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CHAPTER 1

INTRODUCTION

Phosphorus is an important nutrient in crop production, since
many soils in their native state do not contain sufficient available
phosphorus to maximize crop yield. Now, more than ever, the importance
of an adequate supply of plant nutrients to insure sufficient crop pro-
duction is being recognized. Soil scientists and agronomists are con-—
tinually striving to overcome nutrient deficiencies as well as use
improved management practices in order that yields may more nearly
approach the genetic limit of crop plants.

Phosphorous forms sparingly soluble compounds with divalent and
trivalent cations in soils. Therefore, the amount of P in the soil
solution at any one time is very small. Plants growing in the soil
apparently absorb P only from the soil solution. The limiting soil
factor in P uptake by plants is likely to be renewal of the P in the
soil solution near the plant roots by processes of dissolution, desorp-
tion and diffusion. The factors involved in renewal of soil solution P
are the amount of P which can be solubilized, solubility, and the rate
of P diffusion from the solid surface to the plant root surface.

Thus, unless the soil contains adequate P or P is supplied to
soil from external sources, plant growth will be restricted. South
Dakota soils are frequently low in P due to crop removal and low indi-
genous levels. A successful and reliable soil testing method is,

therefore, essential for predicting P need before crops are seeded.




Several Midwest soil testing laboratories base their P fer-
tilizer recommendations on the modified Bray & Kurtz 1 (weak acid) soil
test. The Olsen method is also frequently used for P determination for
more alkaline soils. These tests have been evaluated in many states
and several countries; results of greenhouse studies varied from no
difference between tests (2, 53, 106, 109) to significant advantage for
the Bray & Kurtz-1 (67) or in other studies significant advantage for
the Olsen test (93).

Much less work under field conditions has been reported. In
such cases, correlations have generally been quite low. Olsen et al.
(71) reported correlation coefficients of 0.63 and 0.58 for Bray &
Kurtz—-1 and Olsen tests respectively with percent yield increase for 40
wheat experiments in Nebraska.

Research with calcareous soils shows that widening the soil to
solution ratio of the Bray & Kurtz (Bray) extracting reagent results in
higher correlations with yield response. In other instances grouping
the soils by genetic origin has increased the resulting correlations
(57). Consideration of climatic factors has also improved the correla-
tion between these soil tests and yield respomnse (17, 68, 74).

Fixen and Carson (28) compared the Bray (soil to solution ratio
of 1:7, 1:10, 1:20, and 1:50) and Olsen P. Results of 74 South Dakota
small grain field experiments over a 13-year period indicated the

modified Bray, 1:50, was the soil test most highly correlated with yield

response.




The objectives of this study were:

(1) To determine the influence of P additions under field conditions
on Bray and Kurtz-1 and Olsen test levels for alkaline soils in
eastern South Dakota.

(2) To determine the effects of various soil factors on P extracted by
the two tests.

(3) To determine the relationship between P extracted and crop yield

response in alkaline soils of eastern South Dakota.




CHAPTER 2

REVIEW OF LITERATURE

Phosphate deficiency is of world-wide importance as a factor
limiting crop production. Methods for determining soil P and its
various forms and plant availability have been essential for
understanding the nature and behavior of P in the soil system. The
total P content in soils is relatively low. The P contained in the
plow depth of soil ranges normally between 0.025 and 0.125 7%,
with an average of about 0.06 %Z (9). According to Jackson (42) the P
content of most mineral soils falls between 0.02 and 0.5 %Z P. An
average of 0.05 %Z (0.12 % P70s5) frequently is representative of soils
compared to an average of 0.12 %Z in the earth's crust. About 50% of the
soil P occurs in combination with organic matter in surface soils, and
the remainder occurs in mineral or inorganic combinations.

The amount of total P in the soil is not necessarily a
good measure of the amount that is available for growth because a large
proportion of the P may exist in forms that are difficult to utilize.
When P is added in dilute solution or in salts of near neutral pH,
there appears to be an initial adsorption of phosphate ions by a number
of different solids. These may include CaCO3, Fe and Al oxides and
clay minerals. Soil phosphate reacts with soil to form less
soluble products almost immediately. With time these products become

even more insoluble, reacting with Ca in calcareous soils and with Al

and Fe in neutral to acid soils.




A. Phosphate Minerals and their Stability

The reactions of phosphates in soils have been studied inten-
sively and almost continuously since chemistry began to play its role
in soil science. Knowledge of the chemistry of P in soils is a
requirement for knowledge of its utilization by plants, and explana-
tions of soil-plant relations will be clear only when the forms and
properties of soils are known.

Soil P is considered primarily under two classes, organic and
inorganic, depending on the nature of the compounds in which it occurs.
The organic fraction is found in humus and other organic materials
which may or may not be associated with it. The inorganic fraction,
which we are going to emphasize in this study since it is generally the
prediction measurement in the laboratory, almost without exception,
exists as salts of orthophosphoric acid. These salts can be classed
generally as fluoro—, oxy- and hydroxy-phosphates of iron, aluminum,
calcium, titanium, magnesium, and manganese (36). The calcium phos—
phates constitute a series, ranging from the relatively soluble mono-
and di-calcium phosphates, which are present only in small amounts, to
relatively insoluble hydroxyapatite and fluorapatite. Iron and alumi-
num phosphates probably exist in soils largely as basic compounds such
as in the minerals variscite and strengite, which are insoluble except
under neutral or alkaline conditions. There is also evidence that some
inorganic P in soils may be combined with clay minerals.

In general, solubility studies have shown that the inorganic

phosphates of iron and aluminum tend to accumulate in acid soils



whereas calcium phosphates are predominant in neutral or alkaline

soils.

Much research has been done to learn how P behaves in soils and
how it is affected by the different degrees of acidity in the soil
(expressed in terms of pH). In general, P is more available at a pH of
6.0 to 6.5 than at higher or lower pH values. At a soil pH above 6.5,
fertilizer P tends to be precipitated by calcium and magnesium. At a
soil pH of 5.0 or below, fertilizer P is precipitated with aluminum and

iron.

1. Phosphate Species in Soil Solutions

The amount of phosphate present in the soil solution is very low
in comparison with adsorbed phosphate. Adsorbed phosphate exceeds the
phosphate of the solution by a factor of 102 to 103 (64). The
phosphate concentration of the soil solution itself is very dilute and
in fertile arable soils is about 0.3 to 3 ppm P. Phosphate ion con-
centrations are affected by the presence of several cations which favor
the formation of a series of compounds of varying solubility (Table 1).

It has been shown that orthophosphate is the stable form of P in
soils. For this reason orthophosphoric acid provides a good starting
point for considering P reactions in soils. The dissociation reactions
of orthophorphoric acid are given by Reactions 1 through 5 of Table 1.
The relative abundance of the different orthophosphoric acid species as

a function of pH is plotted in Figure 1.




Table 1. Equilibrium constants for various phosphate reactions at
25 ¢ (Lindsay, 1979).

Reaction
# Equilibrium Reaction log K
Orthophosphoric Acid
1 H,PO;=H* + H,PO; ~215
2 H,PO; =H* + HPO?" -7.20
B HPO!- =H"* + PO} = ||PA5
4 H,PO; =2H" + PO}"- —19.55
5 2H,PO; = (H,PO,)}" =085
Orthophosphate Complexes
6 Fe?* + H,PO; = FeH,PO; 2.70
7 Fel ¥ %iHpPOL =iEeH RO 543
8 Fe?* + H,PO; = FeHPOS + H* -3.60
3 Fe* + H,PO; = FeHPO; + H* 37
10 Ca’* + H,PO; = CaH,PO; 1.40
11 Cal* + H,PO; == CaHPO; + H* —4.46
12 Ca?* + H,PO; == CaPO; + 2H* -13.09
L2} Mg?* + H,PO; == MgHPOS + H* -4.29
Calcium Phosphates
14 Ca(H,PO,);-H,O(MCP) = Ca?* + 2H,PO; + H,0 = 1115
15 CaHPO,-2H,Oxbrushite) + H* ==Ca?* + H,PO; + 2H,0 063
16 CaHPO,(monetite) + H* = Ca?* + H,PO; 0.30
187 Ca H(PO,), 2.5H,Xoctacalcium phosphate) + SH* =4Ca?* + 3H,PO; + 2.5H,0 11.76
18 3-Cay(PO,);(c) + 4H* =3Ca?* + 2H,PO; 13.61
19 B-Cay(PO.),(c) + 4H* ==3Ca?* + 2H,PO; 10.18
20 Cay(PO,),OH(hydroxapatite) + 7TH* = 5Ca?* + 3H,PO; + H,0 14.46
21 Cay(PO,),F(fluorapatite) + 6H* == 5Ca?* + 3IH,PO; + F~ —021
Magnesium Phosphates

22 MgHPO,-3H,0O(newberryite) + H* = Mg?* + H,PO; + 3H,0 1.38
23 MgKPO,-6H,0(c) + 2H* ==Mg?* + K* + H,PO; + 6H,0 893
24 MgNH PO, -6H,O(struvite) + 2H* = Mg?* + MH; + H,PO; + 6H,0 6.40
25 Mg, (PO,) (c) + 4H* =3Mg?* + 2H,PO; 2451
26 Mg,(PO,),-8 H,O(bobierrite) + 4H* =3Mg?* + 2H,PO; + 8H,0 14.10
27 Mg, (PO,);-22H,0(c) + 4H* =3Mg?* + 2H,PO; + 22H,0 16.01



Table 1. (continued)

Reaction

4 Equilibrium Reaction log K
Aluminum Phosphates

28 AIPO,(berlinite) + 2H* = AI>* + H,PO; 0.50

29 AIPO,-2H,O(variscite) + 2H* = AI** + H,PO; + 2H,0 -2.50

30 Ho K ;Al4(PO,),- 18 H,O(K-taranakite) + 10H* =3H"' + SAI*" + 8H,PO, + IKH,0  —2230

Sl H.(NH{)Als(PO,)s- 18 H,O(NH-taranakite) + 10H' =3NH; + 5AI’* + 8H,PO, + I18H,0 -19.10
Iron Phosphates

32 FePO,(c) + 2H* = Fe* + H.PO, -537
33 FePO,-2H,O(strengite) + 2H* = Fe** + H,PO; + 2H,0 - 6.85
34 Fey(PO,), 8 H,O(vivianite) + 4H* = 3Fe** + 2H,PO; + §H.O 311




Mute Fraction of Tatal P

Figure 1. Effect of pH on the distribution of orthophosphate ions in
solution.
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In concentrated phosphate solutions, two H2PO4~ ions combine to
form the dimer (HyP04)2~ according to reaction 5 of Table 1. For solu-
tions containing 0.01 M HpPO4, the dimer constitutes 1% of the total
P. Since total P in soils is generally less than 0.01] M, the dimer
species can be safely discounted as being significant in soils.

Orthophosphate complexes present in soil solution are given by
reactions 6 through 13, and each species is plotted in Figure 2. The
predominant phosphate species in soil solution in the pH range of 3.5
to 7.0 is HypPO4-. Below pH 4 the ferrous phosphate complex, FeHyPO4,
increases rapidly. This complex becomes even more significant at lower
redox, but diminishes at higher redox potentials. The ferrous complex
FeHPO4 is not significant at pe + pH of 11.53 so it does not appear in
Figure 2. The ferric complex FeHPO4% increases below pH 4, whereas the
line for FeHpPO4 barely touches the lower left-hand corner of this
diagram.

At higher pH, calcium and magnesium complexes become important.
In fact CaHPO4 comprises 0.42 of the total phosphorus in solution at
pH 7.8 compared to 0.24 for HP042_ and 0.20 for MgHPO4. At pH values
above 8, CaPO4- rapidly becomes important, but the presence of CaCO3
(calcite) can be expected to reduce this ion.

It is obvious from Figure 2 that solution complexes must be con—
sidered in estimating phosphate activities from total phosphorus in
solution. Computer programs can be developed to estimate solution
complexes from elemental analyses of the soil solution. Ionic strength
estimates also can be made to convert from concentrations to activi-

ties. To do this, it is necessary to recognize the major solution
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1O

HoPO4"

Fraciion of P in Solufioh

role

Figure 2. The effect of pH on the Bhosphate species in soil solution
when Ca2t = 1072 = 10-3 M, Fe3* is controlled by
soil-Fe and redox is set at pe + pH of 11.53.
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complexes and have reliable formation constants for them. Specific ion
electrodes can be used to measure directly the activities of certain
ions, but further investigations are needed to obtain reliable esti-
mates of ion activities in soils in order to test important solubility

relationships.

2. Calcium Phosphates

Calcium forms a number of orthophosphate minerals with varying
solubilities. The solubilities of several calcium phosphates found in
soils are given by Reactions 14-21 of Table 1. These generally decrease
in solubility in the order Ca(H2P04) .H20 (monocalcium phosphate, MCP)>
CaHPOy .2H90 (brushite, DCPD)>CaHPO; (monetite, DCP)>CagH2(P04)¢-5H20
(octocalcium phosphate, OCP)> -Ca3(P04)2( -tricalcium phosphate, TCP)>
Ca5(P04)30H (hydroxyapatite, HA)>Cas5(P04)3 (fluorapatite, FA).

Monocalcium phosphate monohydrate (MCP) is the least stable of
calcium phosphate minerals and thus dissolves as the more stable com-—
pounds precipitate. The most stable calcium phosphate mineral in this

group is fluorapatite, given that CaFp (fluorite) fixes F~ activity.

3. Magnesium Phosphates

Magnesium forms a number of orthophosphate minerals similar to
those of calcium. The solubilities of several of these magnesium
phosphates are given by Reactions 22-27 of Table 1. All of the magne-
sium phosphates represented here are more soluble than DCPD and OCP
(52).

Magnesium phosphates have been found as initial reaction
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products of phosphate fertilizers in soils (53, 99, 97), but they later
disappear as more stable minerals are formed. Magnesium phosphates can
be discounted as permanent fixation products of P in soils. Instead,
those phosphates should constitute useful fertilizers for supplying
readily available P to plants. Struvite (MgNH4PO4.6H20) is readily
available to plants (54). The other Mg phosphates are also expected to

be highly available to plants.

4. Aluminum and Iron Phosphates

It is commonly believed that in soils below pH 5.0 soluble Al
and Fe will react with added fertilizer P to form slightly soluble com-
pounds. This reaction can be represented by this equation:

M3+ + HoPO4 + 2Hp0 ——3 M(OH)2HPO; + 2HT'
where M stands for Al or Fe.

Cole and Jackson (18) identified these compounds as
aluminum/ferric dihydroxyl dihydrogen phosphate, variscite and
strengite respectively. The solubilities of several of the Al and Fe
phosphates are given in Reactions 28-34 of Table 1. The solubilities
of the aluminum phosphate minerals decrease in the order Al1PO4 (berlin-
ite HgN(NH4)3A1l5(P04)g-18H20 (NH4-taranakite) > HgK3Als5(PO4)g-18H20
(NH4—taranakite) > Al1PO4 .2H20 (variscite).

Lindsay (51) found that in some acid soils AlPO4.2H20
(variscite) is the most stable mineral followed by FePOy4 .2Hp0
(strengite, ST), HgK3Al5(PO4)g-18H20 (potassium taranakite), and

Hg(NH4 )3A15(PO04) -18H20 (aluminum taranakite), respectively.

414131

SOUTH DAKGTA STATE UNIVERSITY LIBRARY
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B. Mechanisms of Phosphate Fixation

The fixation of phosphate by soils has been demonstrated by many
researchers. Fixation of plant nutrients in soils may be defined as
the process whereby readily soluble plant nutrients are changed to less
soluble forms by reaction with inorganic or organic components of the
soil. The result is a decrease in mobility in the soil and a decrease
in availability to the plant.

The types of reactions by which P becomes fixed can be placed in
three general groups: adsorption, isomorphous replacement, and double
decomposition involving solubility product relations. In all of the
reactions the P is involved as one or more of the ionic forms into

which orthophosphoric acid may disassociate. All phosphate reactions are

fundamentally influenced by the hydrogen ion activity in the systems.

1. Adsorption Reactions

Phosphate adsorption is taken to mean the retention of phosphate
at a surface. Davis (24) stated that phosphates penetrate the liquid-
solid phase interface to form new compounds with the hydrated minerals
that are in equilibrium with the hydrated minerals and phosphate
compounds.

According to Kurtz et al. (47) the amount of P taken up by
soils is proportional to the P concentration. Low and Black (56) found
that the degree of adsorption was increased by increasing temperature.

Pissarides et al. (79) suggested that P is retained by adsorp-

tion on the surface of clay minerals, most likely on the edge surfaces.
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The exchangeable cations influenced the extent of P adsorption by
controlling the accessibility of the edge clay surfaces to phosphate
ions.

Scarseth (86) studied the mechanism of phosphate retention by
bentonite as a function of pH in the presence of calcium or sodium
cations. Maximum retention occurred between pH 5.2 and 6.1 when Ca
ions were the exchangeable cations and at about pH 6.1 when the Na ions
were present. The Ca ions greatly increased the phosphate sorption
capacity of the clay. The explanation given to this was that the %
phosphate ions were held by the Ca present as exchangeable Ca. |

The retention of P by the exchange or substitution of phosphate
ions has been suggested by many researchers (86, 92, 44, 45, 65, 81).

An increase in pH accompanies the disappearance of phosphate ions from
solution when the clay suspension and a phosphate solution of similar

pH are mixed.

2. Retention by Absorption

Phosphate absorption is taken to mean the retention of phosphate
within a solid phase. Many researchers have suggested phosphate sorp-
tion on soil colloids by displacement of silicon (56, 59, 85, 102).
However, none of these studies explained whether the released silicon
had existed as adsorbed or structural silicon. Other researchers
working with allophane (amorphous aluminosilicate) clay samples have
found that phosphate displaces the adsorbed and structural silicon at

low and high P concentrations, respectively (81, 83).
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3. Retention by Precipitation

Precipitation of phosphates refers to the removal of phosphate
ions from solution and their chemical bonding in the solid phase. The
reactions of phosphate with the sesquixodes of iron and aluminum, either
by solution or chemical precipitation or by surface adsorption, have
long been considered important factors in the fixation of P in acid
soils (25, 41, 45).

Results from a study of potentiometric titrations by Swenson et
al (94) indicate that for each metal ion two hydroxyls and one %
phosphate ion reacted to give a basic phosphate represented by the for- -
mulas Al1(H70)3(OH)2H2PO4 and Fe(H20)3(OH)2HoPO4 at the pH range of acid
soils dominated by HoPO4-.

Cole and Jackson (19) concluded that the capacity of acid soils
to retain P is largely due to precipitation of variscite. Hsu (41)
instead suggested that phosphate is fixed as variscite or strengite-
type compounds only in the vicinity of a fertilizer particle due to
localized high acidity and high phosphate concentration. The precipi-
tated phosphate cannot be considered stable, and upon dilution by soil
moisture, will become adsorbed by amorphous aluminum hydroxides and
iron oxides which are more stable.

Haseman et al. (34) studied the rate of fixation of P by indivi-
dual clays and hydrous oxides of Fe and Al under various conditions of
temperature, pH and concentration of phosphate. They demonstrated the
capacity of concentrated solutions being released by dissolving fer-

tilizers to attack clays and oxides of Fe and Al with the formation of
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various phosphates of Fe and Al. Lindsay and Stephenson (54) showed
that monocalcium phosphate dissolves in soils and precipitates to form
CaHPO, .2H20, HgK3Alg5(PO;4)8.18H20 HgK(Al, Fe)3(PO4)6.6H20, and CaHPOy -

Buehrer (16), studying the physico-chemical relationships of soil
phosphates, concluded that the phosphate concentration is directly pro-
portional to the hydrogen ion concentration and inversely proportional
to the calcium ion concentration. Boischot et al. (12) demonstrated a
surface sorption of P on CaCO3 particles at low concentrations, and a
precipitation reaction at higher concentrations. They concluded that
in calcareous soils phosphate precipitates are formed initially in the
neighborhood of soluble fertilizer granules, but that these precipita-
tes redissolve and the P gradually becomes distributed over the sur-
faces of CaCO3 particles. Cole et al. (20) indicated that when soluble
phosphate fertilizers are added to calcareous soils, the reactions with
CaCO3 consist of rapid monolayer sorption on CaCO3 surfaces and, at
high phosphate concentrations, the precipitation of dicalcium
phosphate.

Chang and Jackson (18) showed that when phosphate fertilizer is
added to calcareous soils calcium aluminum phosphates are more 1likely
to be formed than iron phosphates. This is attributed to the relati-
vely higher activities in the soil of calcium and aluminum ions than
iron ions, which are controlled by the activities of the respective
cations of calcium carbonate, alumino-silicates and gibbsite, and iron

oxides.




C. Soil Properties and Phosphate Sorption

Evidence has been presented that soils have several different
sorption surfaces for phosphate (36, 107). These sorption surfaces
include the iron and aluminum oxides and hydroxides, the calcium and
magnesium minerals (mainly in calcareous soils); iron and aluminum on
the exchange sites of clay minerals silica hydrogel of quartz, manga-
nese, and titanium; and iron, aluminum, and calcium ions associated

with the organic matter.

1. Free Sesquioxides and P Sorption

The retention of phosphate by soil has been demonstrated by many
researchers and is affected by many factors. These factors include the
mechanical composition of the soil, phosphate concentration, tem—
perature, time of reaction, and effect of salts (107). Kittrick and
Jackson (45) suggest that formation and growth of separate—phase
phosphate precipitates of varying composition controlled by solubility
product principles provides a unified theory of phosphate fixation of
phosphate reactions in Fe, Al, and Ca soil systems.

Bache (6) in a study on the sorption of phosphate on to gibbsite
and hydrous ferric oxide has shown three stages to the reaction: (i) a
high energy chemiosorption of small amounts of phosphate by both Al and
Fe hydrous oxides occurs over a wide pH range without precipitating
Al3+ and Fes+ ions; (ii) with the larger amounts of phosphate, Alj+ and
Fej+ ions are precipitated as insoluble phosphates; (iii) when the

activities of these ions are reduced by very low values increasing
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additions of phosphate are sorbed at low energy, which may be physical
adsorption onto a phosphate saturated surface, or may replace phosphate
ions which diffuse into the solid. The composition of the precipitated
product is likely to be (Al, Fe)(H2PO4)n(OH)3-n, where n = 1 at pH
values below 3.5 for the Al system, and below 1.5 for the Fe system,

but is less than 1 at higher pH values.

2. Calcium Carbonate and P Sorption

Phosphorous in calcareous soils and the reactions of phosphate
fertilizers with these soils are the objects of considerable study to
help determine (1) economical levels of P fertility to be established
under different cropping systems, (2) the best way to establish and
maintain this fertility and (3) a reliable chemical method for eva-
luating P fertility.

Calcium carbonate, through its effects on soil reaction (pH),
its reactive surface, and as a source of the common ion, exerts a domi-
nant effect on the nature and properties of phosphate in calcareous
soils. Much conflicting evidence has been presented regarding the
effects of calcium carbonate on phosphate fertility. The conclusion
that calcium carbonate depressed the solubility and plant availability
of phosphate is generally accepted.

The reactions that take place when phosphate fertilizers are
applied to a soil are of scientific and practical value in the produc-
tion of crops. In calcareous soils numerous chemical reactions and
physical changes take place that render soluble phosphate fertilizers

unavailable for plant use. According to McGeorge and Breazeale (61),
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fixation of phosphates in calcareous soils is due, in many instances,
to formation of compounds more basic than tricalcium phosphate, and
calcium, as calcium carbonate, is a definite part of the molecule.
McGeorge (60) has reported that Arizona soils have a strong fixing
power for soluble phosphates because of the large amount of solid-phase
calcium carbonate present and the high pH. Hinkle (37) found by chemi-
cal analysis that calcareous soils are well supplied with total P, but
that the amount available to the crop during the growing season is
often small.

The level of available P maintained in calcareous soils when
water—-soluble type phosphate fertilizers were added was higher than
that maintained by the citrate—-soluble types (49). The time of appli-
cation of the water-soluble type fertilizers, if previous to crop
growth, was not important in calcareous soils. Some benefit was shown
when more available fertilizer was present during the early stages of
growth on soils where no incubation had taken place.

Dicalcium phosphate dihydrate (DCPD), CaHPO4.2Hp0, and octo-
calcium phosphate (OCP), CagHp(PO4)6.5H20, are the more stable P
minerals formed as reaction products of P fertilizer applied to soils
(53) and they exist in fertilized soils for various lengths of time (5,
105). Fixen et al. (29), studying the soil P solubility relationships
on calcareous soils, concluded that OCP controlled solution P if the
FaHCO3- extractable P rose above 35 mg Kg~l while tricalcium phosphate
( -Ca3(P0O4)2, TCP) or a similar mineral phase dominated P intensity in

the range of 10 to 25 mg Kg_l. They also reported that OCP will form



more readily and persist longer in some cultivated soils than in

others.

Phosphorous sorption is very important in calcareous soils.
Cole et al. (20) and Kuo and Lotse (46) concluded from laboratory
experiments on pure calcite that monolayer adsorption, followed by pre-
cipitation reactions, occurs in the presence of increasing con-
centrations of P. Amer and Ramy (3) attempted to characterise the
calcium phosphates formed from the reactions between reagent grade
CaCO3 and KH2PO4. They concluded from solubility measurements and from
the ratios of surface Ca : surface P, measured by isotopic exchange,
that octacalcium phosphate was present when the amounts of P retained
exceeded 1360 mg/g CaCO3.

The surface area of the calcite used by Cole et al. (20),
measured by 45Ca exchange (39), was only 1.8 m2/g, which is much
smaller than the specific areas of CaC03 (16-500 mz/g) in calcareous
soils (39, 96). The calcites used by Cole et al. (20) must, con-
sequently, be much less reactive than the CaCO3 in soils. Moreover,
soil carbonate surfaces are often modified by other cations and anions
(48, 96), so that they may react differently than the surface of pure
calcite.

Holford and Mattingly (39) studied the phosphate sorption on
three Jurassic limestones whose surface areas ranged from 1.0 to 1.5
m2/g CaCO3. They reported that total sorption was due to (1) an ini-
tial chemisorption reaction at final P concentrations below 0.5 mg P/g;

above this concentration most of the additional sorption was due to (2)



physical adsorption which may occur in multilayers on the initial

chemiosorbed layers, and (3) precipitation, probably of octacalcium
phosphate, CagHy(PO4)6.5H70, from solution and its deposition on the
adsorbed layers. They also reported that the last two reactions
probably overlap and cannot be distinguished from each other except by
measuring sorption for a very short period (less than 60 seconds) by
methods similar to those described by Kuo and Lotse (46) for pure

calcite.

D. Phosphate Availability for Plants

Since the early days of applying mineral fertilizers to soils,
phosphate fertilization has always been important. Indeed, vast areas
of potentially good land are still agriculturally poor because of P
deficiency. It must be remembered that soil phosphate can readily be
rendered unavailable to plant roots, and that P is the most immobile of
the major plant nutrients.

The term "available phosphate™ is often used to indicate a soil
P fraction that can be utilized by plants. Phosphorus uptake by plants
grown in soil is affected by both soil and plant characteristics. The
source of P is the soil, the medium of uptake is the soil solution, and
the agent of uptake is the plant (30). Since at any one time the soil
solution contains only a small fraction of the total P taken up by the
plant, in order to maintain adequate growth the soil must continuously
release P to the soil solution. Thus, the soil reaction of primary
interest is the reversible release of P to the soil solution as shown

in equation (1).
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P soil —>P solution (1)

The manner in which the P in the soil solution interacts with the
other forms of P in soils is represented schematically in Figure 3.

Research has also clearly shown that the availability of P is
influenced by soil acidity. It was shown that one pound of fertilizer
P produced more pasture herbage at pH 6.3 than did three pounds at pH
5.2 (43). The pH level that is most conducive to plant growth is also
the level that is most satisfactory for the growth of beneficial soil
microorganisms.

The plant reaction of primary interest is the essentially irre-
versible uptake of P from the soil solution as shown in equation (2)
(29).

P solution ——3 P (inside plant) (2)

As plant roots push their way through the soil they come in con-
tact with the phosphate of the soil solution. Provided that the roots
have a high demand for P, which is generally the case for growing
plants, phosphate is absorbed by the roots at a high rate and the
soil solution in the direct root vicinity is depleted of phosphate.
This depletion creates a gradient between the phosphate concentration
near the root surface and the phosphate concentration in the bulk soil
(69). The concentration gradient regulates the rate of phosphate dif-
fusion towards the plant root (7, 50). The importance of phosphate
diffusion in supplying phosphate to plants has been demonstrated by
Bhat and Mye (9) in experiments showing that the degree of P depletion

around onion roots corresponds fairly well with P diffusion calcula-
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tions. Mass flow can also play a part in the transport of phosphate,
towards plant roots. Normally, however, its contribution is minimal
since the phosphate concentration of the soil solution is so low (12).

Many researchers have found that the uptake of P is determined
by the phosphate concentration in the soil solution and that P uptake
is highly correlated with P concentration in soil solution (32, 67, 87,
107). According to Ozanne and Shaw (74) three soil factors probably
determine the ability of a soil to supply adequate phosphate to plants.
The first factor is the concentration of phosphate in the soil solu-
tion. This may be evaluated by the equilibrium concentration or the
phosphate potential. A second factor is the capacity of the soil, or
its ability to resist a change in the initial equilibrium concentration
as phosphate is removed by plants. Thirdly, the rate of phosphate dif-
fusion through the soil regulates the rate at which phosphate may move
toward the plant root.

Generally phosphate availability to plants can be assessed by
measuring the phosphate concentration in the soil solution and the abi-
lity of the soil to maintain the soil solution concentration (phosphate
buffer capacity). Concentrations of about 1074 M phosphate in the soil
solution are considered high and present a high level of available
soil phosphate (64). Phosphate concentrations of about 106 M in the
soil solution are generally too low to supply crops adequately with P.
Optimum soil solution phosphate concentrations probably differ for

individual crops, cropping systems, and particular sites.

The quantity of P present in soil solution, even in soils with a
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fairly high level of available phosphate, is in the range of 0.3
to 3 kg P/ha (61). As rapidly growing crops absorb phosphate quan-
tities of about 1 kg P/ha per day, it is clear that the soil solution
phosphate must be replenished several times per day by mobilization of
phosphate from the labile pool. The quantity of this fraction present
in the top soil layer (20 cm) is in the range of 150 to 500 Kg P/ha.
The rate of desorption is higher in soils with a higher P buffer capa-
city. According to experimental data of Olsen and Watanabe (70) the P
concentration of the soil solution and the phosphate buffer capacity
are the most important parameters controlling the phosphate supply to
plant roots. The optimum P concentration of the soil solution may thus
be low if the phosphate buffer capacity is high and vice versa. This
relationship has been confirmed by investigations of Holford (39), who
calculated P fertilizer requirements in relation to the P-concentration
of the soil solution and the phosphate buffer capacity.

Considerable work has been done concerning the minimum con-
centration of phosphate required for maximum growth of plants in solu-
tion cultures. Hoagland and Martin (38) obtained satisfactory growth
of barley in culture solutions containing 0.7 ppm PO4, and a maximum
growth at 1.1 ppm PO4. Teakle (99) carried out an experiment on the
growth of wheat plants in soil solutions with P concentrations varying
from 0.15 to about 10 ppm P, and in solution cultures with P con-
centrations varying from 0.05 ppm to 50 ppm P. Absorption of phosphate
was affected by the concentration of the soil or culture solution with

respect to phosphate. Vigorous growth with tillering and high absorption




of phosphate occurred between 1.0 and 50 ppm P in culture solution

while small growth with greatly reduced tillering and low absorption of
P occurred between 0.05 and 0.1 ppm P. The range most suitable for
plant growth was between 0.1 and 1.0 ppm P.

Sommer (91) carried out solution-culture experiments to study
the relationship of the PO4 of the medium to the size and type of root
system and time of maturity of several plant species. The P con-
centration varied from 0.1 to 0.8 ppm. Plants with larger root systems
made better growth at low P concentrations than those with smaller root
systems. Increasing P concentrations resulted in decreases of the
root—-shoot ratios. Plants in lower P concentrations matured the
earliest. High P concentrations did not stimulate root development.

Houghland (40) studied the minimum P requirement of potato
plants grown in solution cultures. Plants made excellent growth at a P
concentration of approximately 1.5 ppm. At the low concentration of
0.5 ppm P, the height of the plants was only slightly reduced; dry
matter production and the percentage of P in plants were definitely
lowered. When the P concentration of the solutions was reduced to 0.1
ppmn, however, the plants were much smaller, P-deficiency symptoms devel-
oped and there was a pronounced reduction in both dry matter and per-
centage of P. Tidmore (101) found that maximum growth of corn, sorghum
and tomatoes was obtained at 0.5 ppm P in solution cultures, although
some plants made a better growth in soils whose displaced solution con—
tained from 0.02 to 0.03 ppm P than in culture solutions at 0.1 ppm P.

From studies with solution cultures, Andrew (4) reported that
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the approximate critical concentration of P in solution for optimum
growth of legume species lies between 0.1 and 0.2 ppm. A concentration

of about 0.2 ppm P was also calculated to be necessary for wheat (50).

E. Soil Tests for Available Phosphorus

The aims in soil testing are to assess the relative adequacies
of available nutrients (or lime requirements) and to provide guidance
on amounts of fertilizers (or lime) required to obtain optimum growth
for plants. Such objectives are contingent upon securing represen—
tative samples of soil, analyzing them in an acceptable manner,
and calibrating the effects on crop response (or increased soil test
values) of added fertilizer (or lime) to soils at various initial
levels of available nutrients.

Bray (13) described the requirements of a successful soil test
as follows:

1) The extracting solution and procedure used should extract the
total amount (or a proportionate part) of the available form(s)
from soils with variable properties whose variations in
amount are responsible for significant variations in yield
response to applied fertilizers;

2) The amount of nutrient in the extract should be measured with
reasonable accuracy and speed;

3) The amounts extracted should be correlated with the growth and
response of each crop to that nutrient under various conditions.

When selecting an extractant for a laboratory one should always

consider the degree of correlation of the extractants with plant
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response to soil and fertilizer P. In other words, the extractant that
the research has shown to be the most reliable index of the uptake or
utilization of P from the types of soils that the laboratory will be
testing should be used. We are now speaking of correlation which
reflects the suitability of a soil test method for a range of soils.
This is somewhat different from calibration which provides the infor-
mation for making fertilizer recommendations from soil tests.

The determination of available soil phosphate is complicated, as
phosphates of varying availability are present in the soil. 1In
contrast to the available cationic nutrients, available phosphate is
not only a measure of the exchangeable phosphate but of the solubility
of soil phosphates (64). The most important soil phosphates are the Ca
phosphates, phosphates adsorbed to soil colloids, and organic phos-
phates. The solubility of the inorganic soil phosphates depends on
their chemical nature, the age and the surface area of the minerals.
Generally, freshly precipitated phosphates are more readily soluble.

On aging there is an increase in crystal size with a consequent
decrease in surface area. Also as the phosphate minerals age some
phosphates may diffuse into other minerals such as Fe and Al oxides and
so becomes less available. The presence of other ion species in the
soil solution may also affect the availability of phosphates (87). For
the Ca phosphates, gt generally increases and ca2* decreases the solu-

bility. The reverse is true for Al and Fe phosphates.

1. Methods for Phosphorus Determinations

Methods for determining P in soils have been discussed in the
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literature for more than a century. The purpose of these methods has
been to characterize the P in the soil system. There are many methods
varying in principle and technical detail. The selection of a suitable
method requires a clear understanding of objectives that necessitate
the measurement of soil P. Other considerations are the properties of
soils involved, accuracy and reproducibility needed, and the facilities
and personnel available.

Most soil P determinations have two distinct phases -- first,
the preparation of a solution containing the soil P or fraction
thereof, and second, the quantitative determination of the P in this
solution. The choice of a method for determining P depends on the con-
centration of P in the solution, the concentration of interfering
substances in the solution to be analyzed, and the particular acid

system involved in the analytical procedure.

a. Determination of Phosphorus by Bray P-1 Extraction (Bray-1)

This method developed by Bray and Kurtz-1 (15) has been widely
used as an index of available P in soils. The extracting reagent
(0.03N NH4F in 0.025 N HC1l) is designed to remove easily acid-soluble
forms of P, largely Ca phosphates, and a portion of the Al and Fe
phosphates based upon the solubilization effect of the H' on soil P.
The NH4F dissolves A13t and Fe3t phosphates by its complex ion form-
ation with these metal ions in acid solution based on the ability of
the F~ to lower the activity of Al1*3 and to a lesser extent that of
ca2t and Fe'3 in the extraction system. Though the Bray test was ini-

tially limited to soils with pH values of less than 6.8, it is now
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routinely used on more alkaline soils. Calcareous soils or high pH
soils may be tested by this method, but higher ratios of extractant-to-
soil are often used (28, 37, 42, 89).

The Bray-1 method yields a standard curve that is essentially
linear to 10 ppm of P in the soil extract (approximately 200 Kg ha~l of
extractable P). The sensitivity is approximately 0.1l5 ppm in the
extract (3 Kg ha=l P in the soil).

The reproducibility of determinations by this procedure depends
upon the extent to which the times of extraction, filtration, and color
development are controlled. Reasonable control and thorough sample
preparation should give a coefficient of variation of about 57%.

The extraction time and the solution—-to-soil ratio in the origi-
nal procedure were 1 minute and 7 ml of extractant to 1.0g soil, respec-
tively. To simplify adaptation to routine laboratory work and to
extend the range of soils for which the extractant is suitable, both
the extraction time and the solution to soil ratio have been altered by
various laboratories.

When a wide range of acid neutral and calcareous soils is
found, the Bray extracting solution is still probably the best method
for routinely determining available P. Fitts (27), in a study involving
74 samples from a wide variety of United States and Canadian soils,
reported that the Bray extractant was least affected by soil proper-
ties. Peck (76) also concluded that the Bray test, when properly
calibrated to the soil group, was probably the most practical test for

available P where a large number of samples are processed. Van Diest
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(103) found that the Bray method showed high correlation coefficients
with soils having low and medium levels of labile P, but lower correla-
tion when soils high in labile P were included.

Anamolous behavior has, however, been observed with calcareous
soils. With high rates of phosphate fertilizers being applied, it has
become increasingly difficult for soil testing laboratories to determine
available P accurately in calcareous soils with the Bray extractant at
a 1:10 soil-to-solution ratio (11, 31). Even after several years of
uniform heavy phosphate applications on highly calcareous fields, the
soil test values tend to vary greatly and, in many cases, low P values
still occur (84). Although the soil test P seems to vary markedly on
these soils, differential crop growth and yield responses to phosphate
applications have not generally been shown. According to Cooke (21)
some form of P fixation during the extraction of soils with very dilute
acids is to be regarded as the rule rather than exception.

It is assumed that CaCO3 is exerting a repressive effect on the
extraction of P with the Bray solution (97), resulting in the extrac-
tion of less calcium phosphate (73). Blanchar and Caldwell (11)
showed the Bray-1 extractable P to be inversely related to the amount
of CaCO3 present in the soil. However, the CaCO3 equivalence was not
related to the Bray-1 extractable P; consequently, only calcite lime
repressed the extractable P. It was stated further by these investiga-
tors that in soils containing calcium carbonates the weak acid of the
Bray extractant is rapidly neutralized by the carbonate rather than

utilized in the dissolution of calcium phosphates. The repressing
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effect of the CaCO3 on the extraction of P may involve two mechanisms:
(a) neutralization of the dilute HCl1l by CaCO3 and (b) deactivation of
F~ ion by the Ca (11, 84).

Smillie and Syers (88) attributed the low Bray estimates for
calcareous soils to the formation of CaFy when the dilute HC1 is
neutralized by CaCO3. Syers et al. (95) in a study of the frac-
tionation of inorganic P in calcareous soils has shown that the
CaFp formed by the reaction of calcite with 0.5M NH4F immobilizes an
appreciable portion of the P released during this extraction.

The repressing effect of the carbonate on extractable P can be
greatly reduced by increasing the soil to extractant ratio. Smith et
al. (89) showed a soil-to-solution ratio of 1:50 to be superior to a
ratio of 1:7 for estimating available P in calcareous soils. Al-Abbas
and Barber (2) found that the amount of P extracted increased with
widening of the soil/extractant ratio. Randall and Grava (84) indi-
cated that available soil P from highly fertilized calcareous fields
could be determined more accurately by using wider ratios of soil to
Bray extractant. Fixen and Carson (28), in a study in South Dakota
concluded that the 1:50 ratio was the most highly correlated ratio with
yield response.

The amount of P extracted from soils by the Bray-1 extractant
also can be dependent on shaking time. This dependence on shaking time
has led to the use of different shaking times in soil test labora-
tories in different states. Hasett and Walker (35) found that a

shaking time of 1 or 5 minutes resulted in extraction of a higher



34

proportion of extractable P from soils with low P tests than from soils

with high P tests.

b. Determination of Phosphorus by Olsen's Sodium Bicarbonate

Extraction (Olsen P)

This extraction was first developed and described by Olsen et
al. (73) and has been modified since (66, 104). The extractant is a
0.5M NaHCO3 solution with a pH of 8.5. The solubility of Ca phosphate
in calcareous, alkaline, or neutral soils is increased because of pre-
cipitation of catt as CaCO3. In acid soils, P concentration in solu-
tion increases when Al and Fe phosphates such as variscite (A1PO4.2H0)
and strengite (FePO4.2H70) are present (53). Secondary precipitation
reactions are reduced in acid and calcareous soils because Fe, Al and
Ca concentrations remain low in the extract (69).

The molybdate complex obeys Beer's law (gives a straight line
when plotting the log of 7Z transmittance vs. concentration) up to a 2
ppm concentration of P in the final solution (66). The sensitivity of
this method is 0.02 ppm of P in the extract. The coefficient of
variation (cv) depends on the concentration of P in the extract. For
routine analysis, the cv may vary from 5 to 10%.

Possible sources of variation in the analytical results in the
NaHCO3 extraction method are associated with the temperature of the
extracting solution and the shaking speed (69). Data by Olsen et al.
(73) were obtained at 25° + 1° C. The extractable P increased approxi-
mately 0.43 ppm for each degree rise in temperature between 20° C and

309 c, for soils testing between 5 and 40 ppm of P.
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Plastic containers are preferable to glass for storing the
extracting solution. If glass is used, a fresh solution should be pre-
pared every month, since the pH tends to rise with time (69). This
change causes higher values for extractable P.

If a Burrell wrist-action shaker is used, the shaking speed is
set at 2. Other shakers may be used, but higher results will be found
when the speed increases greatly from the above description.

The extractant and its modifications generally give best
correlation with P uptake in calcareous soils (73, 80) and are adequate
in evaluating available P in soils where no significant reserve of
available P existed in organic form (l1). However, there are exceptions
to this generalization in calcareous soils. For instance, there was a
poor relationship between plant response and NaHCO3_ extractable P for
a wide range of calcareous Syrian soils (58). Correlation coefficients
became significant when the soils were classified according to physi-
cal, chemical and mineralogical properties. It was suggested that the
comparatively low coefficients for the limestone soils may be due to

variation in the nature and form of the CaCOj3.

2. Calibration

To convert soil test values for P into fertilizer recommen-
dations requires two sets of calibration information for each com-
bination of crop-soil type-climate: (i) the soil test level for P that
produces the maximum net return per acre for the overall input of pro-
duction units, considering the individual farmer's economic risk

situation and (ii) the quantity of fertilizer P that is required to
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reach that test level. The major advantage of what we will refer to as
the "double calibration” approach is that the soil-fertilizer-
extractant interaction and the plant-soil interactions are evaluated
separately and can be taken into account more directly when making fer-
tilizer recommendations.

The first component of calibration must be based upon crop yield
response information from field studies and should indicate the soil
test level of P beyond which no additional yield increments can be
expected. For Kentucky, soils testing more than 20-30 ppm P (NH4F-HC1,
1:10 ratio for 5 min) in the 15-cm layer normally will supply adequate
P for most species (100).

Relatively little information has been published regarding the
change in soil test values for P in the field as affected by varying
rates of application. Peck et al. (77) reported that field application
of 4 mg P Kg_l soil was required to change the NH4F-HCl extractable P
by 1 ppm in Illinois soils. In Kentucky soils Thomas and Peaslee (100)
found 3 to 6 ppm of P is required to change the soil test level 1 ppm
(5-min extraction time), which is similar to the 2 to 4 reported by
Griffin and Hanna (32) for New Jersey soils. These ratios have fre-
quently been considered as constant, but the P adsorption charac-
teristics of soils indicate that the ratio could decrease as the ini-
tial level of P is increased. For example, a soil initially having 5
ppm of extractable P may require 140 ppm of added P to reach the 40-ppm
level, but a soil initially at the 40-ppm will likely require appre-

ciably less than 140 ppm to reach 75 ppm of extractable P.




3. Interpretation

The conversion of soil test indices into rates of fertilization
ideally should be based upon experimental evidence. Unfortunately, the
diversity that occasionally may be seen among the rates suggested by
different laboratories for identical crop and soil conditions probably
reflects the general lack of research data necessary for the proper
execution of this step in soil testing (100).

Many laboratories are abandoning the reporting of test levels of
nutrients in "pounds per acre” (15 cm or 6 in depth) and are now
reporting in terms of coded numerical indexes (1 through 10) or as ppm.
The concentrations of extractable P that represent the generalized

categories of "low,"” "medium,"” and "high" for both of the extractants

discussed are presented in Table 2.

Table 2. Relative categorization of P concentrations into low, medium
and high for Bray and Olsen soil testing extractants.

Extractant

Relative, 0.03 N NH4F~
Soil Level 0.025 N HC1 1/ 0.5 M NaHCO3 2/

Extractable P in soil (Kg ha~ 1)
Very low & 6147
Low 6.7-16.8 0.0-10.0
Medium 16 .8-28.0 11.0-21.0
High 28 .0-44.8 22.0-33.0
Very High 44 .8

1/ Fertilizers Recommendations Guide - 1984. South Dakota State
University, Brookings.

2/ Crop production guide. 1984. Horth Dakota State University, Fargo.



38

A summary of this review points out an increasing need to com—
pare the Bray and Olsen soil tests under field conditions on mildly
calcareous soils. Therefore, the following study was undertaken to
determine the influence of P additions on the P extracted by the two
tests and the effects of various soil factors on the P extracted for
alkaline soils in eastern South Dakota. The relationship between P

extracted and crop yield response was also investigated.



MATERIALS AND METHODS
This study was conducted during 1983 and 1984 at five dryland
sites and one irrigated site in eastern South Dakota (Figure 4). Site

and soil characteristics are given in Table 3.

Field Methods

A single composited soil sample was taken in early 1983 to a
depth of 0-15 cm and 15-61 cm from each site prior to P application.
Again in June 1983 composited samples were taken from the 0-15 cm and
15-61 cm depths. Each composited sample was obtained by combining 15
cores from each plot from the 0-15 cm depth. Nine cores were com—
posited from each site from the 15-61 cm depth. In July 1984 soil
samples were taken from the 0-15 cm depth following the same procedure.
All soil and plant analyses were performed by the S.D.S.U. Soil Testing
Laboratory. The average soil test values for each site are presented
in Table 4.

All study sites were laid out in a randomized complete block
design with 4 replications. Six rates of P were broadcast prior to
tillage in the spring of 1983. Phosphorus rates used were 0, 28, 56,
112, 224 and 448 Kg P/ha. Additional fertilizer applied, if any,
is given in Table 5. Crops grown at each site from 1982 to 1984 are
given in Table 6. Cultural practices were those followed by the indi-
vidual cooperators. Precipitation for the growing season (April -
September) and the annual total for 1983, 1984 and a 30-year average

(1951 - 1980) are given in Tables 7-9.
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Table 3.

Description of the soils at the study sites.

Site

Soils

44

45

46 (irrigated)

Williams loam (Typic Argiborrols. Fine-loamy, mixed)
within a Williams-Bowbells loam, 3-67% slopes map unit.
Zahl loam (Entic Haploborrols, Fine-loamy mixed)
within a Vida-Zahl loam, 6-15% slopes.

Udorthentic Haploborrols. Fine-loamy, mixed. Buse
loam, 0-47% slopes.

Sisseton loam (Typic Udorthents. Coarse-loamy,

mixed 'Calcareous', frigid) within a
Heimdal-Sisseton loams, 2-6% slopes.

Ethan loam (Typic Calciustols, fine-loamy, mixed,
mesic) within Ethan-Egan complex, 5-9% slopes.

Ethan loam (Typic Calciustolls, fine-loamy, mixed,
mesic) within Egan-Ethan complex, 2-67% slopes.

47

48

49

Table 4.

Site Depth

cm

44 0-15
15-61

45 0-15
15-61

46 0-15
15-61

47 0-15
15-61

48 0-15
15-61

49 0-15
15-61

*Q = no fizz;

Average soil test values for individual sites.

pH Fizz* NO3-N Initial P K ) 0.M
s s MEeSIE Bray Olsen Salts
e Kg ha™! —====—- i
6.8 0 14.3 41.4 29.7 1090 0.30 8.2
7.8 1.7 10.0 20 2 L 860 0.30 2.7
8.0 2.3 30.3 8255 202 690 0.40 2.8
8.1 43.3 600 0.45 2l
76 1.6 63.5 32.15 116:.8 320 0.46 2.8
8.2 48 .4 420 0.41 1.4
8.0 249 22,52 35.6 44.0 420 0.39 3.7
7.9 22.4 360 0.40 8.3
8.0 3.0 8518 2.6 18.5 410 0.50 2.8
8.0 40.0 290 0.50 1.6

1 = little fizz; 2 = moderate fizz; 3 = high fizz.



Table 5. Non-treatment fertilizer applied at each site in 1983 and

1984.
Year
1983 1984
Site N-P205-K20 N-P205-K20
-——- Kg ha=% -
44 101-0-0 None
45 101-0-0 None
46 None 16-18-0
47 None None
48 188-0-0 18-20-17
49 None 18-20-17

Table 6. Crops grown at the different sites from 1982 to 1984.

Crop |

Biter ¥ - Y 2GR il B 1984

44 Oats Wheat Corn

45 Wheat Wheat Barley
46 Corn Corn Soybeans
47 Corn Corn Oats

48 Oats Corn Oats

49 Soybeans Soybeans Corn
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Table 7. Precipitation for the growing season (April-September) and
the annual total at study sites for 1983.
Site
44 45 46 47 48 49
Precipitation for 382 382 385 337 543 543
growing season
(April-September)
Annual Precipitation SIs2 SIi2 429 561 739 739

Table 8. Precipitation for the growing season (April-September) and

the annual total at study sites for 1984.

Site

3 e -3 44 45 46 47 48 ek -
- k- e Q)] ——————
Precipitation for 338 338 464 500 550 550
growing season
(April-September)
Annual Precipitation 4§§ _§§3 628 _]ﬁ6 741 741
Table 9. Thirty-year average precipitation (1951-1980) for the growing

season (April-September) and the annual total at study sites.

Site
- - 44 45 46 47 48 49
—————— T s
Growing season 350 350 366 417 461 461
precipitation
(April-September)
Annual Precipitation 432 432 471 558 611 611




Laboratory Methods

a. Leaf Analysis

Fifteen leaf samples from each corn plot were collected at the
silking stage for leaf analysis. Samples were dried in paper bags at
40-50° C in a forced-air drver. They were then ground to pass a
60-mesh stainless steel screen using a Wiley ED-5 mill and stored in
paper envelopes. They were redried overnight at 65-70° C just prior to
analysis.

A wet digestion procedure was used for both P and Zn. One gram
of ground plant material was placed in a 25 mm x 15 mm test tube. Five
ml of nitric acid was added to each flask and allowed to stand over-
night. Tubes were placed in blocks and heated at 130° C until reddish
flames were gone. Two and a half ml of perchloric acid were added and
heat was carefully increased to 180° C. When digestion was completed a
colorless liquid developed. Solution was filtered using No. 31 filter
paper into 50 ml volumetric flasks.

Phosphorus content was determined colorimetrically using
Barton's reagent. Zinc was determined by atomic absorption spectropho-

tometry.

b. Soil Analysis
1. Bray and Kurtz-P procedure (Bray)
This procedure is an adaptation of the Bray and Kurtz No. 1
method. It has been correlated to field response found in P fertilizer

trials throughout the state. One gram of 2 mm crushed soil was measured
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into a set of 50 ml Erlenmeyer flasks in a rack. Ten milliliters of
the extracting solution (0.03 N NH4F,0.025N HCl) was added to each
flask. The racks were shaken for 2 minutes at 200 OPM and filtered
immediately into marked filter tubes through S + S No. 597 filter
paper. Filtrate above the 5 ml mark on the tube was removed by means
of an aspirator connected by tygon tubing to a thin glass tube. One
quarter milliliter each of molybdate reagent and of the reducing
reagent (sulfonic acid) were added to each tube and mixed with the vor-
tex mixer. Fifteen minutes were allowed for color development. The
tubes were then inserted into a spectrophotometer that had been set at
655 nm and had been adjusted at the O percent T with the light blocked
off and the 100% T with distilled water. The spectrophotometer reading
was determined and the amount of P per unit area was obtained directly

from a calibration curve (ppm P in filtrate x 17.9 = Kg P/ha in soil).

2. Olsen-P procedure

Two grams of soil were measured into a set of 50 ml Erlenmeyer
flasks. Forty milliliters of extracting solution (0.5 M NaHCO3 with a
pH of 8.5) were added to each flask and shaken at 200 OPM for 30 min-
utes. The mixture was filtered using Whatman No. 2 filter paper.
Extracts had an organic color. Five millimeters of the extractant were
transferred into a 50 ml Erlenmeyer flask. Fifteen milliliters of
distilled water and five milliliters of ascorbic acid were added to
each flask, and the mixture was agitated on a shaker for 2 minutes.
Filtrate readings were determined on a probe colorimeter and converted

to P content per unit area in soil (ppm P in filtrate x 35.7 = Kg P/ha
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in soil).

Harvest Methods
Harvesting of corn and soybeans was done by hand. In corn,
three meters of the four center rows were harvested, while in soybeans
three meters of the two center rows were harvested. In small grains
an area of 24 m x 76 m per plot was harvested with a small plot

combine.

Statistical Methods
Statistical analyses were performed on the S.D.S.U. computer
using a Statistical Analysis System developed by North Carolina State

University (8).




RESULTS AND DISCUSSION

The results will be presented in three major sections: (A) soil

test analysis, (B) plant analysis, and (C) yield.

A. Soil Analysis

The Bray and Kurtz No. 1 (Bray) method and the Olsen method have
been used to estimate available soil P in South Dakota and the former
test has been correlated to the response found in P fertilizer trials

throughout the state.

1. Bray & Kurtz-P No. 1 Soil Test

The Bray soil test indicated that five of the six sites con-
tained high to very high amounts of extractable P for both years for
almost all the rates of P05 applied (Figure 5). All the sites con-
tained more extractable P in 1983 than in 1984 except sites 46 and 48
where the individual cooperators applied P fertilizer in 1984. Site 49
did not show this same trend, although P fertilizer was also applied in
1984. In both years, site 49 was low in extractable P. This site was
the most eroded and had the highest fizz test of all the sites.

The high fizz test indicates that this so0il either had more carbonate
minerals or more reactive carbonate minerals than the other soils, which
could have caused neutralization of the HCl and complexing of the
fluoride in the extracting reagent (28). Figure 6 clearly shows the
effect of the fizz test on the Bray-P availability. As the fizz test

increased, Bray-P level dramatically decreased.
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Most of the coefficients of determination, r2, for the sites were

>
quite high for both years, indicating a high corrlation between
Bray P and applied P (Table 10). The largest drop in soil test level
from 1983 to 1984 occurred at site 44 where corn followed wheat. The
second highest drop occurred at site 47 where oats followed corn. Less
soil test decline occurred at sites 45 and 49. Sites 46 and 48, where
the individual cooperators applied P fertilizer, showed a slight gain
in soil test P.

The slope of each regression line, b, is an indicator of the
buffering ability of that soil. B values and other pertinent soil

characteristics are given in Table 11. The lower the b value, the

higher the buffering capacity of the soil and the greater the amount of

P»05 that must be applied to change the soil test level by 1 unit. The
lowest Bray b value (0.02) and highest fizz test were observed at site
49. At least two factors could have caused this low b value. As
discussed earlier, soil carbonate could have neutralized the extracting
solution and resulted in low extractable P levels even though con-
siderable plant available P was present. The second possibility is
that the soil at this site had a higher fixing capacity for P and a
greater amount of P05 had to be applied to change the soil test level.
The highest slope was observed at site 45, indicating that the
soil at this site had the lowest P buffering capacity.

An attempt was made to evaluate the relationship between b and
several soil factors. Factors evaluated were the fizz test, pH and the

initial soil P test level. There was no statistical relationship




52
Table 10. Regression equations for predicting Bray P level from
applied P fertilizer.

Site Year Equation r2 Sign.
44 83 50 + 0.22 Py0s5 0.96 0.01
84 46 + 0.11 P90s5 0.77 0.05
45 83 51 + 0.20 P705 0.98 0.01
84 35 + 0.15 P705 0.95 0.01

46 83 37v# 006 Pyp@s 0.61 NS
84 28 + 0.13 P05 0.97 0.01
47 83 57 # 0.8 P05 0.97 0.01
84 44 + 0.08 P05 0.70 0.05
48 83 32 + 0.11 P05 0.84 0.01
84 31 '£N0.11 <B) 05 0.71 0.05
49 83 4 + 0.04 Py05 0.71 0.05

84 2 + 0.02 P05 0.62 NS

NS —-- Not significant at 0.05 probability level.

Table 11. Bray b for 1984 and other pertinent soil characteristics
across the sites.

Site pH Fizz test Initial P Bray b '84
By == ——— " -kg ha I-

44 6.8 0 46 .4 0.11

45 7.8 1857 30.5 0115

46 8.0 2.3 36 .4 0.13

47 lactS) 1.6 36 .4 0.08

48

49
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between the fizz test level or pH and the b value for Bray (Figure 7 and
8). 1In Figure 9, as the initial soil test P increased, b tended to

decrease. The entire relationship, however, was due to site 49.

2. Olsen-P

The Olsen-P soil test indicated that the sites contained a
medium to very high amount of soil P for both years for all the dif-
ferent rates of P905 applied (Figure 10). 1In this test all the sites
contained more P in 1983 than 1984. As was the case using the Bray
test, site 49 had the lowest amount of Olsen-P especially for 1984
although it still tested in the medium category. Site 49 apparently
had a higher fixing capacity for P since the carbonate content of the
soil would not have interfered with P extraction by this test. Unlike
for the Bray test, the fizz test did not affect the Olsen-P levels at
site 47.

The coefficients of determination, r2, were high for most of the
sites indicating a high correlation between the Olsen—P and applied P
(Table 12). Overall, the coefficients of determination were generally
greater in the Olsen test than in the Bray test. The regression coef-
ficients, b values, were lower at all the sites in 1984 than 1983 due
likely to the additional mixing of soil and fertilizer caused by
tillage. This mixing usually speeds the conversion of soluble fer-
tilizer reaction products to less soluble minerals.

As already mentioned, the slope of the regression line, b, is an
indicator of the buffering ability of the soil. B values and other

pertinent soil characteristics are given in Table 13. The lowest
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Table 12. Regression equations for predicting soil Olsen-P test from
applied P fertilizer.

Site Year Equation r2 Sign.

44 83 37 + 0.28 P305 299 .01
84 41 + 0.05 P05 0.46 NS

45 83 33 + 0.32 P05 1.00 .01
84 26 + 0.09 P,05 0.60 .01

46 83 36 + 0.20 P05 0.96 .01
84 16 + 0.16 P,05 0.95 .01

47 83 34 + 0.41 Py05 0.99 .01
84 24 + 0.09 P705 0.85 (0L

48 83 49 + 0.24 P705 0.92 .01
84 43 + 0.09 P,05 0.95 .01

49 83 18 + 0.23 P05 1.00 .01
84 17 + 0.03 P505 0.94 .01

Table 13. Olsen b for 1984 and other pertinent soil characteristics

across sites.
Site pH Fizz test Enitiat B = Olsen b '84
~-kg ha—+-

44 6.8 0 3343 0.05

45 7=8 W 7/ 19.5 0.07

46 8.0 248 22.6 0.16

47 759 1.6 18.8 0.09

48 8.0 249 49 .3 0.09

49 8.0 3.0 20.7 0.03
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b values (0.03) and highest fizz test were again observed at site 49,
indicating that this soil had a higher P fixing capacity. The highest
b value (0.16) was observed at site 46, indicating that for this test,
this soil had the lowest P fixing capacity. The greatest drop in slope
from 1983 to 1984 was at site 47 where oats followed corn. Site 44
where corn followed wheat and site 45 where barley followed wheat were
second and third, respectively, in the change of soil-P. The change in
s0il-P was similar for the remaining sites.

As in the case of Bray, there was no statistical relationship
between the fizz test and pH and b values (Figure 11 and Figure 12).
The initial soil test P level did not affect the b values for Olsen P

(Figure 13).

3. Relationship between the Bray and Olsen soil test levels.

The relation between Bray and Olsen soil test results for both
years across all the sites for the different treatments is presented in
Figures 14 and 15. There is less spread and somewhat better correla-
tion for the two tests in 1984 than in 1983. This could be due to the
greater time the fertilizer products were in the soil and to the addi-
tional tillage operations that increase the mixing of fertilizer reac-
tion products and soil.

For both years the Bray test did not reflect fertilizer addi-
tions at site 49. The factors involved in lack of response by the Bray
test were probably the high reactivity of the carbonates and the rapi-
dity of the soil fixation process of this site. Olsen test results

were much lower in 1984 than in 1983 at site 49 due to the more intimate
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mixing of fertilizer reaction products and soil by the tillage opera-
tions.

At site 48 the Olsen test extracted more P than the Bray, due
likely to the calcareousness of the site. At site 44 both tests
extracted similar amounts of P for 1983.

For sites 44 and 45 and for all but the highest rate at 46 and
47, the Bray test extracted more P than the Olsen in 1984. At the
highest rate of fertilizer applied, a much larger increase was observed
for the Olsen test than the Bray test due possibly to a more efficient
extraction for the Olsen test. The Olsen procedure utilizes a
30-minute extraction period compared to only a 2 minute period for the

Bray test.

B. Plant Analysis Results

The analysis of plant material presents another approach to
determine the nutrient availability of a soil. This technique is
based on the concept that the content of a particular nutrient in the

plant increases as its availability in the soil increases.

1. Nutrient Uptake

Leaf samples taken at the silking stage on 3 sites where corn
was grown in 1983 were analyzed for P and Zn. The analytical results
are given in Table 14 and graphed in Figure 16. Corn leaves in the
investigated sites showed a high content of P ranging from 0.228% to
0.325%. Applied P caused minor changes in leaf P content. Zinc con-

tent varied from 9.9 to 15.9 mg kg_1 and generally decreased as the
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Table 14. Plant analysis results from corn sites, 1983.

Site

P705 46 47 48
Applied B Zn
1bs A~L ;- ppm
0] 0.235 1E520
25 0.228 1825l
50 0.272 14.1
100 0.235 1518330t
200 0.235 11.4
400 0.253 10.4
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amount of P70g5 applied increased. The SDSU Testing Laboratory cites

concentrations below 20 mg kg_1

as being low for corn (22). Corn is

sensitive to Zn deficiency, especially when large quantities of P fer-
tilizer are used. The plant analysis data confirms the visual Zn defi-
ciency symptoms observed on early growth, particularly at sites 46 and

47 . Figure 16 depicts the relationship between % P and the Zn content

of corn leaves. As the P content increased, the Zn content decreased.

C. Crop Yield Results

Site 45 was the only site where crop yield was below the county
average for 1983. Precipitation was also below the seasonal average at
this site, and Hessian fly larvae were spotted during the growing season.

Table 15 shows crop yield results for each treatment at all
sites in 1983 and 1984. Most of the sites in the study showed no yield
response for both years although, generally, there were trends of
increasing yield as P increased. Yield responses significant at least
at the 0.20 probability level were observed at site 48 in 1983 and at
sites 45 and 49 in 1984 (Figure 17). Although Zn levels were marginal,
since there was no indication of a Bell-shaped relationship, it is
unlikely that the Zn deficiency was the cause of the lack of yield

response.
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Table 15. Crop yield results by treatments at individual sites for 1983
and 1984.
Sign.
= = = Nillellid—by.: B5Osi*aippliiied of
Site  Year  Crop 0 28 56 112 224 448  F
______________ Bp e T e =
44 83 Wheat 1440 1440 1470 1520 1480 1510 NS1/
84 Corn 1620 1510 1720 1700 1520 1460 NS
45 83 Wheat 1400 1350 940 1160 1250 1200 NS
84 Barley 5180 5430 4710 4900 5340 5490 0.1
46 83 Corn 9900 9780 9890 9420 8980 10000 NS
84 Soybeans 2760 2790 3060 2950 2990 2900 NS
47 83 Corn 3560 3030 2600 2700 3030 2940 NS
84 Oats ————— — ——eee — - — -—
48 83 Corn 5300 5110 5050 5170 5600 5500 0.17
84 Oats 2710 2560 2470 2860 2760 2740 NS
49 83 Soybeans 2420 2320 2420 2390 2370 2590 NS
84 Corn 6750 5790 6800 6510 7120 6870 .05

1/ Nonsignificant at 0.20 probability level.
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SUMMARY AND CONCLUSION

Field experiments were conducted during 1983 and 1984 at 6 sites
in eastern South Dakota to compare the Bray and Olsen soil P tests.
Both soil tests predicted medium to very high amounts of available P
for both years for all but one site. In both years, site 49 was low in
extractable P and exhibited a high P fixing capacity. This site had
the highest fizz test and the lowest slope of soil test level versus P
applied. The high fizz test that indicates a large quantity of reac-
tive carbonates existed in the soil. The Bray test did not reflect the
fertilizer additions at site 49 due likely to partial neutralization of
the extractant by carbonates and due to the high P fixing capacity of
this soil. It was clearly shown at site 47 that as the fizz test
increased, Bray-P levels decreased dramatically. The coefficients of
determination for the Bray test were quite high indicating a high
correlation between the soil test P and applied P.

For the Olsen test site 49 again had the lowest amount of
extractable P. This was likely due to the high P fixing capacity of
this soil. At site 47 the fizz test did not affect the Olsen-P levels.
The coefficients of determination were high for most of the sites, indi-
cating a high correlation between the Olsen—-P and applied P.

The relationship between the Bray test and the Olsen test
was evaluated. In 1983 both tests were predicting similar amounts
of extractable soil P except at site 49, where the Bray test was not
reflecting fertilizer additions. The Olsen test at this site reflected

the fertilizer additions to a limited extent, especially in 1984. 1In




71
1984, the Bray test was predicting more available P than the Olsen test
at all sites except one.

Other factors evaluated were the fizz test, pH, and initial soil
P. For the Bray test no correlation was found between the slope of the
regression equation and the fizz test or the pH. As the initial soil
test P increased, the slope decreased.

Similarly, for the Olsen test, there was no statistical rela-
tionship between the fizz test and b values. Neither the soil pH or
initial P test level affected the measured b values.

Although there were no significant yield responses, some trends
of increasing yield with fertilizer additions occurred. Corn leaf
samples taken at silking stage showed a correlation between P applied
and Zn content. As the P content increased, the Zn content decreased.
However, it is unlikely that Zn deficiency was the cause of the lack of
the yield response to fertilizer P applied.

This study shows that generally both tests were predicting the
available soil P content of eastern South Dakota alkaline soils and,
thus, could be used as tools for predicting supplemental P require-
ments. Sites where the Bray test does not reflect fertilizer additions
also appear to have high P fixing capacities. Thus, the Bray test may

have some potential as a screening test for high P fixing soils.




10.

11.

1L2%

13.

LITERATURE CITED

Abbot, J. L. 1978. Importance of the organic P fraction in
extracts of calcareous soils. Soil Sci. Soc. J. 42:81-84.

Al-Abbas, A. H., and S. A. Barber. 1964. A soil test for phos-—
phorus based upon fractionation of soil phosphorus: II.
Development of the soil test. Soil Sci. Soc. Amer. Proc.
28:221-224.

Amer, F. and A. Ramy. 1971. On the possibility of characterizing
calcium phosphates in calcareous soils by isotopic exchange.
J. Soil Sci. 22:267-274.

Andrew, C. S. 1962. C.I.S.R.0. Australia, Division of Tropical
Pasture, Annual Report. 1961-1962.

Aslyng, H. C. 1954. The lime and phosphate potentials of soils:
the solubility and availability of phosphates. Roy. Vet. and
Agr. Col., Coppenhagen, Denmark Yearbook reprint, pp. 1-50.

Bache. 1964. Aluminum and iron phosphate relating to soil. 1I.
Reactions between phosphate and hydrous oxides. J. Soil
Sci. #15:L10-116.

Barber, S. A., J. M. Walker and E. H. Vasey. 1963. Mechanisms
for the movement of plant nutrients from the soil and
fertilizer to the plant root. J. Agric. Fd. Chem. 11:204-207.

Barr, A. J., J. H. Goodnight, J. P. Sall and J. T. Helwig. 1976.
A user's guide to SAS. SAS Institute, Raleight, N. C.

Bear, F. E. 1953. Soils and fertilizers. Fourth ed., Wiley
and Sons, Inc. New York.

Bhat, K. K. S. and P. H. Nye. 1974. Diffusion of phosphate to
plant roots in soil: III. Depletion around onion roots
without root hairs. Plant and Soil 41:383-394.

Blanchar, R. W. and A. C. Caldwell. 1964. Phosphorus uptake by
plants and readily extractable P in soils. Agron. J. 56:
218-221.

Boischot, P., M. Coppenot and J. Hebert. 1950. Fixation de
1'acide phosphorique sur le. Plant and Soil 2:311-322.

Bole, J. B. 1973. 1Influence of root hairs in supplying soil P
to wheat. Can. J. of Soil Sci. 53:169-175.




14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

73

Bray, R. H. 1948. Requirements for successful soil tests.
Soil Sci. 66:83-89.

Bray, R. H. and L. T. Kurtz. 1945. Determination of total

organic and available forms of phosphorus in soils. Soil
Sci. 59:39=45.

Buehrer, T. F. 1932. The physico-chemical relationships of
soil: phosphates. Ariz. Agr. Exp. Sta. Tech. Bull. 42:155-
2/128.

Case, V. W., N. C. Brady and D. J. Lathwell. 1964. The influence
of soil temperature and phosphorus fertilizers of different
water solubilities on the yield and phosphorus uptake by oats.
Soil Sci. Soc. Am. Proc. 28:409-412.

Chang, S. C. and M. L. Jackson. 1958. Soil phosphorus fraction-
ation in some representative soils. J. Soil Sci. 9:109-119.

Cole, C. V. and M. L. Jackson. 1950. Colloidal dihydroxy
dihydrogen phosphates of aluminum and iron with crystalline

character established by electron and X-ray diffraction. J.
Phys. Colloid Chem. 54:128-142.

Cole, C. V., S. R. Olsen and C. O. Scott. 1953. The nature of
phosphate sorption by calcium carbonate. Soil Sci. Soc.
Amer. Proc. 17:352-356.

Cooke, G. W. 1951. Fixation of phosphate during the acid
extraction of soils. Soil Sci. 2:254-262.

Cooperative Extension Service, South Dakota State University,
FS 674.

Crop Production Guide. 1984. North Dakota State University,
Fargo.

Davis, L. E. 1935. Sorption of phosphate by non-calcareous
Hawaiian soils. Soil Sci. 40:129-158.

Dean, L. A. 1934. Electrodialysis as a means of studying the
nature of soil phosphates. Soil Sci. 37:253-265.

Fertilizer Recommendations Guide. 1984. South Dakota State
University, Brookings.

Fitts, J. W. (Soil Test Work Group). 1956. Soil tests
compared with field, greenhouse and laboratory results.
North Carolina Agr. Exp. Sta. Tech. Bull. 121.




28.

29.

30.

Sl

32.

33.

34.

3i55

36.

37.

38.

39.

40.

41.

74

Fixen, P. E. and P. L. Carson. 1978. Relationship between soil
tests and small grain response to P fertilization in field
experiments. Agron. J. 70:838-844.

Fixen, P. E., A. E. Ludwick and S. R. Olsen. 1983. Phorphorus
and potassium fertilization of irrigated alfalfa on
calcareous soils: II. Soil phosphorus solubility relation-
ships. Soil Sci. Soc. Amer. 47(1):112-117.

Fried, M., C. E. Hagen, J. F. Saiz del Rio and J. F. Leggett.
1957. Kinetics of phosphate uptake in soil-plant system.
SoiliSci. 841427-437.

Grava J. W., W. C. Dahnka and J. R. Brown. 1971. Bray-1 (1:50).
Phosphorus Method Task Force Report. NCR-13 Operations
Subcommittee Report.

Griffin, G. F. and W. J. Hanna. 1967. Phosphorus fixation and
profitable fertilization: 1. Fixation in New Jersey soils.
Soil Sci. 103:202-208.

Gunary, D. and C. D. Sutton. 1967. Soil factors affecting plant
uptake of phosphate. J. Soil Sci. 18:167-173.

Haseman, J. F., E. H. Brown and C. Whitt. 1950. Some reactions
of phosphate with clays and hydrous oxides of iron and
aluminum. Soil Sci. 70:257-271.

Hassett, J. J. and W. M. Walker. 1974. Method of correcting
for the effect of shaking time on the Bray-P test. Agron.
J . Hi6161:1825=828..

Hemwall, J. B. 1957. The fixation of phosphorus by soils. Adv.
in Agronomy. IX:95-112. Academic Press Inc., New York.

Hinkle, D. A. 1942. Efficiency of various phosphate fertilizers
on calcareous soils for alfalfa and sweet clover. Jour.
Amer. Soc. Agron. 34:913-918.

Hoagland, D. R. and J. C. Martin. 1923. A comparison of sand
and solution cultures with soils as media for plant growth.
Soid ' 'Sci~ul64367=388%

Holford, I. C. R. and G. E. G. Mattingly. 1975. Surface areas of
calcium carbonate in soils. Geoderma. 13:247-255.

Houghland, G. V. C. 1947. Minimum phosphate requirement of
potato plants grown in solution cultures. J. Agr. Res. 75:
I=1i8%

Hsu, P. H. 1964. Adsorption of phosphate by aluminum and iron
in soils. Soil Sci. Soc. Amer. Proc. 28:474-478.




42.

43.

44,

45.

46.

47.

48.

49.

50.

51..

52.

58.

54.

55.

75

Jackson, M. L. 1958. Phosphorus determinations for soils. In:
Soil Chemical Analysis. P. 134-182. Prentice Hall, Inc.
Englewood Cliffs, New Jersey.

Jones, U. S. 1953. Phosphate fertilizers. Miss. State
College Agric. Exp. Sta. Bull. 530:1-35.

Kelly, J. B. and A. R. Midgley. 1943. Phosphate fixation —- an
exchange of phosphate and hydroxyl ions. Soil Sci. 55:167-
176.

Kitrick, J. A. and M. L. Jackson. 1956. Electron microscope
observation of reactions of phosphates with minerals leading
to a unified theory of phosphate fixation in soils. J.
Soil Sci. 7:81-89.

Kuo, S. and E. G. Lotse. 1972. Kinetics of phosphate adsorption
by calcium carbonate and Ca-kaolinite. Soil Sci. Soc.
Amer. Proc. 36:725-729.

Kurtz, T., E. E. DeTurk and R. H. Bray. 1946. Phosphate adsorp-
tion by Illinois soils. Soil Sci. 61:111-124.

Lahav, N. and G. H. Bolt. 1963. Interaction between calcium
carbonates and bentonite suspensions. Nature (Long.) 200:
1343-1344.

Lewis, G. C., G. 0. Baker and R. S. Snyder. 1950. Phosphate
fixation in calcareous soils. Soil Sci. 69:55-62.

Lewis, D. G. and J. P. Quirck. 1962. Diffusion of phosphate in
soil. Intern. Soc. Soil Sci. (New Zealand) Trans. Comm. IV
and V:132-138.

Lewis, D. G. and J. P. Quirck. 1967. Phosphate diffusion in
soil and uptake by plants. Plant and Soil 26:454-468.

Lindsay, W. L. 1977k. Phosphate. 1In. Chemical Equibria in
Soils. P. 162-209. John Wiley & Sons, Inc. New York.

Lindsay, W. L., A. W. Frazier and H. F. Stephenson. 1962.
Identification of reaction products from phosphate fertiliz-
ers in soils. Soil Sci. Soc. Amer. Proc. 26:446-452.

Lindsay, W. L. and E. C. Horeno. 1960. Phosphate equilibria
in soils. Soil Sci. Soc. Amer. Proc. 24:177-182.

Lindsay, W. L. and A. W. Taylor. 1960. Phosphate reaction pro-
ducts in soil and their availability to plants. 7th Int.
Congr. Soil Sci., Madison, Wisconsin. 3:580-589.




56.

57.

58.

59.

76

Low, P. F. and C. A. Black. 1947. Phosphate induced decompo-
sition of akolinite. Soil Sci. Soc. Amer. Proc. 12:180-184.

Low, P. F. and C. A. Black. 1950. Reactions of phosphate with
kaolinite. Soil Sci. 70:273-290.

Matar, A. E. and M. Samman. 1975. Correlation between NaHCO3~

extractable P and respone to P fertilizer in pot tests.
Agron. J. 67:616-618.

Mattson, S. 1930. 1931. The laws of soil colloidal behavior.
III and IV. Isoelectric precipitates. Soil Sci. 30:459-
289155 23k WSV

60. McGeorge, W. T. 1939. Studies on plant food availability in

61.

62.

63.

64.

65.

66 .

67.

68.

alkaline—-calcareous soils: Seedling tests and soil analysis.
Arizona Agr. Exp. Sta. Tech. Bull. 82:295-331.

McGeorge, W. T. and J. F. Breazele. 1931. The relation of
phosphate availability and carbon dioxide to the fertility of
calcareous soils. Ariz. Agr. Exp. Sta. Bull. 36:361-412.

McGeorge, W. T. 1939. Factors influencing the availability of
native soil phosphate and phosphate fertilizer in Arizona
soils. Arizona Ag. Exp. Sta. Tech. Bull. 82.

McLachlan, K. D. 1965. The nature of available P in some arid
pasture soils and a comparison of estimating procedures.
Aust. J. Exp. Agric. Anim. Husb. 5:125-132.

Mengel, K. and E. A. Kirby. 1982. Phosphorus p. 387-409.
In: Principles of plant mutrition. Third ed. International
Potash Institute, Bern, Switzerland.

Mul jadi, D., A. M. Posner and J. P. Quirk. 1966. The mechanism
of phosphate adsorption by kaolinite, gibbsite and
pseudoboehmite. II. The location of the adsorption sites.
J. Soil Sci. 17:230-237.

Murphy, J. and J. P. Riley. 1962. A modified single solution
method for the determination of phosphate in natural waters.
Anal. Chem. Acta. 27:31-36.

Oko, B. F. D. and A. A. Agboola. 1974. Comparison of different
phosphorus extractants in soils of the western state of
Wigeria. Agron. J. 66:639-642.

Olsen, S. R., L. V. Cole and R. E. Danielson. 1961. Phosphorus
adsorption by corn as affected by moisture and phosphorus
concentration. Soil Sci. Soc. Am. Proc. 25:289-294.




69.

70.

7.

72.

73.

74.

/)5

76.

77 .

78.

79.

80.

77

Olsen, S. R. and L. A. Dean. 1965. Phosphorus p. 1044-1046.
In: C. A. Black (ed.). Methods of soil analysis. Agronomy
No. 9. Amer. Soc. Agron. Madison, Wisconsin.

Olsen, S. R. and F. S. Watanabe. 1970. Diffusive supply of
phosphorus in relation to soil texture variations. Soil
Sci. 110:318-327.

Olsen, S. R., F. S. Watanabe and R. E. Danielson. i 1961.
Phosphorus absorption by corn roots as affected by moisture
and phosphorus concentration. Soil Sci. Soc. Amer. Proc.
25928929 4%

Olsen, S. R., F. S. Watanabe, H. R. Cosper, W. E. Larson and L. B.
Nelson. 1954. Residual phosphorus availability in long-
time rotation on calcareous soils. Soil Sci. 78:141-151.

Olsen, S. R., C. V. Cole, F. S. Watanabe and L. A. Dean. 1954.
Estimation of available phosphorus in soils by extraction
with sodium bicarbonate. U. S. Dept. Agr. Circ. 939, 19 pp.

Olsen, R. A., M. B. Rhodes and A. F. Drier. 1954. Available
phosphorus status of Nebraska soils in relation to series
classification, time of sampling and method of measurement.
Agron. J. 46:175-180.

Ozanne, P. G. and T. C. Shaw. 1967. Phosphate sorption by soils
as a measure of phosphate requirement for pasture growth.
Aust. J. AGr. Res. 18:601-612.

Peck, T. R. 1962. The evaluation of the available phosphorus
tests for Wisconsin soils. Ph.D. thesis. Univ. of
Wisconsin. Order No. 62-4726. Univ. Microfilms. Ann
Arbor, Mich. (Diss. Abstr. 23:1150).

Peck, 'T. Rl =T iKuntz rand He ke (S aTandon.: | #1971 .
Changes in Bray P-1 soil phosphorus test values resulting
from applications of phosphorus fertilizer. Soil Sci. Soc.
Ann. Proc. 35:595-598.

Prasad, M. T., M. Spiers and I. C. Ravenwood. 1981. Soil testing
of horticultural substrates. Commun. in Soil Sci. Plant
Anal. 12(9):839-851.

Pissarides, A., J. W. B. Stewart and D. A. Rennie. 1968.
Influence of cation saturation on phosphorus adsorption
by selected clay minerals. Can. J. Soil Sci. 48:151-157.

Prassad, M., T. M. Spiers and I. C. Ravenwood. 1981. Soil
testing of horticultural substrates. Commun. in Soil Sci.
Plant Anal. 12(29):839-851.




81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9l

78

Rajan, S. S. S. 1975. Phosphate Adsorption and the displacement
of structural silicon in an allophane clay. J. Soil Sci. 26:
250-256.

Rajan, S. S. S. and K. W. Perrott. 1975. Phosphate adsorption
by synthetic amorphous aluminosilicates. J. Soil Sci. 26:
257-266.

Rajan, S. S. S., K. W. Perrott and W. M. H. Saunders. 1974.
Identification of phosphate reactive sites of hydrous alumina
from proton consumption during phosphate adsorption at
constant pH values. J. Soil Sci. 25:438-447.

Randall, G. W. and J. Grava. 1971. Effect of Bray No. 1 ratios
on the amount of phosphorus extracted from calcareous
Minnesota soils. Soil Sci. Soc. Am. Proc. 35:112-114.

Reifenberg, A. and S. J. Buckwold. 1954. The release of silica
from soils by the orthophosphate anion. J. Soil Sci.
58106=115%

Scarseth, C. N. 1935. The mechanism of phosphate retention by
natural aluminosilicate colloids. J. Am. Soc. Agron.
27, 159616116 .

Schuffelon, A. C. 1971. (G) Nutrient content and nutrient

release in soils. Vortragstaguug Chemic und Landwirstchaftlich-
chemische. Bundesversuchsanstalt Wien: 27-42.

Smillie, G. W. and J. K. Syers. 1972. Calcium fluoride formation
during extraction of calcareous soils with Fluoride: II.
Duplications to the Bray P-1 test. Soil Sci. Soc. Proc.
86:25=30..

Smith, F. W., G. B. Ellis and J. Grava. 1957. Use of acid-
fluoride solutions for extraction of available phosphorus in
calcareous soils and in soils to which rock phosphate has
been added. Soil Sci. Soc. Am. Proc. 21:400-404.

Soltanpour, P. N., F. Adams and A. C. Bennett. 1974. Soil
phosphorus availability as measured by displaced soil
solutions, calcium chloride extract, dilute—acid extracts
and labile phosphorus. Soil Sci. Soc. Amer. Proc. 38:225-
234.

Sommer, A. L. 1936. The relationship of the phosphate concen-
tration of solution cultures to the type and size of root
systems and the time of maturity of certain plants. J. Agr.
Res. 52:133-148.




92.

98!

94.

5%,

96.

Q7.

98.

99.

100.

101

102.

103.

104.

79

Stout, P. R. 1939. Alterations in the crystal structure of clay
minerals as a result of phosphate fixation. Soil Sci. Soc.
Amer. Proc. 4:177-182.

Susuki, A., K. Lawton and E. C. Doll. 1963. Phosphorus uptake
and soil tests as related to forms of phosphorus in some
Michigan soils. Soil Sci. Soc. Am. Proc. 27:401-403.

Swenson, R. M., C. V. Cole and D. H. Sieling. 1949. Fixation of
phosphate by iron and aluminum and replacement by inorganic
ions. So0il Sci. 67:3-32.

Syers, J. K., G. W. Smillie and T. D. H. Williams. 1972.
Calcium fluoride formation during extraction of calcareous
soils with fluoride: I. Implications to inorganic P
fractionation schemes. Soil Sci. Soc. Am. Proc. 36:20-25.

Talibudeen, 0. and P. Arambarri. 1964. The influence of the
amount and the origin of calcium carbonates on the iso-

typically-exchangeable phosphate in calcareous soils. J. Agr.
Sci. Camb. 62:93-97.

Taylor, A. W., A. W. Frazier, L. L. Gurney and J. P. Smith. 1963a.
Solubility products of di- and trimagnesium phosphates and
the dissassociation of magnesium phosphate solutions.
Trans. Faraday Soc. 59:1585-1589.

Taylor, A. W., A. W. Frazier and E. L. Gurney. 1963b. Solubility
products of magnesium and ammonium and magnesium potassium
phosphates. Trans. Faraday Soc. 59:1580-1584.

Teakle, L. J. H. The adsorption of phosphate from soil and
solution cultures. Plant Physiol. 4:213-232.

Thomas, G. W. and D. E. Peaslee. 1973. Testing soils for
phosphorus. P. 115-132. 1In: L. M. Walsh and J. D. Beaton.
Soil Sci. Am., Inc. Madison, Wisconsin.

Tidmore, J. W. 1930. Phosphate studies in solution cultures.
Soil Sci. 30:13-31.

Toth, S. J. 1937. Anion adsorption by soil colloids in relation
to changes in free iron oxides. Soil Sci. 44:299-314.

Van Diest, A. 1963. Soil test correlation studies on Hew Jersey
soils: 1. Comparison of seven m&thods for measuring labile
inorganic soil P. Soil Sci. 96:261-266.

Watanabe, F. S. and S. R. Olsen. 1965. Test of ascorbic acid
method for determining the phosphorus in water and KjaHCO3.
extracts from soil. Soil Sci. Soc. Amer. Proc. 29:677-678.




N5

106.

107 .

108.

109.

80

Webber, M. D. and G. E. G. Mattingly. 1970a. Inorganic soil
phosphorus. I. Changes in monocalcium phosphate potentials
on cropping. Js Soil Seci. 2 2 5N—120.

Welch, L. F., L. E. Ensminger and C. M. Wilson. 1957. The
correlation of soil phosphorus with the yields of ladine
clover. Soil Sci. Soc. Am. Proc. 21:618-620.

Wild, A. 1959. The retention of phosphate by soil. A review.
dJi. Sodll Sl 12212885

Wild, A. 1964. Soluble phosphate in soil and uptake by plant.
Nature 203:326-327.

Zubriski, J. C. 1971. Relationships betwen forms of soil
phosphorus, source indexes of phosphorus availability and
growth of sudangrass in greenhouse trials. Agron. J.
63:421-425.



APPENDICES




Bray-P soil test results (1lbs A‘l) at site 44 for 1983 and

Treatments
Replication Year I 2 3 4 5 6
83 36 49 44 72 98 104
84 28 34 34 62 76 98
83 52 51 40 113 135 180
84 52 34 69 49 60 56
83 38 45 52 56 98 gy
84 28 42 — 60 69 86
83 42 58 62 63 124 153
84 40 104 52 63 54 86

83
83

83
84

Bray-P soil test results (lbs Afl) at site 45 for 1983 and

Treatments

1 - 3 4 i P
42 38 44 56 98 120
22 26 28 36 60 104
35 Sl 69 67 76 144
28 30 30 Sl 54 54
47 48 69 67 98 80
25 26 72 47 70 118
34 49 40 94 83 135
22 52 60 65 54 88




83
Table 3. Bray-P soil test results (1lbs A'l) at site 46 for 1983 and
1984.
Treatments

Replication - e o= ——on = 6
1 83 45 SN 48 65 116 70

84 32 42 35 48 63 62

2 83 25 47 06 56 36 88

84 30 34 32 32 44 96

3 83 13 20 35 12 32 40

84 30 22 34 12 47 18188

4 83 17 05 88 13 34 09

84 24 06 32 38 St 35

Table 4. Bray-P soil test results (1lbs A‘l) at site 47 for 1983 and

1984.
T e i Treatments

Replication Year 1 2 3 4 i 6
L 83 38 40 76 80 08 164

84 24 40 62 56 35 83

2 83 51 34 65 86 104 1138

84 32 25 48 49 88 65

3 83 49 52 56 69 102 160

84 35 35 40 69 45 113

4 83 44 88 44 78 124 24

84 25 51 32 67 56 07
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Table 5. Bray-P soil test results (lbs A'l) at site 48 for 1983 and
1984.
e R e e e by == 1T T
Replication Year 1 2 Hfesaames 4 5. 6
1 83 11 24 19 40 51 35
84 17 22 09 40 24 14
2 83 40 12 12 49 72 88
84 50 14 14 44 45 76
g 83 13 13 56 45 65 72
84 15 19 56 24 65 113
4 83 45 32 60 56 40 78
84 45 48 60 51 51 86
Table 6. Bray-P soil test results (1lbs A~l) at site 49 for 1983 and
1984.
o EEmmt iy Treatments S wak
Replication Year h " 2 3 4 5 6
1 83 08 05 08 04 04 05
84 01 04 01 01 01 01
2 83 04 04 04 08 01 01
84 06 02 01 01 02 08
8 83 01 02 08 01 11 09
84 01 01 02 02 04 02
4 83 04 24 05 05 06 69
84 01 07 02 01 01 26
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Table 7. Bray and Kurtz soil P test results (1bs A‘l) for individual
sites for 1983 and 1984.

o

Treatment
Site Year 0 25 50 100 200 400
44 83 42 51 50 76 114 146
84 37 54 82 59 65 82
45 83 40 47 56 71 89 120
84 24 34 48 47 60 90
46 83 25 31 44 37 55 52
84 29 26 33 33 51 77
47 83 46 54 60 78 85 122
84 29 38 46 60 56 67
48 83 27 20 37 48 57 68
84 32 26 36 35 46 72
49 83 4 9 6 5 6 21
84 2 4 2 1 2 9

Table 8. Regression equations for predicting soil Bray & Kurtz-P
test from applied P fertilizer (1lbs A™l).

Site Year Equation L r2
44 83 45 + 0.27 P50g 0.96
84 41 +10.11 P505 0.77
45 83 45 + 0.20 Py05 0.98
84 3 <= QL1015 Bok 0.95
46 83 33 + 0.06 Py05 0.60
84 25 + 0.73 Py05 0.97
47 83 51 + 0.18 Py0g 0.97
84 39 + 0.08 Pj0gq 0.70
48 83 29 + 0.11 P205 0.84
84 77 + 0.11 Py05 0.95
49 83 4 + 0.04 P05 0.72
84 1 + 0.02 Py05 0.63
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Table 9. Olsen-P soil test results (lbs A'l) at site 44 for 1983 and
1984.
Treatments
Replication Year il 2 3 4 5 6
1 83 30 38 35 58 80 85
84 22 26 26 41 55 70
2 83 43 38 48 68 104 175
84 38 28 53 38 43 44
3 83 36 40 35 49 82 190
84 20 32 94 41 41 53
4 83 33 43 48 44 100 124
84 26 63 41 46 33 59

Table 10. Olsen-P soil test results (1lbs A‘l) at site 45 for 1983 and

1984.
b i Treatments - A
Replication Year 1 2 3 . 5 6
1 83 28 35 32 41 94 124
84 14 18 14 24 40 72
2 83 28 40 60 56 85 160
84 16 22 24 38 36 36
3 83 33 41 64 63 89 124
84 16 18 56 32 52 68
4 83 26 40 28 80 104 215

84 16 36 44 49 36 55
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Table 11. Olsen-P soil test results (1lbs A‘l) at site 46 for 1983 and
1984.
Treatments
Replication  Year _ 1L —— 3 4 A 6
! 83 36 44 43 56 111 94
84 20 24 24 38 40 52
2 83 22 28 24 75 44 124
84 16 18 24 28 33 82
3 83 33 24 35 46 80 128
84 22 16 22 24 44 143
4 83 18 24 87 49 80 87
84 14 24 20 24 28 55
Table 12. Olsen-P soil test results (lbs A_l) at site 47 for 1983 and
1984.
. TréZEments =
Replication Year it - T i 4 ? SHEEE
| 83 41 35 85 80 102 160
84 2 22 52 315 18 49
Z 83 41 28 60 70 111 120
84 18 12 35 30 68 41
3 83 36 46 41 53 94 205
84 16 18 22 46 24 70
4 83 35 82 32 64 117 320
84 14 30 16 41 35 59
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Table 13. Olsen-P soil test results (1lbs Afl) at site 48 for 1983 and
1984.
r = ~ Treatments
Replication Year i 2 3 4 Ei 6
L 83 30 53 49 55 94 156
84 30 53 32 35 75 60
2 83 40 49 52 75 92 114
84 56 32 40 43 60 68
3 83 36 49 59 70 132 128
84 28 43 52 41 52 128
4 83 48 53 55 49 134 132
84 43 40 48 46 53 85
Table 14. Olsen-P soil test results (1lbs A‘l) at site 49 for 1983 and
1984.
--_-__'-_3i%atments
Replication Year ;T 2 3 4 5 6
1 83 20 22 30 32 40 128
84 20 16 18 18 18 24
2 83 16 20 22 82, 46 85
84 16 16 14 20 26 32
3 83 20 22 28 40 59 117
84 16 10 2 20 22 28
4 83 18 24 33 44 104 111
84 14 20 16 20 16 28
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Table 15. Olsen—-P test results (1lbs A_l) for individual sites for
1983 and 1984.
Treatment
Site Year 0 25 50 100 200 400
44 83 36 40 47 54 92 144
84 27 37 54 42 43 5%
45 83 29 39 46 60 93 156
84 16 24 35 36 41 58
46 83 27 30 47 57 7%) 108
84 18 21 23 29 36 83
47 83 38 48 55 67 106 201
84 15 21 31 38 36 55
48 83 39 51 54 62 1418 1138
84 89 42 43 41 60 76
49 83 19 22 28 37 62 110
84 17 16 15 20 21 28
Table 16. Regression equations for predicting soil Bray & Kurtz-P
test from applied P fertilizer (1lbs A~1l).
Site  Year Equation ... r2
44 83 45 + 0.27 Py0s5 0.96
84 41 + 0.11 P05 0.77
45 83 45 + 0.20 P,0s 0.98
84 31 + 0.15 Pyios 0.95
46 83 33 + 0.06 P05 0.60
84 25 # 9,73 Bpop 0.97
47 83 51 # 8:18 ™05 0.97
84 39 + 0.08 P,05 0.70
48 83 29 + 0.11 P305 0.84
84 71 # 0:1) Py0s 0.95
49 83 4 + 0.04 Py05 Q172
84 1 + 0.02 P05 0.63
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Table 17. Amount of P205 applied to change the soil test level by one
unit for 1984.

Site Bray & Kurtz N - _____Olsen
44 9.1 20
45 5.0 11.1
46 7.7 6.3
47 12.5 Lot
48 ¢l 11.1
49 50 33.3
x 5.6 13 2
x (excluding 49) 8.7 11.9
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