6- 25/6 of the total seasonal dry matter. 

mm granules containing different levels of Whetherearly-growth response persists
water-soluble P. and is reflected in the final yield is depen­

dent upon the level of soil phosphorus and 
the length of the growth period of the crop. 

Fertilizer phosphorus comes in contact This will be discussed in more detail later. 
with, at most, only about 2% of the soil in Where soil phosphorus is rather low, it is 
the plow layer (15-20 cm depth). Therefore, usually advisable to broadcast and plow 
any practice that enhances the volume of under or otherwise incorporate some phos­
soil affected close to the seedling, thereby phate to supplement the band application. 
increasing the chance of contact by plant In addition to stimulating early growth, 
roots, is likely to be beneficial, at least in banding also decreases the rate of reaction 
stimulating early growth. with the soil as does granulation (large 

Water solubility is particularly impor- particles). This is especially important in 
tant with regard to the widespread use of acid soils; in calcareous soils, there is little 
granular fertilizers as a means of improving agronomic advantage to localized placement, 
the convenience of handling and precision of regardless of water solubility ofphosphorus 
application; I.e., the use of granular fertiliz- (Webb et al., 1961). 
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Ammonium-nitrogen in the band tends 
to enhance uptake ofphosphorus and thus 
gives some advantage to the use of ammo-
nium phosphates as a starter fertilizer, 
Diammonium phosphate, however, can in-
jure the seedling by releasing toxic ammo-
nia. Monoammonium phosphate, on the 
other hand, has been shown to be fairly 
harmless to young seedlings, 

In Arner climates, localized place-
ment would be less likely to produce an 
early-growth response compared with broad-
cast application. Rather, localized place-
ment would provide the option of a lower 
rate of phosphate application. Banding, es-
pecially on soils low in phosphorus, often 
results in greater efficiency ofapplied phos-
phorus than does broadcast application. 
Localized placement is regarded as feeding 
the crop, whereas broadcast application is 
regarded as building up soil phosphorus 
reserves, 

Where minimum tillage systems are 
used, banding of fertilizer phosphorus has 
been quite effective, however, such subsur-
face placement is not practical for strictly 
no-till planting. In such cases, surface ap-
plication has been shown to be quite effec-
tive, except in dry years, provided that the 
quantity of phosphorus in the bulk of the 
soil exploited by actively growing roots is 
sufficient to meet crop needs. Because soil 
temperatures are often lower due to surface 
cover of residue, water-soluble phosphorus 
may be needed for spring planting. If plant-
ing is done when the soil is relatively warm, 
water-soluble phosphorus is not as impor-
tant. Insoluble forms of phosphate (includ-
ing phosphate rock) should be broadcast 
applied, and not banded. This is because 
maximum contact with the soil is needed to 
enhance dissolution, 

For more Information on placement 
effects, see Randall et al. (1985), Randall 
and Hoeft (1988), Dibb et al. (1990), and 
Young et al. (1985). 
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Soil pH 
As mentioned above, water-soluble 

phosphate fertilizers should be of relatively 
large particle size for use in acid soils. 
Particle size is not as critical in calcareous 
soils. Evidence indicates also that localized 
placement is less important in calcareous 
soils. Generally, water-insoluble sources of 
phosphorus, including phosphate rock, are 
ineffective on calcareous soils. 

Soil phosphorus in most soils is most 
soluble between pH 6 and 7, decreasing on 
both sides of this range. If the soil pH is less 
than 5.5, liming of the soil should be consid­
ered. T.here are other benefits of liming as 
well; liming acid soils to pH 5.5 eliminates 
aluminum and manganese toxicity and also 
supplies calcium. 

There are alternatives to liming. For 
example, plant tolerance to aluminum and 
manganese toxicities can be enhanced 
through plant breeding and genetic engineer­
ing. Another alternative to liming acid soils 
is to apply one of the more citrate-soluble 
phosphate rocks. Phosphate rock can be 
quite suitable for long-season or perennial 
crops grown on acid soils. Phosphate rock 
can be applied as a basal dressing, followed 
by a soluble phosphate for immediate effect. 
In some cases, phosphate rock can provide 
greater residual effect than chemically pro­
cessed phosphates (De Datta et al., 1990). 
Phosphate rocks vary in reactivity, and this 
should be kept in mind when selecting a 
phosphate rock for application. Another 
alternative is offered by partially acidulated 
phosphate rock. These products are manu­
factured by treating the rock with less than 
stoichiometric amounts of sulfuric acid or 
phosphoric acid. A supplementary applica­
tion of soluble phosphate would not be 
needed when such a material is used. More 
detail on partially acidulated phosphate rock 
is provided by Schultz (1986), Hammond et 
al. (1986), IFDC (1988), and Chien et al. 
(1990). 



For more information on soil pH effects, 
see Kamprath and Foy (1985). 

Phesphorus Fixation Capacity 
The term phosphorus "fixation"is mis-

leading in that it implies complete reversion 
to insoluble forms. If this occurred in prac-
tice, it would be impossible to increase the 
level of plant-available phosphorus in soil. 
Based on the assumption ofcomplete rever-
sion, a great deal of research has been 
conducted over the years to study the na-
ture of phosphorus fixation or retention, 
including study of the dissolution of the 
water-soluble phosphate at the particle site. 
The process ofwater vapor transport to the 
site and outward movement by the phos-
phate in solution contini ies as long as some 
of the original fertilizer salt remains. This 
solution reacts with soil components, and 
reaction products are formed. Th:: pH of the 
solution containing monocalcium phos-
phate, the form of phosphate contained in 
superphosphate, is very low (pH 1.5). Solu-
tions containing diammonium phosphate 
temporarily increase the pH of the soil sur-
rounding the particle to about 8.0, whereas 
solutions containing monoammonium phos­
phate decrease the pH to about 3.5. 

The first reaction product to form with 
the application of water-soluble mono-
calcium phosphate is dicalcium phosphate; 
this reaction occurs at the particle site. As 
movement proceeds, relatively large quanti-
ties of such elements as aluminum, iron, 
calcium, manganese, and magnesium are 
dissolved because of the high acidity pro-
duced by the hydrolysis of monocalcium 
phosphate. Alarge number ofreaction prod-
ucts are then formed. However, it is very 
difficult to isolate these reaction products 
fiom soil and identify them. Most of these 
reaction products contain aluminum and 
iron in acid soils and calcium in calcareous 
soils. In the latter case, dicalcium phos-
phate is the most likely initial reaction 
product. Further discussion of this topic is 

provided by Sample et al. (1980) and by 
Kummer (1986). 

Soils vary significantly in phosphorus­
fixing capacity. However, the phosphorus­
fixing capacities ofspecific soils are difficult 
to determine. Estimates of such fixing ca­
pacities can be obtained by use of phospho­
rus-sorption isotherms. Sanchez and Uehara 
(1980) reported that the time and analytical 
precision required make this technique im­
practical for routine soil testing. They also 
point out that the heavily weathered Oxisols 
often require initial heavy rates of phos­
phate to satisfy the high phosphorus-fixing 
capacity before obtaining satisfactory crop 
growth. In such cases, phosphate can be 
regarded as an amendment. These rclatively 
large initial applications can then be supple­
mented by annual applications as needed. 
Wemer (1978) concluded that on the acid 
soils of the tropics and subtropics with high 
phosphorus-fixing potential, phosphate fer­
tilizers soluble in citrate or citric acid can be 
superior to water-soluble phosphates. 

For a further discussion of this subject, 
see Fox and Li (1986) and Olson and 
Engelstad (1972). 

Soil Phosphorus Level 
Itwas mentioned earlier that onlyabout 

10/%to 20/a ofapplied phosphorus is recov­
ered by the first crop. Much of the above 
rescarch on phosphorus fixation was con­
ducted on the assumption that the reaction 
products were quite ineffective as sources of 
phosphorus. However, yield responses to 
repeated fresh application of phosphates 
declined in magnitude over time to the 
extent that the above assumption was called 
into question. With further study, the an­
swer became clear; the reaction products 
were collectivelysupplyingsigniflcant quan­
tities of phosphorus to the crop. Further­
more, soil test results were showing these 
increases in phosphorus level. The term 
phosphorus fixation is thus a misnomer in 
that it implies complete inactivation. 
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Withcontinualapplicationofphosphate 
fertilizers, manysoils in developed countries 
are now at the point where yield responses 
to fresh applications of phosphorus are 
unlikely. However, early-growth responses 
to water-soluble phosphorus can still be 
observed on such soils: these responses 
usually disappear by harvest time for most 
long-season crops. Figure 3 shows the con-
sumption of fertilizer nitrogen, phosphorus 
(as P2 0.), and potassium (as K20) over the 
period 1950 to 1990 in the United States, 
along with the area harvested. Since 1960, 
the consumption of phosphorus and potas-
slum has fallen far behind that of nitrogen. 
These data indicate that many farmers are 
aware ofthe residual accumulations ofphos-
phorus and potassium and are reacting 
accordingly. 

11.0
 

-~10.0-

9.0"
 

E 8.0-
o0 

. 6.0")
 

E 4.0 
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2.0
 

1.0
 

1950 1955 1960 1965 1970 


Source: Berry and Hargett (1988).
 

Kumner and Wichmann (1983) point 
out that the required proportion of water­
soluble and citrate-soluble phosphate Is 
dependent on the level ofavailable soil phos­
phorus as well as the rate of applied phos­
phate fertilizer. Werner (1978) concluded 
that the d'fferences in the phosphorus sta­
tus in the soil should not determine the type 
of phosphate fertilizer required but only the 
rate applied. 

It is expected that residual effects of 
phosphorus application will also be found in 
those developing countries where fertilizer 
has been heavily subsidized to stimulate 
increased use. With repeated applications of 
fertilizer phosphorus, it is quite likely that 
yield responses will become less marked. 
Workers in Indonesia have found indica­
tions of lower yield responses on "lowland" 

* -O N 

200 

Hectares 1 E 
150
Harvested 

;
 

1975 1930 1085 1990
 

Figure 3. Consumption of N,P20., and K20 inthe United States along with the number of hectares harvested. 
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soils in Java with repeated applications of 	 temperatures several degrees. Lower soil 
phosphate (Adiningsih et al., 1988). In Ma-	 temperature decreases the rate of organic 
laysia, Pushparajah et al. (1990) found the 	 phosphorus mineralization and also the 
same pattern occurring in soils on which 	 rate of root growth. Crops planted in the 
rubber trees had been fertilized with phos-	 early spring and late fall under reduced­
phate fertilizers for 18 successive years. 	 tillage conditions maybe more responsive to 
Mokwunye (1979) found that annual appli-	 water-soluble phosphorus. Ifthe soil iswarm 

cations of phosphate rock raised the soil 	 at planting time, phosphorus water solubil­

phosphorus level significantly on Nigerian 	 ity is less important, particularly for long­
season crops.savanna soils. Howeler (1985) found in Co-

lombia that continuous application ofphos-	 Length of the Crop Growth Period 
phate fertilizer cassava a 	 L ength of the crop Growh Peridlongterfor reidua producesefect one th sot pos- The length of the crop growth period has 
long-ter i been referred to several times already: it isresidual effect: once the soil phos-
phor s level is raised above the response an important factor, especially in cool soils. 
level, "further applications can be greatly Ifthe crop has a short growth period and is 
reduced or entirely eliminated." For further Ilte co ol sort ch peonoicdiscussion of residuai phosphorus, see planted in cool soil, chances of economic 
Barrow (1980). response to water-soluble phosphorus willbe greater than if the crop has a longer 

Soil Temperature 	 growth period. Yield response to water-

Soil temperature, or climate in general, soluble phosphorus is most often reflected 
for a given area has much to do with deter- in such short-season crops as vegetables. In 
mining the importance and/or need for these crops, time is insufficient to permit 
water-soluble phosphorus. If the soil is rela- utilization of significant amounts of soil 
tively cool at the time of planting the crop, it phosphorus. 
is likely that root growth will be decreased In warmer soils, such response to wa­
and an early-growth response will be ob- ter-soluble phosphorus will be less likely, 
served with water-soluble phosphorus. If regardless of the crop growth period. On 
the crop has a relatively short growth period, soils of low phosphorus status in wanner 
this growth increase may well persist and regions, phosphate fertilizer is needed, but 
result in improved final yield. On the other water-solubility requirements will not be as 
hand, if hle crop has a relatively long growth critical. 
period, t1rial yield increases will be less 
likely. Soil Moisture 

Fixen and Leikam (1988) noted that As mentioned previously, phosphorus 
placement of phosphorus seems more im- is normally considered an immobile nutri­
portant for small grains than for row crops. ent. Plant roots must intercept this nutrient 
They concluded that this may be due to a in soils, and the more robust and developed 
colder soil environment and a less extensive the root system, the more phosphorus is 
root system for the small-grain crops. taken up. Root growth is encouraged by 

One relatively recent change that re- favorable soil moisture conditions. Thus, 
lates to soil temperature is the shift toward the curve for yield response to rates of 
conservation tillage in some areas. This type applied phosphorus tends to move upward 
of tilage system leaves substantially more in response to increasing moisture levels. 
crop residue on the soil surface, providing Figure 4 shows an example of this relation­
an insulation effect that can decrease sl! ship for maize. 
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Figure 4. Maize yield response to applied phosphorus as affected by variation inJune plus July rainfall.
 

Crop Classification and Estimated zone in which they are grown. These are the 
Phosphate Solubility characteristics that relate to water-solubil-

Requirements ity requirements of phosphorus. However, 
generalizations are hazardous because many

Various crops are categurized accord- crops are quite adaptive, and plant breeding
ing to similarities in their growth pattern, has made some varieties/cultivars suited to 
lengthofgrowingperiod, and th-eagroclimatic even wider ranges of conditions. Yet, it 
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should be possible to set tentative minimum 
requirements of phosphorus water solubil-
ity for each species or group of species. 

It may be of interest to examine Table 2 
at this point; this table shows the approxi-
mate amounts of N, P20 5 , and K20 removed 
perhectare by the harvested grain ofvarious 
crops. Also, refer to Figure 5 for the global 
distribution of harvested area used to grow 
the major food and feed grain crops dis-
cussed below. 

Wheat 
'This cropis grown, for the most part, in 

temperate climates. Wheat can be grown in 
some areas of the tropics and subtropics at 
higher elevations or where winter tempera-
tures are low enough; however, most of the 
harvested area is found in the cooler tem-
perate areas of the world. If the crop is 
seeded in the fail and harvested the follow-
ing spring, it is called winterwheat: ifseeded 
in the spring and harvested the following 
summer, it is called spring wheat. Generally 
speaking, springwheat is seeded into colder 
soils than is winter wheat. 

In most cases, spring-seeded wheat 
(spring wheat) receives a relatively low rate 
of fertilizer in the seed row to stimulate early 

growth. The fertilizer grades used are usu­
ally rather high In phosphorus relative to 
nitrogen and potassium. Because the fertil­
izer is most often applied in granular form in 
the seed row (band) to relatively cool soil, 
water solubility should be relatively high; at 
least 60% ofthe total phosphorus should be 
water soluble. 

For fall-seeded wheat (winter wheat), 
the requirement forwater-soluble phospho­
nis would not be as high. Winter wheat is 
grown where the soils are apt to be warm in 
the fall when the crop is seeded. In the 
United States, winter wheat is often fertil­
ized by a technique called "dual placement." 
'This involves pre-plant applications at 10­
15 cm depth ofa band ofanhydrous ammo­
nia plus a band of either fluid 10-34-0 or dry 
diammonium phosphate. These fertilizers 
are placed below the seed, so damage to 
young seedlings is minimal. In either case, 
the phosphate source ishighlywatersoluble. 

Mishra et al. (1986) compared nitro­
phosphates varying in water solubility with 
triple superphosphate of 9 0 /6water solubil­
ity for wheat in India. The levels of water 
solubilitywere 30/6, 45%, 60%, and 75% for 
the nitrophosphates. Soil tests indicated 
that the site cho.,-n was low in phosphorus. 

Table 2. Approximate Amounts (kg/ha) of Primary Nutrients Contained in Various 
Grains at Indicated Yield Levelso 

Grain Total Nitrogen Phosphorus Potassium 
Yield Nutrients (N) (P2 05) (KO) 
(t/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) 

Wheat 2.7 101 56 28 17 
Rice (paddy) 4.0 89 56 22 11 
Barley 2.2 67 39 17 11 
Maize 9.4 255 151 59 45 
Sorghum 3.8 101 56 28 17 
Oats 2.9 95 56 22 17 
Rye 1.9 61 39 11 11 
Soybean 2.7 269 168 39 62 

a. Calculated from data in Table 2.The FertilizerHandbook,published by The Fertilizer 
Institute, 1015 Eighteenth St., N.W., Washington, D.C., 1982. 
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Figure 5. Regional distribution of harvested area 
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The rates chosen were 30, 60, and 90 kg 
PO, per hectare, and the phosphate fertiliz-
ers were 	mixed with the soil. It was con-
cludedthatthenitrophosphateshaving30/ 
and 45% water solubility were :nferior to 
triple superphosphate; it was notpossible to 
distinguish between the effectiveness of the 
nitrophosphate fertilizers having 60% and 
75% water-soluble phosphorus and that of 
triple superphosphate. 

Overall, the water-soluble phosphorus 
requirement for winter wheat would not 
exceed 40/o for most acid soils, assuming 
the remainder is mostly citrate soluble. If the 
soil is alkaline or calcareouj, the phosphate 
used should be at least 60% water soluble. 

Rice 
Rice grown under flooded conditions is 

not as dependent upon fertilizer phosphate 
as are other annual crops because the re-
duchig conditions created by flooding ren-
der soil phosphorus more soluble. More soil 
phosphorus is therefore availkble to flooded 
rice than to nonflooded crops, other condi­
tions being equal. There are many areas, of 
course, where soil phosphorus release is not 
adequate to meet the need. In most cases in 
the tropics, fertilizer phosphate for flooded 
rice is broadcast as a basal dressing and the 
water-soluble phosphorus requirement 
would be low; 4&/o would be adequate for 
most situations. In temperate regionswhere 
rice is often seeded into dry soil, fertilizer 
phosphate applied in bands should be at 
least 50% water soluble. For more infor- 
nation en the phosphorus needs of rice, 

see De Datta (1981). 

Maize 
Maize is an important human food crop 

in much of the developing world, but it is 
used primarily for livestock feed in the devel­
oped world. Maize is an important crop in 
the United States and receives substantial 
amounts of fertilizer. It is a fairly long-te-n 
summer crop that takes up most of its 

nutrients and does most ofits growingwhile 
the soil is favorably warm. This condition 
decreases its reliance on fertilizer phospho­
rus and increases the value of the soil 
reserves as the growing season progresses. 
Although early-growth response to water­
soluble phosphoras is often observed, the 
response often disappears by harvest. This 
is in part due to the relatively long growth 
period and the extensive root system of the 
maize plant. 

Webb and Pesek (1958) showed that in 
20 field experiments conducted on maize in 
Iowa over a 6-year period, 90% of the yield 
increase occurred with 60% water-soluble 
phosphorus (Figure 6). There was very little 
yield enhancement obtained above 60% 
water-soluble phosphorus. The work was 
conducted during the period 1951 to 1956 
when soil phosphorus levels at these experi­
mental sites were generally low or very low. 
This level of soil phosphorus would have 
considerable bearing on the final yield 

940 ­
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Figure 6. 	 The effect of rate and water solubility of 
phosphorus fertilizer applied inthe hill on the 
yield of maize. 
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responses to hill-applied phosphate. Find-
ing experimental sites of such low soil phos-
phorus levels in the United States would be 
very unlikely now because of buildup of soil 
phosphorus through continued fertilization 
over the past 40 years. These researchers 
later reported that phosphorus water solu-
bilitywasoflittleimportanceformaizewhen 
various phosphate sources were broadcast 
and plowed under (Webb and Pesek, 1959). 

Overall, the level of water-soluble phos-
phorus required for maize would not be very 
high. For maize grown on acid, cool soils of 
low phosphorus level, ISMA (1980) suggests 
that fertilizer banded near the seed row 
should have at least 40% ofits phosphate in 
the water-soluble form; when the fertilizer is 
banded in alkaline orcalcareous soils under 
similar conditions, ISMA suggests that 80% 
of the phosphorus should be in the water-
soluble form. These are rather extreme con-
ditions; normally, most soils on which maize 
is grown in developed countries have been 
elevated to at least a medium level of soil 
phosphorus. The 40% water solubility on 
acid soils seems acceptable; the 809o water 
solubility on alkaline or calcareous soils 
appears to be high. Perhaps 60% in the 
latter case would be more appropriate. 

Coarse Grains 
This category usually includes barley, 

oats, rye, millet, sorghum, and maize. How-
ever, because of its importance, maize has 
been discussed separately. 

Much ofwhat was reported for wheat in 
regard towater-soluble phosphorus require-
ments would also be true for barley, oats, 
and rye. Field experiments conducted with 
oats (Webb et al., 1961) showed some posi-
tive effects of the water-soluble phosphorus 
level, but it was not possible to arrive at a 
minimum level. Soil pH appeared to be the 
most important factor relating to the effec-
tiveness of fertilizer phosphorus sources. 
Generally, the degree of phosphorus water-
solubility was of greater importance on cal-

careous soils, and placement was more 
important on acid soils. 

Sorghum is similar to maize in its growth 
pattern and nutritional needs. In fact, it Is 
sometimes called the maize crop of the dry 
regions because it is significantly more 
drought resistant than maize. Sorghum re­
sponds well to fertilizer applications, but 
because it is grown in somewhat warmer 
regions than is maize, phosphorus water 
solubility would be expected to be less im­
portant. However, no definitive information 
was found in the literature for sorghum or 
millet regarding needs for phosphorus wa­
ter solubility. 

Roots and Tubers 
Yams, taro, cassava, and Irish potatoes 

are included in this category. For the first 
three crops, the determining factor is that 
these are generally grown in warmer cli­
mates. This in itself would lessen the re­
quirements for water-soluble phosphorus; 
de Geus (1973), for example, reported that 
yams, taro, and cassava do not respond 
markedly to phosphate fertilizer. More re­
cently, Howeler (1985) reported that cas­
sava responds well to partially acidulated 
phosphate rockin acid soils.Also, Hammond 
et al. (1986) reported marked cassava yield 
response to reactive North Carolina (United 
States)and Bayovar (Peru)phosphate rocks; 
up to the rate of 100 kg/ha P20., these 
sources were nearly as effective as triple 
superphosphate. Such data would indicate 
that there is not a strong need for water­
soluble phosphorus for cassava. To the 
extent that these crops are grown in warmer 
regions of the world, including temperate as 
well as tropicalzones, watersolubilityshould 
not be very important. 

There is more information on the phos­
phorus water solubility needs of Irish pota­
toes. Cooke, in an unpublished manuscript 
entitled "The Agricultural Value of Phos­
phate Fertilizers With Special Reference to 
Their Solubility in Water," put this crop into 
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a special category requiring about 80% wa- Badly Eroded Soil 
ter-soluble phosphorus. Van Burg (1963) 
concluded from his studies that 75% water 
solubilitywas adequate. Forpotatoes grown 
in southeastern United States, Mullins and 
Evans (1990) found no differences in effec-
tiveness between band-applied phosphate 
sources varying from 81% to 94% water-
soluble phosphorus. This crop is special, as 
Cooke indicated, in the sense that it requires 
the highest level of phosphorus water solu-
bility of the important food crops. 

Pulses, Including Beans, Peas, 
Soybeans, and Groundnuts 

The distinguishing characteristic of 
this group of crops is that they are legumes 
and can, with the help of nitrogen-fixing 
bacteria, obtain nitrogen from the atmo-
sphere by the process called symbiotic fixa-
tion. With regard to phosphate, soybeans 
are not usually fertilized directly but must 
depend on residual fertility left friom previ-
ous crops. In such cases, water solubility is 
not considered important. It has been re-
ported by de Geus (1973) that groundnuts 
do require substantial amounts of phos-
phate fertilizer. Field trials conducted by the 
International Fertilizer Development Center 
showed significant but equal yield response 
bv groundnuts to equal applications of 
Tllemsi phosphate rock and triple super-
phosphate (IFDC, 1985). Again, this would 
indicate that high levels of water-soluble 
phosphorus are not required for some crops 
grown on acid soils in warmer regions of the 
world. 

Restoration of Soil Fertility 
and/or Land Reclamation 

Soil fertility restoration involves consid-
eration of several important factors includ-
ing the following. 

Where topsoil has been removed by 
erosion or other means, fertility is often 
extremely low in the exposed subsoils. This 
is particularly true where the snil has been 
subjected to a long period ofweatheiing in a 
warm, humid climate. In addition to at least 
partial restoration of organic matter, other 
aspects of fertility must be restored. Often 
this requires large applications of fertilizer, 
including phosphate. The fertilizer would be 
broadcast for the most part, and water 
solubility would not be important for most 
cropping uses. Lime may be required as well 
as the possible applicadon of other nutrlents. 

Highly Acidic Soils 
Some soils of the tropical regions are 

quite acidic due to extreme weathering and 
leaching of such exchangeable bases as 
calcium and magnesium. Examples are the 
Campo Cerrado of Brazil and the Lianos of 
Colombia and Venezuela. These soils are 
naturally acidic and characterized by large 
amounts of exchangeable aluminum, espe­
cially on soils of pH below 5.0. Kamprath 
(1972) pointed out that exchangeable alu­
minum is present in only small amounts in 
soils of pH higher than 5.6. Liming to raise 
the soil pH to this level is beneficial on such 
soils. Liming is less important when alumi­
num-tolerant cultivars are available. 

LIFDC (1986) reported that soil acidity 
was increased in Cameroon by the long­
term use of such acidifying fertilizers as 
ammonium chloride and ammonium sul­
fate. In such cases, the same remedy (lim­
ing) would apply. After soil pH has been 
raised by liming to at least 5.5, then ad­
equate phosphorus and other nutrients 
should be added as needed. Where aluni­
num toxicity is not a serious problem, phos­
phate rock can be applied to acid soils 
without liming. Some phosphate rocks con­
tain appreciable amounts of calcium as an 
impurity, and this calcium can have a 
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signiflcantlimingeffect(Hellumsetal., 1989; 
Chien, 1990). 

A third category ofhigh acidity relates 
to coal mine spoils. Mays and Bengtson 
(1978) stated that some soils are ex-
tremely acidic due to careless handling of 
sulfur-bearing overburden. With oxida-
tion ofsulfur-containingcompounds (iron 
pyrites), a pH as low as 2.2 to 3.5 can 
result. Although liming can be beneficial, 
these authors point out that pyritic spoils 
have potential for very high residual acid-
ity, which often reaiilres large lime appli­
cations over long periods of time. 

Land Reclamation 
If trees are to be planted on land that 

has been reclaimed, phosphates of low wa­
ter solubility should be quite satisfactory, 
provided that the soils have not been 
overlimed. Mays and Bengtson (1978) point 
out that fertilization can cause competition 
from other fast-growing species that can 
retard the growth ofyoung trees. If the trees 
are first grown in highly fertilized nurseries, 
they may not need additional fertility for a 
time after transplanting. In many cases, 
mycorrhizal association with the roots is 
beneficial for phosphorus uptake. 

If pastures are to be established, the 
water-soluble phosphorus need would ide-
ally be determined by soil pH and by method 
of application. Generally, however, it would 
be best to apply a phosphate with at least 
70% water-soluble phosphorus for estab-
lishment; for subsequent maintenance ap-
plications, sources of much lower solubility 
would suffice. It would appear that a basic 
application of phosphate rock would be 
useful on those sites that are quite acidic. 
Forexample, such application on the mined-
out bauxitic soils of Jamaica coupled with 
use of a water-soluble phosphate for estab-
lishment should be a useful system. 

One type of land reclamation that re-
quires little or no phosphate fertilizer appli-
cation is that of the mined-out phosphate 

lands. Research is being conducted by 
Mislevy et al. (1991) to restore agricultural 
productivity to mined-out areas. In this type 
of restoration, phosphatic clays are minxed 
with dewatered sand tailings at a 1:2 clay­
sand ratio before deposition. Agricultural 
crops grown on these mixtures show that 
such mixing decreases the severity of pro­
ductivity problems associated with the indi­
vidual materials. Given the large quantities 
ofthese mine spoils in mined-outphosphate 
areas, such research is very important. 

Phosphate Sources for Irrigated
 
Agriculture
 

Where conventional furrow or sprinkler 
irrigation systems are used without the 
addition of tertilizer to the irrigation water, 
no special requirements apply as far as the 
phosphate source is concerned. However, 
when phosphorus is applied by means of 
sprinkler or drip irrigation, special phos­
phate sources are required. Mikkelsen (1989) 
reports that for drip irrigation, phosphorus 
sources not only must be water soluble but 
must also be acidic to prevent precipitation 
of insoluble salts of cvlcium and magne­
sium that may be contained in the irrigation 
water. Two such sources tested byMikkelsen 
with good results were orthophosphoric acid 
and urea phosphate. The phosphate fertil­
izer specifications for sprinkler application 
are less rigid than those for drip systems, 
but precautions Yaust be taken to avoid 
fouling the system with insoluble residue. 

Future Research Needs 

As previously noted, much of the infor­
mation contained in this review relates pri­
marily to soils of temperate climate with low 
levels of readily soluble phosphorus. This 
information is still applicable to many soils 
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in the developing countries where soluble 
phosphorus levels are below critical levels 
required for crop production. While these 
soils would benefit from the use of com-
pletelysoluble phosphorus sources, the eco-
nomics associated with their use is often the 
limiting factor. Under such conditions, in-
digenous phosphate rock or partially acidu-
lated phosphate rock may offer more 
economical solutions for providing critical 
levels of phosphorus as required for crop 
growth. Many of the developing countries 
are located in the tropics where soil condi-
tions, length ofgrowing season, and climate 
are conducive to increased dissolution of 
phosphorus sources lower in water solubil-
ity. In addition, previously mentioned eco-
nomic factors such as fertilizer subsidies, 
fertilizer unavailability due to importation, 
employment generated, and foreign ex-
change saved through use of indigenous 
resources can encourage the use of less 
soluble phosphorus sources. 

However, for most agricultural soils in 
the developed world, fertilization is geared to 
maintenance of relatively high levels of soil 
phosphorus attained throughyears ofappli-
cation ofwater-soluble phosphorus sources 

(e.g., TSP, SSP, MAP, DAP). Fertilization 
above the critical level does not increase 
yields; therefore, itis neithereconomical nor 
practical. The question for these soils is 
whether the less soluble phosphorus sources 
can maintain critical soil phosphorus levels 
when the amount of phosphorus applied is 
based on that removed through harvesting. 

Additional research is also needed to 
determine how important a role mycorrhizal 
infection plays in crop response to different 
levels of soluble phosphorus additions. For 
those crops with mycorrhizal infections, 
there is a greater potential to extract phos­
phorus from less soluble sources due pri­
marily to an increased soilvolume subjectto 
exploration and nutrient removal by the 
mycorrhizal fungi. In addition. previous stud­
ies indicated that fungi appear to be able to 
absorb phosphorus at lower soil solution 
concentration than that required for an 
uninlected plant root (Pauland Clark, 1989). 
All of these research questions need to be 
addressed. Only when the results of such 
investigations are combined with present 
levels of knowledge can one best assess the 
importance of water solubility in choosing 
the proper phosphorus fertilizer. 

16
 



References
 

AOAC. 1984. Official Methods ofAnalysis, 
14th Edition, Association of Official 
Analytical Chemists, Arlington, VA, 
U.S.A. 

Adiningsih S., S. Moersidi, M. Siidjadi, and 
A. M. Fagi. 1988. "Evaluasi Keperluan 
Fosfat Pada Lahan Sawah Intensifikasi 
DI Jawa," IN Prosiding Lokakanja 
NasionalEfisiensiPenggunaanPupuk.
Bogor 16123, Indonesia. (Abstract inEnglish). 

Barber, Stanley A. 1980. "Soil-Plant Inter-
actions in the Phosphorus Nutrition of 
Plants," IN F. E. Khasawnch et a]. 
(Eds.)The Role ofPhosphorusin Agri-
culture,AmericanSocictyofAgronomy, 
Crop Science Society of America, and 
Soil Science Society of America, 
Madison, WI, U.S.A. 

Barrow, N.J. 1980. "Evaluationand Utiliza-
tion of Residual Phosphorus in Soils," 
IN F. E. Khasawneh et al. (Eds.) The 
Role of Phosphorus in Agriculture, 
American Society of Agronomy, Crop 
Science Society ef America, and Soil 
Science Society, of America, Madison,
WI, U.S.A. 

Berry, JaniceT., and Norman Hargett. 1988. 
FertilizerSummary Data,TVA Bulle-
tin Y-209, National Fertilizer and Envi-
ronmental Research Center, Muscle 
Shoals, AL, U.S.A. 

Bouldin, D. R, J. D. DeMent, and E. C. 
Sample. 1960. "Interaction Between 
Dicalcium and Monoamnmonium Phos-
phates Granulated Together," J. Agric. 
Food Chem., 8:470-474. 

Chien, S. H., P. W. G. Sale, and L. L. 
Hammond. 1990. "Comparison of the 
Effectiveness of Phosphorus Fertilizer 
Products," IN Phosphorus Require-
ments for SustainableAgriculture in 
Asia and Oceania,International Rdce 

Research Institute, Los Bafios, 
Philippines. 

Chien, S. H. 1990. "Reactions of Phosphate 
Rocks With Acid Soils of the Humid 
Tropics." Presented at the Workshop 
on Phosphate Cources for Acid Soils of 
the Humid Tropics ofAsia held in Kuala 
Lumpur, Malaysia, November 6-7, 
1990. 

De Datta, S. K. 1981. Principlesand Prac­tices of Rice Production,John Wiley
and Sons, New York, NY, U.S.A. 

De Datta, S. K., R. J. Buresh, and C. P. 
Mamaril. 1990. "Increasing Nutrient 
Use Efficiency in Rice With Changing 
Needs," Fert.Res., 26:157-167. 

de Geus, Jan G. 1973. "Fertilizer Guide for 
Tropics wid Subtropics," Centre dEtude 
de 1'Azote, Zurich, Switzerland. 

Dibb, D. W., P. E. Fixen, and L. S. Murphy. 
1990. "Balanced Fertilization With Par­
ticular Reference to Phosphates: Inter­
action of Phosphorus With OtherInputs 
and Management Practices," Fert.Res., 
26:29-52. 

Engelstad, 0. P., and E. C. Doll. 1961. "Corn
 
Yield Response to Applied Phosphorus
 
as Affected by Rainfall and Tempera­
tureVariables," Agron. J., 53:389-392.
 

Engelstad, 0. P., and G. L. Terman. 1980. 
"Agronomic Effectiveness ofPhosphate 
Fertilizers," INF. E. Khasawnch et al. 
(Eds.)The Role ofPhosphorusin Agri­
culture,American Society ofAgronomy, 
Crop Science Society of America, andSoil Science Society of America,
Mad i n WI, U.S.i. 
Madison, WI, U.S.A. 

FAO. 1990. ProductionYearbook 1989,Vol. 
43, FAQ Statistics Series No. 94, Food 
and Agriculture Organization of the 
United Nations, Rome, Italy. 

17
 



Fixen, P. E., and D. F. Leikam. 1988. "An 
Overview of Phosphorus Placement," 
IN Proceedings of Great Plains Soil 
FertilityWorkshop, 2:37-51. 

Fox, Robert L., and Xue-Yian Li. 1986. 
"Phosphate-Fertilizer Requirements of 
Weathered Soils and Residual Phos-
phate Fertilizer Efficiency as Indicated 
by Phosphate Sorption Curves," IN Pro-
ceedings of the InternationalSympo-
slum on Red Soils, Edited by the 
Institute of Soil Science, Academia 
Sinica, Nanching, China. 

Govil, B. P., and Rajendra Prasad. 1972. 

"Growth Characters and Yield of Sor-

ghum (Sorghum vulgare Pers.) as Af-

fected by Contents of Water-Soluble P 
in Triple Superphosphate/Dicalcium 
Phosphate and Thple Superphosphate/ 
Rock Phosphate Mixtures," J. Agric. 
ScL, Camb., 79:485-492 

Hammond, L. L., S. H. Chien, and A. U. 
Mokwunye. 1986. "AgronomicValue of 
Unacidulated and Partially Acidulated 
Phosphate Rocks Indigenous to the 
Tropics," Adv. Agron., 40:89-139. 

Hellums, D. T., S. H. Chien, and J. T. 
Touchton. 1989. "Potential Agronomic 
Value of Calcium in Some Phosphate 
Rocks From South America and West 
Africa," Soil ScL Soc. Am. J., 53:459-
462. 

Howeler, Reinhardt H. 1985. "Mineral Nu-
trition and Fertilization of Cassava - A 
Review of Recent Research," IN 
Cassava Research,ProductionandUti-lization, Material used in the Cassava 

usd i 
Training Courses offered by the Centro 
Internacional de Agricultura Tropical, 
Call, Colombia. 

lizaion MaeriatheCasava 

IFDC. 1985. FertilizerResearchProgramfor 
Africa:The Fate,Sources,andManage-
merit of Nitrogen and PhosphorusFer-
tilizers in Sub-Saharan Africa. 
International Fertilizer Development 
Center, Muscle Shoals, AL, U.S.A. 

IFDC. 1986. Cameroon FertilizerSector 
Study, International Fertilizer Devel­
opment Center, Muscle Shoals, AL, 
U.S.A. 

IFDC. 1988. "Preliminary Technical and 
Economic Assessment of the Prodvic­
tion and Use of Phosphoric Acid-Based 
PartiallyAcidulated Phosphate Rock in 
Indonesia," International Fertilizer De­
velopment Cc ;ter, Muscle Shoals, AL, 
U.SA. 

ISMA. 1980. Handbook on Phosphate 

Fertilisantuion, Interational Superphos­

phate Manufacturer's Association, 
Paris,France. 

Johnston, A. E. 1976. "Additions and Re­
movals of Nitrogen and Phosphorus in 
LongTerm Experiments at Rothamsted 
and Woburn and the Effect of the Resi­
dues on Total Soil Nitrogen and Phos­

phorus," IN Agriculture and Water 
Quality, Ministry of Agriculture, Fish­
eries, and Food Technical Bulletin No. 
32, 111-144. 

Johnston, A. E., and P. R. Poulton. 1992. 

'The Role of Phosphorus in Crop Pro­
duction and Soil Fertility--150 Years of 
Field Experiments at Rothamsted, 
United Kingdom,"INJ. J. Schultz (Ed.), 
Phosphate Fertilizersand the Envi­
ronment, SP- 18, International Fertfl­

izer Development Center, Muscle 
Shoals, AL, U.S.A. 

Kamprath, E. J. 1972. "Soil Acidity andLiming," IN Soils of the Humid Tropics,
National Academy of Sciences, Wash­
natona Ca oSe sWh 
ington, DC, U.S.A. 

Kamprath, E. J., and Charles D. Foy. 1985. 

"Lime-Fertilizer-Plant Interactions in 
Acid Soils," IN 0. P. Engelstad (Ed.), 
Fertilizer Technology and Use, 3rd 
Ed., Soil Science Society of America, 
Madison, WI, U.S.A. 

18
 



Khasawneh, F. E., and J. P. Copeland. 
1973. "Cotton RootGrowth and Uptake 
of Nutrients: Relation of Phosphorus 
Uptake to Quantity, Intensity, and 
Buffering Capacity." Soil ScL Soc. AmTL 
J., 37:250-254. 

Mokwunye, U. 1979. "Phosphorus Fertiliz­
ers in Nigerian Savanna Soils. II. Evalu­
ation of Three Phosphate Sources 
Applied to Maize at Samaru," Trop. 
Agric., 56:65-68. 

Mullins, G. L., and C. E. Evans. 1990. "FieldKhasawneh, F. E., and E. C. Doll. 1978. 'TheEvlainoCmeralTpeSu 

Use ofPhosphate Rock for DirectAppli-
cation to Soils," Adv. Agron., 30:159-
206. 

Kummer, K. F. 1986. "The Efficiency of 
Different Phosphate Fertilizers Under 
Upland Conditions in the Tropics and 
Subtropics," IN ProceedingsoftheInter-

Evaluation of Commercial Triple Su­
perphosphate Fertilizers," Fert. Res., 
25:101-106.
 

Muffins, G. L., and F.J. Sikora. 1990. "Field 
Evaluation of Commercial Monoam­
monium Phosphate Fertilizers," Fert. 
Res., 22:1-6. 

national Conference on the Manage- Olson, R A., and 0. P. Engelstad. 1972. "Soflment andFertilizationofUplandSoils inmene ad~Fepilsti upand inf Sel 
the 7N pics and Subtropics, held n 
Nanching, China. 

Kummer, K. F., and W. Wichmann. 1983. 
"Use and Application ofPhosphate Fer-
tilizers-Experiences From Various 
AgroclimaticRegions," Presented atthe 
IFA/CNCCC Technical Seminar in 
Beijing, China. 

Mikkelsen, Robert L. 1989. "Phosphorus 
Fertilization Through Drip Irrigation," 
J. Prod.Agric., 2:279-286. 

Mays, D. A., and G. W. Bengtson. 1978. 
"Lime and Fertilizer Use in Land Recla-
mation in Humid Regions," IN F. W. 
Schaller and Paul Sutton (Eds.), Recla-
mation ofDrasticallyDisturbedLIrds, 
Soil Science Society of America, Madi-
son, WI, U.S.A. 

Mishra, B., M. C. Joshi, B. L. Sharma, and 
R. Singh. 1986. "Optimal Level of Wa-
ter-Soluble Phosphorus in Nitrophos-
phate Fertilizers," Fertilizers and 
Agriculture,91:23-27, Paris. France. 

Mislevy, P., W. G. Blue, and C. E. Roessler. 
1991. "Crop Production on Clay Tail-
ings From Phosphate Mining," Pre-
sented at the 1991 National Meeting of 
theAmerican SocietyofSurface Mining 
and Reclamation, Durango, Colorado, 
May 14-17, 1991. 

Phosphorus and Sulfur," IN Soilsofthe 
Humid Tropics, National Academy of 
Sciences, Washington, DC, U.S.A. 

Paul, E. A., and F. E. Clark. 1989. Soil 
Microbiology and Biochemistry, Aca­
demic Press, New York, NY, U.S.A. 

Pushparajali, E., F. Chan, and S. S. Magat. 
1990. "Phosphorus Requirements and 

Management ofOil Palm, Coconut, and 
Rubber," IN PhosphorusRequirements 
forSustainableAgrculturein Asia and 

Oceania, International Rice Research 
Institute, Los Bafios, Philippines. 

Randall, G. W., and R. G. Hoeft. 1988. 
"Placement Methods for Improved Effi­
ciency of P and K Fertilizers: A Review, 
d Prod.Agric., 1:70-79. 

Randall, G.W.,K.L.Wells, andJohn Hanway. 
1985. "ModernTechniques in Fertilizer 
Application," IN 0. P. Engelstad (Ed.), 
FertilizerTechnology and Use,3rd Ed., 
Soil Science Society ofAmerica, Madi­
son, WI, U.S.A. 

Sample, E. C., and A. W. Taylor. 1964. 
"Rapid, Nondestructive Method for Es­
timating Rate and Extent of Movement 
of Phosphorus From Fertilizer Gran­
ules in Soil," Soi ScL Soc. Am. Proc., 
28:296-297. 

19
 



Sample, E. C., R. J. Soper, and G. J. Raez. 
1980. "Reactions of Phosphate Fertiliz-
ers In Soils," IN F. E. Khasawneh et al. 
(Eds.). The Role qfPhosphorusin Ag-
riculture,American Society of Agron-
omy, Crop Science Society of America, 
and Soil Science Society of America, 
Madison, WI, U.S.A. 

Sanchez, Pedro A, ad Goro Uchara. 1980. 
"Management Considerations for Acid 
Soils With High Phosphorus Fixation 
Capacity," IN F. E. Khasawneh et al. 
(Eds.), The Role f Phosphorus in 
Agriculture, American Society of 
Agronomy, Crop Science Society of 
America, and Soil Science Society of 
America, Madison, WI, U.S.A. 

Schultz,JamesJ. 1986. SulfuricAcid-Based 
PartiallyAcidulatedPhosphateRock, 
T-, 1, International Fertilizer Develop-
mentCenter, Muscle Shoals, AL, U.S.A. 

Sikora, F. J., E. F. Dillard, J. P. Copeland, 

and 	G. L. Mullins. 1989. "Chemical 
Characterization and Bioavailability of 
Phosphorus inWater-Insoluble Frae-

tions of ruree Monoammonium Phos-

tion ofThreMooamoniun Pos-
phate Fertilizers," J. Assoc. Off.Anal. 

Chem., 72:852-856. 

Terman, G. L., W. M. Hoffman, and B. C. 
Wright. 1964. "Crop Response to Fer-
tilizers in Relation to Content of "Avail-
able" Phosphorus," IN Adv. Agron., 
16:59-100. 

Van 	Burg, P.F.J. 1963. The Agricultural 
Evaluation of Nitrophosphates With 
ParticularReference to DirectandCu­
mulative Phosphate Effects and to 
InteractionBetween 'WaterSolubility 
and GranuleSize, The Fertiliser Soci­
ety, Proceedings No. 175, London, 
England. 

Webb, John R., and John T. Pesek. 1958. 
"An Evaluation of Phosphorus Fertiliz­
ers Varying in Water Solubility: I. -1ill 
Applications for Corn," Soil ScL Soc. 
Am. J., 22:533-538. 

Webb, John R., and John T. Pesek. 1959. 
"An Evaluation of Phosphorus Fertiliz­
ers Varying in Water Solubility: II. 
Broadcast Applications for Corn," Soil 
Sc. Soc. Am. J., 23:381-384. 

Webb, John R, John T. Pesek, and Kalju 
Eik. 1961. "An Evaluation of Phospho­
ms Fertilizers Varying in Water Solu­
bility: Il. Oat Fertilization," Soil Sci. 
Soc. Amn. J., 25:222-226. 

Werner, W. 1978. "he Agronomic Merits of 
Low-Water Solubility or Water-
Insoluble Phosphate Fertilizers," IN
ProceedingsoftheBritishSulphurCor­
poration's Second InternationalCon­
ference on Fertilizers. 

Young, Ronald D., D. G.Westfall, and Gary 
Colliver. 1985. "Production, Market­
ing, and Use of Phosphate Fertilizers," 
INO. P. Engelstad (Ed.), FertilizerTech­
nology and Use, 3rd Ed., Soil Science 
Society ofAmerica, Madison, WI, U.S.A. 

20
 


