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ABSTRACT

In a study to investigate the fate of the applied P in soils, a red-sandy clayey soil
(Ferric Luvisols) from Rustenburg (high P fixing) and a red-sandy loam soil (Ferric
Acrisols) from Loskop (low P fixing) were used. Sequential P fractionations were
used to determine the content of the different P pools to show which pool the applied
P was transformed to. The soils treatments consisted of different P rates (0, 25, 50,
100, 150, and 200 mg kg'l), and incubation periods (1, 60, 120, 180, and 240 days)
under a laboratory conditions. The sequential P fractionation procedure consisted of
extraction with hydrous ferric oxide in a dialysis membrane tube (DMT-HFO), 0.5M
NaHCO;, 0.1M NaOH-P, 1.0M HCI, concentrated HC1, and concentrated H,SO4 +
H,0;.

Approximately 30 to 60 % of the added P were transformed into less labile P pools
within one day and 80-90 % after 60 days. This transformation was faster in the
Rustenburg than in the Loskop soil showing a higher P fixation capacity. A major

part of the P transformation was to the ~OH-P; pool with a recovery of about 30 %.

In the second experiment an attempt was made to determine P desorption rates by
successive  DMT-HFO extractions (1, 7, 14, 28, and 56 days) after the
transformations of the applied P. This was followed by the sequential extractions to
determine the changes and distribution of the added P into different P pools as well
as which pools the P was desorbed from. The Rustenburg and Loskop soils were
treated to different P rates (0, 25, 50, 100, and 200 mg P kg™) and incubation periods
(1, 120, and 240 days).

The cumulative DMT-HFO extraction curves for 56 days showed that desorption
could continue for a much longer period. This property is important in the
economical management of fertilizer applications rates. Results showed the
transformations and distribution of the applied P during incubation periods and
proved that all the stable soil P pools contributed to the labile P pool by different

proportions after prolonged successive DMT-HFO extractions.
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Although Rustenburg soil is considered a high P fixing soil, the P release rates under
laboratory conditions were high enough to meet the requirements of cotton and

tobacco crops. Root systems of these crops do not exploit 100 % soil volume as this

laboratory method, which could explain why these crops experience P deficiencies.

It is envisage that by using this method the P releasing properties of a soil could be
used to develop a P desorption model to determine how much extractable P, with a
specific extractant, in a particular soil, should be available at the beginning of a
growing season to sustain a high enough P releasing rate to meet the requirements of
a certain crop up to the end of the growing season. To do this, a model to describe
root development that represents the percentage of the soil exploited P desorption

rates that simulate P uptake by plant roots will be necessary.

Keywords: Adsorbed P, immobile and residual P, labile P, labile and stable P pools,
P adsorption and desorption, P desorption rates, P fractionations, P percent

recovery, P transformations and distribution, sequential P extractions.
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UITTREKSEL

In ‘n studie om die transformasie van die toegediende P te ondersoek, is ‘n rooi
sanderige-klei grond (Ferriese Luvisol) van Rustenburg (hoé vasleggingspotensiaal)
en ‘n rooi sandleem grond (Ferriese Acrisol) vanaf Loskop (lae P-
vasleggingspotensiaal) gebruik. Verskillende vlakke van P (0, 25, 50, 100, 150, en
200 mg kg'l) is toegedien en vir verskillende tye geinkubeer (1, 60, 120, 180, en 240
dae). Opeenvolgende fraksionerings is gedoen om die P-inhoud van verskillende P-
poele te bepaal om aan te dui waarheen die toegediende-P omgeskakel is. Die
opeenvolgende fraksionerings het bestaan uit ekstraksies met ferrihidreerde
ysteroksied in dialisemembraanbuise (DMT-HFO), 0.5 MNaHCOs, 0.1 M NaOH, 1.0

M HCI, gekonsentreerde HCI en gekonsentreerde H,SO4 + H,O, — P.

Tussen 30 - 60% van die toegediende P is getraflsforrneer na minder labiele P-poele
en het verhoog tussen 80 - 90 % na 60 dae. Die transformasie was vinniger in die

Rustenburg- as in die Loskopgrond en vertoon dus ‘n hoér P- vasleggingsvermog.

In die tweede eksperiment is daar gepoog om vas te stel wat die desorbsie tempo van
toegediende P is nadat transformasie plaasgevind het. Dit is opgevolg deur
opeenvolgende ekstraksies om te bepaal uit watter P poele die P geekstraheer is. Die
twee grondtipes van Rustenburg en Loskop is behandel met verskillende P-

toedienings (0, 25, 50, 10, en 200 mg P kg'l) en inkubasie-tye (1, 120 en 240 dae).

Die kumulatiewe ekstraksies met DMT-HFO vir 56 dae het aangetoon dat desorbsie
vir langer periodes kon plaasvind. Hierdie eienskap is belangrik vir die ekonomiese
bestuur van kunsmistoedienings. Die transformasies en verspreiding van toegediende
P en inkubasie tye dui daarop dat die stabiele grond- P-poele bygedra het tot die
labiele P-poel.

Alhoewel die Rustenburg grondtipe ‘n hoé P-adsorbsie kapasiteit het, is die P-

vrystelling voldoende om aan die behoeftes van katoen en tabak te voldoen. Die
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wortelstelsel van die gewasse benut die grond egter nie tot in dieselfde mate as wat

met die laboratorium metode bereik word nie en ondervind die plante P-tekorte.

Met behulp van die desorpsie tempos sou dit moontlik wees om ‘n model te
ontwikkel, waarmee voorspel kan word hoeveel ekstraheerbare P met ‘n sekere
ekstraksiemiddel nodig sal wees aan die begin van die groeiseisoen om te voldoen

aan die P behoefte van ‘n gewas aan die einde van die groeiseisoen.

Om hierdie metode te kan implementeer sal die wortelontwikkeling van ‘n gewas in
aanmerking geneem moet word om te bepaal watter persentasie van die grond deur

die wortels geekstraheer word.

Sleutelwoorde: adsorbeerde-P, onbeweeglike- en residuele-P, labiele-P, labiele en
stabiele P- poele, P- adsorpsie en desorpsie, P- desorpsie-tempo, P-
fraksionerings, P- persentasie herwinning, P- transformasie en verspreiding,

opeenvolgende P- ekstraksies.
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CHAPTER 1

GENERAL INTRODUCTION

Background

Phosphorus deficiency in plants is believed to constitute the second most important
soil fertility problem throughout the world (Sanchez and Salinas, 1981; Lindsay,
Vlek and Chien, 1989). Sanchez (1976), Pushparajah and Bachik (1987), Sattell and
Morris (1992), and Doula, Ioannou and Dimirkou (1996) have all indicated that
phosphorus was the second most limiting element in the Alfisols, Oxisols, and
Ultisols of tropical Africa, Asia, and South America. Phosphorus deficiency in such
soils is often exacerbated by a high capacity to fix phosphates in different ways
making P less available to crops. Most of these soils are often rich in Fe and Al
oxihydroxides that form strong bonds with phosphate anions. Other soil
characteristics such as pH, clay and organic matter content, exchangeable cations,
ionic strength, redox potential, and temperature may also influence P-sorption
(Quang et al., 1996). As phosphate fertilizer is one of the most expensive inputs, it is
essential not only to know the most cost effective phosphate application rates but
also the long-term effects of the added phosphate in the soil. Therefore, the
acquisition of precise information concerning soil phosphate availability is a

prerequisite to ensure sustainable management of soil.

The P fractionation procedure to characterize different P fractions in fertility studies
was used by Chang and Jackson (1957). Only inorganic P was characterized, due to
the lack of proper methodologies to identify organic P fractionations at the time. The
progressive importance given to the organic P fraction made it necessary to look for
more comprehensive fractionation procedures. A procedure was thus, proposed
which allowed for a more complete characterization of soil P than the previous
procedures (Hedley, Steward and Chauhan, 1982). This procedure has been used in
different soils to study the transformations and distribution of inorganic and organic

P forms (Vazquez, Noellemyer and Coremberg, 1991). Tiessen and Moir (1993)
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regrouped the P fractions based on the rates of their recovery or transformations into
different inorganic P pools. This allowed for the development of a more dynamic

picture of P transformations in the soils.

There could be a significant residual effect due to the possible desorption of
phosphate from the different soil components and when this benefit is ignored it
could lead to unnecessarily high P applications (Quang et al., 1996). The residual
plant-available P in soils can be quantified by successive cropping experiments
carried out in field or greenhouse conditions. This approach, however, is very
expensive and time consuming, and methods that approximate a biological measure

can be very useful analytical tools in P fertility studies in soils (Indiati, 1998).

The conventional routine chemical extractants cannot be used to assess the potential
desorption rates of P, because they disrupt the chemical structure of soils. Some soil
test methods that have limited effects on the soil system that include isotopic
exchange techniques, anion exchange resins, iron oxide-impregnated paper strips,
and dialysis membrane tubes filled with hydrous ferric oxides (DMT-HFO) have
been proposed (Amer et al., 1955; Dalal, 1985; Menon et al., 1990; Freese et al.,
1995). These methods extract more of the “plant-available P than the chemical
procedures. Successive extractions carried out by any of these methods may
constitute a convenient laboratory method to characterize the capacity of soil to
supply P, and to investigate the rates of P release from original and P fertilized soils

over a period of time (Indiati, 1998).

Phosphorus status of South African soils

In South Africa, P deficiencies due to P sorptions are widespread especially in highly
weathered soils in the high rainfall areas (Reeve and Sumner, 1970; Mcgee, 1972;
Bainbridge, Miles and Praan, 1995). Within such areas P deficiency is reported to be
the most common and economically important nutritional deficiency. The studies of
Reeve and Sumner (1970) revealed a wide variation in the P sorption capacities of

some Oxisols in Kwazulu-Natal Province. Similarly Mcgee (1972), in evaluating P
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sorptions in soils of Gauteng, Mpumalanga, Northwest, and Free State Provinces
found considerable variations in their sorption capacities. Bainbridge et al., (1995) in
an effort to quantify the P sorption capacities of soils in Kwazulu-Natal Province
determined the P-sorption isotherms of 50 soil samples from a number of localities in
the province. They found that the amounts of P sorbed ranged from 5 - 1174 mg kg,'1
and that the highest sorptions occurred in the highly weathered red and yellow-brown
clay soils with a high organic carbon contents in the A horizon (Inanda, Kranskop
and Magwa forms). This agrees with the findings of Haynes (1984) who had
indicated that ferric and aluminium ions complexed with organic matter provide

additional sites for P sorption.

Although P sorption has been found to increase with increasing soil clay content, a
considerable variation in sorption capacities have been obtained in different soils
with similar clay contents (Johnson, Miles and Thiabau, 1991). It has been shown
further that, soils with predominantly 1:1 type clay materials (i.e. highly weathered
red and yellow-brown clay soils) sorb far much more P than the soils with
predominantly 2:1 type clays. Johnson et al., (1991) also conducted various studies
on soils from 54 sites on a wide range of soils in Kwazulu-Natal Province to
calculate P requirements and to establish how much P must be applied to overcome
any buffering effects and raise the extractable P content to desired levels. In a long-
term experiment (over 15 years) on yellowish brown sandy clay loam (Avalon) and a
red sandy clay (Clovelly) soil in Ermelo, Mpumalanga Province, du Preez and
Claassens (1999), concluded that the NaOH-extractable P (moderately adsorbed P)

was mainly responsible for the replenishment of the labile soil P pool.
Phosphorus sorption and desorption characteristics

Phosphorus sorption is the removal of labile P from the soil solution, due to
adsorption on, and absorption into the solid phases of the soil, mainly onto surfaces
of more crystalline clay compounds, oxihydroxides, or carbonates (Holford and
Mattingly, 1975). The labile P forms are also referred to as readily available or plant-
available P; (Hedley et al., 1982). Many highly weathered tropical and subtropical



4

soils can absorb large amounts of phosphates applied as fertilizers, which reduces the
nutrient use efficiency of the applied P. Sorption of P is greatest in soils containing
Fe- and Al- oxihydroxides, and allophanic clays, followed by kaolinitic and lastly
montmorillonitic clays (Sanchez, Palm and Szoth, 1991). Although soil P sorption
has been studied intensively relatively less has been done on the P desorptions in
soils and sediments. Interests in P desorption studies are rising due to the importance
of P on soil fertility and pollution (Sharpley et al., 1985). Intensive animal husbandry
in Europe has led to the production of large amounts of animal manures, and the
disposals of the manures on agricultural land have led to increased soil P contents
(Gerke, 1992). Many soils have become saturated and contributed to surface water
eutrophication (Sharpley et al., 1985; Mozaffari and Sims, 1994; Penn et al., 1995;
Sharpley, 1996; Pote et al., 1998). Similar problems also occur where sewage sludge
has been disposed on land (Gerke, 1992; Sharpley and Sisak, 1997).

P sorption and desorption rates

The rates of P sorptions have received considerable attention over the past years
(Freese et al., 1995; Bowman, Rodrignez and Self, 1998). The initial fast P sorption
rates are presumably due to reaction with surface sites of metal oxides or hydroxide
particles that are exposed to the solution phase. Slow P sorption that continues after
the initially rapid sorption is ascribed to the slow diffusion into the soil aggregates
(Willet, Chartres and Nguyen, 1988), or due to the slow formation of P containing
minerals (van Riemsdijk et al., 1984; Lookman et al., 1995).

The P desorption rates in soils are of particular interests in respects to the bio-
availability and the pollution risk as a result of P translocation to deeper layers and
by surface runoffs (Pote et al.,, 1996; Li et al., 1999; Pautler and Sims, 2000).
Theoretically, all adsorbed P present in the soil should be desorbable, but in practice,
part of the soil P is so strongly bound that it is considered irreversibly fixed (Ryden,
McLaughlin and Seyers, 1977; Bowman et al., 1998). A study of the P desorption
rates of soil may give more insight to the nature of the plant availability of soil P

pools (Lookman et al., 1995).
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According to Lookman et al. (1995) little information has been availed on P
desorption rates, especially on the long-term. This is due to several practical
problems that complicate such long-term studies. In their studies, they classified
desorption kinetics into a fast and slow desorbing pools. The fast P pool presumably
represents primarily P bound to the reactive surfaces, which are in direct contact with
the aqueous phase (Hingston, Posner and Quirk, 1974; Madrid and Posner, 1979).
Other possible contributions to the fast desorbing pool may be the less soluble P salts
originating from recent fertilizer applications that are not yet in equilibrium with
reactive hydrous oxides. Complexed P with organic material may also be part of the
fast desorbing pool (Gerke, 1992). The slow P release rates from the second pool are
either a result of slow dissolution rates or from slow diffusion from interior sites
inside oxihydroxide particles. The sum of the fast and slow pools as defined can be
represented by an oxalate extract (Pyy) and is an estimate of the total inorganic P in
soils that have received a high load of fertilizer (van der Zee, and van Riemsdijk,

1988; Lookman et al., 1995).

The sequential extractions of inorganic-P (P;) and organic-P (P,) pools

The applicability of the traditional soil P test procedures that were developed for use
in fertilizer application recommendations, especially in agricultural systems with no
or low fertilizer P inputs proved inadequate particularly in highly weathered soils
(Sanchez et al., 1991). These procedures are basically empirical and yield responses
can vary considerably. The sequential P extraction procedures by Chang and Jackson
(1957), Hedley et al. (1982), and Tiessen and Moir (1993) have been proposed to
improve the estimation of plant-available P. These are methods that use increasingly
harsher treatments to extract P pools that are believed to be increasingly less

available to plants.

The use of sequential extraction procedures allows different soil P pools to be
separated and characterized (extractions by different methods, such as extractions by
an anion exchange resin, or dialysis membrane tubes filled with hydrous ferric oxide

(DMT-HFO), and P soluble in alkali and acids of varying strengths). This
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fractionation procedure gives separate soil P pools, which vary in the extent of their

availability to the growing plants (Hedley et al., 1982; Tiessen and Moir, 1993).

Classification of P fractions (pools)

(a). The dialysis membrane tubes filled with hydrous ferric oxide (DMT-HFO) or
resin-extractable inorganic P (P;) has been identified as solution P pool, which is

readily available for plants;

(b). Extraction with 0.5M NaHCO; dissolves labile P; and P, absorbed on the soil
particle surfaces, including a small amount of microbial P (P,) and represents a fairly

labile P pool;

(c). Extraction with 0.1M NaOH dissolves P; held more strongly due to
chemisorption by Fe- and Al- components and moderately labile organic P (P,). The
P; extracted from these oxihydroxide surfaces, is characterized as moderately labile

Pi.

(d). Extraction with 1M HCI dissolves P; from apatite-type minerals. These are the
calcium bound P;, which exist mainly as hydroxy apatites (Cas(PO4);OH),
fluorapatite (Cas(POy4)sF), and also as dicalcium Ca(H,POy), (brushite), CaHPO4
(monetite), tricalcium (Caz(POy),), and octacalcium (CagH,(PO4)s.5H,0) phosphates
that exist in small amounts as transitional Ca-P forms. The 1M HCI-P; is thus clearly
defined as Ca- associated P;, as organic phosphorus (P,) is rarely found in this

extract.

(e). Hot concentrated HCI extract has been found useful in distinguishing P; and P, in
very stable residual pools. However, P, extracted in this step may also come from
particulate organic matter that is not alkali extractable, but readily bio-available. The
P; is mainly from the occluded and recalcitrant (insoluble) P pools. The occluded P
has been described as sparingly soluble and is enveloped (occluded) by ferric and

aluminium oxihydroxides (Chang and Jackson, 1957, Bowman et al., 1998). The
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recalcitrant P pool is defined as the resistant or residual P pool, sometimes termed
insoluble, immobile, or fixed P and forms part of the lattice P, and may originate
from fertilizer P that underwent chemical changes in the soil (Chang and Jackson,

1957; Udo and Ogunwale, 1977).

(f). Hot concentrated HSO, plus H>O, extract residual P, which contains only highly
retained or recalcitrant P; (such as lattice P) and chemically stable P, (humus and
residual microbial cells) that is strongly retained or fixed P, and is regarded as
completely unavailable to plants. This more chemically stable P, and relatively
insoluble P; forms are dissolved by acid digestion and oxidation with H,SO4 and

H,0, (Tiessen and Moir, 1993).

The overall advantage of the fractionation of soil phosphates into discrete chemical
forms permits the quantification of different P pools, their chemical status in native
or cultivated soils and to study the fate of the applied P fertilizers (Hedley et al.,
1982, Tiessen and Moir, 1993). Hedley et al., (1982) used this procedure to study the
transformations and distribution of P within the soil P pools after incubating the
soils. They concluded that the sequential P fractionation procedure could be used to
record some transformations in soil P that occur during short-term incubation

experiments.
Approaches to characterization of plant-available phosphorus in soils

The plant-available P in soils is a functional concept rather than a measurable
quantity, since no simple direct measurements are available. Plant-available P is
defined as all the P that can be taken up by a plant during a specific period, such as a
cropping season, year or growth cycle. The advantage of using sequential extraction
procedures is that P that becomes available slowly over a longer-term can now also

be evaluated (Hedley et al., 1982, Tiessen and Moir, 1993).

While P extraction methods for fertility indices have been well established, methods

to distinguish and quantify labile and non-labile P such as the occluded and residual
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P are less well established (Bowman et al., 1998). Some issues concerning
methodology, timeliness and reproducibility of the sequential extraction procedures
have not yet been completely resolved. For example, whether the unavailability of
the extractable “non-labile P” is the same regardless of the methods of extraction
used such as proposed by the sequential extraction methods of Chang and Jackson
(1957), Hedley et al. (1982), and Tiessen and Moir (1993). Although such
comparisons may not yet have been done, similarities of the results have indicated
that some of this so-called non-labile P can be available. Bowman et al. (1998)
concluded that reactive surfaces such as oxihydroxides of Fe and Al, and CaCOj3 play
important roles in the transformations of P in soils from available to unavailable

forms or vice versa.

Assessment of P desorption rates in soils

Phosphorus desorption curves are used to evaluate the P desorption rates in soils. It is
prepared by using several methods, such as: successive extractions with water or
dilute salt solutions (Fox and Kamprath, 1970); extractions of sub-samples with
several soil/water ratios (Brewster, Gancheva and Nye, 1975; Barrow, 1979); anion-
exchange resin as a P sink (Brewster et al., 1975; Bache and Ireland, 1980; Raven
and Hossner, 1994); dialysis membrane tubes filled with hydrous ferric oxide (DMT-
HFO) as a P sink (Freese et al., 1995; Lookman et al., 1995; Bowman et al., 1998).

Thus, several experimental techniques have been used to study soil P desorption
behaviour. The simplest procedure is to use a solution which is initially free of P to
induce desorption (Kafkafi et al., 1967; Hingston et al., 1974; Barrow, 1979; Reddy
et al., 1980; Barrow, 1983). In general, it can be expected that only a very small
fraction will be desorbed, until equilibrium with the soil solution is reached. The
processes can in principle be repeated to desorb more P. However, experimental
(analytical) errors tend to accumulate and only a small percentage of the P present in

the sample can be desorbed in this way.
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Leaching of soil columns with a P-free solution is another option to study P
desorption (Sawhney, 1977; Stuanes and Enfield, 1984; Nagpal, 1986; van der Zee
and Gjaltema, 1992). This is an effective method for soils with relatively high P
concentrations but not for soils with low P concentrations, due to the strong non-
linearity of the phosphate desorption isotherm. Another disadvantage is that the
experimental set up required is more complicated and rather expensive. This

technique is therefore, not very suitable to study large numbers of soil samples.

Desorption can also be studied by adding materials that bind phosphate strongly,
keeping the solution concentration low so that desorption from the soil particles can
continue. The added material should have a high capacity to bind P. Another
requirement is the possibility of separating the phosphate ‘sink’ from the soil
suspension in order to be able to assess the amount of P desorbed from the soil
particles. Anion-exchange resins were originally used for this purpose (Amer et al.,
1955; Cooke and Hislop, 1963; Bache and Ireland, 1980; Dalal, 1985; Sayin et al.,
1990; Abrams and Jarrell, 1992; Yang and Skogley, 1992).

The resin approach was thought to be more effective when studying the plant
available P in the soils, because: (i) anion -exchange resin imitated the general action
of plant roots to remove P from the soil solution; (ii) P extracted by anion-exchange
resin correlated well with the P absorbed by plants, even when considering soils of
quite variable properties (Sibbesen, 1983; van der Zee and van Riemsdijk, 1988).
However, the use of anion-exchange resins to desorb P from soil was later found to
have some serious drawbacks: (i) the non-specific desorption of different adsorbed
anions, (ii) the difficulty in separating the soil from the resin after each desorption
step, and (iii) the incapacity of the resin to maintain low P concentrations and to act

as an infinite sink (Amer et al., 1955; Barrow and Shaw, 1977; Skogley et al., 1990).

The use of anion-exchange resin membranes proposed by Cooperband and Logan,
(1994) provided a major improvement on the point of separability of P sink and soil
suspension, however, the disadvantage of using it as a P sink still remained. Apart

from the drawbacks mentioned above, the capacity of an anion-exchange resin to
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extract desorbable P was found to depend on the chemical form of the resin, e.g., Cl,
HCO5', or OH (Sibbesen, 1978; Bache and Ireland, 1980). In practice, however, the
bicarbonate form of the resin is the one mainly used, which generally leads to an
increase in the pH of the soil suspension, making HPO,* species the dominant P ion
in soil solution (Abrams and Jarrell, 1992). The use of a strong acid anion-exchange
resin for phosphate in a moderately acid pH range of about 5 to 6 is based solely on
the fact that a bivalent ion is preferred over monovalent ions in the ion-exchange
process. For these reasons, the anion-exchange resin method, although often used to
assess plant-available phosphorus, is not ideal for studying P desorption of acid soils
(Amer et al., 1955; Cooke and Hislop, 1963; Abrams and Jarrell, 1992; Yang and
Skogley, 1992).

To overcome these problems, a method for the assessment of long-term P desorption
kinetics of soils using a synthetic ferrihydrite suspension or hydrous ferric oxide
(HFO) in dialysis membrane tubes (DMT) as a P sink, has been proposed by Freese
et al. (1995). The applicability of dialysis membranes to separate P source and P sink
was tested for monophosphate solutions and water extracts of several soils. The
system was reported to be mechanically stable for long reaction periods. The pH of
the soil solution during desorption remained almost constant. After the desired time
of contact between soil suspension and P sink, the sink could easily be separated
from the soil suspension with practically no loss of soil material. As such, this
technique had important advantages over the previous methods. The system was
capable of maintaining a constant low P activity in solution, necessary to study long-

term P desorption kinetics of soils.
Conventional routine soil P tests

Conventional routine soil tests are used to monitor the phosphate status of soils in
terms of plant availability and fertilizer requirements for optimum plant growth.
However, these soil tests give only a relative index of available P that can be
supplied by the soil for plant growth, but do not measure actual available P
quantitatively (Hedley et al., 1982, Tiessen and Moir, 1993). They further
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contended that, conventional soil tests used to monitor the phosphate status of soil
lacks sensitivity. Many tests are designed for routine soil testing making them quick
and simple to perform, but they indicate little about the phosphate release rate

characteristics of a soil.

According to Tiessen and Moir (1993) it is difficult to describe methods for the
determination of soil-available P for two basic reasons: (a) Methods for the
determination of available P in an agronomic context never measure the quantity of P
available to crop, but measure a pool of soil P that is somehow related to the portion
of soil P, which is plant available; (b) P availability needs to be defined with respect
to an external sink, i.e. a plant, or plant community (crop). Plants differ in their
ability to extract P from soils due to differences in rooting systems, mycorrhizal
associations, and growth rates. Since any “immediately available” soil P pool is
constantly replenished through reactions of dissolution or desorption of “less
available” P, and through the mineralization of organic P, the pool size of “total

available” P is strongly time dependent.
Contributions of organic P (P,) to labile P pools

Previous work by Walker and Syers (1976) and Tiessen et al. (1984), had shown that
in highly weathered soils, organic P (P,) forms may be important in supplying
extractable resin inorganic P (P;). Sharpley (1985) reported that mineralization of P,
in calcareous and slightly weathered unfertilised soils of the Southern Plains of the
U.S.A. could contribute the equivalent of between 10 to 37 kg P ha” yr'. The
absolute and relative amounts of P, mineralised, however, are generally greater for
more weathered soils. For example in Ghana, Adepetu and Corey (1976) measured
P, mineralization rates of 91 and 123 kg P ha™ yr! for a sandy loam soil under cocoa
and a savannah bush respectively. While in Nigeria, Cunningham (1963) found P,
mineralization rates of 141 to 393 kg P ha™ yr’' for a fine sandy loam soil cleared of

tropical rainforest.
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Thus, according to Tiessen et al. (1984) the available P was found to be largely
controlled by the mineralization of P, and up to 80 % of the resin extracted P; has
been accounted for by variations in bicarbonate P, pool in some highly weathered
soils. The more stable NaOH extractable P, pool appeared to act as a sink since most
of this P fraction was associated with P that could not be extracted with a resin P;
contents. Moderately labile P; pools also contribute to the plant available resin P; but
their contribution was only significant in a small number of the cases analysed.
However, in a long-term experiment (over 15 years) on Avalon and Clovelly soils in
Ermelo, Mpumalanga Province, du Preez and Claassens (1999), found that the
NaOH-extractable P (moderately adsorbed P) was mainly responsible for the
replenishment of the labile soil P pool. The importance of P, for plant nutrition in
more weathered soils may help to explain observations by Haas et al. (1961) that P,
was reduced by 42 % during 30 to 40 years of cropping in southern U.S. soils but

only by 27 % in northern soils.

The analysis of P data based on acceptable concepts of the soil P cycle shows clearly
that available P, and therefore the agronomically important P, in highly weathered
soils is closely related to the organic P fractions. This may explain the many
difficulties encountered in the testing of P fertility in tropical and subtropical soils
and indicates that the study of labile forms of P, might contribute to advances in soil

test procedures (Tiessen et al., 1984).

Transformations and distribution of the added P into different soil P pools

Soluble P added to a soil becomes rapidly insoluble. Several possible mechanisms
have been proposed to explain P adsorption in acid soils, where the Fe-, Mn-, and Al-
P forms are predominant (Hingston et al., 1974; Symith and Sanchez, 1980).
Bramley and Barrow (1992) indicated that low pH values encourage reactions
between H,PO, and Fe, Al, Mn, and silicate minerals. While at neutral to high pH
values both the H,PO,” and HPO,™ ions would be found and the main reaction for P
fixation would be as calcium phosphate (Ca3(PQy);) (Brady, 1990; Doula et al.,

1996). In calcareous soils, solid phase CaCOs is believed to govern P reactions.



13

However, the reactivity of CaCOj is dependent on specific surface that is related to

particle size distribution, rather than to total CaCO3; (Holford and Mattingly, 1975).

The organic matter on the other hand form complexes with Fe, Al ions, and the
oxihydroxides thereby preventing these materials from reacting with applied
fertilizer P. Several workers have noted positive correlations between soil organic
matter and P adsorption capacity. However, according to Doula et al. (1996) it seems
more likely that this is indicative of soils with adsorption sites suitable for both P and
organic anions, rather than of adsorption of P by the organic matter. Thus, P held in
organic form can occur under appropriate conditions, be released into the soil
solution, and then become subject to uptake by plants or fixed into some insoluble

form (Doula et al., 1996).

Bramley and Barrow (1992) reported that as the initially added P concentration
increased, the percentage of P sorped decreased. They explained that at low P
concentration, available and easily reached sorption sites are immediately occupied,
while at higher P concentrations, the more difficult sorption sites are also reached but

the percentage P complexed become less as the sites become occupied.

The effects of incubation on desorption rates of applied P from different P pools

In a study to find a more general method for describing P desorption that was
applicable after both short and long periods of contact between soil and P prior to
desorption, Barrow (1979) found that after short periods of incubation (1 hour-20
days), the amount of P desorbed in dilute CaCl, solutions increased rapidly at first
but then net re-adsorption occurred. After long periods of incubation (62-240 days),

desorption was slower and there was no net re-adsorption.

Mckean and Warren (1996) found that time and temperature of incubation affected
the amount of added P that can be recovered both at first extraction and the ultimate
amount. In different soils, there were different responses to the incubation

treatments. By comparing the different incubation times and temperatures, the initial
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amount of P recovered by successive resin extractions was found to decrease with an
increase in either time or temperature of incubation. This was in agreement with the
work of Barrow and Shaw (1975b), who reported that the ultimate amount of P that
could be recovered was almost always less than or little different from the amount of
P added. Where recovery was in excess of 100 %, a possible explanation was that the
addition of inorganic P caused an increase in the mineralization of organic P as
reported by Dalal (1977). Increasing incubation time from 2-55 days generally
lowered the ultimate amount of P that could be recovered, suggesting that after
incubation for a long time, the slow P adsorption reaction had reduced the amount of

readily desorbable P (Barrow and Shaw, 1975c¢).

Determinations of the residual effects of applied fertilizer P

The rate of P sorption by soils is initially fast and then continues slowly for a long
time with no apparent end (Amer et al., 1955; Munns and Fox, 1976; Bramley and
Barrow, 1992; Mckean and Warren, 1996). Barrow and Shaw (1975a) described the
P adsorption and desorption reactions using a three compartment model: A €-> B
<> C. Compartment A represented the phosphate in the soil solution, the
equilibrium between A and B was rapid and this reaction determined the initial
adsorption of added phosphate, and therefore, its initial effectiveness. The transfer of
phosphate between compartments B and C was slower and the phosphate was held
more firmly in compartment C. The extent to which this slow adsorption reaction
was then reversible (desorption) was fundamental in determining the residual

effectiveness of added P (Barrow and Shaw, 1975b).

Mckean and Warren (1996) using successive resin extractions showed differences
between treatments that were similar in the initial amounts of added P. In some soils,
the desorption curves reached a plateau by the eighth extraction or before where no
more P could be recovered, while others continued to release P slowly. This property
could be relevant for the crop in the field with respect to the residual effect of added

fertilizer P. Thus a knowledge of the type of desorption curve that the soil has, i.e.
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whether it reaches a plateau or whether it continues to release phosphate could be

important in the economical management of fertilizer applications.

The amount of available soil P has been more frequently evaluated than the rate of its
release when studying the P nutrition of plants. The availability of a nutrient to plants
depends, among others, on the rate at which it is released to replenish the soil
solution (Amer et al., 1955; Cooke, 1966; Williams et al., 1967; Barber, 1984). Dalal
and Hallsworth (1976) reported that the rate of soil P release to anion-exchange resin
could be correlated with P uptake at relatively early plant growth stages. Parameters
related to the P desorption kinetics from soils, such as calculated rate constants, have
shown significant correlation with plant uptake (Cooke, 1966; Onken and Matheson,
1982). However, these relationships are difficult to interpret since the rate constant of

each kinetic model has a unique characteristic (Raven and Hossner, 1994).

The residual plant-available P in soils could also be quantified by successive
cropping experiments carried out in field or greenhouse conditions. In such
experiments, plant-available P is removed until P deficiency occurs or a response to
added P is measured (Mckean and Warren, 1996; du Preez and Claassens, 1999;
Kamprath, 1999). This approach, however, is very expensive and time consuming,
and methods that approximate a biological measure could represent very useful

analytical tools in P fertility and effectiveness of P fertilizer in soils (Indiati, 1998).

Use of successive DMT-HFO-P extractions to simulate mechanism of P sorption

by plant roots

The soil test methods that have limited effects on the soil system are isotopic
exchange techniques (Amer et al., 1955); anion-exchange resins (Amer et al., 1955;
Hedley et al., 1982; Dalal, 1985; van Raij et al., 1986); iron oxide-impregnated paper
strips (Menon et al., 1990; Tiessen and Moir, 1993); and DMT-HFO (Freese et al.,
1995; Lookman et al., 1995). These methods extract more of the “available P” than
the chemical procedures. They estimate the labile P pools and are good indicators of

plant available P, more closely reflecting processes involved in P uptake by plant
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roots in soil. In fact, resin, Fe oxide-coated paper strips, and DMT-HFO serve as a
sink for released P, preventing solution P built up to levels where further P release is

inhibited.

The applicability of dialysis membranes to separate P source and P sink was tested
for monophosphate solutions and water extracts of several soils. The system was
reported to be mechanically stable for long reaction periods (Freese et al., 1995,
Lookman et al., 1995). The pH of the soil solution during desorption remained
almost constant. After the desired time of contact between soil suspension and P
sink, the sink could easily be separated from the soil suspension with practically no
loss of soil material. As such, this technique had important advantages over the resin,
and Fe oxide-coated paper strips, methods. The system was capable of maintaining a
constant low P activity in solution, necessary to study long-term P desorption
kinetics of soils. Successive extractions carried out by this method may constitute a
convenient laboratory method to characterize the capacity of soil to supply P, and to
investigate the rates of P release from original and P fertilized soils ((Freese et al.,

1995; Lookman et al., 1995); Indiati, 1998).

The research objectives were:
(1) To study the transformations and distribution of the initial and the added P
into the different P pools by use of the successive DMT-HFO and the

sequential P extractions, after different incubation periods;

(2) How added P changed the equilibrium between the different P pools and

the desorption rates of P after incubation periods; and

(3) To determine which P pools were supplying the P to the successive DMT-

HFO-P extractions and at what rates.

It was hypothesized:
(1) That the initial and applied fertilizer P are adsorbed or fixed to varied

degrees by the Hutton soils of Rustenburg and Loskop experimental
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farms and thus become unavailable to plants;

(2) That the fate of the applied fertilizer P may be predicted by the use of
sequential P fractionation procedures to determine the P adsorption

and desorption characteristics of these soils;

(3) That the sequential P fractionation procedures could be used to determine
some transformations in the initial and applied P and the distribution
of P within the different P pools of the two soils during the incubation

periods.

(4) That by successive P extractions using the DMT-HFO procedure it is

possible to simulate P absorption by plant roots;

(5) That it is possible to determine the release rates of the adsorbed or fixed
P, over time by successive extractions of plant-available P and the

sequential P extractions to determine the P pool supplying the labile

P.
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CHAPTER 2

A STUDY ON THE CHANGES AND DISTRIBUTION OF THE
INITIAL AND APPLIED P INTO THE DIFFERENT P POOLS IN
HIGH AND LOW P FIXING SOILS AFTER DIFFERENT
INCUBATION PERIODS

INTRODUCTION

Phosphorus deficiency in plants is believed to constitute the second most important
soil fertility problem throughout the world (Lindsay et al., 1989). Sattell and Morris
(1992) stated that phosphorus was the second most limiting element in the Alfisols of
tropical Asia, Africa, and South America. The acquisition of precise information
concerning soil phosphate availability is a prerequisite to ensure sustainable
management of soil. Thus, the characterization of soil phosphate availability has

been the focus of numerous studies.

The P fractionation procedure to characterize different inorganic P fractions in
fertility studies was used by Chang and Jackson (1957). The progressive importance
given to the organic P fraction made it necessary to look for more comprehensive
fractionation procedures like that proposed by Hedley et al. (1982). This procedure
has been used in different soils to study the transformations and distribution of
inorganic and organic P forms (Vazquez et al.,, 1991). Tiessen and Moir (1993)
regrouped the P fractions based on the rates of their renovations or transformations
into the different P pools. This allowed for the development of a more dynamic

picture of P transformations in the soils.

The overall advantage of the fractionation of soil P into the different P categories is
that it permits the determination of the chemical status of the residual and applied P.

Thus, Hedley et al. (1982) reported that the sequential fractionation procedure they
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proposed could be used to record changes in soil P that occur during short-term

incubation experiments.

Recently, a methodology for the assessment of long-term P desorption kinetics of
soils using hydrous ferric oxide in dialysis membrane tubes (DMT-HFO) as a P sink,
was proposed (Freese et al., 1995). The ability of dialysis membrane tubes (DMT) to
separate the P source in the soil and the P sink (HFO in the DMT tube) was tested for
phosphate solutions and water extracts of several soils. The system was reported to
be mechanically stable for long reaction periods, while the pH of the soil solution
during desorption remained almost constant. After the desired time of contact
between the soil suspension and P sink, the sink could easily be separated from the
soil suspension with practically no loss of soil material. This new technique has thus
important advantages over the previously used resin methods. The system was
capable of maintaining a constant low P activity in solution, necessary to study long-

term P desorption kinetics of soils for over 500 hours.

Soils of Rustenburg and Loskop experimental farms with high and low P fixing

capacities respectively

(a) Rustenburg soil

The soils of the formerly Tobacco and Cotton Research Institute (ARC-TCRI) now
renamed ARC-Institute for Industrial Crops (ARC-IIC), at Rustenburg were
previously surveyed by Botha et al. (1968), and five different soil types were
identified. The “dark reddish brown sandy clay soils”, classified as Hutton form, and
Ventersdop family according to the Soil Classification Working Group (1991) was
selected for this research. This is equivalent to Ferric Luvisols of the FAO/UNESCO
System (1974), or Alfisols (Haplo-Palcustalfs) of the USDA System (1975). It is a
structure-less, deep red soil, and varies considerably in texture. The clay fraction
was found to contain mainly kaolinitic clays (52 %). The soil has a relatively high

water holding capacity due to its high fine sand and clay contents. Chemical analysis
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showed medium to high N, low to medium organic carbon, and low plant available P,

and a pH near neutrality (6.0-7.2) (Table 1).

Some trials carried out on this soil reportedly showed a high P fixing capacity. Crops
tested especially tobacco showed severe P deficiency symptoms. Several trails to
correct the deficiency by applications of different sources of P (e.g. triple super
phosphates, single super phosphates, mono-ammonium and di-ammonium P), liming,
and incorporations of mycorrhiza failed to produce satisfactory results. The trials
with cotton also showed clear signs of P deficiencies (i.e. stunted growth, smallish
dark leaves, low boll survival rates, and the characteristic leaf reddening symptoms

of late-season P deficiency).

(b) Loskop soils

A similar soil type was identified at Loskop experimental farm near Groblersdal. The
soil was identified as “dark reddish brown sandy loam” (Botha et al., 1968). It also
falls under the Hutton form but to the Shorrocks family. This is equivalent to Ferric
Acrisols (FAO/UNESCO System, 1974) or Alfisols (Pale-Xerults) (USDA System,
1975). Its chemical, mineralogical, and physical data are also shown in Table 1.

However, the Loskop soil shows only low to moderate P sorption capacities.

It was therefore hypothesized that the added fertilizer P in both soils could be
adsorbed to varied degrees by Al- and Fe- oxihydroxides, soil organic matter, and
layered silicate clay crystals, or precipitated as Ca and Mg compounds depending on
the pH that ranges near neutrality. Due to the limited P uptake in the Rustenburg soil
by both the tobacco and cotton plants, it was found necessary to investigate the fate
of both the initial and the applied P in the high P fixing Rustenburg and the low P
fixing Loskop soils by use of the sequential P fractionation procedures after different

P treatments and incubation experiments.
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MATERIALS AND METHODS

1: MATERIALS
1.1: Soils

The soils for this research were obtained from ARC — Institute for Industrial Crops,
Rustenburg and the affiliated experimental station at Loskop near Groblersdal. These
areas are situated at 25.7 °S / 27.3 °E (North West Province), and 25.2 °S / 29.4 °E
(Mpumalanga Province) respectively, in the Republic of South Africa. These two
soils (Rustenburg and Lokop) have already been described in details on pages 19 and
20.

1.2: Incubation materials

-1 000 cm’ glass jars

- Cardboard boxes, - to hold 12 glass jars
- KH;PO,

- Climate room (20°C; + or — 2° C)

2: SOIL INCUBATION TRIALS
2.1: Soil samples

Soils from Rustenburg and Loskop were used in the trials. Bulk samples of 200 kg
each were collected from the fields. Both soils have been under cropping for the last
5 years, and fertilized as recommended for different crops. The soil samples were
dried in a forced air oven at 40 °C, and ground to pass a 2 mm sieve. Each bulk

sample was then thoroughly mixed and stored at room temperature.

| 6030232
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2.2: P-Treatments

Potassium dihydrogen phosphate (KH,PO4) was used as the P source. The calculated
values equivalent to 0, 5, 10, 20, 25, 50, 75, 100, 125, 150, 175, 200, 225, and 250
mg P kg were weighed out and made up as stock solutions. To each 500 g soil
sample weighed out into a 1 000 cm® glass jar, the calculated volume of the stock
solution was added, mixed thoroughly with the soil, and brought to field capacity

before starting the incubation processes.

2.3: Incubation

Five (5) incubation periods (1, 60, 120, 180, and 240 days) were applied on each P
treatment. Each treatment combination was then replicated three times. The samples
were put in boxes and placed randomly in a climatic room where they were
incubated at a temperature of 20 °C (+ or - 2 °C). After each incubation period, the
replicated samples of each P treatment were withdrawn and forced air dried before

they were used for the sequential P extractions.

3: SOIL ANALYSES

3.1: Routine chemical, physical, and mineralogical analyses

Before commencing the incubation treatments, each soil was selectively analysed for
pH, N, organic carbon (O.C.), P (Bray 1 and 2), Total P, exchangeable K, Ca, Mg,

texture and clay mineralogy according to Black et al. (1965) methods.

3.2: Sequential P extractions

The sequential P extractions were carried out as described by Tiessen and Moir
(1993) with one modification. The resin strips were replaced by dialysis membrane
tubes filled with hydrous ferric oxide (DMT-HFO), as described by Freese et al.
(1995).
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3.2.1: Materials

- pH metre

- Horizontal shaker

- Centrifuge

- Spectrophotometer

- Water bath

- Digestion rack

- DMT- Dialysis membrane tube strips

- Medi - clips (clips)

- Extran, - phosphate free washing reagent
- HCI: Conc (11.3M), 0.5M, and 1.0M

- 0.5M NaHCO;

- NaOH: 4M, 1M, and 0.1M

- H20,: 30%

- H,S0y: Conc (18M), 2.5M, 0.9M, and 0.25M

- Ammonium molybdate: Dissolve 40.0 g in 1000 cm® of deionized water.
- Ascorbic acid: Dissolve 26.4 g in 500 cm” of deionized water.
- Antimony potassium tartrate: Dissolve 1.454 g in 500 cm’ of deionized

water.

- Solution A: Add 75 cm® ammonium molybdate, 50 cm’ ascorbic acid and
25 e¢m’ of antimony potassium tartrate solutions to 250 cm® of 2.5M H,S04,

and dilute to a final volume of 500 ¢cm® with deionized water in a volumetric

flask.

- Hydrous ferric oxide (HFO) suspension: Dissolve 200 g of ferric nitrate
nonahydrate in 2 000 cm’ of deionized water. Add drop wise 1M NaOH until
a pH of 7 to 8 is obtained. The suspension is then centrifuged for 10 minutes,
decanted, and re-suspended in deionized water. This procedure is repeated at

least two times. Finally, the hydrous ferric oxide (HFO) is suspended in



24

deionized water to obtain a volume of 4 000 cm’ and adjusted with 0.5M HCl
to pH 6.5 (i.e. close to the pH of the soils under study). This suspension is

stable for two weeks.

-Dialysis membrane tubes (DMT): Fifteen cm-lengths of the dialysis
membrane tubes (DMT) are boiled twice in deionised water for 5 minutes at a
time. After each boiling period the tubes are rinsed thoroughly. Each dialysis
tube is then closed at one end with a clip and filled with 10 cm® of HFO
suspension (approximately 0.05M Fe per DMT tube), and the open end also
closed with a clip. While filling the tubes, the HFO suspension is stirred

vigorously to obtain a homogeneous suspension.

3.2.2: P determinations by Murphy - Riley (1962) method

This method is used to determine directly the P extracted from the DMT-
HFO, the dilute and concentrated HCI, and the conc. H,SO4 + H,0, extracts.

Pipette 10 cm’ aliquot into a 100 cm® volumetric flask. Add two drops of the
paranitrophenol as an indicator and adjust the pH. If the extract is too acidic,
adjust the pH with 4M NaOH to yellow and then with 0.25 M H,SO4 until the

indicator just turns clear. For alkaline extracts just acidify.

Add 8 cm? of Solution A, fill up to the volume, shake, and read on the

spectrophotometer at 772 nm after 10 minutes (colour is stable for 24 hours).

3.2.3: Determination of the inorganic P (P;) in the dilute and conc. HC1 (D/HCI-
P; and C/HCI-P;) and H,SO, + H;0, (H;SO,4-P)) extracts

Pipette 10 cm’ aliquot into a 100 cm® volumetric flask and determine the P

according to Murphy—Riley (1962) method.
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3.2.4: Determination of the inorganic P in the 0.5M NaHCO; (-HCOs-P;) and
0.1M NaOH (-OH-P;) extracts

- Pipette 10 cm® of the extract into a 50 cm® centrifuge tube.

- Acidify the 0.5M NaHCOs extract by adding 6 cm® of the 0.9M H;SOs4
solution and the 0.1M NaOH extracts with 1.6 cm® of the same solution, and
then cool them down in a cold room for 30 minutes.

- Centrifuge at 2 500 RPM for 10 minutes.

- Decant the supernatant into a 100 cm® volumetric flask.

- Rinse the tubes carefully (without disturbing the precipitated organic
material) with 2—3 cm® of acidified water.

- Adjust the pH and measure the P content as described in (3.2.2).

3.2.5: Determination of the total P in the 0.5M NaHCO; (-HCO3-Py), 0.1M
NaOH (-OH-Py), and conc. HCI (C/HCI-Py) extracts

- Pipette 5 cm’ of the extract into 100 cm® volumetric flasks.

- To the 0.5M NaHCO; extract add 0.5 g ammonium persulfate and 10 cm’
0.9M H,SO,.

-To the 0.1M NaOH extract add 0.6 g ammonium persulfate and 10 cm 3
0.9M H,S04.

- To the conc. HCI extract add 0.4 g ammonium persulfate and 10 cm’
deionized water.

- Cover with tin foil (double layer for conc. HCI) and heat very slowly on a
hot plate, the NaHCO; and HCI extracts for 60 minutes, and the NaOH
extract for 90 minutes.

- Adjust the pH and measure the P content as described in Section 3.2.2.
3.2.6: Procedures for the P sequential extractions

Day 1: Weigh out 1.00 g of soil into 100 cm? polyethylene flasks. Add 80 cm’ of a
solution containing 0.002 M CaCl, and 0.0003 M KCI.



Day 2:

Day 3:

Day 4:

Day 5:
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Place the 15 ¢cm DMT tubes filled with 10 cm® HFO in the soil suspension
and shake gently for 16 hours.

Prior to removing the DMT-HFO tube, the soil material adhering to it is
rubbed off with a glass rod to minimize loss of soil material from the
suspension and then rinsed with deionized water to remove any remaining
traces of adhering soil material. The DMT-HFO tube is then transferred to a
conical flask where it is opened and 1 cm’ of conc. H,SO; is added to the
extract to dissolve the HFO before the empty DMT is removed. Determine
the DMT-HFO-P; as described in Section 3.2.2.

Centrifuge the soil suspension at 2 500 RPM for 10 minutes, filter through
millipore filter (pore size 0.45um) and then wash the soil from the filter back
into the centrifuge tube with 30 cm® of 0.5M NaHCO; solution and then
shake the suspension overnight (16 hours). Ensure that all the soil is in

suspension before starting to shake.

Centrifuge the soil suspension at 2 500 RPM for 10 minutes. Filter the
NaHCOj; extract through a millipore filter into a 50 cm’ volumetric flask.
Determine the inorganic P; (HCOs;-P;) and total P, (HCOs3-P,) on the
bicarbonate extract as described in sections 3.2.4 and 3.2.5 respectively.
Wash all the soil from the filter back into the tube with 30 cm® 0.1M NaOH

and shake the suspension overnight.

Centrifuge the suspension at 2 500 RPM for 10 minutes. Decant the NaOH
extract through a millipore filter into a 50 cm® volumetric flask. Determine
inorganic P; (OH-P;) and total P, (OH-P;) in the NaOH extract as described in
Sections 3.2.4 and 3.2.5 respectively. Wash all the soil from the filter back
into the tube with 30 cm® of 1M HCI and shake the suspension overnight.

Centrifuge the soil suspension at 2 500 RPM for 10 minutes. Decant the HCI
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extract through a millipore filter into a 50 cm’ volumetric flask. Determine

the inorganic P (HCI-P;) in the HCl extract.

Wash the soil from the filter back into the centrifuge tube with 10 cm’ conc.
HCI. Heat the soil sample on a water bath at 80°C for 10 minutes. Suspend
the soil sample in the HCl by vortex before heating the suspension for
approximately 10 minutes to come to temperature, add a further 5 cm’ conc.
HCI, vortex, and let it stay at room temperature for 1 hour (vortex every 15
minutes). Centrifuge at 2 500 RPM for 10 minutes and decant supernatant
into a 100 cm’ volumetric flask. Wash the soil with 10 cm® H,O and
centrifuge. Add the supernatant together with the test solution, make to 100
cm’, and determine the inorganic P; (HCI-P;) and total P, (HCI-P,) in HCI

solution as described in Sections 3.2.4 and 3.2.5 respectively.

Add 10 cm® of deionized water to the soil residue and vortex to disperse the
soil. Transfer the suspension into a 75 ¢cm’ digestion tubes (use the minimum
amount of water possible to transfer all the soil residue), add 5 cm’® conc.
H,SO, and one boiling chip (Hengar granules), vortex, and put on a cold
digestion block. Raise the temperature very slowly to evaporate water and
when 360 °C is reached H,0, is added as follows: remove the tubes from the
digestion block and let them cool to hand-warm; add 0.5 cm’® of H,0,; reheat
for 30 minutes to evaporate H,O,. Repeat the H,O, additions until the liquid
is clear (usually about 5 - 10 times to decompose the H,O,). Make sure there
is adequate heating after the final H,O, addition, since residual H,O;
interferes with the P determination. Cool, make up to volume, shake, and
allow residue to settle out overnight. Determine P; (H,SO,4-P;) in the extracted

solution according to the Murphy- Riley (1962) method.
3.2.4: P—standards

The P concentrations were determined according to the method of Murphy-

Riley (1962). The concentrations were determined by comparing the colour
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developed with a standard range. The standard solutions for the different P
extractions were prepared with the same extraction reagent and

concentrations as in the unknown sample solutions.

A standard stock solution containing 250 mg P dm™ was prepared by
weighing accurately 1.0982 gm of oven-dry Analar KH,PO, into a clean
1dm® volumetric flask, dissolved in deionised water and then filled to the

mark.

A standard range was prepared by pipetting into 11 clean 100 cm’ volumetric
flasks, 0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 cm’ of the stock
solution. An equal amount of one of the extracting solutions (e.g. NaHCO3)
was added to each of the volumetric flasks and then 8 cm® of the colour

reagent was added and filled up to the mark with deionised water

After the colour had developed for 1 hour, the blue colour intensities of the
solutions were determined by a spectrophotometer, at a wavelength of 772
nm. The P concentrations of the extracts were then read off from the standard

P curves.
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Procedure
1.0 g soil

v

Extraction with DMT-HFO

in water
E{traction with 0.5M NaHCO;

E&traction with 0.1M NaOH

EItraction with dil. 1.0M HCI1

Extraction with conc. HCI

Extraction with

conc.H,SO4 + Hy,0O,

P - Fractions/Functional roles

soluble - available P;

labile - P; and P,

Al-, Fe-hydrous oxide bound-P

slow - labile - P; and P,

Ca - bound - P slow - labile - P;

occluded/recalcitrant - P

fixed/unavailable P;and P,

residual/recalcitrant/lattice - P

fixed/unavailable P; and P,

Fig. 1: Flow chart of the sequential P extractions
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4: STATISTICAL ANALYSIS

The data from the experiments were analysed statistically using a “Genstat 5 (1995)
computer programme. The programme involved the Analysis of Variance (ANOVA)
to determine whether F values were statistically different between or among the
treatments. The Least Significant Differences (LSDs) were determined by the LSD
Fisher tests at 5% confidence level. The correlation coefficients were determined as

well as the regression equations for the exponential fits of the graphs.

The graphs for the extracted P and percent P recovered are presented as smooth
curves constructed through different regression fits using ‘Microsoft Excel’ (1995)
programmes: Where linear: y = mx + b (where m is the slope and b is the intercept);
logarithmic: y = c/nx + b (where ¢ and b are constants, and In is the natural logarithm
function); polynomial: y = b + ¢;x + X’ (where b, ¢; and ¢, are constants);
exponential y = ce™ (where ¢ and b are constants, and e is the natural logarithm; and
power: y = cx” (where ¢ and b are constants) to produce the best fits for each set of
data. The graphs are accompanied by regression equations and the correlation

coefficient (R?) values.

To calculate the percentage recovery of the added P the amount of the initial soil P
extracted was subtracted from the amount recovered after incubation under the same
conditions with the added P, thereby correcting for the effect of the initial P during
incubation. Thus % P recovered = (Px—Po)/P1*100; where Px was P in the xth
fraction of the P treatment, and Po was P in the oth fraction of the initial no P (P0)
treatment, while P1 was the applied P level (Sattell and Morris, 1992; Doula et al.,
1996).
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RESULTS AND DISCUSSION

1. Chemical, physical, and mineralogical characteristics of Rustenburg and

Loskop soils

Some selected properties of the two soils (Table 1) under study show that the
Rustenburg soil is a sandy-clay while the Loskop soil is a sandy-loam. Kaolinite is
the dominant clay mineral in both soils. The pH (H,O: 1:2.5 suspension) values show
that the soils are near neutral. The organic carbon content is low for both soils
although it is a little bit higher in the Rustenburg soil (Black et al., 1965). Initial P
contents (Bray 1) were generally low for both soils. According to Sharpley (1996),
Bray 1 gave the best indications of labile P in the slightly to highly weathered soils.

2. Sequential fractionations of soil P into various inorganic-P (P;), and organic-P

(P,) pools

The sequential P extractions were carried out as outlined by Tiessen and Moir (1993)
with a slight modification, where the resin strips were replaced by dialysis membrane
tubes filled with hydrous ferric oxides (DMT-HFOQ), as described by Freese et al.,

(1995). The procedures used are summarized in the flow chart in Figure 1.

The summaries of the results of the sequentially extracted P and percent P recoveries
of the added P as influenced by added P and incubation periods are presented in

Tables 2-3.
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Table 1: Some chemical, physical, and mineralogical characteristics of

Rustenburg (R) and Loskop (L) soils

Soil Samples R R R L L

Depths (cm) 30 60 90 30 60

Soil Texture (%)

Sand 42 38 34 81 72

Silt 7 7 9 0 1

Clay 51 55 57 19 27

Textural Class Sandy- Clay Clay Sandy- Sandy clay-
clay loam loam

Clay Mineralogy (%)

Kaolinite 52 54 40 37 26

Quartz 29 35 18 52 74

pH H,0 (1:2.5) 6.87 6.82 6.60 6.84 6.47

TotalN (mgkg") | 486 419 347 206 163

0.C. - 6700 5800 4400 4100 3900

P(Brayl) ., 5.0 3.0 0.0 12.5 1.0

P (Bray2) ., 8.0 4.5 0.5 16.5 1.0

Total P - 265.0 202.0 | 95.8 152.8 97.5

K . 250 178 83 198 100

Ca . 910 853 690 640 720

Mg . 683 720 830 200 240
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Tables 4-8 show the transformations and distribution of the sequentially extracted-P
fractions with the various rates of added P and incubation period as percentages of
the total soil P pools for Rustenburg and Loskop soils. Figures 2-10 show the
regression equation curves. The analyses of variances (ANOVA) and the tables of
means are presented in Appendices I Nos. 1-24. In general the ANOVA tables show
that there were highly significant changes (P = 0.01) in the sequentially extracted-P
fractions with all the rates of the added P, the incubation period, and their
interactions (Rustenburg, Appendices I Nos. 1-12; Loskop, Appendices I Nos. 13-
24). Figures 2-10 present the regression equations with the best-fitted linear,
exponential, logarithmic, polynomial, and power functions. The R? values indicated

very good correlations in most cases.

3. The effects of P and incubation treatments on the sequentially extracted
inorganic P (P;), organic P (P,), percentage P recovered, and P

distribution into different P pools

According to their relative availabilities to plants in the soils, the results of the

sequentially extracted P have been classified into three groups:

(a) Plant-available P: comprising solution or freely available P (DMT-HFO-P;
extracts) and labile P (0.5M NaHCOs-P; and P,);

(b) Adsorbed P: consisting of adsorbed or slow labile P (0.1M NaOH-P; plus P,, and
1.0M HCI-P; extracts);

(¢) Occluded and residual P: consisting of occluded and recalcitrant P (conc. HCI-P;
and P, extracts), and residual, fixed or lattice P (conc. H;SO4 + HyO0,-P; and P,

extracts);

The organic P (P,) that falls within each group is regarded as having comparable

availabilities to the P; (Hedley et al., 1982; Tiessen and Moir, 1993).
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3a: The effects of the added P and incubation time on the extractable plant-
available P - [solution P (DMT-HFO-P;) and labile P (0.5M NaHCO;-
P; and P,)]

3a: (i). The effects of the added P and the incubation period on DMT-HFO-P;

The results of the extractable and percent recoveries of the added P are presented in
Tables 2-3. While Figures 2a and b show the regression curves. The analyses of
variances (ANOVA) and the tables of means are presented in Appendices I Nos. 1
and 13 respectively for Rustenburg and Loskop soils. The ANOVA tables showed
highly significant differences (P = 0.01) in the DMT-HFO extracted-P fraction with
the levels of added P, incubation periods, and their interactions in both soils. The
data in Tables 2-3 shows that, the extracted DMT-HFO-P; fraction increased with
increasing levels of the added P. However, the amounts extracted for each level of
added P decreased with increasing incubation time. This would tend to agree with
Doula et al. (1996), who reported that soluble P added to a soil is usually adsorbed
and precipitated rapidly but the concentrations in solution continue to decline slowly

over a period of months.

The DMT-HFO-P; extracts of Rustenburg soil were low and ranged from 2.50-40.09
mg kg™ after 1 day to only 2.79-12.59 mg kg™ after 240 days of incubation from 0-
200 mg kg of applied P. This represented percent P recoveries of 28.92-18.80 %
after 1 day to only 7.36-4.90 % after 240 days from the lowest and the highest added
P respectively (Table 2). According to Freese et al. (1995), this is well below the
capacity of the DMT to diffuse P across the membrane in 16 hours. Tables 4a and 8a
showed that the DMT-HFO-P; extracted only a small fraction of the total soil P pool.
The proportion varied from 1.35-10.75 % after one day to only 1.31-3.00 % after 240
days.

The corresponding values for Loskop soil showed the same trend but differed in that
more P was extracted than from the Rustenburg soil. Table 3 shows that the values

varied from 5.40-64.78 (1 day) to 4.54-16.75 mg kg™ (240 days) between 0 and 200
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mg kg™ added P. These represent percent P recoveries of 21.08-29.69 % (1 day) and
7.68-6.11 % (240 days) from 25-200 mg kg™ added P respectively. The proportion of
the DMT-HFO extracted P; after 16 hours extraction time also constituted only a
small fraction of the total soil P pool, although relatively higher than for the
Rustenburg soil. They ranged from 3.83-19.50 % (1 day) and 2.83-4.65 % after 240
days of incubation with 25-200 mg kg™ added P respectively (Tables 4b-8b).

Figures 2a and b show the effects of the applied P and the incubation periods on the
DMT-HFO-P; extracts from (a) Rustenburg and (b) Loskop soils respectively
between 1 and 240 days of incubation. The graphs show that for both soils DMT-
HFO- extracted P; increased with the increasing P levels, but were greatly reduced by
the number of days they were under incubation. Thus, increasing incubation period
from 1-240 days reduced the amount of P; that can be extracted with DMT-HFO
significantly suggesting that during the incubation processes the slow adsorption
reaction reduces the amounts of the solution (DMT-HFO-P;) phosphates (Doula et
al., 1996).

Rustenburg soil shows a big difference in extractable P between 1 day and 60 days,
where after only limited DMT-HFO-P; remained available for extraction. It should be
noted that the greater the distances between the lines of the fitted curves of the labile
P (DMT-HFO- and —~HCO;-P extracts), the greater the P-fixation capacity of the soil
and the shorter the time it takes to fix the added P (e.g. 1 day vis-a-vis 60 days in
Figs. 2 and 3) (Sattell and Morris, 1992; Doula et al., 1996).

In contrast, the Loskop soil took longer to reach equilibrium because it was only after
120 days that the distances between the lines became small indicating little fixation
thereafter. In general more DMT-HFO-P; was extracted from Loskop than from
Rustenburg soil from all the added P levels throughout the incubation period,
indicating that the Rustenburg soil has the capacity to fix P faster than the Loskop
soil. However, after 120 days both soils were able to equally fix most of the applied
P because the percentages recovered after longer periods of incubation were

relatively low and more or less the same.
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Table 2: The effects of the added P and incubation period on the sequentially exiracted inorganic P, organic P, and percent P recovered from Rustenburg soil.

Incubation peried (days)

Added P 0
(mgkg™)

HFO-P; 250

% P recavered

HCO,-P, 6.30

% P recovered

OH-P; 30.00

% P recovered

DHCI-P, 6.73

% P recovered

CMHCI-P; 50.93

% P recovered

H,SOP, 55.27

% P recovered

HCO-P, 10.00

% P recovered

OH-P, 13.80

% P recovered

CHCI-P, 9.67

% P recovered

Total Pedracted 18520

Totm % P recovered

Added P 0
(mgkg™)

HFO-P; 258

% P recovered

HCO-P, 347

% P recovered

OH-P, 4408

% P recovered

DMHCI-P; 8.00

% P recovered

CHCI-P, 59.00

% P recovered

H,SO,P; 60.67

% P recovered

HCO,P, 508

% P recovered

OH-P, 1333

% P recovered

CMHCI-P, 1333

% P recovered

Total P extracted  208.24

Totsl % P recoverad

25

973
28.92
17.42
4448
35.80
23.20
7.14
164
51.60
268
56.17
3.60
1047
1.88
14.47
268
973

0.24

21253
109.32

25

508
10.00
467
6.00
52.17
32368
1233
17.32
62.33
13.32
62.00
5.32
6.92
7.38
16.67
13.36
14.60
5.08

236.77
11012

1

50

17.10
2920
2598
39.38
39.37
18.74
9.76
6.06
53.83
580
56.83
312
1072
1.44
14.97
234
10.10
0.86

238.67
106.94

557
5.98
5.92
550
60.00
31.84
1517
14.34
68.67
19.34
67.67
14.00
733
4.50
20.00
13.34
16.40
6.14

266.73
114.98

100

3058
2809
32.00
25.70
61.03
31.03
13.40
6.67
56.93
6.00
57.33
206
11.37
137
15.10
1.30
10.50
0.83

28825
103.05

100

8.42
584
8.92
6.75
7867
2459
1817
10.17
78.67
19.67
73.67
13.00
8.33
325
2233
9.00
18.67
524

150

33.12
20.41
41.89
2373
68.20
25.47
14.05
488
60.97
6.69
59.50
282
1177
1.18
15.90
1.40
13.65
265

319.05
89.23

150

9.58
4.67
1558
8.27
8717
2873
2183
9.22
86.00
18.00
86.67
17.33
867
239
24.50
7.45
20.00
445

200

40.09
18.80
67.13
30.42
82.53
26.27
15.07
417
63.73
6.40
61.67
3.20
12.90
1.45
15.97
1.09
13.80
2.07

372.88
93.85

200

14.00
5.7
20.92
8.e8
103.00
29.46
24.83
8.42
98.00
19.50
93.33
16.33
10.08
2.50
26.17
6.42
2133
4.00

316.85 260.00 411.66
107,61 10051 101.21

Average-P

2218
25.08
31.79
32.74
52.82
2494
11.03
468
56.33
5.51
57.80
296
21
146
15.04
1.76
1124
1.33

269.43
100.48

Average-P

7.54
6.44
10.03
7.08
7085
31.40
16.72
11.89
7545
17.97
74.00
13.20
7.74
4.00
20.50
9.91
17.39

300.21
106.89

0 25
287 6.08
12.84

6.00 758
6.32

3433 4200
30.68

6.92 9.42
10.00

58.00 60.00
8.00

5573 56.67
3.76

10.00 1475
19.00

1417 1634
8.68

1n7s 1217
168

199.77 225.01
100.96

o 25
279 4863
7.38

290 442
6.08

4670 5367
27.88

885 1333
17.92

5860 64.62
20.08

61.83 6567
15.36

486 600
4.58

1242 1500
10.32

1352 1671
12.78

213.47 24405
12232

€0

50

6.92
8.10
13.75
15.50
52.08
35.50
1233
10.82
62.33
8.86
59.00
6.54
18.17
16.34
2063
12.92
1350
3.50

258.71
117.88

240

50

579
6.00
563
5.48
63.33
33.26
16.92
16.14
7067
2214
7017
16.68
6.46
3.20
17.08
9.32
18.21
11.38

275.26
123.58

100

12.00
913
18.08
12.08
68.33
34.00
15.08
8.16
6567
767
65.22
949
2267
12.67
2425
10.08
16.25
450

307.55
107.78

100

8.39
560
9.71
6.81
80.00
33.30
20.33
11.48
80.10
2050
78.58
16.75
6.88
2.02
20.33
791
20.52
7.00

32484
11137

150 200
16.92 1958
9.37 8.36
2408 3125
12.05 1263
8367 9442
3289 3005
1758 19.92
7.1 6.50
7033 7533
822 8.67
7238 80.47
1110 1237
2400 2617
9.33 8.09
2592 2679
7.83 6.31
17.83 1925
412 375
352.81 393.18
102.03 96.71
150 200
943 1259
4.47 4.90
1538 19.25
832 818
83.00 104.00
30.87 2865
2375 2717
993 9.16
89.96 100.54
2024 2047
8967 99.17
18.56 18.67
7.29 9.00
162 2,07
2317 2483
717 8.21
2175 2367
5.49 5.08
37346 42022
10666 103.38

Aversge P

10.73
9.56
16.79
172
62.47
32.62
13.54
8.52
6528
8.24
64.91
8.65
19.29
13.08
2135
8.16
15.14
3.51

289.51
105.07

728
567
9.55
697
7345
30.79
18.38
1283
77.58
2089
77.52
17.20
675
268
18.81
8.18
19.23
8.34

308.55
113.46

275

420

43.42

725

58.33

56.50

11.00

15.21

12.83

211.49

25

565
11.60
517
3.88
4825
19.32
10.47
11.68
61.33
12.00
58.83
9.32
15.00
16.00
17.25
816
1347
1.36

234.82
93.32

120

50

6.17
6.84
8.08
1716
5417
21.50
13.21
11.92
65.00
13.34
6567
18.34
1767
13.34
2233
1424
15.00
434

267.30
111.62

100

9.7
8.42
1250
8.30
72.00
28.58
16.08
8.83
76.00
17.67
7447
17.67
19.33
8.33
25.58
10.37
18.50
5.67

150

13.23
6.99
2033
10.75
85.25
27.89
18.92
778
80.67
14.89
80.17
15.78
21.50
7.00
26.88
7.78
19.00
41

323.33 36595
111.84 10297

200 Average-P

1517
621
2358
9.69
98.00
27.29
22.04
7.40
93.00
17.34
89.50
16.50
23.00
6.00
28.08
6.44
2067
3.92

413.04
100.78

8.69
761
1234
8.08
66.85
24.92
1461
852
7239
15.05
70.81
15.52
17.92
10.13
2256
9.40
16.53
3.88

302.66
104.11
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Table 3: The effects of the added P and incubation period on the sequentially extracted inorganic P, organic P, and percent P recovered from Loskop soil.

incubation period (days}

Added P
(mgkg™)

HFO-P;

% P recovered

HCO,-P,

% P recovered

OH-P,

% P recovered

D/MCI-P;

% P recovered

CMHCI-P;

% P recovered

H,S0,-P,

% P recovered

HCO4-P,

% P recovered

OH-P,

% P recovered

CMHCI-P,

% P recovered

Total P extracted
Total % P recovered

o

540

12.83

2143

5.97

29.33

39.83

955

7.38

9.20

14092

Incubation period (days})

Added P
(makg™)

HFO-P,

% P recovered

HCO;-P

% P recovered

OH-P;

% P recovered

DMCI-P,

% P recovered

CMHCI-P,

% P recovered

H,S0,-P;

% P recovered

HCO,-P,

% P recovered

OH-P,

% P recovered

CMHCI-P,

% P recovered

Total P extracted
Tetal % P recovered

0

4.92

6.00

34.92

625

3233

4197

850

11.38

828

155.55

25

1067
21.08
17.76
19.72
27.10
2268
7.50
8.12
3227
11.76
40.00
0.68
10.28
292
8.48
4.40
9.96
3.04

164.02
92.40

25

6.84
7.68
762
6.48
4017
21.00
10.15
15.60
40.42
3236
4236
156
1021
6.84
1357
8.76
11.89
10.44

183.23
110.72

1
50

18.56
26.32
30.08
34.50
39.43
36.00
8.00
4.06
35.30
11.94
40.50
134
10.54
1.98
885
2.94
10.00
1.60

201.26
120.68

180

50

8.92
8.00
813
426
53.50
37.18
11.18
9.66
4217
10.68
46.13
832
11.75
6.50
14.86
6.96
13.11
766

209.75
108.40

100

39.33
3393
45.12
3228
4557
2414
9.28
3.3
3767
8.34
41.00
117
11.33
178
10.12
274
10.18
0.98

249.60
108.68

100

1433
o4
16.00
10.00
7258
37.66
12.06
5.81
53.67
21.34
57.59
15.62
13.79
529
17.40
6.02
14.22
4.94

27164
116.09

150

49.89
20.66
59.20
30.87
54.80
2225
9.93
284
38.53
6.13
42.50
178
11.35
120
10.30
1.85
10.71
1.01

287.30
97.59

150

17.75
855
22.00
1067
83.17
32.17
14.58
5.55
60.25
18.61
61.15
12.79
15.09
4.39
18.92
5.03
15.38
4.07

308.29
101.83

200 Average-p

64.78
29.69
74.95
31.08
62.23
20.40
10.43
223
39.87
5.27
4567
2.92
12.18
1.32
10.35
1.49
11.78
128

332.24
95.66

200

19.58
733
28.82
11.46
89.50
27.20
14.67
421
65.63
16.65
71.45
14.74
15.88
.69
2067
4.65
16.89
3.81

343.18
93.82

31.44
28.14
40.01
297
41.76
25.09
8.52
3.67
35.50
8.69
41.58
1.58
10.87
1.84
9.25
270
10.31
1.58

22922
103.00

Average-P

12.06
818
14.78
857
6231
31.06
11.48
821
49.08
2173
53.44
1061
12.54
5.34
16.13
628
13.46
6.18

24528
108.17

525

a1

26.42

5.99

31.50

4067

10.00

9.81

8.78

146.53

454

5.56

37.83

6.08

34.83

42.59

783

11.58

9.39

25

7.50
9.00
10.82
11.24
3247
23.00
8.95
11.64
33.00
6.00
4176
4.36
11.42
5.68
11.96
8.60
10.11
5.32

167.79
85.04

25

6.46
7.68
6.89
5.32
4533
30.00
11.33
21.00
39.42
18.36
4427
672
8383
4.00
1318
6.40
13.39
16.00

60

S0

10.71
10.92
15.42
14.62
46.33
39.82
913
6.28
35.08
7.16
41.92
2.50
12.88
576
13.00
6.38
10.78
4.00

19525
97.44

240

50

7.21
5.34
767
422
59.50
43.34
11.67
11.18
44.67
19.68
50.78
16.38
10.82
6.18
14.50
584
15.94
13.10

100

22,08
16.83
28.83
2072
52.83
26.41
10.14
415
4158
10.08
52.03
11.36
16.08
6.08
13.71
3.90
11.61
283

248.89
102.36

100

11.50
698
1347
761
78.58
40.75
12.92
8.84
55.08
2025
60.16
17.57
12.25
4.42
16.13
455
20.05
10.66

150

2833
15.39
40.28
21.45
65.83
2627
1063
309
4217
7.1
57.35
11.12
17.30
487
1571
393
14.50
3.81

292.10
97.05

150

1557
735
18.83
8.85
87.83
33.33
16.07
6.66
64.33
19.67
7140
18.21
14.00
411
17.13
3.70
21.22
7.89

200 AverageP

33.58
1417
49.03
20.46
73.25
23.42
11.96
299
48.42
8.46
66.17
1275
20.30
5.15
16.13
316
15.05
3.14

333.89
93.68

200

16.75
6.11
23.17
8.81
96.07
29.12
16.42
5.17
71.08
18.13
79.82
18.62
15.67
3.82
19.09
3.78
2228
6.45

17.91
13.26
2543
17.70
49.47
27.78
947
567
3863
776
49.98
8.42
14.66
5.51
13.39
5.19
11.81
3.82

230.74
985.11

Average-P

10.34

6.69
12.55

6.96
87.52
35.31
12.42
1017
51.57
19.22
58.17
15.70
11.58

453
15.27

4.85
17.05
10.82

160.23 189.10 222.86 279.84 326.38 360.35 256.46
11548 12526 11961 110.77 100.06 114.24

535

6.89

31.17

6.17

31.92

41.38

1025

1017

9.94

153.24

25

7.09
8.98
9.67
11.12
37.50
2532
943
13.04
38.58
2664
41.80
1.68
12.48
8.92
13.50
13.32
11.25
524

181.30
112.24

120
50

7.96
5§22
13.42
13.06
50.33
38.32
10.22
8.10
40.50
17.16
45.13
7.50
13.55
6.60
14.71
9.08
11.78
3.68

207.60
108.72

100

15.58
10.23
25.21
18.32
62.17
31.00
11.70
5.53
47.75
15.83
5225
10.87
16.25
6.00
16.42
6.25
13.72
3.78

261.05
107.81

150

19.00
8.10
33.46
7.1
7333
28.11
1213
3.97
55.25
15.55
59.69
1221
17.92
511
18.33
544
14.06
275

303.17
99.95

200 Average-P
2308 13.01
8.87 8.08
4175 2173
1743 1553
8467 5653
2675 29.90
1325 1048
354 6.84
60.58 45.76
1433  17.90
7048 5179
1455 936
1884 1488
430 6.19
19.83 1549
4.83 7.78
1589 1277
298 368
348.37 24246
97.57 105.26
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The proportion of DMT-HFO-P; as a fraction of the extracted total soil P pool was
generally low for Rustenburg but relatively higher for Loskop soil. The proportions
increased with the added P levels but were markedly reduced during the incubation
period (Tables 4-8). For example, the Rustenburg soil had 1.35-10.75 % after 1 day
(Table 4a) but only 1.31-3.00 % after 240 days (Table 8a) of incubation from 0-200
mg kg™ of added P. Meanwhile the Loskop soil had 3.83-19.50 % after 1 day (Table
4b) but only 2.83-4.65 % after 240 days (Table 8b) of incubation. The changes in the
distribution of soil P could have resulted from the chemical changes brought about
during the moist incubation period, which could have altered the extractability of soil
P pools. The changes could also have resulted from the conversion of P through
microbial activities even in the control sample, which was subsequently released to

the soil on deaths of the cells (Chauhan et al., 1981).

The differences in the DMT-HFO extractable P;, percent recoveries of the applied P,
and the distribution as fractions of the extracted total soil P pools in the two soils
could be due to the differences in the clay contents and types, and organic matter
contents. Rustenburg soil had more clay and organic matter than the Loskop soil
(Table 1). The clay contents (Rustenburg, 51%; Loskop, 19%), coupled with the
higher amounts of the kaolinites (Rustenburg, 52 %; Loskop, 37%) could have been
the major reasons for the lower percent recovery of the added P from the Rustenburg
soil with the prolonged incubation periods (Dalal 1973; Loganathan et al., 1987;
Sanchez et al., 1991).

The solution P recoveries of a soil have also been reported to be dependent on the
conditions under which the soil and P are allowed to react. In their study, Raven and
Hossner (1994) reported that a relatively high proportion of the added P (67 to 85 %)
was desorbed by anion-exchange resin (equivalent to DMT-HFO) after 31 days of
incubation. Sharpley, et al. (1984) on the other hand, reported that in 78 soils of the
US treated to 0-120 mg P kg, incubated at field capacity for six months, and
subjected to three wetting and drying cycles, only 7-74 % of the added P was

extracted by the anion-exchange resin. The high recoveries in the Raven and Hossner
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(1994) study were probably due to the relatively short incubation time (31 days) and

the absence of wetting and drying cycles.

Both soils showed that as more P was added, the percent recoveries stayed more or
less the same within each incubation period, and thus not correspondingly more
solution-P; was made available (Tables 2 and 3). Earlier, Kafkafi et al. (1967) had
reported that when P is added to a soil, some of it is converted directly into the fixed
form (insoluble and residual P). This could have affected the percent P recovered as

noted in this experiment.

3a: (ii). The effects of the added P and incubation period on the 0.5M
NaHCO;-extracted P (P;and P,)

0.5SM NaHCOj;-extracted P;:

The results of the different P and incubation treatments are presented in Tables 2 and
3, 4-8, Figures 3a and b, and Appendices I Nos. 2, and 14 respectively for
Rustenburg and Loskop soils. The extracted —HCO;-P; fraction significantly
increased (P = 0.01) with increasing levels of added P for both the Rustenburg and
Loskop soils (Appendices I Nos. 2, and 14). However, the amounts extracted for
each level of added P decreased significantly with the increasing days of incubation
as can be seen by the reduction in the percent P recovered (Tables 2 and 3). The

trend however, was similar to the HFO-P; extracts for both soils.

For the Rustenburg soil the amounts of ~-HCOs-P; extracted varied between 6.30 and
67.13 (1 day) and 2.90-19.25 mg kg (240 days) from the lowest to the highest P
applications (Table 2). This represented a percent P recovery of approximately 30 %
after one day, but the P recovered reduced to approximately 10 % after 60 days of
incubation. For the longer incubation periods the percent P recovered tended to
increase with higher P applications but the amount of P extracted were lower. This

tendency indicates that whereas for the DMT-HFO extracts the percent P recoveries
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decreased there were corresponding increases with the —~-HCOjs-extract, showing that

some soluble P was transferred to the ~HCOs-extractable P pool.

For the Loskop soil however, the changes in the percent P recoveries were more
gradual up to 180 days of incubation. This again clearly shows the differences
between the two soils. For the Rustenburg soil, most of the added P was transformed
between the first and 60 days of incubation, after which only small amounts of —
HCOs-P; could be extracted. However, for the Loskop soil, the transformation was
slower, and fairly large percentage of the applied P was bicarbonate extractable up to
180 days of incubation (Table 3 and Fig. 3b). Here again it was evident that some of
the DMT-HFO-P; was transferred to the -HCOj3-extractable P pool.

Here again the differences in the ~HCQ; extractable P; and the percent P recoveries
of the two soils could be due to the differences in the clay and organic matter
contents and types. As it was stated earlier in relation to the DMT-HFO-P; extracts,
the clay content coupled with the high amounts of the kaolinites and possibly Fe and
Al oxihydroxides could have contributed to the lower percent P recoveries from the
Rustenburg soil because more P was transformed to less bicarbonate extractable P

(Dalal 1973; Loganathan et al., 1987; Sanchez et al., 1991).

Furthermore, the noted differences in the amounts extracted and the percent P
recovered could also have been influenced by the mineralization of P from the
readily decomposable soil organic matter and the deaths of microbial cells during the
incubation period. According to Tables 2 and 3 the percent P recoveries were higher
at the lower P than the higher P application rates and more from the Rustenburg soil
that had relatively higher organic matter content. Tiessen et al. (1984) had shown that
the available (labile) P was largely contributed to by the mineralization of the

bicarbonate P,
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The contributions of ~HCOs-P; extracts to the extracted total soil P pool were
initially relatively lower for the Rustenburg compared to the Loskop soil. The
contributions increased with the increasing levels of the added P but were markedly
reduced by increasing incubation periods. Thus, for Rustenburg soil the contributions
ranged from 3.40-18.00 % (1 day, Table 4a) to 1.36-4.58 % (240 days, Table 8a).
While for Loskop soil the contributions varied from 9.10-22.56 % (1 day, Table 4b)
to 3.47-6.43 % (240 days, Table 8b) between the lowest and the highest applied P
respectively. This also indicated that both soils lost large proportions of ~HCO;-P; to

stable P pools during the incubation period.

As the NaHCOs-P; is classified as labile P fraction, it is recognized along with DMT-
HFO-P; (solution P;) as the most readily available for plant uptake and growth. It is
therefore expected that they would reflect seasonal short-term changes in plant
available P, and consistent with this, the largest proportion of P lost from the
individual P pools would occur from these two pools (Hedley et al., 1982; Bowman
et al., 1998). Thus, prolonging incubation periods from 1-240 days generally reduced
the availability of labile P, due to different adsorption and fixation reactions similar
to the solution DMT-HFO-P; shown earlier. The reductions were however,
noticeably more gradual for Loskop soil that is a relatively light soil with less clay
and soil organic matter (Oades and Ladd, 1977; Dalal, 1977).

0.SM NaHCOs-extracted P,:

The amounts of the bicarbonate organic P (-HCO;-P,) extracted from all the added P
levels were slightly higher for Rustenburg than for Loskop soil between 1 and 120
days of incubation (Tables 2 and 3; Figs. 4a and b). For longer incubation periods the
extractable P, became very low indicating that the organic P was mineralised within
120 days where after it became depleted especially in the Rustenburg soil. In the
Loskop soil this fraction did not become as depleted as in the Rustenburg soil. The
noted differences in the amounts extracted and the percent P recovered could have
been due to the increased microbial populations and activities during the incubation

period.
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The contributions of —-HCOs-P, to the total soil P pool were also low for both soils.
The fractions remained stable although slight decreases were noticeable with
increased P levels and the incubation periods, indicating possible enhancement of P,
mineralization in both cases (Tables 4a,b-8a and b; Figs. 4a and b). Thus the
extracted -HCO3-P, (highest and lowest values) varied from 6.66 % (60 days) to 2.19
% (240 days), as fraction of the total soil P pool in the Rustenburg soil, while in the
Loskop soil, -HCO;-P, accounted for 6.35 % (60 days) to 4.48 % (240 days) highest
and lowest values respectively. In related long-term field trials in Mpumalanga, du
Preez and Claassens (1999) working with Avalon and Clovelly soils found the values
ranged from 5.20-8.75 %, and 1.70-3.40 % respectively. Although Tiessen, et al.
(1984) had shown that 80 % of the availability in resin P (equivalent to DMT-HFO-
Pi) was accounted for by variations in the bicarbonate P,, but our results show that

the contribution of the bicarbonate P, is marginal in both soils.

Total plant-available P (DMT-HFO-P and NaHCO;-P extracts)

According to the data in Tables 4a, b - 8a, b the immediately plant-available P;
(HFO-P; + -HCOs-P) of Rustenburg soil accounted for 4.75 % of the total soil P pool
where no P was added and 28.75 % where 200 mg P kg was added after 1 day of
incubation. These values decreased to 2.67 % and 7.58 % after 240 days of

incubation respectively.

While for the Loskop soil the values were 12.93 % of the total soil P pool where no P
was applied and increased to 42.06 % where 200 mg kg was added after 1 day of
incubation, but decreased to 6.30 % and 11.08 % after 240 days of incubation
respectively. The plant-available P; thus accounted for progressively smaller
fractions of the extracted total soil P pools as incubation progressed from 1 to 240

days.
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Table 4a. The effects of the added P on the changes and distribution of P into different P pools after 1 day of incubation of Rustenburg soil.

Added P
(mg kg™)
0
25
50
100
150
200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFO-P;

2.50
1.35
9.73
4.58
17.10
7.16
30.59
10.61
33.12
10.38
40.09
10.75

22.19
7.47

HCO4-P;

6.30
3.40
17.42
820
25.99
10.89
32.00
11.10
41.89
13.13
67.13
18.00

31.79
10.79

OH-P; D/HCI-P; C/HCI-P;

30.00
16.20
35.80
16.84
39.37
16.50
61.03
2117
68.20
21.38
82.53
2213

52.82
19.04

6.73
363
7.14
336
9.76
4.09
13.40
465
14.05
4.40
15.07
4.04

11.03
4.03

50.93
27.50
51.60
2428
53.83
22.55
56.93
19.75
60.97
19.11
63.73
17.09

56.33
21.71

H;S0.-P; HCO;-P,

55.27
29.84
56.17
26.43
56.83
23.81
57.33
19.89
59.50
18.65
61.67
16.54

57.80
22.53

10.00
540
10.47
493
10.72
4.49
11.37
394
11.77
369
12.90
3.46

11.21
4.32

OH-P, C/HCI-P,

13.80
7.45
14.47
6.81
14.97
6.27
15.10
5.24
15.90
4.98
15.97
428

15.04
5.84

9.67
522
9.73
458
10.10
423
10.50
364
13.65
4.28
13.80
370

11.24
4.28

TOT-P,

33.47
18.07
34.67
16.31
35.79
15.00
36.97
12.83
41.32
12.95
42.67
11.44

37.48
14.43

TOT-P;

151.73
81.93
177.86
83.69
202.88
85.00
251.28
87.17
277.73
87.05
330.22
88.56

231.95
85.57

Extracted
TOT-P

185.20
100.00
212.53
101.11
238.67
101.48
288.25
101.07
318.05
95.18
372.89
96.80

269.43
99.27

Table 4b. The effects of the added P on the changes and distribution of P into different P pools after 1 day of incubation of Loskop soil.

Added P
(mg kg™
4]
25
50
100
150
200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFO-P,

5.40
3.83
10.67
6.51
18.56
922
39.33
15.76
49.89
17.37
64.78
19.50

31.44
12.03

HCO;-P;

12.83
9.10
17.76
10.83
30.08
14.95
4512
18.08
59.29
20.64
74.95
22.56

40.01
16.03

OH-P; D/HCI-P; C/HCI-P; H,SO.-P; HCO;-P,

21.43
15.21
27.10
16.52
39.43
19.59
45.57
18.26
54.80
19.07
62.23
18.73

41.76
17.90

5.97
4.24
7.50
4.57
8.00
3.97
9.28
3.72
9.93
3.46
10.43
3.14

8.52
3.85

29.33
2081
32.27
19.67
35.30
17.54
37.67
15.09
38.53
1341
39.87
12.00

35.50
16.42

39.83
28.26
40.00
24.39
40.50
20.12
41.00
16.43
42.50
1479
45.67
13.75

41.58
19.62

9.55
6.78
10.28
6.27
10.54
524
11.33
454
11.35
395
12.18
367

10.87
5.07

OH-P, C/HCI-P,

7.38
524
8.48
5.17
8.85
4.40
10.12
4.05
10.30
3.59
10.35
3.12

9.25
4.26

9.20
6.53
9.96
6.07
10.00
4.97
10.18
4.08
10.71
3.73
11.78
3.55

10.31
4.82

TOT-P,

26.13
18.54
28.72
17.51
29.39
1460
31.63
12.67
32.36
11.26
34.31
10.33

30.42
14.15

TOT-P,

114.79
81.46
135.30
82.49
171.87
85.40
217.97
87.33
254.94
88.74
297.93
89.67

198.80
85.85

Extracted
TOT-P

140.92
100.00
164.02
98.85
201.26
105.42
249.60
103.60
287.30
98.76
332.24
97.45

229.22
100.68

Expected
TOT-P

185.20

210.20

235.20

285.20

335.20

385.20

272.70

Expected
TOT-P

140.92
165.92
190.92
240.92
290.92

340.92

228.42
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Table 5a. The effects of the added P on the changes and distribution of P into different P pools after 60 days of incubation of Rustenburg soil.

Added P
(mg kg™
0]

25
50
100
150
200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Totat P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFQ-P; HCO,-P;

287
1.44
6.08
270
6.92
267
12.00
3.90
16.92
4.80
19.58
4.98

10.73
3.42

6.00
3.00
7.58
337
13.75
531
18.08
5.88
24.08
6.83
31.25
7.95

16.79
5.39

OH-P; D/HCI-P,
3433 692
17.18 3.46
4200 942
18.67 419
52.08 12.33
2013 477
68.33 15.08
2222 4.90
83.67 17.58
2372 4.98
94,42 19.92
24.01 5.07
6247 13.54
2098 456

C/HCI-P; H,SO,-P; HCO3-P,

58.00
29.03
60.00
26.67
62.33
24.09
65.67
21.35
70.33
19.93
75.33
19.16

65.28
23.37

5§5.73
27.90
56.67
2519
59.00
22.81
65.22
21.21
72.38
20.52
80.47
20.47

64.91
23.01

10.00
5.01
14.75
6.56
18.17
7.02
22.67
7.37
24.00
6.80
26.17
6.66

19.29
6.57

OH-P, C/HCI-P,

14.17
7.09
16.34
7.26
20.63
7.97
24.25
7.88
25.92
7.35
26.79
6.81

21.35
7.40

Table 5b. The effects of the added P on the changes and distribution of P into different P pools afte:

Added P
(mg kg™)
0

25
50
100
150
200

Average
Average

P Recovered HFO-P;

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

5.25
358
7.50
4.47
10.71
5.49
2208
8.87
28.33
9.70
33.58
10.06

17.91
7.03

HCO4-P;

8.11
553
10.92
6.51
15.42
7.90
28.83
11.58
40.28
13.79
49.03
14.68

25.43
10.00

OH-P; D/HCI-P; C/HCI-P; H,SO4P; HCO5-P,

26.42
18.03
3217
19.17
46.33
2373
52.83
21.23
65.83
22.54
73.25
21.94

49.47
21.11

5.99
4.09
8.95
533
9.13
4.68
10.14
4.07
10.63
3.64
11.96
3.58

9.47
423

31.50
21.50
33.00
19.67
35.08
17.97
41.58
16.71
4217
14.44
48.42
14.50

38.63
17.46

40.67
27.76
41.76
24.89
41.92
21.47
52.03
20.90
57.35
19.63
66.17
19.82

49.98
22.41

10.00
6.82
11.42
6.81
12.88
6.60
16.08
6.46
17.30
5.92
20.30
6.08

14.66
6.45

11.75
5.88
12.17
5.41
13.50
522
16.25
5.28
17.93
5.08
19.25
4.90

15.14
5.30

OH-P, C/HCI-P,

9.81
6.69
11.96
7.13
13.00
6.66
13.71
5.51
15.71
5.38
16.13
483

13.39
6.03

8.78
599
10.11
6.03
10.78
5.52
11.61

TOT-P,

3592
17.98
43.26
19.23
52.30
20.22
63.17
20.54
67.85
19.23
72.21
18.37

55.79
19.26

TOT-P,

28.59
19.51
33.49
19.96
36.66
18.78
41.40
16.63
47.51
16.26
51.48
15.42

39.86
17.76

TOT-P,

163.85
82.02
181.75
80.77
206.41
79.78
24438
79.46
284.96
80.77
320.97
81.63

23372
80.74

TOT-P,

117.94
80.49
134.30
80.04
158.59
81.22
207.49
83.37
24459
83.74
282.41
84.58

190.89
82.24

Extracted Expected

TOT-P

199.77
100.00
225.01
100.11
258.71
103.58
307.55
102.60
352.81
100.87
393.18
98.35

289.51
100.92

r 60 days of incubation of Loskop soil.

Extracted
TOT-P

146.53
100.00
167.79
97.82
195.25
99.35
248.89
100.96
292.10
98.51
333.89
96.35

230.74
98.83

TOT-P

199.77

22477

249.77

299.77

349.77

399.77

287.27

Expected
TOT-P

146.53

171.53

196.53

246.53

296.53

346.53

234.03
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Table 6a. The effects of the added P on the changes and distribution of P into different P pools after 120 days of incubation of Rustenburg soil.

Added P
(mg kg™
0

25
50
100
150
200

Average
Average

Table 6b. The effects of the added P on the changes and distribution of P into different P pools after 120 days of incubation of Loskop soil.

Added P
(mg kg™")
0
25

50

200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Totat P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFO-P, HCO,P

275
1.30
5.65
24
6.17
2.3
9.17
2.84
13.23
3.62
15.17
367

8.69
269

4.20
1.99
517
220
8.08
3.02
12.50
3.87
20.33
5.56
23.58
571

12.31
3.72

HFO-P, HCO4P,

5.35
3.49
7.09
3.92
7.96
3.83
15.58
597
19.00
6.27
23.08
6.63

13.01
5.02

6.89
4.50
9.67
535
13.42
6.46
25.21
9.66
33.46
11.04
41.75
11.98

21.73
8.16

OH-P, D/HCI-P, CMHCI-P, HS0-P; HCO5-P,

43.42
20.53
48.25
20.55
54.17
20.27
72.00
2227
85.25
23.30
98.00
2373

66.85
21.77

7.25
343
10.17
433
13.21
494
16.08
4.97
18.92
517
22.04
5.34

14.61
4.70

OH-P; D/HCI-P;
31.17 6.17
20.34 4.03
37.50 9.43
20.74 521
50.33 10.22
2424 4.92
62.17 11.70
23.82 4.48
73.33 1213
2419 4.00
84.67 13.25
2430 3.80
56.53 1048
22,94 4.41

58.33
27.58
61.33
26.12
65.00
2432
76.00
23.51
80.67
22.04
93.00
22.52

72.39
2435

56.50
26.72
58.83
25.05
65.67
24.57
74.17
22.94
80.17
21.91
89.50
21.67

70.81
23.81

11.00
520
15.00
6.39
17.67
6.61
19.33
5.98
21.50
5.88
23.00
5.57

17.92
5.94

CMHCI-P; H;SO,-P, HCO;-P,

31.92
20.83
38.58
21.33
40.50
19.51
47.75
18.29
55.25
18.22
60.58
17.39

45.76
19.26

41.38
27.00
41.35
22.86
45.13
21.74
5225
20.02
59.69
19.69
70.48
20.23

51.71
21.92

10.25
6.69
12.48
6.90
13.55
6.53
16.25
6.22
17.92
591
18.84
541

14.88
6.28

OH-P, C/HCI-P,

15.21
719
17.25
7.35
22.33
835
25.58
7.91
26.88
7.35
28.08
6.80

22.56
7.49

12.83
6.07
13.17
561
15.00
561
18.50
572
19.00
5.19
20.67
5.00

16.53
553

OH-P, C/HCI-P,

10.17
6.64
13.50
7.46
14.71
7.09
16.42
6.29
18.33
6.05
19.83
5.69

15.49
6.54

9.94
6.49
11.25
6.22
11.78

TOT-P,

39.04
18.46
45.42
19.34
55.00
20.58
63.41
1961
67.38
1841
71.75
17.37

57.00
18.96

TOT-P,

30.36
19.81
37.23
20.59
40.04
19.29
46.39
17.77
50.31
16.59
54.56
15.66

43.15
18.29

TOT-P,

172.45
81.54
189.40
80.66
212.30
7942
259.92
80.39
298.57
81.59
341.29
8263

245.66
81.04

TOT-P,

122.88
80.19
143.62
79.41
167.56
80.71
214,66
82.23
252.86
83.41
293.81
84.34

199.23
81.71

Extracted Expected

TOT-P

211.49
100.00
234.82
99.29
267.30
102.22
323.33
103.80
365.95
101.23
413.04
100.38

302.66
101.15

Extracted
TOT-P

153.24
100.00
180.85
101.46
207.60
102.15
261.05
103.08
303.17
99.98
348.37
98.62

242.38
100.88

TOT-P
211.49
236.49
261.49
311.49
361.49

411.49

298.99

Expected
TOT-P

153.24
178.24
203.24
253.24
303.24

353.24

240.74
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Table 7a. The effects of the added P on the changes and distribution of P into different P pools after 180 days of incubation of Rustenburg soil.

Added P

(mgkg™)
0
25
50
100
150
200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFO-P, HCOsP
258 317
1.23 1.52
508 467
215 1.97
557 592
2.09 2.22
842 992
2.66 3.13
9.58 1558
2.66 433
14.00 20.92
338 5.05
754 10.03
236 3.04

OH-P; DHCI-P;
44.08  8.00
21.07 3.82
5217 12.33
22,03 5.21
60.00 1517
22.49 5.69
78.67 18.17
24.83 5.73
8717 2183
24.1 6.06
103.00 24.83
2484 5.99
70.85 16.72
23.25 542

CMCI-P; H;S0,-P; HCO4-P,

59.00
2820
62.33
26.33
68.67
25.75
78.67
24.83
86.00
23.89
98.00
2363

75.45
25.44

60.67
29.00
62.00
26.19
67.67
2537
73.67
2325
86.67
24.08
93.33
2261

74.00
25.06

5.08
243
6.92
2.92
7.33
275
8.33
263
8.67
241
13.08
3.15

8.24
2.72

OH-P, CHCI-P,
1333 1333
6.37 6.37
16.67 14.60
7.04 6.17
20.00 16.40
7.50 6.15
22.33 18.67
7.05 5.89
2450 20.00
6.81 5.56
2617 2133
6.31 5.14
20.50 17.39
685 588

TOT-P,

31.74
15.17
38.19
16.13
43.73
16.39
49.33
15.57
53.17
14.77
60.58
14.61

46.12
15.44

TOT-P,

177.50
84.83
198.58
83.87
223.00
83.61
267.52
84.43
306.83
85.23
354.08
85.39

254.59
84.56

TOT-P

209.24
100.00
236.77
101.08
266.73
102.89
316.85
102.46
360.00
100.21
414.66
101.32

300.71
101.33

Extracted Expected

TOT-P
209.24
234.24
259.24
309.24
359.24
409.24

296.74

Table 7b. The effects of the added P on the changes and distribution of P into different P pools after 180 days of incubation of Loskop soil.

Added P
(mg kg™)
0

25
50
100
150
200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFO-P; HCOs-P;
492 6.00
3.16 3.86
6.84 762
3.73 4.16
892 813
4.25 3.88
1433 16.00
5.28 5.89
17.75  22.00
5.76 7.14
19.58 28.92
5.7 8.43
12.06 14.78
465 5.56

OH-P; DMHCI-P; CHCI-P; Hy80,-P; HCO4-P,

34.92
2245
40.17
21.92
53.50
25.51
72.58
26.72
83.17
26.98
89.50
26.08

62.31
24.94

6.25
402
10.15
5.54
11.18
5.33
12.06
4.44
14.58
473
14.67
427

11.48
4.72

32.33
20.78
40.42
22.06
4217
20.10
53.67
19.76
60.25
19.54
65.63
19.12

49.08
20.23

4197
26.98
42.36
2312
46.13
21.99
57.59
21.20
61.15
19.84
71.45
20.82

53.44
22.32

8.50
5.46
10.21
557
11.75
5.60
13.79
5.08
15.09
4.89
15.88
463

12.54
5.21

OH-P, CHCI-P,
1138 9.28
7.32 5.97
13.57 11.89
7.41 6.49
1486 13.11
7.08 6.25
1740 1422
6.41 5.23
1892 15.38
6.14 4.99
20.67 16.89
6.02 4.92
16.13 13.46
6.73 5.64

TOT-P,

29.16
18.75
35.67
19.47
39.72
18.94
45.41
16.72
49.39
16.02
53.44
15.57

42.13
17.58

TOT-P;

126.39
8125
147.56
80.53
170.03
81.06
226.23
83.28
258.90
83.98
289.75
84.43

203.14
82.42

Extracted
TOT-P

155.55
100.00
183.23
101.48
209.75
102.04
271.64
106.30
308.29
100.90
343.19
96.52

245.28
101.21

Expected
TOT-P

155.55
180.55
205.55
255.55
305.55
355.55

243.05
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Table 8a. The effects of the added P on the changes and distribution of P into different P pools after 240 days of incubation of Rustenburg soil.

Added P
(mg kg™)
0
25
50
100
150
200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFO-P; HCO,-P;

2.79
1.31
463
1.90
5.79
210
8.39
2.58
9.49
254
12.59
3.00

7.28
2.24

2.90
1.36
4.42
1.81
5.63
205
9.71
299
1538
412
18.25
4.58

9.55
2.82

OH-P; D/HCI-P; CMHCIP; HS50,-P; HCO4-P,

46.70
21.88
53.67
21.99
63.33
23.01
80.00
24.63
93.00
24.90
104.00
2475

73.45
23.53

8.85
4.15
13.33
5.46
16.92
6.15
20.33
6.26
23.75
6.36
27.17
6.47

18.39
5.81

59.60
27.92
64.62
26.48
70.67
25.67
80.10
24.66
89.96
24.09
100.54
2393

77.58
25.46

61.83
28.96
65.67
26.91
70.17
25.49
78.58
24.19
89.67
24.01
99.17
23.60

77.52
25.53

4.86
228
6.00
2.46
6.46
235
6.88
212
7.29
1.95
9.00
214

6.75
2.22

OH-P, C/HCI-P,
1242 13.52
5.82 6.33
15.00 16.71
6.15 6.85
17.08 19.21
6.21 6.98
2033  20.52
6.26 6.32
2317 2175
6.20 5.82
24.83 2367
5.91 5.63
18.81 19.23
6.09 632

TOT-P,

30.80
14.43
37.71
15.45
42.75
15.53
47.73
14.69
52.21
13.98
57.50
13.68

44.78
14.63

TOT-P,

182.67
85.57
206.34
84.55
232.51
84.47
277.1
85.31
321.25
86.02
362.72
86.32

263.77
85.37

TOT-P

213.47
100.00
244.05
102.34
275.26
104.47
324.84
103.63
373.46
102.75
420.22
10163

308.55
102.47

Extracted Expected

TOT-P
213.47
238.47
263.47
313.47
363.47

413.47

300.97

Table 8b. The effects of the added P on the changes and distribution of P into different P pools after 240 days of incubation of Loskop soil.

Added P
(mgkg™)
0
25
50
100
150
200

Average
Average

P Recovered

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Totai P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P

Extracted P
% of Total P

HFO-P; HCO4-P;

4.54
2.83
6.46
3.42
7.21
3.24
11.50
4.11
15.57
477
16.75
4.65

10.34
3.84

5.56
347
6.89
3.64
7.67
3.44
13.17
4.71
18.83
577
23.17
6.43

12.55
4.58

OH-P; DMCI-P; C/HCI-P; H;SO,-P; HCO5-P,

37.83
2361
45.33
2397
59.50
26.70
78.58
28.08
87.83
26.91
96.07
26.66

67.52
25.99

6.08
3.79
11.33
5.99
11.67
5.24
12.92
4.62
16.07
492
16.42
4.56

12.42
4.85

34.83
21.74
39.42
20.85
44.67
20.04
55.08
19.68
64.33
19.71
71.08
19.73

51.57
20.29

42.59
26.58
44.27
23.41
50.78
2279
60.16
21.50
71.40
21.88
79.82
2215

58.17
23.05

7.83
4.89
8.83
4.67
10.92
4.90
12.25
438
14.00
4.29
15.67
4.35

11.58
4.58

OH-P, CMHCI-P,

11.58
7.23
13.18
6.97
14.50
6.51
16.13
5.76
17.13
5.25
19.09
5.30

15.27
6.17

9.39
5.86
13.39
7.08
15.94
7.15
20.05
7.16
21.22
6.50
22.28
6.18

17.05
6.66

TOT-P,

28.80
17.97
35.40
18.72
41.36
18.56
48.43
17.31
52.35
16.04
57.04
15.83

43.90
17.40

TOT-P,

131.43
82.03
163.70
81.28
181.50
81.44
231.41
82.69
274.03
83.96
303.31
84.17

212.56
82.60

Extracted
TOT-P

160.23
100.00
189.10
102.09
222.86
106.01
279.84
107.54
326.38
105.21
360.35
100.03

256.46
103.48

Expected
TOT-P

160.23
185.23
210.23
260.23
310.23
360.23

247.73
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3b: The effects of the added P and the incubation periods on the adsorbed P:
Al- Fe-oxihydroxide P, and Ca-bound-P (0.1M NaOH- and 1.0M HCI-P)

3b: (i). The effects of the added P and the incubation period on the 0.1M NaOH-
extractable P; and P,

0.1M NaOH-extracted P;:

As it has already been indicated, 0.1M NaOH extracts mainly P; and P, held more
strongly by chemisorption onto the surfaces of iron and aluminium oxihydroxides.
According to Tables 2 and 3 the extracted P; from this fraction increased highly
significantly (P = 0.01) (Appendices I Nos. 4 and 5) with the increased P additions

and the increasing incubation time.

For the Rustenburg soil increases were from 30.00-82.53 (1 day) to 46.70-104.00 mg
kg! (240 days) between 0 and 200 mg kg™ added P. This represented an average
percent P recovery of 24.94 % after one day. The percent P recovery increased to an
average of 32.62 % after 60 days of incubation. However, longer incubation periods
did not increase the percent P recovery significantly, they remained relatively stable
at around 30 % in average (Table 2; Fig. 5a). According to Figure 5a, -OH- extracted
P increased between 1 and 60 days and thereafter there were no more significant
increases in the extracted P. This showed that equilibrium was reached after 60 days
of incubation with all the levels of applied P. The contributions to the extracted total
soil P pool also remained relatively constant after 60 days, with average values of

21.77-23.53 % between 120-240 days of incubation (Tables 4a and 8a).

The OH extractable P values for Loskop soil varied from 21.43-62.23 (1 day) to
37.83-96.07 mg kg (240 days) between 0 and 200 mg kg added P. However, for
the Loskop soil, again the changes in extractable P were more gradual up to 240 days
of incubation (Table 3; Fig. 5b). The fact that the percent P recoveries between the
two soils were relatively close indicates that the transformation reactions of the P

were similar but only the amounts involved were different.
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The results further showed that both the ~OH-P; extracts and the percent P recoveries
each contributed to approximately 25 % of the extracted total soil P pool, and thus
the highest contributions to the extracted P; pools in the two soils (Tables 2-3; 4-8).
This would indicate that both soils gained more or less equal amounts of —OH-P;
from the different added P rates durihg the incubation period. Thus, the contribution
of the —OH fraction the total soil P pool was affected in two main ways, by
increasing P application rates as well as time of incubation, which increased
contributions to the total soil P pool. This may indicate similar abilities of the two
soils to transform the applied P to the —OH extractable P pool during the incubation

period.

However, the noted differences in the —OH-extractable P; and the percent P
recoveries of the two soils could also be attributed to the differences in the clay
contents and the types and to a less extent the organic matter contents. It has already
been indicated in earlier discussions that the Rustenburg soil had more clay and
organic matter than the Loskop soil (Table 1). The clay content plus the high amount
of the kaolinites and to a less extent the mineralization of organic P could have
contributed to the higher -OH-extractable P;, in the Rustenburg soil (Dalal, 1973,
Loganathan et al., 1987; Sanchez et al., 1991).

According to Figure 5b it can be concluded that the Loskop soil reached equilibrium
with the higher P application rates (> 100 mg kg™') because of the curve-linear nature
of the fitted lines in the graph. It could further show that the soil became saturated

with —OH P fraction as more P was applied.
0.1M NaOH-extracted P,:
According to the values given in the ANOVA (Appendices I Nos. 5 and 17) the —

OH-extracted P, was also significantly influenced by the applied P and incubation

periods.
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But according to Tables 4-8 the actual contributions of this P fraction to the total P
Pool were relatively small (5-7 % for Rustenburg and 4-6 % for Loskop soil). Here
again the P, content increased with increasing incubation time and added P. The
incubation time caused increased mineralization of P,. This became well marked
after 120 days when it started to decling in the Rustenburg soil showing that the soil
organic matter was becoming depleted. This depletion was not so obvious in the
Loskop soil (Tables 2-3; 4-8; Figs. 6a and b). In long-term field trials du Preez and
Claassens (1999) found -OH-P, made up 3.10-9.00% (Avalon) and 4.60-8.60%
(Clovelly) of the total soil P pools, while Hedley et al. (1982) found -OH-P, made up

in average 15 % of the total soil P pool (from long-term wheat rotation experiment).

There seemed to have been a stimulation effect of -OH extracted P, by the mineral P
added, which could not be easily éxplained. The problem could have arisen during
the differentiation of the P; and P,. There might be some problem in the methodology
used, where the P, may be over estimated at the expense of P; (Tiessen and Moir,

1993).

3b: (ii). The effects of the added P and incubation periods on the 1.0M HCI-
extracted P (P;)

The variations of the P extracted with 1M HCIl were significantly (P = 0. 01)

influenced by the P application rate and incubation time (Appendices I Nos. 6 and

18).

The amounts of dilute acid (D/HCI-P;) extracts for Rustenburg soil ranged from
6.73-15.07 (1 day) to 8.85-27.17 mg kg™ (240 days) between 0 and 200 mg kg™ of
added P (Table 2). Of significance is the fact that at the early stages of incubation the
percent recovery was small but after 180 days of incubation there was a significant
increase in P extracted and percent recovery. The percent P recovered however
decreased with increased applied P rates. This indicates that the transformation of

added P into Ca-bound-P; was relatively low (Table 2; Fig. 7a).
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Meanwhile for the Loskop soil, both the amounts of the D/HCI-P; extracted and the
percent P recoveries were lower than for the Rustenburg soil, although there were
noted increases in both soils with the increased rates of added P and incubation times
(Tables 2 and 3; Figs. 7a and b). Furthermore, the amounts extracted and the percent
P recovered followed similar trends as those of the -OH-P; for both soils. The only
differences were in the quantities of the extracts and the tendencies towards
equilibria that were more marked for the Loskop soil. The fact that in both soils, but
especially the Loskop soil the graphs tended to level off indicates that this fraction
becomes easily saturated with higher rates of the applied P (Figs. 7a and b).

The percent recoveries of the added P were also relatively higher for Rustenburg soil,
and increased with the days of incubation (Tables 2 and 3). However, in general both
the gains (percent P recovered) and the contributions to the total soil P pool were
noticeably low for both soils, although were slightly higher for the Rustenburg soil
(Tables 2-3; Tables 4-8). Accordingly, Sattell and Morris (1992) found an average of
8 %, and Hedley et al. (1982) found an average of 7 % of the total extracted soil P
pool. But, du Preez and Claassens (1999) reported that this fraction contributed less
than 1 % of the total soil P pool in the Clovelly soil. The changes in D/HCI-P; with

time and cultivation were small indicating that this fraction was of little importance.

The noted differences in the D/HCI-P; extracted from Rustenburg and Loskop soils
could possibly be attributed to the differences in the clay content and especially the
amounts of Ca and Mg, which were relatively higher for the former than for the latter
(Table 1). This high Ca and Mg could have resulted in the higher degree of
precipitation of the applied P as Ca-P and possibly also as Mg-P. Both these P forms
are relatively less available than Al-P or Fe-P (Chang and Jackson, 1957; Loganathan
and Sutton, 1987). This may in part also explain why the P applied in the Rustenburg

soil remains relatively more unavailable to crop plants than in the Loskop soils.

It has previously been shown that at neutral to higher pH values both the H,PO, and
HPO,™ ions are found and the main reaction for P adsorption or precipitation

(fixation) would be as calcium phosphate (Brady, 1990; Doula, et al., 1996). The
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reaction can be presented as: Ca(H,POy);. HO + 2CaCO; ====> Ca3(POy), + 2CO;
+ 2H,0. Chang and Jackson (1957), Thomas and Peaslee (1973), and Loganathan and
Sutton (1987), have all indicated that the degree of availability of the adsorbed P;
decreased in the order of Al;P, >Fe- P, >Ca-P, >Mg-P.

Total adsorbed or slow labile P (0.1M NaOH-P;; and 1.0M HCI-P; extracts)

The slow or moderately availabie P (—OH-P; and D/HCI-P;) fraction of the total soil P
pool accounted for the second largest proportion of P with the Rustenburg soil
averaging 23.07 % (1 day) and 29.34 % after 240 days, and for Loskop soil the
average values were from 21.75 % (1 day) and 30.84 % after 240 days of incubation.

Thus, there were roughly equal increases in the moderately plant-available P (-OH-P;
and D/HCI-P;) in both soils. These increases could have been the results of the
formations of P associated with Fe-, Al-, Ca-, and Mg- compounds, which form at
low to medium soil pH, as was the case in both soils (Loganathan et al., 1987).
However, according to Hedley et al. (1982), during crop growth, specific root
processes, such as the release of H" ions could be responsible for solubilizing the

relatively insoluble 1M HCI1 P;.

3c: The effects of the added P and incubation period on the occluded and
residual P (conc. HCI- and H,SO4 + H,0, —extracted P

3c: (i). The effects of the added P and incubation periods on the conc. HCI-
extracted P (C/HCI-P; and P,)

Concentrated HCI extracted significantly different amounts of P from the different
added P rates and the incubation times at P = 0.01 (Appendices I Nos. 7, 8, 19, and
20).
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C/HCI- extracted P;:

The amounts of the C/HCI-P; extracts from the Rustenburg soil were high throughout
the incubation period and increased with the higher rates of applied P and the
incubation period (Table 2; Fig. 8a). The amounts ranged from 50.93-63.73 after 1
day and 59.60-100.54 mg kg'l after 240 days from the lowest and highest P applied.
These represented average P recovery of 5.51 % after one day aﬁd 20.69 % after 240
days of incubation. The conc. HCI extracts also represent an average of more thah 20

% of the total extractable soil P pool (Tables 4a-8a).

The corresponding values for the Loskop soil were lower ranging from 29.33-39.87
(1 day) to 34.83-71.08 mg kg'l (240 days) for O-200.mg kg added P. The average P
recovered was 8.69 % after 1 day and 19.22 % after 240 days of incubation. The
conc. HCI-P; extracts represent in average about 20 % of the total extractable P pool,

which are roughly identical to those of the Rustenburg soil (Tables 4b-8b).

These values are relatively lower than those of Tiessen and Moir (1993) who found
values of 193 mg kg'1 conc. HCI-P; extracts for Chernozem (mollisol) from native
prairie, and 140 mg kg from similar soil after 65 years cultivation in Canada. But
the values are higher than those of du Preez and Claassens (1999) with a highly
weathered Clovelly soil that remained unchanged between about 45.3-51.5 mg P kg™
after 15 years of cultivation. But, with another highly weathered Avalon soil, they

found relatively very low values (19.30-7.55 mg P kg ™).

The graphs in Figures 8a ‘and b also show that for both soils C/HCl-extracted P;
increased with the increases of the added P and the increasing incubation time. The
fact that these regression équation graphs were straight lines indicates that no
equilibrium was reached, But longer incubation time would be required to fix
sufficient amounts of the added P into this pool. The marginal changes recorded
between the first and 60 days of incubation further confirms that this fraction consists

of mainly the occluded and the recalcitrant P that requires some time to form.



62

C/HCl-extracted P,:

According to the ANOVA in the Appendices I Nos. 8 and 20 there were significant
differences in the extractable C/HCI-P, due to the treatments applied. Here again this
fraction contributed just a small part of the total soil P pool (Tables 4-8). In this P,
fraction the extractable P, kept on increasing with increasing incubation time (Tables
2 and 3; Figs. 9a and b). This indicates that some of the added P (P;) was evaluated
with the P,, which again may have been an experimental error in the differentiation

of P; and P, as explained by Tiessen and Moir (1993).

3c: (ii). The effects of added P and the incubation periods on the conc. H,SO4 +
H;0;—extracted P

The data for the residual P. (conc. H,SO4 + H,0,-P;) extracts of Rustenburg and
Loskop soils show that the changes with different P and incubation treatments were

also highly significant at 0.01 % level (Appendices I Nos. 9 and 21).

The H,SO4-P; extracts of Rustenburg soil were very high and varied in values from
55.27-61.67 (1 day) to 61.83-99.17 mg kg™' (240 days) between 0 and 200 mg kg™ of
added P. The average P recoveries were 2.96 % after one day and 17.20 % after 240
days of incubation (Table 2). This fraction represented approximately 20-25 % of the
total soil P pool during the incubation period (Tables 4a-8a).

Corresponding values for the Loskop soil were lower and ranged from 39.83-45.67
(1 day) and 42.59-79.82 mg kg"' (240 days) with 0-200 mg kg added P. The
average percent P recovered were 1.58 % after one day and 15.70 % after 240 days
of incubation (Table 3). This fraction represented approximately 20 % of the total
extracted soil P pool throughout the incubation period (Tables 4b-8b).

The graphs in Figures 10a and b are very similar to Figures 8a and b of the conc.
HCI-P; extracts. These graphs show that for both soils H,SO4-P; extracts increased

steadily with the increasing P additions and incubation times. Both soils showed that
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a fair amount of transformation to this fraction took place within 60 days. It is also
evident that this pool can be a major sink for applied P because in both soils there

were steady increases in this pool with increased incubation times.

The contributions of H,SO4-P; extracts to the total extracted soil P pool were as high
as those from the —OH-P; and the conc. HCI-P; fractions for both soils. However,
they also decreased with the added P levels like the conc. HCI-P; (indicating that
transformations of the added P into the pool was low) and similarly increased with
the increasing days of incubation (Tables 4-8). These tables also show that both soils
gained more or less equal amounts of H;SO4-P; with the added P levels throughout

the incubation period.

These findings are comparable to those of Bowman et al. (1998) who also found an
average of about 26 % of the total soil P pool was resistant P. But the more
weathered soils from the tropics contained about 50 % resistant P or residual P.
Similarly du Preez and Claassens (1999) also reported that the H,SO4-P; fraction
represented 44.1-48.6 % (Avalon) and 51.1-59.4 % (Clovelly) of the total soil P pool.

Chang and Jackson (1957) had reported that the residual fraction consisted mainly of
Fe-and Al-P, and the proportions of each depended on pH, total amounts of P, ages
of soils, and degrees of weathering. The amounts of residual P were highest in the
samples from the oldest soils that were studied. Further, Oades and Ladd (1977)
reported that as much as one quarter of P in the bacterial cells were non-extractable
from soil. They concluded that it was possible that during the incubation processes
the bacterial population increased, and that could have resulted in the slow

accumulation of residual P.’

Further they suggested that the majority of P, forms in the residual P, (H,SOs-
extracts) are of larger molecular weights that correspond to the humic and fulvic acid
fractions, which are stable, and not subject to much mineralization over time. Dalal
(1977) had also reported that phosphorus held in organic form could be fixed into

some insoluble form and become occluded or residual.
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Total insoluble P: Occluded and residual P (conc. HCI- and H,SO,4 +
H,0,-P; —extracts)

The proportion of the total soil P extracted in the insoluble P (C/HCI-P; + H,SO4-P))
pool represented 44.24 % (1 day) and 51 % (240 days) for Rustenburg, and 36 % (1
day) and 43.34 % (240 days) for Loskop soil (Tables 4-8). These results show that
the largest proportion of the total soil P pools in both soils consists mainly of
relatively insoluble P; (occlﬁded and residual P) forms and stable humus and humic
acids. The effects of incubation on the applied P of both soils resulted in

accumulation of P in pool.
4. The effectiveness and limitations of the methodologies used

The resin strips technique in the Tiessen and Moir (1993) method was replaced by a
new desorption technique developed by Freese et al. (1995) that is based upon the
use of hydrous ferric oxide (HFO) as a sink for P. Instead of being impregnated in
filter paper, the HFO is present inside dialysis membrane tubing (DMT). The
membrane seemed to have provided excellent means to separate the soil suspension
from the P sink. The DMT-HFO system was mechanically stable during the course
of the experiments, and practically no HFO passed through the membrane. After
each desorption step, the sink was eaéily separated from the soil suspension with
very minimal or no loss of soil materials. As such, the new technique showed

important advantages over the resin strips method.

However, since the P, extracted as -HCO3-P and —OH-P were determined by the
difference between P; and P; in each extract, there was an inherent source of error.
The P; was determined in the supernatant after precipitation of organic matter with
acid, and any P; that precipitated along with the organic matter could have caused an
error in the calculation of P, (P-P;). This is reported to occur with P; associated with
Fe and Al oxihydroxides, which are soluble at high, but insoluble at low pH. It has so
far not been possible to quantify the P, overestimation. This could have resulted in

the relatively higher levels of P, extracted from the Rustenburg and Loskop soils.
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However, this fractionation approach is reported to be currently the only one that can
be used with moderate success for the evaluation of available P,. According to
Tiessen and Moir (1993), the original fractionation of Hedley et al. (1982) left
between 20 and 60 % of the P in the soil un-extracted. This residue often contained
significant amounts of P, that sometimes participated in relatively short-term
transformations. As a whole the sequential P extraction procedures proved very
effective. The amounts extracted varied from 96-107 % and 95-104 % of the

expected total P from Loskop and Rustenburg soils respectively.

CONCLUSIONS

In a study to investigate the fate of the applied P to two soils, a red-sandy clayey soil
(Ferric Luvisols) from Rustenburg (high P fixing) and a red-sandy loam soil (Ferric
Acrisols) from Loskop (low P fixing), a DMT-HFO extraction procedure was used to
extract P from the treated soils. The subsequent sequential fractionations to
determine the P content of the different P pools gave an indication as to which pool
the applied P was transformed into. The two soils were treated to different P rates (0,
25, 50, 100, 150, and 200 mg kg'l), and incubated for 1, 60, 120, 180, and 240 days
under a laboratory conditions. The sequential P fractionation procedure determined,
(a) plant-available P: DMT-HFO-P (solution P;) and 0.5M NaHCOs-P (labile P; and
P,); (b) adsorbed P: 0.1M NaOH-P (Al-, Fe- oxihydroxide-P; and P,) and 1.0M HCI-
P (apatite/Ca-bound-P;); (c) insoluble and residual P: conc. HCI-P
(occluded/insoluble-P; and P,) and conc. H,SO4 + HyO,-P (residual/lattice-P; and Py)

soil P pools.

The sequential P extractions identified the P quantities in the different P pools after
different incubation periods, and how much of the added P could be recovered. In
total nearly 100 % of the added P could be extracted through the different
extractions. The percent P in each fraction changed with time of incubation. Between
20 and 30 %, and 20 and 35 % of the P could be extracted with DMT-HFO while
between 20 and 40 %, and 20 and 35 % with the ~-HCO; extract after one day of
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incubation from Rustenburg and Loskop soils respectively. This indicates that
approximately 30 to 60 % of the added P were transformed into less labile form after
1 day. Within 60 days 80-90 % of the added P was transformed to the less labile P
pools. This transformation was faster in the Rustenburg than the Loskop soil showing
a higher P fixation capacity. A major part of the P transformation was to the -OH-P.
The recovery from this pool was fairly constant for the different incubation periods
(approximately 30 %). The percentage recoveries in the other pools increased up to

60 or 120 days where after the increases were less for longer incubation periods.

Thus, while solution and labile P decreased with time of incubation, there were
corresponding increases in édsorbed, occluded and residual P. The Loskop soil had
more marked increases in solution and labile P than the Rustenburg soil, while the
Rustenburg soil showed higher values for the adsorbed, occluded and residual P
forms. The noted differences could explain the reportedly higher levels of P fixation
(adsorption and/or precipitation) by the Rustenburg soil than by the Loskop soil. It
should also be noted that increasing levels of applied P did not correspondingly

increase the percent recover'y‘of labile P in both soils.

It may also be noted that the changes of P in soils are complex, and although the
added fertilizer P is transformed to more stable (immobile) P forms, it could be seen
as long-term residual P pools for plants. Thus, having determined the extent of P
fixations by the two soils, it became necessary to establish how much of this
transformed or fixed P can become available to plants over time and at what rate.

This therefore, formed the basis for the experiments reported in Chapter 3.

To maximize fertilizer P efficiency especially in the Rustenburg soil, band placement
at planting time should be recommended, as the findings show that after 1 day of
incubation 60 % of the added P was transformed into less labile P. When band placed
the soil in the vicinity of the band will be saturated with P and some P will remain in
more labile form and thus available for a longef period of time. The use of plants
with well-developed root systems could also be recommended to ensure that it

explores the soil volume more effectively.
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CHAPTER 3

A STUDY OF THE EFFECTS OF DIFFERENT P APPLICATION
RATES AND INCUBATION PERIODS ON P DESORPTION
RATES AND CHANGES IN P POOLS WITH SUCCESSIVE DMT-
HFO EXTRACTIONS ON A HIGH AND LOW P FIXING SOILS

INTRODUCTION

Phosphorus deficiency in moderate to highly weathe'red soils is often exacerbated by
a high capacity to fix it in different ways making it less available to crop plants
(Sanchez, 1976; Sanchez and Salinas, 1981; Pushparajah and Bachik, 1987; Doula et
al., 1996). As phosphate fertilizer is an expensive input, it is essential not only to
know the most cost effective phosphate application rate but also to make maximum
use of the natural and applied P in the soil that may have accumulated due to
previous over application of P fertilizer. There could therefore be a significant
residual effect due to the possible desorption of phosphate from the different soil P
pools and when this benefit is ignored it could lead to unnecessarily high P

applications (Quang et al., 1996).

Although P deficiency is very common in countries with limited access to fertilizers,
it is particularly acute in soils in the humid tropics and subtropics because these soils
are often rich in metal oxihydroxides that form strong bonds with phosphate anions.
Other soil characteristics such as pH, clay and organic matter content, exchangeable
cations, ionic strength, redox potential, and temperature may also influence P
sorption (Quang et al., 1996). It is important therefore to collect data on how P react
in different soils to improve fertilizer practices. Because of the implications of
fertilizer efficiency on plant growth, soil P adsorption/desorption reactions are
important aspects in these investigations (Sattell .and Morris, 1992; Doula et al,,

1996; Indiati, 1998).
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Successive cropping experiments can be carried out in field or greenhouse conditions
to quantify the residual plant-available P in soils. In such experiments, plants remove
plant-available P until P deficiency occurs or a response to the added P is measured
(Mckean and Warren, 1996; du Preez and Claassens, 1999). This approach, however,
is very expensive and time consuming, and methods that approximate a biological

measure can be very useful analytical tools in P fertility studies in soils (Indiati,

1998).

The conventional routine chemical extraction of soil P removes only a fraction of the
so-called plant-available P from the total soil P that correlates with plant response. In
addition, such extractants cannot be used to assess the potential desorption rate of P,
because they disrupt the chemical structure of the soil. Some soil test methods have
limited effects on the soil system, such as dialysis membrane filled with hydrous
ferric oxide (DMT-HFO) (Amer et al., 1955; Dalal, 1985; Menon et al., 1990; Freese
et al., 1995). Such a method extracts more of the “plant-available P than the
chemical procedures. It estimates the labile P pools and is a good indicator of the
total plant available P simulating the processes involved in P uptake by plant roots in
soil better. In fact, DMT-HFO serves as a sink for released P, preventing solution P
built up to levels where further P release is inhibited. Successive extractions carried
out by this method could constitute a convenient laboratory method to characterize
the capacity of soil to supply P, and to investigate the rates of P release from the

natural and fertilizer P in soils over a period of time (Indiati, 1998).

The choice of a suitable extraction method to evaluate available P must take into
account the changes within the soil P pools. These include the relationships between
soil P forms and the available P status, and the transformations of the soil P pools in
relation to different levels of added P, time of incubation, and the soil properties
(Sharma et al., 1980; Debnath and Mandal, 1982; Tekalign and Haque, 1991; Indiati
et al., 1992).

Thus, a desorption technique for soil P has been proposed, in which the dialysis
membrane tubes filled with hydrous ferric oxides (DMT-HFO) are used as P sinks to
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continuously remove P from the soil solution in a way that simulates the mechanism
of P absorption by plant roots (Freese et al., 1995). The system was reported to be
mechanically stable for long reaction periods (over 500 hours). After the desired time
of contact between soil suspension and P sink, the sink could easily be separated
from the soil suspension with practically no loss of soil material. This technique thus
had important advantages over the resin methods (Freese et al., 1995, Lookman et

al., 1995).

Previous studies with the two South African soils from Rustenburg and Loskop

with high and low P fixing capacities respectively

In Chapter 2, the two South African soils (Rustenburg and Loskop) were used in a
study to investigate the changes and distribution in the different P pools as influenced
by different levels of added P and incubation time. Since the pH in both soils ranged
from medium acidity to low alkalinity, it was therefore assumed that added P could
be adsorbed and/or fixed to varied degrees by Al- and Fe- oxihydroxides, soil

organic matter, layer silicate clays, or precipitated as Ca and Mg phosphates.

The results of sequential P fractionations showed that in both soils solution and labile
P decreased with time of incubation, while there were corresponding increases in
adsorbed, occluded and residual P. In the Loskop soil the transformations and
distribution of the added P to different P pools were slower than in the Rustenburg
soil, which also had a higher capacity to change the added P into less labile P forms.
The noted differences could explain the reportedly higher levels of P fixations
(adsorptions and /or precipitations) by the Rustenburg than by the Loskop soil.
Although a larger proportion of the added P was transformed into more stable
(immobile) P forms, it does not mean that this non-labile P can’t become available to

plants over time due to P desorption processes.

Thus, having determined the extent of P fixations by the two soils, it became
necessary to establish how much of this transformed or fixed P can become available

to plants over time and at what rate.
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MATERIALS AND METHODS

1: MATERIALS
1.1: Soils

In this experiment, the two soils from Rustenburg and Loskop previously described
in Materials and Methods, Section 1 of Chapter 2 were used. The details of some

selected characteristics are contained in Table 1 (Chapter 2).
1.2: Incubation materials

-1000 cm® glass jars

- Cardboard boxes, - to hold 12 glass jars
- KH,PO4

- Climate room (20° C; + or = 2°C)

2: SOIL INCUBATION TRIALS
2.1: Soil sampling and Preparations

Soils from Rustenburg and Loskop were used in the trials. Soils sampling
and preparations were described in detail in Materials and Methods, Section
2.1 (Chapter 2). The soil samples were dried in a forced air oven at 40 °C, and
ground to pass a 2 mm sieve. Each bulk sample was thoroughly mixed and

stored at room temperature.
2.2: P-Treatments
Soil samples were treated to different P application rates, incubated for

different periods, and subjected to different DMT-HFO extraction times.

Each 500 g sample of the two soils received one of the five P rates of 0, 25,
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50, 100, and 200 mg kg™ applied as KH,POj. After thorough mixing the soils
were stored in 1 000 cm® glass jars. The soil samples in the glass jars were

then brought to field capacity before the incubation processes.
2.1.3: Incubation periods

The following incubation periods were applied: 1, 120, and 240 days. The
samples for each soil type were stored in boxes and placed randomly in a
climatic room where they were incubated at a temperature of 20 °%C(+or-2
%C). Each treatment combination was replicated three times. After each
incubation period a set of 75 samples of each soil type were allowed to air dry

before commencing the successive DMT-HFO-P extractions.
2.1.4: Successive DMT-HFO-P extractions

At the end of each incubation period a set of treated samples were air-dried
and then subjected to successive DMT-HFO P extractions for 1, 7, 14, 28,
and 56 days as described in Chapter 2 (Section 3.2.6). This was done to
determine the total DMT-HFO P extractable from each incubation period. To
perform the P extractions, the DMT-HFO tubes were placed in wide necked
plastic bottles with 80 cm® of a 2 mol.dm™ of CaCl, and 0.3 mol.dm™ of KCl
solution as supporting electrolytes and 1gm of soil. These samples were then
gently shaken (horizontally) for 1, 7, 14, 28, and 56 days. The tubes were

replaced with new ones after every 14 days.
2.2: Soil analyses
2.2.1: Sequential P extractions and analyses

After each DMT-HFO-P extraction time, the soil samples from the different
incubation periods were sequentially extracted with 0.5M NaHCO;, 0.1M
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NaOH, 1M HCI, conc. HCI, and conc. ‘H,S0; + H,0, according to the
modified method of Tiessen and Moir (1993) as described in Chapter 2.

2.3: Phosphorus determinations

The P concentrations were determined according to the Murphy Riley (1962)
method as described (Section 3.2.4) in Chapter 2.

2.4: Statistical Analysis

The data from the experiments were analysed statistically using a “Genstat 5 (1995)
computer programme. The programme involved the analysis of variance (ANOVA)
to determine whether there were any statistical differences between or among the
treatments and their interactions. The least sigﬂiﬁcant differences (LSDs) were
determined by the LSD (Fisher) tests at 5 % confidence level. The correlation
coefficients as well as the regression equations were determined that described the
responses to the treatments. The graphs for the extracted P and percent P recovered
are presented as smooth curves. They were constructed through different regression
fits using ‘Microsoft Excel’ (1995) programmes (linear: y = mx + b; logarithmic: y =

b
b%. and power: y = cx’)

clnx + b; polynomial: y =b + ¢1x + c,x%; exponential: y = ce
to produce the best fits for each set of data. The graphs were accompanied by

regression equations and the R? values.

Graphs for the desorption rates afe also presented as smooth curves but constructed
using derivatives of the different regression fits of the extracted P data with
‘Microsoft Excel’ (1995) programmes: linear derivatives: dy = b.dx; logarithmic
detivatives: dy = m.n.x ™'dx; and power derivatives: dy = a.x"".dx. The percentages
of the applied P recovered in each pool were calculated as: % P recovered = (Px—
Po)/P1*100; where Px was P in the xth fraction of the P treatment, and Po was P in
the oth fraction of the initial no P (P0) treatment, while P1 was the applied P level of
the xth fraction.
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RESULTS AND DISCUSSION

1. Chemical, physical, and mineralogical characteristics of Rustenburg

and Loskop soils
Some selected properties of the two soils studied are shown in Table 1, Chapter 2.

2. The effects of the applied P, incubation periods, and the successive DMT-
HFO-P extractions on the P transformations and contributions of the

different P pools to the labile P

The successive DMT-HFO extraction procedure used is a part of the sequential P-
extractions of soils that were summarized in the flow chart in Figure 1 of Chapter 2.
The results of this treatment are presented in Tables 1-3 showing the changes with
added P and incubation periods, while Tables 4-18 show the redistributions as
fractions of the total soil P pool. The details are presented in Appendices II Nos. 1-
24.

According to the ANOVA tables there were very significant responses (P = 0.01) in
the successive DMT-HFO extracted P and the sequentially extracted P, due to added
P and incubation time (Appendices II Nos. 1-24).

Figures 1-18 and 1.1-18.1 are presented as smooth curves constructed through
regression equation fits and Figures 1.2-18.2 are from the derivatives of the
regression equation fits. The data from the extracts were fitted to ‘Microsoft Excel’
(1995) programme’s linear, logarithmic, and power, functions to produce the best fits
for each set of data. The P extractions data fitted ‘to regression equations and the R?
values indicated very good correlations between treatments and P extractions in most

cases.
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RUSTENBURG:

Extrachons (cays)

[
% P recovered

% P recovered

% P racovered

H,SO.P,
% P recovered

Total P extracied
Tolal % P racoversd

700
11.50
30.13
12.97

843
48.33

7.00

56.67

185.25

45.75

148.22

Table la: The effects of successive DMT-HFO-P extractions on the P contents of different P pools as influenced by diflerent P application rates afier | day of incubation for Rustenburg soil

6.24
8.50
3.50
22.00
9863
5.95
4127
5.47

39.33

140.79

20.83
7.10
487

2927
383

3433

125.38

777

530

197

18.58

855

520

40.53

4.50

36.03

128.43

27.87

2.80

32.87

118.78

28

10.70
4.20
137

14.77
7.00
5.10

38.60
4.00

30.42

116.26

15.93
5.00
4.50

26.20
2.40

2575

102.87

12.18
277
1.13

10.77
6.10
5.00

3577
327

26.08

103.07

14.70
5.80
1.53

13.40
477
4.30

25.87
223

2378

7.50
17.12
14.77
31.08
11.60
0.40
32.80
10.68
13.17
080
10.73
820
50.80
9208
7.30
120
58.62
13.00

208.39
9256

10.92
7.60
7.08
3253
572
597
.60
46.92
468

174.18
103.84

11.93
76
11,47
19.88
4.70
4.80
24.43
812
10.60
508
8.00
8.20
4367
8,
567
0.80
44,50
2088

165.27
97.92

20.50
48.32
14.43
8.72
570
428
24.13
13.20
9.47
948
8.80
772
3033
424
433
1.60
35.67
538

151.38
103.92

25

14

13.97
2460
9683
18.12
4.40
8.72
21.33
11.00
933
312
775
10.20
44.60
16.28
5.00
200
38.17
8.56

154.38
103.80

25

14

24.03
5412
12.00
1"
427
4.56
22.07
10.48
8.97
10.48
6.47
7.00
28.80
a7z
307
1.08
3383
304

14301
106,20

28

24.47

510
320
323
7.44
18.30
1412
8.00
4.00
7.07
7.88
40.20
640
4.40
1.60
31.83
564

142,60
105.36

28

3225
78.00
857
4.40
2987
0.40
18.13
8.60
6.53
812
5.32
328
27.33
452
267
1.08
25.95
0.80

128.72
107.40

28.50

.65
352
222
438
11.80
412
7.53
572
6.60
6.40
ar.07
520
3.47
0.60
28.25
8.68

129.09
104.08

17.92

20.80
27.60
12.27
154
41.7¢
2214
14.03
212
13.53
1020
51.20
574
820

61.72
1010

241.37
11224

27.38
4216
25.00
2548
847
280
3177
1288
1243
6.46
8.77
528
3367
514
6.17
220
48.17
484

201.83
107.22

21.00
2952
18.83
2466
550
4.00
27.00
820
11.67
4.08
10.33

4553
852
743
32
4787
1668

194.66
107.74

30.17
43.50
2277
21.54
4.90
054
28.30
1494
10.30
640
6.93
4.12
32.60
6.66
473
1.60
3633
400

177.03
103.30

50

50

14

35,58
50.16
16.50
14.86
4.50
274
25.83
1276
9.57
8.44
8.67
390
30.53
532
3.80
220
3487
400

187.95
10238

28

28

40.35
55.20
13.27
11.60
3.07
0.40
22867
13.48
8.27
6.54
8.00
3.00
28.63
5.48
3.50
220
28.42
534

154.48
100.22

38.75
53.14
8.80
1206
240

14.67
7.80
9.00

857
714
3833
512
483
312
31.20
1024

156.55
106.96

4565 .

£1.90
1017
874
2.50
1.94
20.82
14.84
7.42
5.30
542
224
27.93
412
3.20
184
25.68
3.60

148.79
104.82

2.27
14.80
183
15.50
707
52.00
367
8.67
167
67.83
11.18

28767
102.42

46.68
4038
4273
30.46
9.93
286
37.20
11.87
13.53
433
12.80
667
3553
443
6.50
143
50.87
482

25557
107.35

35.72
2948
27.13
20.63
7.77
L¥ 24
4223
19.33
12.90
327
13.80
785
4853
726
7.47
200
51.75
12.42

247.30
106.51

5387
45.25
3313
2113
7.87
324
32.60
1207
11.30
420
9.20
a3
3460
533
5.35
142
39.67
534

227.69
10231

45.18
37.41
17
16.67
6.50
453
3483
16.25
11.50
295
12.80
7.60
46.80
6.27
6.00
1.50
§0.77
14.74

236.55
108.12

100

80.05

28.30
19.23
8.57

28.50
10.058
10.80
4.45
8.50

3360
573
4.80

37.60
473

219.72
102.96

28

52.68
41.98
16.22
11.83
517
380
2833
13.56
10.00
3.00
11.50
6.40
43.60
500
6.07
207
43.25
1283

216.83
100.57

28

71.05

20.50
13.03
5.50

2577
984
9.50
450
7.80

31.27
5.07
420

33.58
783

208.17
106.30

65.00
52.82
12.00
k<]
3.87
274
2277
12.00
9.50
3.40
10.87
567
42.47
6.70
528
201
36.50
10.42

208.26
105.19

197.91
101.53

46.18
21.48
89.60
31.40
13.53
102
90.47
3017
15.30
117
20.62
6.10
54.67
317
9.70
135
69.83
6.58

390.10
102.43

67.22
30.46
78.00
3287
10.80
187
65.03
20.30
15.13
297
14.07
397
40.53
472
7.47
120
5387
406

353.02
102.40

61.50
27.63
48.27
2089
937
294
65.80
21.45
14.13
225
17.25
565
54.20
647
7.90
12
59.67
1017

338.08
98.65

80.17
35.88
58.77
2239
8.00
1.69
8270
2094
13.83
kv g
12.33
373
39.60
517
6.50
129
44.00
484

325.90
100.26

55.93
895

328.35
90.96

200

€2.80
41.15
50.47
20.70
7.20
204
56.07
18.31
11.47
256
11.00
314
37.93
503
6.00
1.60
4390
552

318.84
100.04

28

NN
98.74

28

102.50
44.88
42.53
17.53
6.53
1.83
49.80
16.94
10.80
290
967
258
36.27
504
5.00
130
40.60
743

303.70
100.42

96.77
4230
2733
12.28
5.27

4227
15875
11.83
287
13.23
4.12
49.87
705
6.13
1.43
46.90
1041

289.60
98.27

115.67
5050
31.83
13.02
5.00
174
39.45
13.09
10.02
283
9.10
2.40
3477
4.45
457
147
kigvr]
872

267.83
9573
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RUSTENBURG:

% P rocovered
% P rocovered
HSOP,

% P recoverad

Total P exdracted
Total % P recovarsd

LOSKOP;

Total P extracied
Total % P recoversd

Table 2a: The effects of successive DMT-HFO-P extractions on the P contents of diflerent P pools as influenced by diflerent P application rates afier 120 days of incubation for Rustenburg soil

0 25 50
1 7 14 28 56 1 7 14 28 56 1 7 14 28 56
3.25 505 8.33 715 10.42 352 717 12.28 17.33 23.52 6.97 12.83 21.12 25.78 3447
1.08 8.48 2380 472 52.40 744 15.56 2958 ko) 4810
397 27 3.07 293 260 6.22 4.47 410 320 293 9.50 7.60 6.10 520 533
9.00 480 412 1.08 132 11.08 B.68 608 454 5.46
9.03 733 8.50 5.00 428 10.45 835 6.90 5.97 4.80 12.33 9.97 8.47 7.63 6.50
568 408 1.60 388 208 6.60 528 394 526 444
44.83 35.87 30.83 25.47 2323 57.83 4327 38.10 28.80 2543 62.10 47.60 43.90 3473 31.03
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Table 3a- The effects of successive DMT-HFO-P extractions on the P contents of different P poots es influenced by different P application rates after 240 days of incubation for Rustenburg soil.
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Table 3b; The effects of successive DMT-HFO-P extractions on the P contents of different P poolsas influenced by different P application rates afler 240 days of incubation for Loskop soil.
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The results of the successive DMT-HFQ and sequential P extractions have been
discussed and summarized in three groups according to their relative availability to
crop plants in the soils:
(a) Plant-available P: consists of solution-P (successive DMT — HFO-P; extracts) and

labile-P (0.5M NaHCO;-P; and P, extracts);

(b) Adsorbed P: consists of adsorbed or slowly labile P (O.IM NaOH-P; and P, + IM
HCI-P; extracts); and

(c) Insoluble or occluded and residual P: consisting of occluded and recalcitrant P
(conc. HCI-P; and P, extracts) and residual or lattice-P (conc. HSO4 + H,0,-P;
extracts) (Hedley et al., 1982; Tiessen and Moir, 1993).

2a: The effects of added P and incubation time on the successive DMT- HFO-P

extractions from the Rustenburg and Loskop soils
2a: (i). Rustenburg Soil

The DMT-HFO extracted P for different extraction times as influenced by P
application rates and incubation periods are presented in Tables la-3a (Rustenburg
soil) and Figures 1, 1.1 and 1.2. All treatment levels influenced the DMT-HFO
extractable P from the different P pools significantly (P = 0.01) according to the
ANOVA and LSD (Fisher) values (Appendices II No. 1). Where no P was added the
DMT-HFO-extracted P did not change much (3.2-2.8 mg kg!) with different
incubation times. Although the amounts of DMT-HFO extracted P increased with
increasing amounts of the added P, the percentage P recovered did not change much.
Of importance was the fact that after only one day of incubation less than 30 % was
recovered. As the incubation time increased less P was extracted and the percentage
P recovered decreased. Here it is important to note that the percent P recoveries were
higher for the low P applications compared to the recoveries for the higher P

applications. Figures la-c illustrating the amount of P extracted over different
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periods of extraction time indicates that after 56 days of extractions less P was

extracted compared to the Loskop soil (Figs. 2a-c).

The percentage P recovered from the added P (25-200 mg kg™) after 1 day of the
DMT-HFO extraction, decreased from 17.12 and 21.48 % after 1 day of incubation
to 5.80 and 5.89 % after 240 days of incubation respectively. The values after 56
days of cumulative DMT-HFO extractions also decreased significantly from 65.28
and 42.30 % after 1 day to 13.92 and 2236 % after 240. days of incubation
respectively from 25-200 mg kg' added P (Tables 1a-3a; Figs. la-c and 1.1a-c). The
contributions of DMT-HFO extracts (1-56 days) to the total P pool also reduced from
6.77-24.43 % (1 day) to 2.20-12.30 % after 240 days of incubation (Tables 4a-18a).

The P desorption rates from the samples that received different P applications varied
significantly over the different incubation periods (Figs. 1.2a-c). There were
significant decreases in the desorption rates after one day of incubation due to
different P application rates, which varied from 8.39 mg kg! day™’ at the highest P
rate (200 mg kg™) to only 1.1 mg kg where no P was applied. After 240 days of
incubation the desorption rates decreased to 4.47 for the highest (200 mg kg'l)
application rate and to only 0.77 mg kg™ day™ with no P applied. Of importance is
the very significant decreases in desorption rate over the first 14 days of extraction
indicating that a fair amount of applied P could be extracted over the first 14 days of
extraction with DMT-HFO. For the longer DMT-HFO extraction time (28-56 days)
there were very little differences in desorption rates due to different P applications
and incubation times and the desorption rates were less than 1 mg kg day™ after 1

day and decreased to less than 0.5 mg kg™ day™ after 240 days of incubation.
2a: (ii). Loskop soil
The DMT-HFO extracted P for different extraction times as influenced by P

application rates and incubation periods for Loskop soil are presented in Tables 1b-

3b and Figures 2, 2.1 and 2.2. Like for the Rustenburg soil all treatment levels
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influenced the extractable P from the different P pools significantly (P = 0.01)
according to the ANOVA and LSD (Fisher) values (Appendices II No. 13).

As it was for the Rustenburg soil, the amount of P extracted with the DMT-HFO did
not change much with different incubation periods (1-240 days) where no P was
added (6.30—4.13 mg kg™). Likewise, althéugh the amount of DMT-HFO extracted P
increased with increasing amounts of added P, the percentage P recovered did not
change much after 1 day of incubation (31.52-30.46 %). However, there were
significant variations with the increasing time of incubation from 120-240 days with
the latter reducing by about half the amount between the lowest and highest added P
levels (32.00-15.54 % and 62.32-39.92 %) after 1-56 days of extractions
respectively. In contrast to the Rustenburg soil up to 40 % of the added P could still

be recovered after 1 day of incubation.

But, in general as the incubation time increas‘ed, less P was extracted and the
percentage P recovered decreased. Here again it is important to note that the percent
P recoveries were higher from the low P applications compared to the higher P
applications. The differences increased with the extraction time (10-40 %) between 1
and 56 days of extraction. Figures 2a-c and 2.la-c show that the amount of P
extracted and the percent P recovered from different extraction times were more than
for the Rustenburg soil and reduced gradually. Thus after 120 days about 80 % of the
added P was still recoverable as after 1 day of incubation from 25 mg kg added P.

The P desorption rates of the Loskop soil showed similar trends to the Rustenburg
soil. However, at the early stages delsorption rates were higher than for the
Rustenburg soil. Thus up to 7.73 mg kg™ day™' from the 200 mg kg' added P could
still be desorbed after 240 days of incubation and one day of DMT-HFO extraction.
The decreases in desorption rates were siﬁilar and after 14 days of extractions little
changes in desorption rates were evident for longer extraction periods. The changes
in desorption rates were reduced to lower than 1 mg P kg'l day™ after 14 days of
extraction with DMT-HFO after which the desorption rates were nearly the same for

all treatment levels (Figs. 2.2a-c).
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Similarly the contributions’of DMT-HFO extracts to the total P pool also reduced
from 12.62 and 30.61 % (l day) to 6.48 and 23.29 % after 240 days of incubation.
But, these values are two to three times higher than those from the Rustenburg soil.
The percentages increased with the successive DMT-HFO extractions and the added
P levels, but were markedly reduced with increases in the days of incubation (Tables

4-18).

In another related experiment, Indiati (1998) working with three Italian soils carried
out ten successive extractions over a ten-week period and found that during the first
extraction, the soils released between 19.8-24.2 mg kg' and the cumulative P
released after the ten successive extractions was between 79.4-153.5 mg kg'l. These
represented 4-13% and 29-46% of the added P removed from the soils at the first,
and cumulatively, after the tenth extractions respectively. His results were consistent
with findings from a green house experiment by Novais and Kamprath (1978) carried
out on heavily P fertilized soils to determine the capacity of the soil to supply P after

nine successive crops on extractable soil P.

Thus, Indiati (1998) observed that soil extractable (labile) P alone, may not provide
adequate information on P status of the soil especially in terms of the long-term
capacity of the soil to supply P for plant growth and concluded that the successive
soil P extraction procedure carried out using Fe oxide-impregnated paper strips (or in
this case DMT-HFO) provided a convenient laboratory method for characterization
of P desorptions from soils by simulating plant P uptake, and therefore for
identifying the residual effectiveness of added P fertilizer.

Further, it has been shown that the percent P recdveries of a soil are dependent on the
conditions under which the soil and P are allowed to react. In their study, Raven and
Hossner (1994) reported that a relatively high proportion of the added P (67-85%)
was recovered after 31 days of incubation. But, Sharpley and Smith (1985) had
reported that 78 US soils treated with 0-120 mg P kg'l, incubated at field capacity for
six months, and subjected to three wetting and drying cycles, only 7-74% of the

added P was extracted by the bicarbonate saturated anion-exchange resin (roughly
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equivalent to DMT-HFO-P;). The high percent recoveries in Raven and Hossner
(1994) study were probably due to the relatively short incubation time (31 days) and

the absence of wetting and drying cycles.

In this study the cumulative P extraction curves had not levelled off for either soil,
indicating that P desorption could continue for longer periods than the 56 days used
in this experiment (Figs. la-c, 1.2a-c and 2.la-c, 2.2a-c). However, Mckean and
Warren (1996), using successive resin extractions (equivalent to DMT-HFO) found
that after eight extractions, most of desorption curves were reaching a plateau, and
very little additional P could be extracted. Their results showed that in some soils,
the cumulative P extraction curves reached plateaux where no more P could be
recovered, while others continued to release P slowly. This implied that in some of
these soils, there was continued release of adsorbed P. This property could be
relevant for the crops in the field with respect to the residual effect of added fertilizer
P. Thus, a knowledge of the type of cumulative P extraction curve of the soil, i.e.
whether it reaches a plateau or whether it continues to release P is important in the

economical management of fertilizer applications.

In practical terms this P release rate can be evaluated when it is considered that a
cotton crop removes approximately 15 kg P ha™! to produce 1 000 kg ha™ seed cotton
yields (maximum yield 4 500 kg ha™), while flue cured tobacco (where 70 % of total
mass is removed as leaves and 30 % as stalks that are usually ploughed back)
requires also up to 15 kg P ha™ for a 1 000 kg ha™ yield (maximum yield 4 000 kg
ha'l) (Reuter, 1986). Both these requirements can be met by the two soils, since both
soils are able to release between 0.4-0.5 mg kg day” after 56 days of successive
extractions. This represents a P release rate of approximately between 1.7 and 2.2 kg
P ha™! day™ (soil depth = 30 cm; bulk density = 1 500 kg m>).
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These results therefore show that although Rustenburg soil is considered to be a high
P fixing soil the P release rates are still high enough to meet the cotton and tobacco
crops requirements. The problems rather could be attributed to the root systems of
the crops grown, since if the roots do not develop extensively enough to be able to
exploit the soil volume well in order to extract P efficiently, plants may experience P

deficiencies.

Further, at this P release rate per ha” (30 cm) day™ of 1.7-2.2 kg P ha! day after 56
days DMT-HFO extractioﬁs may seem low, but it should also be realised that in
practice in the field the crop requirements at the beginning of the growing season is
small and the extraction rates (P uptake) will thus be smaller. It means that if less P
had been extracted during the first 14 days of extractions and that the desorption
rates would not have decreased so much within the first 14 days bﬁt over a longer
period. This assumption is made because over the 240 days of incubation there were
less P extracted over the 56 days but the changes in desorption rates were quite
similar. The total amount of P extracted would also indicate that both soils were able

to supply enough P over the growing seasons for both cotton and tobacco crops.

It should be observed here that routine soil extractable (labile) P alone (e.g. Bray 1 or
2), does not provide adequate information on P status of the soil especially in terms
of the long-term capacity of the soil to supply P for plant growth. Therefore, it should
be noted that the successive soil P extraction procedure carried out using DMT-HFO
provide a convenient laboratory method for characterizing P desorptions from soils
by simulating plant P uptake. It is also useful for identifying the residual
effectiveness of added fertilizer P. However, although the method is ideal for
evaluation of plant available P over a longer period of time, it would not be practical

to use as a routine soil analysis as it is expensive and time consuming.

It is foreseeable that by using this method the P releasing properties of a soil could be
determined that would probably not fluctuate much. A P desorption model could then
be developed using this method. With such a model it could be possible to determine

how much extractable P in a particular soil should be available at the beginning of a
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growing season and have a high enough P releasing rate to meet plants requirement

even up to the end of the growing season.

2b: The effects of the added P, incubation time, and succeséive DMT-HFO
extractions on the plant-available (labile) P pool (0.5M NaHCO;-

P;and P,)
2b: (i). Rustenburg soil
0.5M NaHCOs-P; extracts:

The changes in the 0.5M NaHCOj; extractable P after the successive DMT-HFO
extractions as shown in Tables la-3a, and Figures 3, 3.1 and 3.2 are highly

significant at 1 % level (Appendices II No. 2).

For the Rustenburg soil, after one day of DMT-HFO extraction, the amounts of the —
HCO3-P; extracted reduced from 7.0 and 69.8 (1 day) to 2.8 and 18.8 mg kg! after
240 days of incubation (between 0 and 200 mg kg added P). After 56 days of the
successive DMT-HFO extractions the values drastically reduced from 2.77 and 27.33
(1 day) to 1.87 and 9.13 mg kg™ after 240 days of incubation between 0 and 200 mg
kg added P.

In terms of the percentage recoveries of the added P, the ~-HCOs-P; after 1 day of
DMT-HFO extraction, the values remained unchanged at 31 % (1 day) but reduced
to 9.88 and 8.00 % after 240 days of incubation between the lowest and highest
applied P levels. While the percent P recovered after 56 days of successive DMT-
HFO extractions decreased from 3.52 and 12.28 (1 day) to 1.72 and 3.63 % after 240
days of incubation between 25 and 200 mg kg™! added P respectively.
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Table 4a. The effects of added P on the changes and distribution of P into ditferent P pools after 1 day of DMT-HFO extractions
and 1 day of incubation for Rustenburg soil.

Added P P-recovery
(mg k™)

0 ExtmctedP

% of Towl P

25  Exracted P

% of Total P

50  ExractedP

% of Total P

100  Extracted P

% of Towi P

200  Extracted P

% of Totl P

Average Extractsd P
Average % of Total P

HFO-P,

322
1.74
7.50
3.60
17.92
7.42
26.57
924
46.18
11.84

20.28
6.77

HCO4-P, HCO3-P,

7.00
3.78
14.77
7.09
20.80
862
33.40
11.61
69.80
17.89

2915
9.80

11.50
6.21
11.60
5.57
12.27
5.08
12.50
4.35
13.53
3.47

12.28
493

OH-P;

30.13
16.26
32.80
15.74
41.70
17.28
56.40
19.61
90.47
23.19

50.30
18.42

OH-P, DMHCIP, CMCIP, CHCIP, HS0,P;

12.97
7.00
13.17
6.32
14.03
5.81
14.80
5.14
15.30
3.92

14.05
564

8.43
455
10.73
5.15
13.53
561
15.50
539
20.62
5.29

13.76
520

48.33
26.09
50.60
24.28
51.20
2121
52.00
18.08
5467
14.01

51.36
20.73

7.00 5667
3.78 3059
730 59.92
350 2875
820 6172
340 2557
867 6783
3.01 2358
970 69.83
249 1790
817 63.19
324 2528

TOT-P,

31.47
16.99
32.07
15.39
34.50
14.29
35.97
12.50
38.53

9.88

34.51
13.81

TOT-P, TOT-P

153.78 186.26
83.01
176.32 208.39
8461
206.87 241.37
86.71
251.70 287.67
87.50
351.67 390.10
90.12

228.05 262.56
86.19

Table 5a. The effects of added P on the changes and distribution of P into different P pools after 7 days of DMT-HFO extractions
and 1 day of incubation for Rustenburg soil.

Added P Pecovery
(maka”)

0 Extracted P

% of Total P

25  Exracted P

% of Towl P

50  Extracted P

% of Tolal P

100  ExarsctedP

% of Towl P

200 Extmcied P

% of Towl P

Average Extractsd P
Average % of Total P

HFO-P, HCOyP, HCOyP,

6.24

443
11.93

7.22
21.00
10.79
35.72
14.44
61.50
18.19

27.28
11.01

6.50
462
11.47
6.94
18.83
967
27.13
10.97

. 48.27
14.28

22.44
9.30

3.50
249
470
284
5.50
283
177
3.14
9.37
277

6.17
281

OH-P;

22.90
16.27
24.43
14.78
27.00
13.87
42.23
17.08
65.80
19.46

36.47
16.29

OH-P, DMCIP; CMCIP, CHCHP, H;SO-P;

9.63
6.84
10.80
6.60
11.67
6.00
12.90
522
14.13
4.18

11.85
577

595
423
8.00
484
10.33
531
13.80
5.58
17.25
5.10

11.07
501

41.27
29.31
4367
26.42
4553
23.39
48.53
19.62
54.20
16.03

4664
22.96

5.47 3933
389 2794
567 44.50
343 2693
713 4767
366 2449
747 5175
3.02 2093
780 59.67
234 1765
6.73 4858
3.27 2358

TOTP,

18.60
13.21
21.27
12.87
2430
12.48
28.14
11.38
31.40

9.29

2474
11.85

TOTP, TOTP

122.19 14079
86.79
144.00 165.27
87.13
170.36 194.66
87.52
219.16 247.30
88.62
30669 338.09
90.71

19248 217.22
88.15

Table 6a. The effects of added P on the changes and distribution of P into different P pools after 14 days of DMT-HFO extractions
and 1 day of incubation for Rustenburg soi.

Added P Pecovery
(maka)

0 Extracted £

% of Totwl P

25  ExraciedP

% of Tol P

HFO-P; HCO;P, HCO+P,

777

6.05
13.97

9.05
26.73
14.83
45.18
19.10
72.85
22.19

33.30
14.24

5.30
413
9.83
6.37
12.63
7.01
2217
9.37
4517
13.76

19.02
8.13

1.97
1.53
4.40
285
4.20
233
6.50
275
7.40
225

4.89
2.34

OH-P;

18.58
14.47
21.33
13.82
23.33
12.95
3483
14.72
58.00
17.66

31.21
1472

OH-P, DMHCHP; CHCIP, CHCIP, H,S0-P;

8.55
6.66
9.33
6.04
10.00
5.56
11.50
4.86
13.17
4.01

10.51
5.42

520
4.05
775
5.02
9.40
522
12.80
541
14.70
4.48

9.97
4.83

40.53
31.56
44,60
28.89
44.53
2471
46.80
19.78
53.53
16.30

46.00
2425

450 36.03
350 28.05
5.00 38.17
324 2472
6.00 4340
3.33 2408
6.00 50.77
254 2148
7.60 5593
231 17.03

582 4486
298 23.07

TOT-P,

15.02
11.70
18.73
1213
20.20
1121
24.00
10.15
28.17

8.58

21.22
10.75

TOT-P.  YOT-P

113.41 12843
88.30
13565 154.38
87.87
160.02 180.22
88.79
21255 236.55
89.85
300.18 328.35
91.42

18436 20559
89.26

Tabie 4b.The effects of added P on the changes and distribution of P into different P pools after 1day of DMT-HFO extractions

and 1 dav of incubation for Loskop sof.

Added P Puecovery HFO-P; HCO;-P; HCO+P,
ma k™)
0 EdractedP 630 1227 7.07

% of Total P 4.25 8.28 477
25 EdamctedP 1393  18.87 8.00
% of Towl P 800 1083 459

50 EaxwdP 2738 2500 847
%oTamp 1357 1239 420

100 EdscedP 4668 4273 9.93
%olTomp 1827 16.72 3.89

200 eawxchdp 6722 7800 10.80
%oTowlP  19.04 2210 3.06

Average Extracted P 3230 3537 8.85
Average % of Total P 1262 14.08 4.10

OH-P;

26.33
17.09
28.13
16.15
nn
15.74
37.20
14.56
6593
18.68

3767
16.44

OH-P, DMCI-P;
9.20 6.13
6.21 4.14

11.93 7.90
6.85 454

1243 877
6.18 435

13.53 12.80
5.29 501

15.13 14,07
429 3.99

12.44 9.93
576 4.40

CHCHP, CHCHP, HS0P; TOT-P,

31.10
20.98
32.53
18.68
3367
16.68
36.53
13.90
40.53
11.48

34.67
16.34

5.07
3.42
597
343
617
3.06
6.50
254
7.47
212

6.24
29

45.75
30.87
46.92
26.94
48.17
23.87
50.67
19.83
53.87
15.26

49.08
23.35

2134
14.40
25.90
14.87
271.07
13.41
29.96
11.72
33.40

9.46

27.53
1277

TOT-P,

126.88
85.60
148.28
85.13
17476
86.59
22561
88.28
319.62
90.54

199.03
87.23

Tabie 5b. The effects of added P on the changes and distribution of P into different P pools after 7 days of DMT-HFO extractions

and 1 day of incubation for Loskop soil.

Added P P-rocovery  HFO-P; HCOsP; HCO-P,
(maka™
0 BdactedP 842 1200 463

% of Tol P 6.72 9.57 3.69
25 ExmsdP 2050 1443 570
%o Tomp 13.54 9.53 3.77

50 eomcwdr 3017 22.77 490
%o TomlP  17.04 1286 277

100 EducsaP 5367 3313 7.87
%o TomlP 2357 14.55 3.46

200 Exduemar 8017 5877 8.00
%ofTowtP 2460 18.03 245

" AwngebxtactedP  38.59 2822 622

Average % of Tolal P 17.09 1291 3.23

OH-P;

20.83
16.61
2413
15.94
28.30
15.99
32.90
14.45
6270
19.24

3377
16.45

OH-P, DHCI-P, CHCHP, CHCHP, H;SO.P;

7.10
5.66
9.47
6.26
10.30
5.82
11.30
4.96
13.83
424

10.40
539

4.87
3.88
6.80
4.49
6.93
3.91
9.20
4.04
12.33
3.78

8.03
4.02

29.27
23.35
30.33
20.04
32.60
18.41
34.60
15.20
39.60
1215

33.28
17.83

3.9
313
433
2386
473
267
535
235
6.50
1.99

497
260

3433
27.38
3567
23.57
36.33
20.52
39.67
17.42
44.00
13.50

38.00
20.48

TOT-P,

15.66
12.49
19.50
12.88
19.93
11.26
2452
10.77
28.33

8.69

21.59
11.22

TOT-P;

109.72
87.51
131.86
87.12.
157.10
88.74
203.17
89.23
297.57
91.31

179.88
88.78

Table 6b. The effects of added P on the changes and distribution of P into different P pools after 14 days of DMT-HF O extractions

and 1 day of incubation for Loskop soil.

Added P Paecovery HFO-P, HCOs-P; HCOzP,
ma k™)

0  EwswdP 1050  9.07 3.13

% of Total P 8.99 777 268

25 EBancedP 2403 1200 4.27

%ofTomP  16.77 8.37 298

50 ExactedP 3558 1650  4.50

%ofTomp 21.18 9.82 268

100 ExmewdP 6005 2830 657

%oTamP 2733 1288  2.99

200 ExdaceaP 9280 50.47 7.20

%ofTomiP 2929 1593 227

Average Extracted P 4459 2327 513
Average % of Total P 2071 1096 272

OH-P;

19.45
16.66
2207
15.40
26.83
15.38
29.50
13.43
56.07
17.70

30.58
15.71

OH-P, DMCIP; CMCI-P, CHCIP, H,S0.P;

6.35
5.44
8.97
6.26
9.67
570
10.80
4.92
11.47
3.62

9.43
5.19

472
4.04
6.47
451
6.67
397
8.50
3.87
11.00
3.47

7.47
397

27.87
23.87
28.80
20.10
30.53
18.18
33.60
15.29
37.93
11.97

31.78
17.88

2.80
240
3.07
214
3.90
232
4.80
218
6.00
1.89

411
219

32.87
28.1§
3363
23.47
34.87
20.76
3760
7.1
43.90
13.86

36.57
2067

TOT-P,

12.28
10.52
16.31
11.38
17.97
10.70
217
10.09
2467

779

18.68
10.09

TOTP,

104.48
89.48
127.00
88.62
149.98
89.30
197.55
89.91
292.17
9221

174.24
89.91

TOT-P
148.22
174.18
201.83
255.57

353.02

226.56

TOT-P
125.38
151.36
177.03
22769

325.90

201.47

TOT-P
116.76
143.31
167.95
219.72

316.84

192.92
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Table 7a. The effects of added P on the changes and distribution of P into different P pools after 28 days of DMT-HFQ extractions

Added P

maw™)
[}
25
50

100

200

and 1 day of incubation for Rustenburg sod.

P.racovery HFO-P, HCO,-P; HCO4-P,

Averaige Extracted P
Average % of Total P

10.70

9.20
24.47
17.16
31.77
18.52
5268
24.30
81.23
25.89

4017
19.02

4.30
3.70
5.10
3.58
11.60
6.76
16.23
7.49
38.00
1211

15.05
6.73

1.37
1.18
323
227
313
1.83
517
238
6.40
204

386
1.94

OH-P,

14.77
1270
18.30
12.83
21.77
12.69
28.33
13.07
48.30
15.40

26.29
13.34

OH-P, DHCHP,
7.00 510
6.02 439
8.00 7.07
561 4.96
9.53 9.20
5.56 538

1000 11.50
461 5.30

1253 1427
3.99 4.55
9.41 943
5.16 491

CMHCKP, CHCHP, HSO-P;, TOT-P,

38.60
33.20
4020
28.19
4133
2410
43.60
20.11
52.67
16.79

43.28
2448

4.00
3.44
4.40
3.09
5.50
a1
6.07
280
6.50
207

529
292

30.42
26.17
31.83
2232
3767
21.97
43.25
19.95
53.83
17.16

39.40
21.51

1237
1064
15.63
10.96
18.16
10.59
21.24

9.80
25.43

8.1

18.57
10.02

TOT-R,

103.89
89.36
126.97
89.04
153.34
89.41
195.59
90.20
288.30
91.89

17362
89.98

TOT-P
116.26
142.60
171.50
216.83

31373

192.18

Table 8a. The effects of added P on the changes and distribution of P into different P pools after 56 days of DMT-HFO extractions
and 1 day of incubation for Rustenburg soil.

Added P P-recovery

(ma ka")
0

25
50
100

200

Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Total P
Extracted P
% of Tol P
Extracted P
% of Total P

Average Extracted P
Average % of Total P

HFO-P, HCO:-P; HCOxP,

12.18
11.82
28.50
2208
38.75
2475
65.00
31.21
96.77
32.30

4824
2443

277
269
365
283
8.80
562
12.00
576
2733
9.12

1091
5.20

1.13
1.10
222
1.72
2.40
1.53
387
1.86
527
1.76

298
1.59

OH-P;

10.77
10.45
11.80

9.14
14.67

937
2277
10.93
4227
14.11

20.46
10.80

OH-P, DMCHP; CHCIP; CHCI-P, H,SOP; TOT-P,

6.10
5.92
7.53
5.83
9.00
575
9.50
4.56
11.83
3.95

8.79
5.20

5.00
485
6.60
511
857
5.47
10.87
522
13.23
4.42

8.85
5.01

35.77
34.70
37.07
28.72
38.33
2448
4247
2039
49.87
16.65

40.70
2499

327
317
347
269
483
3.09
528
254
6.13
205

460
2.7

26.08
2530
2825
21.88
31.20
19.93
36.50
17.563
46.90
1565

33.79
20.06

10.50
10.19
13.22
10.24
16.23
10.37
18.65

8.96
23.23

7.75

16.37
9.50

TOT-P,

9257
89.81
115.87
89.76
140.32
89.63
189.61
91.04
276.37
92.25

162.95
90.50

TOT-P

103.07

129.09

156.55

208.26

299.60

179.31

Table 7b.The effects of added P on the changes and distribution of P into different P pools after 28 days of DMT-HFQ extractions
and 1 dav of incubation for Loskop soi.

Added P P-recovery

(ma k')
0

25
50
100

200

Extracied P
% of Total P
Extracted P
% of Tomt P
Extructed P
% of Totat P
Extracted P
% of Total P
Extructed P
% of Total P

Average Extracted P
Average % of Total P

HFO-P, HCO;-P; HCO4P,

1275
12.39
32.25
24 86
40.35
26.12
71.08
33.97
102.50
33.75

51.78
26.22

747
726
8.57
6.61
13.27
8.59
20.50
9.80
42.53
14.00

18.47
9.25

287
279
297
229
3.07
1.99
5.50
263
6.53
215

4.19
237

OHP,
1593
15.49
18.13
13.98
2267
14.68
2577
12.32
49.80
16.40

26.46
14.57

OH-P, DMCLP,
5.00 4.50
486 437
6.53 5.32
5.03 4.10
8.27 6.00
535 3.88
9.50 7.80
454 3.73

10.80 9.67
3.56 3.18
8.02 6.66
467 3.85

CHCIP; CHCIP, H,SO,-P;

26.20
25.47
27.33
21.07
28.93
18.73
31.27
14.95
36.27
1194

30.00
18.43

2.40
233
267
2.06
3.50
227
420
2.01
5.00
1.65

3.55
2.06

2575
25.03
25.95
20.00
28.42
18.40
33.58
16.05
4060
13.37

30.86
18.57

TOT-P,

10.27
9.98
1217
9.38
14.84
9.61
19.20
9.18
22.33
7.35

156.76
9.10

TOT-P;

92.60
90.02
117.56
90.62
139.64
90.39
189.97
90.82
281.37
9265

164.23
90.90

Table 8b.The effects of added P on the changes and distribution of P into different P poals after 56 days of DMT-HFO extractions
and 1 day of incubation for Loskop soil.

Added P P-recovery

(mg k™)
o

25
50
100

200

Extracied P
% of Total P
Extracted P
% of Total P

Average Extracted P
Average % of Total P

HFO-P, HCOs-P, HCOs-P,

14.70
15.25
33.97
2767
4565
30.68
7753
39.17
115.87
40.26

57.54
30.61

5.80
6.02
757
6.17
10.17
6.84
1533
7.75
31.83
11.06

14.14
7.56

1.53
1.59
1.77
1.44
250
168
4.00
2,02
5.00
1.74

296
1.69

OH-P,

13.40
13.90
14.72
11.99

20.82 -

13.99
22.00
11.12
39.45
13.71

22.08
1294

OH-P, DHCIP, CHCILP; CHCIP, HSO,-P;

477
4.95
6.62
5.39
7.42
4.99
8.00
4.04
10.02
3.48

737
457

4.30
446
493
4.02
5.42
364
7.00
3.54
9.10
3.16

6.15
3.76

25.87
26.84
26.27
21.40
27.93
18.77
30.60
15.46
34.77
12.08

29.09
18.91

223
231
2.40
1.96
3.20
215
3.87
1.96
457
1.59

3.25
1.99

23.78
24 67
24.50
19.96
25.68
17.26
29.58
14.95
37.22
1293

28.15
17.95

TOT-P,

853
8.85
1079
8.79
13.12
8.82
15.87
8.02
19.59
6.81

13.58
8.26

TOT-P,

87.85
91.15
111.96
91.21
13567
91.18
182.04
91.98
268.24
93.19

157.15
91.74

TOT-P

102.87

129.72

154.48

209.17

303.70

179.99

TOT-P

96.38

122.75

148.79

197.91

287.83

170.73
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Table 9a. The effects of added P on the changes and distribution of P into different P pools after 1 day of DMT-HF O extractions
and 120 days of incubation for Rustenburg sodl.

Added P
(m kg™
0
25
50
100

200

P-racovery

% of Total P

Average Extracted P
Average % of Total P

HFO-P, HCO4-P; HCO,-P,

325
164
352
1.67
6.97
278
11.38
3.78
21.63
543

9.35
3.04

397
2.01
6.22
277
9.50
3.79
14.58
4.85
23.02
578

11.46
3.84

9.03
4.56
10.45
465
12.33
4.92
14.92
4.96
17.25
433

12.80
4.68

OH-P;

4483
2265
57.83
2575
62.10
24.76
7417
24.65
100.67
2527

67.92
24.62

OH-P, DMCHP;
12.37 772
6.25 3.90
1363 1192
6.07 5.31
1423 1307
567 521
1860 16.87
6.18 561
2520 2893
6.33 7.26
16.81 1570
6.10 5.46

CMCHP, CHCHP, H,S0,-P;

51.27
25.90
5253
23.39
55.40
2209
61.17
2033
76.60
19.23

59.39
22.19

7.07
3.57
7.60
3.38
8.53
3.40
10.10
3.36
12.37
an

9.13
3.36

58.42
29.52
60.92
27.12
68.67
27.38
79.08
26.28
9267
23.26

71.95
26.71

TOT-P,

28.47
14.38
31.68
14.10
35.09
13.99
43.62
14.50
54,82
13.76

38.74
14.15

TOT-P,

169.46
85.62
192.94
85.90
2151
86.01
257.25
85.50
343.52
86.24

23578
85.85

Table 10a.The effects of added P on the changes and distribution of P into different P pools after 7 days of DMT-HFO extractions
and 120 days of incubation for Rustenburg soil.

Added P P.recovery

(maka")
0

25
50
100

200

Exiractnd P
% of Totat P
Exiracted P
% of Total P
Extracted P
% of Totai P
Extracted P
% of Total P
Extracted P
% of Toml P

Average Extracted P
Average % of Total P

HFO-P,

5.05
3.12
717
3.83
12.83
5.98
21.52
813
36.38
10.09

16.59
623

327
202
4.47
239
7.60
3.54
10.93
413
19.77
5.49

9.21
3.51

HCOyP, HCO;3-P,

7.33
4.53
8.35
4.46
9.97

465 -

11.57
4.37
14.03
3.89

10.25
4.38

OH-P;

35.87
2219
4327
2313
47.60
2220
59.05
-22.30
75.87
21.05

52.33
2217

OH-P, DMCIP, CHCHP, CHCI-P, H,SO.P;

10.28
6.36
1237
6.61
13.10
6.11
15.88
6.00
20.33
5.64

14.39
6.14

6.13
3.79
9.43
5.04
12.50
5.83
16.00
566
24.50
6.80

13.51
5.42

4333
26.80
46.27
2473
49.00
22.85
54,67
2065
73.87
20.50

5343
3.1

473
293
6.03
322
7.2
3.37
827
312
9.83
273

7.22
3.07

4567
28.25
49.75
26.59
54.58
25.46
67.90
25.64
85.80
2381

60.74
25.95

TOT-P,

2234
13.82
26.75
14.30
30.30
14.13
35.72
13.49
44.19
12.26

31.88
13.60

TOT-P,

139.32
86.18
160.36
85.70
184.11
85.87
229.07
86.51
316,19
87.74

205.81
86.40

Table 11a. The effects of added P on the changes and distribution of P into different P pools after 14 days of DMT-HF O extractions
and 120 days of incubation for Rustenburg soil.

Added P P-recovery

(ma k™)
] Extracted P
% of Total P
25 Extractsd P
% of Total P
50 ExtacedP
% of Total P
100 ExracwdP
% of Towl P
200 Extracted P
% of Total P
Average Extracted P
Average % of Toial P

HFO-P; HCO4P; HCOsP,

6.33

4.24
12.28

7.03
21.12
10.34
3253
12.84
45.30
13.30

2351
9.55

3.07
2.06
4.10
235
6.10
299
10.30
4.07
14.97
4.40

7.7
317

6.50
4.36
6.90
3.95
8.47
4.15
9.77
3.88
12.47
3.66

8.82
3.99

OH-P;

30.83
2067
38.10
21.80
43.90
21.49
50.90
20.09
69.10
20.29

46.57
20.87

OH-P, DMCHP; CMHCHP, CHCLP,

9.37
6.28
11.07
6.33
12.30
6.02
13.30
5.25
18.23
5.35

12.85
5.85

6.00
4.02
8.80
5.04
10.43
511
14.43
570
2267
6.66

12.47
5.30

41.77
28.00
43.20
2472
45.93
2248
53.40
21.08
71.20
20.91

51.10
23.44

455
3.05
5.17
298
6.27
3.07
727
287
9.13
268

6.48
293

H;80-P;

40.75
27.32
45.13
25.83
49.77
24.36
61.45
2425
77.50
22.76

54.92
24.90

TOT-P,

20.42
13.69
23.14
13.24
27.04
13.24
30.34
11.98
39.83
11.70

28.15
1277

TOT-P,

128.75
86.31
151.61
86.76
177.25
86.76
223.01
88.02
300.74
88.30

196.27
87.23

TOT-P

197.93

22462

250.80

300.87

398.34

274.51

TOT-P

161.66

187.11

214.41,

264.79

360.38

23767

TOT-P
149.17
174.75
204.29
253.35

340.57

224.43

Table 9b. The effects of added P on the changes and distribution of P into different P pools after 1 day of DMT-HF O extractions
and 120 days of incubation for Loskop soil.

Added P P-ecovery HFO-P; HCOs-P, HCOsP,

(ma ke’
[

25

Extrached P
% of Towl P
Extracted P
% of Total P
Extractad P
9% of Total P
Extracted P
% of Towl P
Extracted P
% of Total P

Average Extracted P
Average % of Total P

5.22
343
1263
7.01
16.72
8.22
2427
9.50
39.63
1123

19.69
7.88

1127

741
13.57

7.53
20.87
10.26
35.47
13.89
56.33
15.97

27.50
11.01

6,93
4.56
11.17
6.20
1167
5.74
13.20
5.17
13.65
3.87

11.32
511

OH-P,

29.13
19.15
3327
18.46
36.93
18.15
47.00
18.40
78.60
22.28

44.99
19.29

OH-P, DHCIP;
813 640
535 421

10.20 9.47
566 525

11.40 10.00
560 492

1427 1480
559 580

17.07 1893
4.84 537

1221 1192
541 511

CMCHP; CHCIP, H S0P,

32.60
2144
3467
19.23
36.87
18.13
40.13
16.71
50.27
1425

38.91
17.75

5.40
3.56
6.27
3.48
763
375

10.57

4.14

13.48

3.82

867
3.75

47.00
30.90
49.00
27.18
5133
25.23
55.67
21.80
64.83
18.38

53.57
2470

TOT-P,

20.46
13.45
2764
15.33
30.70
15.09
38.04
14.90
44.20
1253

32.21
14.26

TOT-P;

131.62
86.55
15261
84.67
172.72
84.91
217.34
85.10
308.59
87.47

196.58
85.74

TOT-P
152.08
180.25
203.42
255.38

352.79

228.78

Table 10b. The effects of added P on the changes and distribution of P into different P pools after 7 days of DMT-HFO extractions
and 120 days of incubation for Loskop soil.

Added P

(LT
)
25
50

100

200

P-recovery

Extracted P
% of Total P
Extracted P
% of Total P
Extracted £
% of Totl P
Extracted P
% of Tol P
Extracted P
% of Towl P

Average Extracted P
Average % of Total P

HFO-P;

6.72

5.26
16.77
10.89
2253
12.57
3287
14.49
54.37
16.70

26.65
11.99

HCO3-P; HCOs-P,

1047

8.20
11.00

7.15
15.33

8.56
2477
10.92
46.10
14.16

21.53
9.80

4.03
3.16
6.40
4.16
6.93
3.87
8.77
3.87
10.90
3.35

7.41
368

OH-P,

2513
19.68
2767
17.97
3227
18.01
4063
17.92
67.43
20.71

38.63
18.86

OH-P, DMHCHP; CHCIP; CHCHP, H,SO,-P, TOT-P,

6.07
475
8.20
533
9.07,
5.06
1217
537
14.83
4.58

10.07
5.01

577
4.52
827
537
.9.87
551
1273
561
1427
438

10.18
5.08

30.00
23.49
31.33
20.35
34.47
19.24
38.33
16.90
4967
15.26

36.76
19.05

433
339
5.50
357
720
4.02
9.00
397

11.00

3.38

741
367

3517
27.54
38.80
2520
41.50
23.16
47.50
20.95
57.00
17.51

4399
2287

14.43
11.30
20.10
13.06
2320
12.95
29.94
13.20
36.73
11.28

2488
12.36

TOT-P;

113.26
88.70
133.84
86.94
165.97
87.05
196.83
86.80
288.84
88.72

177.75
87.64

TOT-P

127.69

153.94

17917

226.77

325.57

20263

Table 11b.The effects of added P on the changes and distribution of P into different P pools after 14 days of DMT-HFO extractions
and 120 days of incubation for Loskop soil.

Added P
tmg k")
)
25
50
100

200

Prscovery  HFO-P; HCO,-P; HCOxP,

Extracted P
% of Total P
Extracted P
% of Total P

Average Extracted P
Average % of Total P

772

6.69
2222
15.62
26.52
15.64
43.42
20.11
7017
22.24

34.01
16.06

7.80
6.76
9.53
6.70
13.00
767
20.13
933
40.93
1297

18.28
868

353
3.06
5.58
392
533
314
6.53
3.02
8.33
264

5.86
3.16

OH-P;

21.43
18.57
23.60
16.59
29.97
17.67
38.43
17.80
59.77
18.94

34.64
17.92

OH-P, DMCLP; CHCILP; CHCIP, H,SO,P, TOT-P,

497
4.31
6.13
4.31
8.50
5.01
10.83
5.02
12.80
4.06

8.65
4.54

5.55
481
7.10
4.99
893
527
10.53
4.88
12.20
3.87

8.86
4.76

2067
2571
30.00
21.09
32.27
19.03
37.67
17.45
4867
15.42

3566
19.74

4.00
3.47
5.08
3.57
6.80
4.01
8.00
3.71
9.67
3.06

6.71
3.56

30.75
2664
33.00
23.20
3825
22.56
40.33
18.68
53.00
16.80

39.07
21.58

12.50
10.83
16.79
11.80
2063
1217
25.36
11.75
30.80

9.76

21.22
11.26

TOT-P;

102.92
89.17
125.45
88.20
148.94
87.83
190.51
88.25
284.74
90.24

170.51
88.74

TOT-P

115.42

14224

169.57

215.87

31654

191.73
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Table 12a. The effects of added P on the changes and distribution of P intto défferent P pools after 28 days of DMT-HF O extractions
and 120 days of incubation for Rustenburg soil.

Added P P-recovery

(ma k')
[}

25
50
100

200

Extracted P
% of Total P
Exiractad P
% of Total P
Extractad P
% of Total P
Exracted P
% of Total P
Extracted P
% of Total P

Average Extracted P
Average % of Total P

HFO-P; HCOs-P, HCO;-P,

7.15

548
17.33
11.04
25.78
13.77
4225
18.10
60.02
18.19

30.51
13.32

293
224
3.20
2.04
5.20
278
893
3.83
12.20
3.70

6.49
292

5.00
3.83
5.97
3.80
763
4.08
8.47
363
10.13
3.07

7.44
368

OH-P;

25.47
19.50
28.80
18.35
3M4.73
18.56
43.93
18.82
6497
19.70

39.58
18.99

OH-P, DMCEP; C/HCHP; C/HCHP, H,SO.-P,

8.07
6.18
9.93
6.33
11.40
6.09
13.00
5.57
16.10
4.88

11.70
5.81

5.53
423
7.92
5.05
9.23
4.93
12.63
537
20.03
6.07

11.05
513

38.93
29.81
41.53
26.46
42.87
2290
47.00
20.14
68.20
20.67

477
24.00

3.63
278
423
270
6.03
32
6.33
271
8.00
243

5.64
277

33.88
25.94
38.02
2423
4430
2367
50.98
21.84
70.23
21.29

47.48
23.39

TOT-P,

16.70
12.79
20.13
12.83
25.06
13.39
27.80
1.91
3423
10.38

24.78
12.26

TOT-P,

113.89
87.21
136.80
87.17
162.11
86.61
205.62
88.09
295.65
89.62

182.81
87.74

Table 13a. The effects of added P on the changes and distribution of P into different P poois after 56 days of DMT-HFO extractions
and 120 days of incubation for Rustenburg sod.

Added P P-recovery

ima kg™
)

25
50
100

200

Extracted P

Average Exiracted P
Average % of Tl P

HFO-P; HCOy-P; HCOs-P,

10.42

8.54
23.52
16.01
34.47
19.31
52.83
2283
74.73
23.14

39.19
17.97

260
2.13
283
1.99
533
299
820
3.54
11.27
3.49

6.07
283

428
3.51
4.80
3.27
6.50
364
763
3.30
8.73
270

6.39
3.28

OH-P;

23.23
19.03
2543
17.31
31.03
17.39
4183
18.08
56.40
17.47

35.58
17.86

OH-P, DMCHP, C/MHCHP; C/HCHP, H,SO.P;

6.83
5.60
8.50
5.79
10.23
573
11.50
497
14.60
4.52

10.33
5.32

4.97
407
6.92
4.7
8.80
493
11.87
5.13
18.13
562

10.14
4.89

35.83
29.35
37.33
25.42
40.53
2271
4587
19.83
65.93
20.42

45.10
23.54

257
211
3.53
240

5.07.

284
6.03
261
6.67
207

4.77
240

31.33
2567
33.92
23.09
36.52
20.46
45.60
19.71
66.42
20.57

42.76
21.90

TOT-P,

13.68
11.21
16.83
11.46.
21.80
12.21
2516
10.87
30.00
9.29

21.49
11.01

TOT-P,
108.38
88.79
130.05
- 88.54
156.68
87.79
206.20
89.13
292.88
90.71

178.84
88.99

TOT-P
130.59
156.93
187.17
233.42

329.88

207.60

TOT-P
122.06
146.88
178,4-8
231.36

322.88

200.33

Table 12b. The effects of added P on the changes and distribution of P into different P poots after 28 days of DMT-HFO extractions
and 120 days of incubation for Loskop soil.

Added P Precovery HFO-P; HCOy-P, HCOs-P,

(maka™)
o Extracted P
% of Total P
25  EdracadP
% of Total P
S0 ExracadP
% of Total P
100  Exracted P
% of Total P
200 Exracted P
% of Totad P

Average Extracted P
Average % of Total P

9.30

8.80
26.88
2016
3240
20.57
58.53
28.15
88.43
29.13

431
21.36

5.90
5.58
7.28
5.46
10.97
6.96
15.07
7.25
32.70
10.77

14.38
7.21

2.00
1.89
3.00
225
403
2.56
4.80
231
5.97
1.97

3.96
220

OH-P,

19.27
18.24
21.10
15.82
26.93
17.10
33.67
16.19
51.07
16.82

30.41
16.83

OH-P, DMCHP;
433 533
410 5.04
537 6.13
403 460
6.53 7.60
4.15 483
9.13 9.47
4,39 4.55

11.60 11.60
3.82 3.82
7.39 8.03
410 457

CMHCHP; CHCHP, HSO.-P,

27.20
2574
29.00
21.75
31.53
20.02
35.93
17.28
46.33
15.26

34.00
20.01

367
3.47
4.50
337
5.60
3.56
6.93
333
8.00
264

5.74
3.27

2867
27.13
30.08
22.56
31.92
2027
34.42
16.55
4787
15.77

34,59
20.46

TOT-P,

10.00

9.46
12.87

965
16.16
10.26
20.86
1003
2557

8.42

17.09
9.57

TOT-P;

95.67
90.54
120.47
90.35
141.35
89.74
187.09
89.97
278.00
91.58

164.52
90.43

TOT#
106.67
133.34
167.51
207.95

303.57

181.61

Table 13b. The effects of added P on the changes and distribution of P into different P pools after 56 days of ODMT-HFO extractions
and 120 days of incubation for Loskop soil.

Added P P.recovery
(ma kg

0 Extracted P

% of Tetal P

25  Exracted P

% of Total P

S0  Exiractad P

% of Total P

100  Exdracted P

% of Totat P

200  Extracted P

% of Total P

Average Extracted P
Average % of Total P

HFO-P; HCOs-P, HCOxP,

12.20
1269
32.87
26.50
4203
28.10
7167
35.54
108.50
35.92

53.45
27.75

327
3.40
4.23
3.41
8.10
5.42
11.93
5.92
28.07
9.29

11.12
5.49

1.50
1.56
217
175
3.00
201
3.67
1.82
4.80
1.59

3.03
1.74

OH-P,

17.57
18.27
18.75
15.12
2257
15.09
29.25
14.51
46.20
15.29

26.87
15.66

OH-P, DHCHP,
2.83 447
294 4.65
432 527
3.48 425
537 717
3.59 479
8.35 8.28
4.14 4.1

1040 1017
3.44 337
6.25 7.07
3.52 423

26.13
27.17
26.60
21.44
28.33
18.94
31.93
15.83
44.60
14.76

31.52
19.63

3.53
367
4.00
322
5.00
3.34
6.07
3.01
7.00
232

5.12
3.11

| CHCFP, CHCIP, H,SO,P,

2467
2565
2583

.20.82

28.00
18.72
30.50
15.13
4233
14.01

3027
18.87

TOT-P,

7.86
8.17
10.49
8.46
13.37
894
18.09
897
2220
7.35

14.40
838

TOT-P;

88.31
91.83
113.55
91.54
136.20
91.06
183.56
91.03
279.87
9265

160.30
91.62

TOT-P
96.17
124.04
149.57
201.65

302.07

174.70
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Table 14a. The effects of added P on the changes and distribution of P into different P pools after 1 day of DMT-HFO extractions
and 240 days of incubation for Rustenburg soil.

Added P Prscovery HFO-P, HCOyP, HCOsP, OH-P, OH-P, D/HCIP, CHCLP, CHCI-P, H,SO,P; TOTP, TOT-P, TOT-P
(ma by
0 Eammap 285 280 690 5517 1075 987 5870 7.77 6083 2542 19022 21564
waTomp 132 130 320 2558 4.99 458 2722 360 2821 1179 8821
25 easamP 430 527 940 5798 1282 1417 60.00 852 6813 30.74 209.85 240.59
woTomP 179 219 391 2410 533 589 2494 354 2832 1278 87.22
50 EawmaP 527 797 1160 6567 1363 1833 6440 970 7625 3493 237.89 272.82
xaTawP 193 292 425 2407 500 672 2361 356 2795 1280 87.20
100 ExsassP 817 1073 1227 7400 1533 2227 7630 1235 91.00 39.95 28247 32242
%oTamP 253 333 381 2295 475 69t 2366 3.83 2822 1239 8761
200 ExecwaP 1462 18.80 14.20 106.17 17.80 27.53 9580 13.53 116.13 4553 379.05 424.58
waTomiP 344 443 334 2501 419 648 2256 319 2735 1072 6928

Average Extracted P 7.04 911 10.87 7180 14.07 1843 7104 1037 8247 3531 259.90 295.21
Averaga % of Total P 220 2.83 3.70 2434 485 6.12 24.40 354 2801 1210 8780

Table 15a. The effects of added P on the changes and distribution of P into different P poots after 7 days of DMT-HFO extractions
and 240 days of incubation for Rustenburg soil.

Added P Puecovery HFO-P; HCOs-P; HCO3-P, OH-P; OH-P, DHCI-P, CHCI-P, CHCI-P, H,SO-P; TOT-P, TOT-P TOT-P
(mg k")
0 Extracted P 4.50 277 570 36.50 9.23 7.80 50.00 567 5067 2060 15224 17284
% of Total P 260 1.60 3.30 2112 534 45t 2893 328 29.32 1192 8808
25  Exrcd P 570 433 7.00 4035 1095 11.43 5390 7.03 5883 24988 17454 199.52
% of Total P 286 217 3.51 20.22 549 573 27.01 3.52 2949 1252 8748
50 Eamaedp  10.92 7.00 8.88 4675 1275 1417 56.07 857 6467 30.20 199.58 229.78
% of Tol P 475 3.05 3.8 2035 5.55 6.17 24.40 3.73 2814 1314 B6.86
100 ExmcdP  15.00 967 10.33 5950 1345 16.40 6293 1037 7833 3415 241.83 27598
% of Toal P 5.44 3.50 374 2156 487 594 2280 376 2838 1237 8763
200 EaeedP 2313 1433 1167 87.97 1550 2052 8610 1177 103.25 38.94 33530 37424
% of Towi P 6.18 383 312 2351 4.14 548 23:01 315 27.59 10.41° 89.59

Average Extracted P 11.85 7.62 8.72 5421 1238 1406 6180 868 7115 29.77 22070 25047
Averaga % of Total P 4.37 2.83 3.5t 2135 5.08 557 2523 3.49 2858 1207 8793

Table 16a. The effects of added P on the changes and distribution of P into different P pools after 14 days of DMT-HFO extractions
and 240 days of incubation for Rustenburg soil.

Added P Precovery HFO-P, HCOsP, HCOyP, OH-P, OH-P, DMCHP; CMCLP, CHCILP, HSO-P, TOT-P, TOTP, TOT-P
(maka™)
0 Extractad P 5.53 272 400 31.33 8.20 7.08 46.60 450 4817 16.70 141.43 158.13
% of Total P 3.50 1.72 253 19.81 519 448 2947 285 3046 1056 8944
25  Extrected P 7.25 3.33 567 3492 1062 998 4937 6.00 56.92 2229 161.77 184.06
% of Total P 3.94 1.81 3.08 1897 577 542 26.82 326 3092 1211 87.89
50 Eewtdp 1525 655 678 4230 1130 1272 5133 757 5942 2565 187.57 21322
% of Total P 7.15 3.07 3.18 1984 5.30 597 2407 355 27.87 1203 8797
100 EdwcmdP 19.85 8.53 9.30 5538 1215 1495 59.00 9.47 7183 3092 229.54 26046
% of Total P 7.62 3.27 357 2126 466 574 2265 364 2758 1187 88.13
200 EdxncmdP 3150 1383 1067 7925 13.68 1878 8160 1040 96.35 3475 32131 356.06
% of Total P 8.85 3.88 3.00 2226 3.84 527 2292 292 27.06 9.76 90.24

Average Extracted P 15.88 6.99 7.28 4864 1119 1270 5758 758 6654 26.06 20832 23439
Average % of Total P 6.21 275 3.07 2043 495 538 25.19 324 2878 1127 8873

Table 14b. The effects of added P on the changes and distribution of P into different P pools after 1 day of DMT-HFO extractions
and 240 days of incubation for Loskop soil.

Added P Precovery HFO-P, HCOs-P, HCOsP, OH-P, OM-P, DMCI-P; CHCI-P; CHCLP, H;SO-P, TOT-P, TOTP, TOT-P
(ma ka )
0 Extractad P 4.13 9.60 6.00 32.93 7.1 665 38.00 6.40 4775 19.51 139.06 158.57
%otToalp 260 6.05 3.78 2077 4.48 419 2396 404 3011 1230 8770
25  Edsasdp 12,13 12,43 843 35.10 9.17 9.13 39.27 7.07 52.00 2467 160.06 18473
% of Total P 6.57 6.73 456 19.00 4.96 494 2126 383 2815 1335 86.65
50 EBeatedP 1343 1413 1093 4110 1143 1227 4193 1093 5642 3329 179.28 21257
%dTowP  6.32 6.65 514 19.33 538 577 19.73 514 2654 1566 8434
100 EdsandP 1873 2210 11.10 56.30 1440 1602 4847 1220 61.00 3770 22262 26032
% of Total P 7.19 8.49 426 2163 5.53 6.15 18.62 469 2343 1448 8552
200 EamaedP 3520 44.83 1277 8653 1593 1940 5927 1247 7533 4117 32056 36173
% of Total P 973 1239 353 23.92 4.40 536 16.39 345 2082 1138 8862

Averaga Exiracted P 16.72 2062 985 50.39 1161 1269 4539 981 5850 31.27 204.32 23558
Average % of Total P 6.48 8.06 426 2093 495 529 1999 423 2581 1344 8656

Table 15b.The effects of added P on the changes and distribution of P into different P pools after 7 days of DMT-HFO extractions
and 240 days of incubation for Loskop soil.

Added P Piocovery HFO-P, HCOy-P, HCOy-P, OH-P, OH-P, DMCIP, C/HCHP, CHCIP, H,80-P, TOTP, TOT-P, TOT-P
(ma ka™)
0 Extracted P 5.82 7.77 463 28.87 6.93 630 3267 493 4148 16.49 12291 13940
% of Total P 418 5.57 3.32 207 4.97 452 23.44 354 2976 1183 8817
25 EdasasdP  14.80 9.67 7.27 3227 8.27 763 3533 6.00 4575 21.54- 14545 166.99
% of Total P 886 - 579 435 1932 4.95 457 21.16 359 2740 1290 87.10
50 Eawcmdp 2085 12,93 8.37 3500 1057 11.00 3827 8.33 4967 27.27 167.72 19499
%o Tow P 1069 6.63 429 17.95 5.42 564 19.63 427 2547 1399 86.01
100 EancdP 33.43  16.55 918 4853 1240 1340 4360 1007 5408 3165 209.59 241.24
%ot Towl P 13.86 6.86 3.8t 20.12 514 555 18.07 417 2242 1312 8688
200 EscmaP 4963 3255 11.32 7320 1437 1520 5800 1060 73.08 3629 30166 33795
%ofToalP 14.69 9.63 3.35 21.66 425 450 17.16 3.14 2162 1074 8926

Average Extacted P 24.91  15.89 8.15 43.57 1051 1071 4157 799 5281 2665 18947 216.11
Average % of Toal P 1045  6.90 382 1995 495 496 1989 374 2533 1251 8749

Table 16b. The effects of added P on the changes and distribution of P into different P pools after 14 days of DMT-HFO exiractions
and 240 days of incubation for Loskop soil.

Added P Pascovery HFO-P, HCOyP, HCOsP, OH-P, OH-P, DHMCLP, C/HCIP; CMCI-P, HSO-P; TOT-P, TOT-P, TOT-P
(maka™

0 Extracted P 6.50 6.50 343 2532 6.22 560 31.93 427 3500 13.92 110.85 12477
%o TomiP  5.21 521 275 20.29 4.99 449 25.59 3.42 2805 11.16 88.84

25  Edmamap 1767 8.33 640 2898 7.88 747 3293 567 37.25 19.95 13263 15258
%ot TomiP 1158 5.46 419 18.99 5.16 490 21.58 372 2441 1308 8692

50 exsasdp 2583 1067 7.07 3175 878 937 34.93 7.33 4425 2318 156.80 179.98
%o TowlP  14.35 593 393 1764 4.88 521 19.41 407 2459 12588 87.12

100 EamasdP 4033 1377 8.07 44.00 1067 1220 39.93 8.73 5067 27.47 200.90 228.37
%A TP 17.66 6.03 3.53 1927 467 534 17.48 382 2219 1203 87.97

200 EwmandP 6050 2743 1020 63.53 1207 1413 56.67 9.27 6842 31.54 29068 32222
%o TouP 18.78 851 317 1972 375 439 17.59 2.88 21.23 9.79 9021

Average Extracted P 30.17  13.34 703 3872 912 975 39.28 7.05 4712 2321 178.37 201.58
Average %of Toml P 13.52 623 351 1918 469 485 2033 358 2409 1179 8821
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Tabie 17a. The effects of added P on the changes and distribution of P into different P poots after 28 days of DMT-HFO extractions

and 240 days of incubation for Rustenburg soit.

Added P P-recovery

(g kg™
[

25
50
100

200

Extracted P
% of Total P
Extractad P
% of Total P
Extracted P
% of Total P
Extractad P
% of Total P
Extracted P
% of Total P

Average Extracted P
Average % of Totat P

Table 18a. The effects of added P on the changes and distribution of P into different P pools after 56 days of DMT-HFO extractions

HFO-P; HCO,-P, HCO,-P,

6.87
4.95
9.70
5.80
20.93
10.68
27.47
11.34
42.08
12.50

2141
9.05

267
1.93
3.00
1.79
5.50
2.81
7.60
314
11.57
3.44

6.07
2.62

387
279
4.43
265
5.50
281
7.53
3
9.50
282

6.17
283

OH-P;

26.20
18.89
30.77
18.39
34.60
17.65
50.00
20.64
69.00
20.50

4211
19.21

and 240 days of incubation for Rustenburg soil.

Added P P.recovery

(mg k™)
[

25
50
100

200

Extracted P
% of Totsl P
Extracted P
% of Total P
Extractad P
% of Total P
Extractsd P
% of Total P
Extracted P
% of Total P

Avernge Extracted P
Average % of Total P

HFO-P, HCO.P, HCOsP,

8.92

7.22
12.40

8.28
2560
14.06
36.13
15.73
53.63
16.64

2734

12.39

1.87
1.51
230
1.54
4.77
262
6.80
296
9.13
2.83

4.97
229

2.50
2.02
3.80
254
4.40
242
667
2.90
8.18
254

511
2.48

OH-P;

2133
17.26
2527
16.87
30.23
16.61
4367
19.02
59.27
18.39

35.95
17.63

OH-P, DMHCHP;, CHCHP; CHCHP, H,SO,P,

7.92
571
9.77
5.84
10.50
5.36
11.47
473
1293
384

10.52
5.10

6.20
447
9.33
5.58
10.30
525
1253
5.17
16.53
4.91

10.98
5.08

40.60
29.27
46.67
27.89
49.27
25.13
53.00
21.88
76.67
2278

5324
2539

397
2.86
533
3.19
6.73
3.43
8.33
3.44
9.60
285

6.79
3.15

40.40
2913
48.33
28.88
5273
26.89
64.33
2655
8867
26.35

58.89
27.56

OH-P, DMHCIP;, CHCIP, CHCHP, H,SO.-P,

6.80
550
843
563
9.57
526
10.50
457
11.00
34

9.26
4.87

5.40
4.37
7.77
5.19
8.80
483
11.67
5.08
14.30
4.44

9.59
478

38.27
30.96
42.27
28.22
45.00
2472
48.00
20.90
71.67
2224

49.04
25.41

3.27
265
423
282
5.93
326
7.27
317
9.03
2.80

5.95
294

35.25
28.52
4333
28.93
4775
26.23
58.92
25,66
86.00
2669

5425
27.20

TOT-P, TOT.P,

1576 12294
1136 8864
19.53 147.80
1167 8833
2273 17333
1159 88.41
27.33 214.93
1128 8872
3203 30452

952 9048

23.48 192.70
1109 88.91

TOT-P, TOT-P;

1257 111.04
1017  89.83
16.46 13334
1099  89.01
19.90 . 162.15
1093 89.07
2444 20519
1084 8936
28.21 294.00
876 91.24

2032 181.14
1030 89.70

TOTP

138.70

167.33

196.06

24226

336.56

216.18

TOoT-P

123.61

149.80

182.05

22963

2221

201.46

Tabie 17b, The effects of added P on the changes and distribution of P into different P pools after 28 days of DMT-HFO extractions
and 240 days of incubation for Loskop soil.

Added P P.rocovery

(mg g™
0

25

50

200

Avarage Extracted P
Average % of Total P

Tabie 18b.The effects of added P on the changes and distribution of P into different P pools affer 56 days of DMT-HFO extracti

HFO-P, HCOsP; HCOyP,

8.55

7.57
2417
16.95
30.50
18.42
52.50
2419
76.17
24.48

38.38
18.32

433
3.83
6.83
4.79
7.53
4.55
11.07
5.10
21.93
7.05

10.34
5.06

207
1.83
463
325
533
3.22
7.40
341
8.63
277

5.61
2.90

OH-P,

2160
19.13
2345
16.45
28.50
17.21
36.78
16.95
54.07
17.38

3288
17.42

and 240 days of incubation for Loskop soil.

Added P P.recovery

maa")
0

25
50
100

200

Extracted P
% of Total P
Exiractad P
% of Total P
Extracted P
% of Towl P
Extracted P
% of Total P
Extractsd P
% of Total P

Avernge Extracted P
Average % of Total P

HFO-P;, HCOy-P; HCOx-P,

1217
11.30
27.75
20.93
38.58
2427
63.17
30.14
92.00
29.81

46.73
23.29

3.53
3.28
363
2.74
583
3.67
8.53
4.07
17.23
5.58

7.75
3.87

205
1.90
3.50
264
4.77
3.00
6.00
286
777
252

4.82
258

OH-P,

19.30
17.91
20.60
15.54
2463
15.50
3263
15.57
46.83
15.17

28.80
15.94

OH-P, DHCIP, CHGCHP, CHCHP, H,SO,-P;

5.00
443
7.15
5.01
7.83
473
8.88
4.09
11.53
an

8.08
4.39

5.50
487
6.93
4.86
837
5.06
1113
513
13.00
4.18

8.99
4.82

2967
26.28
30.93
21.69
3260
19.69
35.93
16.56
5253
16.88

36.33
20.22

320
283
4.50
3.16
6.40
3.87
7.33
338
8.47
272

598
3.19

33.00
29.22
34.00
2384
38.50
23.25
46.00
21.20
64.83
20.83

43.27
2367

TOT-P,

10.27

9.09
16.28
11.42
19.56
11.81
2361
10.88
28.63

9.20

19.67
10.48

OM-P, DHCIP, CHCEP, CHCHP, H,S0.P, TOT-P,

4.70
4.36
6.03
4.55
7.37
464
8.30
3.96
10.83
3.51

7.45
4.20

530
4.92
6.30
475
8.27
5.20
10.60
5.06
1273
4.12

8.64
481

27.27
2531
28.47
2147
30.00
18.87
33.67
16.07
5033
16.31

33.95
19.61

267
248
4.13
3.12
5.33
3.35
6.33
3.02
8.27
268

535
293

30.75
28.54
3217
24.26
34.17
21.50
4033
19.25
6267
20.30

40.02
2277

9.42
874
13.66
10.30
1747
10.99
2063
9.84
26.87
8.71

17.61
9.72

TOT-P,

10265
90.91
126.31
88.58
146.00
88.19
193.41
89.12
28253
90.80

170.18
89.52

TOT-P,

98.32
91.26
118.92
89.70
14148
89.01
188.93
90.16
281.79
91.29

165.89
90.28

TOT-P
112.92
142.59
165.56
217.02

311.16

189.85

ons.

TOT-P
107.74
132.58
158.95
209.56

308.66

183.50
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As for the desorption rates from the —HCO;-P;, pool after 1 day of DMT-HFO
extraction, the values reduced from 1.02 and 10.09 (1 day) to 0.02 and 2.30 mg kg
day™ after 240 days of incubation between the lowest and highest applied P levels
respectively. And the desorption rates after 56 days of successive DMT-HFO
extractions changed just marginally from 0.03 and 0.20 (1 day) to 0.03 and 0.12 mg
kg! day™! after 240 days of incubation (Figs. 3.2a-c).

Figures 3a-c and 3.1a-c show that there were very negligible changes where no P was
added, but there were marked reductions from all the added P levels from the first
day of incubation. Reductions from 25 to IOQ mg kg added P levelled off after 28
days of extractions, but did not drop to the initial levels where no P was added. This
indicates that the Rustenburg soil was still able to supply some labile P even after 56
days of extractions, especially with the highest level of applied P. The ability to
continue supplying labile P at a constant rate could be due to the influences of both
soil organic matter and the clay contents that continued to release the labile P; via
mineralization and desorption processes respectively (Hedley et al., 1982; Bowman

and Cole, 1978).

The contributions of -HCO;-P; extracts to the total soil P pool reduced from 9.80 and
5.20 (1 day) to 2.83 and 2.29 % after 240 days of incubation between 1 and 56 days
of successive DMT-HFO-P extractions from the lowest to and highest P levels
(Tables 4a-18a).

—HCO;-P, extracts:

The amounts of the —-HCO;-P, extracted from the Rustenburg soil between 1 and 56
days successive DMT-HFO extractions are shown in Tables la-3a, Figures 4a-c,
4.1a-c, and 4.2a-c, and Appendices II No. 7. The data and graphs show that there
were only slight changes with added P and just slight decreases were recorded from
the different incubation periods following different extraction times. The reductions
however did not level off after 56 days of extractions, which could be due to the

continued presence of both the soil organic matter and the microbial cells that could
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be decomposed over the incubation period (Hedley et al., 1982; Bowman and Cole,

1978).

According to Figures 4.2a-c, desorption rates indicated that this pool became easily
depleted as very low release rates were recorded after 14 days of extractions. The
desorption rates were low and averaged only about 1.5 mg kg! day” after 1 day of

extractions and just 0.03 mg kg™’ day™ after 56 days of the successive extractions.
2b: (ii). Loskop soil
—HCO;-P; extracts:

According to data from Tables 1b-3b, and Figures 5, 5.1 and 5.2, the corresponding
values for the -HCO;-P; extracts after 1 day of DMT-HFO extraction reduced from
12.27 and 78.00 (1 day) to 9.60 and 44.83 mg kg after 240 days of incubation
between 0 and 200 mg kg™ of added P respectively. The values after 56 days of
successive DMT-HFO extractions dropped from 5.80 and 31.83 (1 day) to 3.53 and
17.23 mg kg™ after 240 days of incubation. The results also showed that the amounts
of the ~-HCO3-P; extracts and the percent P recovered from all the levels of applied P
decreased as the successive DMT-HFO extraction time and the days of incubation
increased as was found with the Rustenburg soil. However, these values are 4 to 3
times as high after 1 day and 3 to 2 times as high after 56 days of extractions
between 0 and 200 mg kg™ added P.

The percent P recoveries after one day of DMT-HFO extraction reduced from 26.40
and 32.87 % (1 day) to 11.32 and 17.62 % after 240 days of incubation between 25
and 200 mg kg added P respectively. While the percent P recovered after 56 days
of successive DMT-HFO extractions decreased from 7.08 and 13.02 (1 day) to 0.40
and 6.85 % after 240 days of incubation. The percent P recovered after 240 days of
incubation were slightly higher than those of the Rustenburg soil after 1 day of

extraction and almost twice as high with 56 days of extractions, although the values
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after 1 day of incubation were lower. This is further proof of higher P fixation by the

Rustenburg soil.

The desorption rates after one day of DMT-HFO éxtraction reduced from 1.66 and
11.27 (1 day) to 1.56 and 6.89 mg kg™ day™ after 240 days of incubation between 0
and 200 mg kg added P respectively. While the desorption rates after 56 days of
successive DMT-HFO-P ex.tractions changed slightly from 0.03 and 0.20 (1 day) to
0.03 and 0.12 mg kg™ day” after 240 days of incubation (Figs. 5a-c and 5.2a-c). The
highest reduction in the P desorption rate took place over the first 14 days of
extractions. Further, it should be noted that desorption rates from this P pool were

quite identical in both soils.

The contributions of ~HCQO;-P; extracts to the total soil P pool dropped from 14.06
and 7.56 (1 day) to 8.06 and 4.87 % after 240 days of incubation between 1 and 56
days of successive DMT-HFO-P extractions respectively (Tables 4b-18b). These

values are relatively higher than those of the Rustenburg soil.

Figures Sa-c and 5.1a-c on the other hand, showed some reductions where no P or
low levels P were applied, which reached equilibria after 28 of the successive DMT-
HFO extractions. However, like the Rustenburg soil losses from the higher levels of
added P had also not levelled off completely after 56 days of successive DMT-HFO
extractions. The results further revealed that, relatively higher amounts of -HCO;3-P;
were extracted from Loskop soil even where no P was added, showing that initially it

contained higher -HCOs-extractable P;.

The differences between the —HCOs-extractable P;, percent P recoveries, and P
desorption rates of the two soils could also be ascribed to the differences in the soil
clay and organic matter contents and types. Loskop soil was less buffered as it had
relatively lower clay and organic matter contents. And, although it initially had
higher —HCOs-P; it lost a lot more to the DMT-HFO extractable P; than the
Rustenburg soil did. Thus by the end of the successive DMT-HFO-P extractions,
Loskop and Rustenburg soils had values that did not differ much (i.e. 7.75 and 4.97
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mg kg'1 respectively). This indicates that the transformation rate from labile to
solution-P (very labile) was higher for the Loskop soil than for the Rustenburg soil.
Indiati and Sharpley (1998) also showed that a very close relationship existed
between the total amount of P released in the iron oxide-impregnated paper strips
successive extraction experiments and NaHCO;-extractable soil P. They concluded
that in order to maintain a given rate of P release, a greater available P content
(NaHCO;-P;) was necessary for low P-sorbing soils. This conclusion was consistent
with other studies which showed that fine-textured, high P-fixing soils would
produce maximum crop yields at lower soil test P levels than coarser-textured and
low P-fixing soils (Kamprath, 1978). Lins et al. (1985) showed that inclusion of an
estimate of the clay as well as extractable P content, markedly improved the

prediction of P fertilizer requirements.

Further, Indiati and Sharpley (1996) showed that the inclusion of a P sorption index
that accounts for the overall effect of soil properties affecting P sorption in soil
testing programmes for P, could improve fertilizer P recommendations for optimum
crop growth in some soils. These properties include clay content and type, iron and

aluminium oxide content, surface area, etc.
—-HCO;-P, extracts:

The corresponding values for the —-HCO;3-P, extracts after the successive DMT-HFO
extractions are shown in Tables 1b-3b, and Figures 6, 6.1 and 6.2, and Appendices II
No. 19. The graphs for the Loskop soil showed similar reductions to those of
Rustenburg between 1 and 120 days of incubation. However, unlike Rustenburg soil,
the values remained unchanged after 120 days of incubation. The quantities of —
HCO;-P, extracted from Rustenburg soil were noticeably higher than for Loskop
soil. Also, the percent recovery of the added P from both soils were low, but of
particular significance is the fact that the percent P recovered from Loskop soil after
1 day of incubation rose between 1 and 7 days of extraction time and remained

relatively constant or increased marginally.
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The P desorption rates were also marginal and averaged about 1.0 mg kg™ day™ after
1 day of DMT-HFO extractions and 0.02 mg kg day'1 after 56 days of the
successive DMT-HFO extractions (Figs. 6.2a-c). However there were noticeably
higher desorption rates after 120 days of incubation that could show higher rates of P

mineralization from this organic P pool.

As it has been noted, changes in the -HCO;-P, extracts were moderate showing
possibilities of rapid turn over or mineralization of organic materials by soil
microbes and deaths of soil microbes that contribute to this fraction of soil P,.
Earlier, Sattell and Morris (1992) had reported that most added P recovered in P,
fractions was probably in the microbial biomass or was P that had reacted directly

with soil organic matter or both.

Thus, their contributions to the total P pool were limited with Rustenburg soil
contributing approximately 4-2 %, and Loskop soil 3-2 % between 1 and 56 days of
DMT-HFO extractions (Tables 4-18).

Total labile P pool (DMT-HFO- and ~-HCO3-P extracts)

The DMT-HFO-P; and ~-HCO;-P; are often used as indicators of plant available P or
labile P. The DMT-HFO extracts the solution or freely available soil P, while the
labile P; adsorbed on the soil surfaces is extracted by the sodium bicarbonate (Hedley
et al., 1982; Tiessen and Moir, 1993; Freese et al., 1995; Lookman et al., 1995). This
labile-P; fraction accounted for relatively diminishing percentages of the total soil P
pool with increasing incubation periods in both soils and therefore it would be
unlikely that this fraction alone could continue to supply the P requirements of crops

over a prolonged period of time without replenishments from other stable P pools.

As shown in Tables 1a-3a Rustenburg soil on the first day of incubation only about
48 and 52 % could be recovered as labile P between 1 and 56 days of cumulative
DMT-HFO extractions. These values were reduced to 15 and 30 % after 240 days of

incubation respectively. Corresponding values for Loskop soil were 65 and 70 % on
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the first day of incubation and were reduced to 30 and 54 % after 240 days of
incubation respectively. However, the noted increases with the cumulative DMT-
HFO extractions suggest that the biologically more stable P pools (i.e. adsorbed and
insoluble P fractions) play major roles in contributing to the labile P; pool in order to

supply the P requirements of the crops over a prolonged period.

2¢: The effects of the added P, incubation time, and successive DMT-HFO
extractions on the of adsorbed or slowly labile P pool (0.1M NaOH- and
1M HCI- extracted P)

2¢: (i). 0.1M NaOH-extracted P
2c: (i). (a). Rustenburg soil
0.1M NaOH-extracted P;

The amounts, percent P recovered, and P desorption rates of the 0.1M NaOH-P;
extractable P pool after the successive DMT-HFO extractions from the Rustenburg
soil are shown in Tables la-3a, and Figures 7, 7.1 and 7.2. This fraction changed
highly significantly (P = 0.01) with the successive DMT-HFO extractions, the
applied P levels, and the incubation periods (Appendices II No. 3).

Unlike the previous P fractions the amounts of the —OH-P; extracts increased with
incubation time but there were highly significant reductions due to the extraction
times, showing that this fraction was possibly a major contributor to the labile P
pool. Thus, it is noted that after 1 day of DMT-HFO extraction the values varied
from 30.13-55.17 (no P added) and 90.47-106.17 mg kg (200 mg P kg™') for 1-240
days of incubation. The values after 56 days of successive DMT-HFO extractions
were 10.77-21.33 (no P added) to 42.27-59.27 mg kg™ (200 mg P kg™) for 1-240

days of incubation.












118

The graphs (Figs. 7a-c) show marked changes from the different rates of the added P
after successive extractions from different incubation times. There was very high
adsorption of the added P in this pool just on the first day of incubation with 100-200
mg kg™ added P, which was subsequently extracted as ~OH-P;. For example, with
200 mg P kg™ an increase (adsorption) of 48.20 mg kg™ was recorded after one day,
thereafter the rates remained more or less constant (46.90 mg kg™') up to the end of

the incubation time.

The percent recovery of the added P after 1 day of DMT-HFO extraction showed no
change with low levels of added P (10.68-11.24 %) but the increases were almost
twice as high with the highest levels of the added P (13.53-25.50 %) between 1 and
240 days of incubation. The percent P recovered after 56 days of successive DMT-
HFO extractions did not increase much with higher levels of the added P (15.75-
18.97 %) but over 10 % increase was recorded with the lowest P level (4.12-15.76
mg kg™') between 1 and 240 days of incubation (Figs. 7.1a-c).

The P desorption rates after 1 day of DMT-HFO extraction were twice as high as
where no P was added (4.81-8.44 .mg kg' day"') between 1 and 240 days of
incubation but the desorption rates were almost unchanged with the highest levels of
the added P (12.16-11.59 mg kg day™"). The desorption rates after 56 days of
successive DMT-HFO extractions did not increase much with all levels of the added
P (0.09-0.15 mg kg™ day™) with no P added and 0.22-0.21 mg kg day™ with the
highest P between 1 and 240 days of incubation (Figs. 7.2a-c).

The contributions of the -OH-P; extracts to the total P pool between 1 and 56 days of
successive DMT-HFO extractions increased from 18.42 and 10.80 % (1 day) to
24.34 and 19.21 % after 240 days of incubation, still showing the importance of this

pool as a reservoir for the labile P pool (Tables 4a-18a).












122

0.1M NaOH-P, extracts:

The data in Tables 1a-3a, and Figures 8, 8.1 and 8.2 show that the changes in the
0.IM NaOH-P, extracts were also significant (Appendices II No. 8) with the

successive DMT-HFO extractions. -

However, the amounts of the ~OH-P, extracted did not change much with all the
treatment levels. Thus, after day 1 Qf DMT-HFO extraction the amounts remained
stable from 12.15-10.75 (no P added) and 15.30-17.80 mg kg™ (200 mg P kgh
between 1 and 240 days of incubation respectively. Similarly the amounts after 56
days of successive DMT-HFO extractions stabilized between 6.10-6.80 (no P added)
and 11.83-11.00 mg kg™ (200 mg kg™) after 1-240 days of incubation. The highest
point reached after 120 days of incubation would indicate the equilibrium between
the ~OH-P, and the mineralization processes that limited further increases with the
applications of inorganic P (Tables l1a-3a; Figs. 8.1a-c). Accordingly the percent P
recovery of the —OH-P, extracts also did not change much with the treatments
applied. After 1 day of the DMT-HFO extraction the percent P recovered was very
low, ranging from about 1-3 % and after 56 days of the successive DMT-HFO
extractions the recovery averaged 5-2 % from the lowest to the highest applied P
between 1 and 240 days of incubation (Figs. 8.1a-c).

The P desorption rates were also relatively low averaging about 1.0 mg kg™ day™!
after 1 day of DMT-HFO extractions -and 0.02 mg kg day” after 56 days of
extractions (Figs. 8.2a-c). However as with the bicarbonate P, there were noticeably
higher desorption rates after 120 days of incubation that could show higher rates of P
mineralization from this organic P pool. The —~OH-extracted P, contribution to the
total P pool after the successive DMT-HFO extractions were again low and remained

stable at about 5 % (Tables 4a-18a).
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2¢: (i). (b). Loskop soil
~OH-P; extracts:

For the Loskop soil, the corresponding amounts of the —OH-P; extracts after 1 day of
DMT-HFO extraction were loWer than for the Rustenburg soil, and ranged from
25.33-32.93 and 65.93-86.53 mg kg™ (0 and 200 mg kg added P) between 1 and
240 days of incubation. The amounts after 56 days of successive DMT-HFO
extractions were also lower ranging from 13.40-19.30 and 39.45-46.83 mg kg! (0
and 200 mg kg™') between 1 and 240 days of incubation (Tables 1b-3b; Figs. 9a-c).

The response curves from dll the applied P were not so high as compared to the
Rustenburg soil (Figs. 9a-c). For example, with 200 mg kg™ after day 1 of DMT-
HFO extraction the values varied from 65.93 - 86.53 mg kg™ (compared to 90.47 -
106.17 mg kg’ of Rustenburg soil) between 1 and 240 days of incubation
respectively. The 200 mg kg™ curve after the first day of incubation was almost a

straight line, indicating constant desorption of the added P.

Unlike for the Rustenburg soil, the percent P recovered remained stable for both low
and high levels of the applied P. Thus, after 1 day of DMT-HFO extraction the
values were 11.20-8.62 % and 20.30-26.80 % (25 and 200 mg kg™’ added P) and after
56 days of successive DMT-HFO extractions they remained stable at 5.28-5.20 %
and 13.03-13.77 % (25 and 200 mg kg') between 1 and 240 days of incubation
respectively (Figs. 9.1a-c).

Further, unlike for the Rustenburg soil, the —OH-P; desorption rates remained stable
for low levels of the applied P but increased with the highest levels of applied P.
Thus, after 1 day of DMT-HFO extraction the values were 2.92-3.47 mg kg™ day™
(no P added) and 6.25-10.02 mg kg day™ (200 mg kg™') between 1 and 240 days of
incubation. After 56 days of successive DMT-HFO extractions the values remained
almost stable at 0.05-0.06 and 0.11-0.18 mg kg™ day™ (0 and 200 mg kg™') between 1
and 240 days of incubation respectively (Figs. 9.2a-c).
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The contribution of -OH-P; extracts to the total soil P pool between 1 and 56 days of
successive DMT-HFO extractions increased from 16.44 and 12.94 % after (1 day) to
20.93 and 15.94 % after 240 days of incubation (Tables 4b-18b). These values are

more or less the same as those obtained from the Rustenburg soil.

From the tables and graphs above it can be deduced that the amounts of —OH-P;
extracted, percent P recovered, P desorption rates, and contributions to the total soil
P pool for both soils decreased with the successive DMT-HFO extractions, but
increased with the increased days of incubation. The results further showed that
higher amounts of ~OH-P; were extracted from Rustenburg soil throughout the
incubation period, and that very high amounts of added P were extracted from the
higher rates of applied P (100-200 mg kg™) on the first day of incubation from the
Rustenburg soil (Tables 1-3; Figs. 7-8).

The differences between the two soils could also be due to the differences mainly in
the soil clay content and types. The clay content especially the higher amounts of
kaolinites could have contributed to the higher amounts of the P extracted and the
relatively higher percent P recovered and desorption rates by the Rustenburg soil as
more P was added through its higher adsorption capacity. According to Loganathan
et al., (1987) this could have been as a result of the formation of P compounds
associated with Fe- and Al- compounds which form at low to medium soil pH as was

the case with both soils but relatively higher for the Rustenburg soil.

With the successive DMT-HFO extractions, the —OH-P; showed highly significant
decreases over the extraction time in both soils. It may therefore be deduced that
NaOH-P;, which showed the largest reductions in the soils inorganic P (P;), was
largely responsible for the replenishment of the labile-P pools. It should further be
noted that the ~OH-P; concentration in Rustenburg soil was far higher than in the
Loskop soil. This could help to prolong the supply of labile P over a longer period of
time to the growing crops. It should also explain why labile-P; as shown earlier
decreased faster in Loskop soil than in Rustenburg soil. This is further supported by

the P desorption rates where after 240 days of incubation and 56 days of extractions
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Rustenburg still was able to release 0.15-0.21 as compared to 0.06-0.18 mg kg’ day™
of the Loskop soil.

—OH-P, extracts:

For the Loskop soil both valu;:s for the —OH-P, extracted after 1 day and 56 days of
DMT-HFO extractions remained stable (9.20 and 7.11 to 15.13 and 15.93 mg kg'l) (1
day) and (4.77 and 4.70 to 10.02 and 10.83 mg kg™') (56 days) for 0 and 200 mg kg
over the incubation period (Tables 1b-3b; Figs. 10a-c and 10.la-c). These
represented percent P recoveries of about 5-2 % (25-200 mg kg™') between 1 and 56
days of successive DMT-HFO extractions after 1-240 days of incubation (Figs.
10.1a-c).

The P desorption rates were also low and averaged about 0.8 mg kg™ day™ after 1
day of DMT-HFO extraction and 0.02 mg kg™ day™ after 56 days of the successive
DMT-HFO extractions (Figs. 10.2a-c). The contribution of —OH-P, extracts to the
total P pool also stood at about 5 % between 1 and 240 days of incubation following
the successive DMT-HFO extractions (Tables 4b-18b).

Thus, the Loskop soil showed similar trends with the Rustenburg soil from the
successive DMT-HFO extractions. The marginal changes noted could have been
possibly due to more stable nature (in contrast to the -HCOs-P,) of this fraction of
the soil organic matter, which was not very much affected by both the added
inorganic P and the incubation times. There was thus, limited incorporation of the
applied inorganic P into this organic P fraction by the soil microbes, and therefore,
correspondingly limited contributions to the labile P pool in both soils (Figs. 10, 10.1
and 10.2; Tables 4 and 18). In a long-term field experiment, du Preez and Claassens
(1999) found that the -OH-P, made up 3.10-9.00 % and 4.60-8.60 % of the total soil
P of Avalon and Clovelly soils after 12 and 14 years of long-term field trials
respectively while Hedley et al. (1982) found -OH-P; contributed about 15% of the

total soil P from long-term wheat rotation trials.
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2c: (ii). The changes in the distribution of the 1M HCl-extractable P pool
(D/HCI- P;) after successive (DMT-HFO) extractions

2c: (ii). (a). Rustenburg soil

The amounts of the D/HCI-P; extracted between 1 and 56 days of the successive
DMT-HFO extractions remained relatively low and stable over the incubation period.
They varied from 8.43 and 5.00 to 20.62 and 13.23 mg kg™ after 1 day of incubation
and from 9.87 and 5.40 to 27.53 and 14.30 mg kg (240 days) between the lowest
and highest levels of applied P respectively (Tables 1a-3a; Figs. 11a-c). The percent
P recoveries of the D/HCI-P; after 1-56 days of the successive DMT-HFO extractions
were generally low (below 10 %) between 25 and 200 mg kg applied P from most
of the applied P levels (Tables 1a-3a; Figé. 11.1a-c).

The desorption rates of the D/HCI-P; between 1 and 56 days of the successive DMT-
HFO extractions were also generally low. They changed from 1.09 and 1.11 to 1.90-
3.26 mg kg’ day™ after 1 day of extraction and from 0.01 and 0.02 to 0.03 and 0.06
mg kg day” after 56 days of extractions from the lowest and highest levels of
applied P respectively (Figs. 11.2a-c). The contributions of D/HCI-P; extracts to the
total soil P pool were also low at about 5 % between 1 and 56 days of successive

DMT-HFO extractions (Tables 4a-18a).
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2¢: (ii). (b). Loskop soil

With the Loskop soil, the corresponding values for the D/HCI-P; extracted after 1-56
days of successive DMT-HFO extractions were even lower, ranging from 6.13 and
4.30 to 14.07 and 9.10 mg kg™ after 1 day of incubation and from 6.65 and 5.30 to
19.40 and 12.73 mg kg™ (240 days) between 0 and 200 mg kg™ added P respectively
(Tables 1b-3b; Figs.12a-c).

The percent P recoveries after 1 - 56 days of successive DMT-HFO extractions were
also lower than those of the Rustenburg soil. They were reduced from 7.08 and 2.52
to 3.97 and 2.40 % after 1 day of incubation and from 9.92 and 4.00 to 6.38 and 3.72
% (240 days) between 25 and 200 mg kg™ (Tables 1b-3b; Figs. 12.1a-c).

Further, the desorption rates between 1 and 56 days of successive DMT-HFO
extractions were also lower than those of the Rustenburg soil. They varied from 0.45
and 0.36 to 1.29 and 1.72 mg kg day" after 1 day of incubation and remained
relatively unchanged from 0.01 to 0.02 and 0.03 mg kg™ day™ after 240 days of
incubation between 25 and 200 mg kg’ respectively (Figs. 12.2a-c). The
contributions of the D/HCI-P; extracts to the total soil P pool were also low in most

cases below 5 % over the incubation period (Tables 4b-18b).

It is therefore noted here that the D/HCI-P; extracts and the percent P recoveries
followed similar trends as those of the -OH-P; in both soils. The only differences
were in the amounts of the extracts. The changes with Rustenburg soil were
relatively larger, reflecting a greater contribution to the labile P pool. However, in
general the HCI-P; fraction contributed relatively smaller percentage to the total soil
P pool (Tables 4a, b-18a, b). The changes with the extraction times were thus small,
indicating that this fraction was of limited importance in replenishments of the labile
P pool, especially with the Loskop soil. According to du Preez and Claassens (1999)
this fraction contributed less than 1% of the total soil P pool in the Clovelly soil.
While Sattell and Morris (1992) found 8 % contribution to the total soil P pool in
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average and Hedley, et al., (1982) found this pool contributed an average of 7 % to

the total extracted soil P pool.

Total slow or moderately labile P; pool (0.1M NaOH-P; and 1.0M HCI-P;

extracts)

The slow or moderately labile P; (-OH-P; and D/HCI-P;) fraction accounted for the
largest proportion of the soil P; in the Rustenburg but the second largest in Loskop
soil, where labile P; (DMT-HFO + -HCO3—Pi) was the largest at the start of the
extractions. Rustenburg had 24.51 and 30.56 %, while Loskop had 21.01 and 26.78
% of the total soil P pool, between 1 and 240 days of incubation respectively (Tables
7a-b and 17a-b). Work by du Preez and Claassens (1999) with Avalon and Clovelly
soils showed that this pool also accounted for the largest proportion of the P;, with
12.9-17.0 % and 15.8-12.8 % of the total soil P pool for Avalon and Clovelly

respectively.

The values of the slow or moderately labile P; fraction showed that incubation period
resulted in increases of between 64.06-90.23 (26.17) mg kg™ between 1 and 240
days for Rustenburg soil, and corresponding values for Loskop soil ranged between
47.60 and 63.08 (15.48) mg kg™ (Tables 4 and 18). Increases in the moderately
available plant P noted in the two soils could have been the results of the formations
of P associated with Fe-, Al-, Ca-, and Mg- compounds, which form at low to

medium soil pH as was the case of both soils (Loganathan et al., 1987).
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2d: The effects of the added P, incubation time, and successive DMT-HFO
extractions on the insoluble P pool (conc. HCl-extractable P “C/HCI-P;
and P,” conc. H,SO4 + H,0,-extractable P “H,SO04-P;”).

2d: (i). Changes in the distribution of conc. HCl-extractable P pool (C/HCI-P;
and P,) after successive DMT-HFO extractions

2d: (i). (a). Rustenburg soil
Conc. HCl-extracted P;

The changes and distribution of conc. HCl-extractable P; (C/HCI-P;) after the
successive DMT-HFO extractions shown in Tables 1a-3a, Figures 13, 13.1 and 13.2
were highly significant (P = 0.01 %) (Appendices II No. 5).

The amounts of the C/HCI-P; extracted from the Rustenburg soil increased from
48.33 and 54.67 to 58.70 and 95.80 mg kg™ (0-200 mg kg™ added P) between 1 and
56 days of the successive DMT-HFO extractions and 35.77 and 49.87 to 38.27 and
71.67 mg kg™ (0-200 mg kg™') after 240 days of incubation (Tables 1a-3a; Figs. 13a-
¢). These represented percent P recovery of about 5 % of the C/HCI-P; after 1 day of
incubation. However, the percent P recovered after 240 days of incubation varied
from about 10 % to 15 % between the lowest and highest applied P levels (Tables 1a-
3a; Figs. 13.1a-c).

They also represented P desorption rates of about 3.00-5.00 mg kg’ day'1 of the
C/HCI-P; after 1 day of the DMT-HFO extractions between the lowest and highest
added P levels. However, the P desorption rates after 56 days of the successive
extractions reduced significantly to about 0.01-0.1 0 mg kg’ day”’ between the
lowest and highest added P levels respectively (Figs. 13.2a-c). In contrast the
contributions of C/HCI-P; extracts to the total soil P pool were high and ranged from
20-25 % between 1 and 240 days of incubation (Tables 4a-18a).
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C/HCI-P, extracts

The conc. HCI-P, extracts (C/HCI-P,) after the successive DMT-HFO extractions
shown in Tables la-3a, and Figures 14a-c, 14.1a-c, and 14.2a-c were also highly
significant (Appendices II No. 9). The amounts of P extracted with each successive
DMT-HFO extractions between 1 and 56 days remained nearly constant at about 3-7
mg kg from the lowest to the highest applied P (Tables 1a-3a; Figs. 14a-c). The
incubation period before the extraction did not have much effect. According to Figs.
15a-¢c and 15.1a-c there were slight decreases between 1-28 days of extractions
where after no significant changes were apparent between 28-56 days of extraction at
all levels of added P and the incubation periods. These amounts represented a very
low percent P recovery of about 1 % after 1 day of incubation. The percent P
recovery increased slightly to about 3 % after 240 days of incubation (Tables 1a-3a;
Figs. 14.1a-c).

The P desorption rates were also marginal, averaging about 1.0 mg kg™ day after 1
day of DMT-HFO extractions and 0.02 mg kg™ day™ after 56 days of the successive
DMT-HFO extractions (Figs. 14.2a-c). The contributions of C/HCI-P, extracts to the
total soil P pool were also low at an average of 3 % between 1 and 240 days of

incubation (Tables 4a-18a).
2d: (i). (b). Loskop soil
C/HCl-extracted P;:

The corresponding values for the C/HCI-P; extracted varied from 31.10 and 25.87 to
40.53 and 34.77 mg kg™ after 1 day of incubation and from 38.00 and 27.27 to 59.27
and 50.33 mg kg™ after 240 days of incubation between 0 and 200 mg kg™ added P
(Tables 1b-3b; Figs. 15a-c). These values were much lower than the values for the

Rustenburg soil.












152

Figures 15a-c and 15.1a-c also show similar reductions as was for the Rustenburg
soil, where the highest P application rate (200 mg kg'l) gave almost straight-line
response curve. The fact that for the highest application rate (200 mg kg™) relatively
more P was extracted compared to the other application rates indicated that this pool
became saturated and that more P could still be extracted from this pool. However,
compared to Rustenburg soil, relatively smaller amounts of C/HCI-P; were extracted.
This agrees with Bramley and Barrow (1992) who indicated that at low P
concentrations, available and easily reached P sorption sites are occupied first, while
at higher P concentrations, the more difficult sorption sites are also occupied but the

P amounts adsorbed on those sites are smaller.

The percentage recoveries from the added P between 1 and 56 days of the successive
DMT-HFO extractions were low (1-5 %) after 1 day of incubation and from 5-10 %
after 240 days of incubation with 25 and 200 mg kg™ applied P (Tables 1b-3b; Figs.
15.1a-c). The P desorption rates between 1 and 56 days of the successive DMT-HFO
extractions were lower than of the Rustenburg soil. The rates reduced from 1.5 and
2.5 mg kg'1 day'1 after 1 day of DMT-HFO extractions to 0.02 and 0.05 mg kg'1 day'l
after 56 days of extractions between 0 and 200 mg kg™ applied P (Figs. 15.2a-c). The
contribution to the total soil P pool was also lower than of the Rustenburg soil at

about 15-20 % between 1 and 240 days of incubation (Tables 4b-18b).

These findings also tended to agree with those of du Preez and Claassens (1999) with
the Clovelly soil where the ultra-sonicated hydroxide P; (NaOH-II-P;) (roughly
equivalent to conc. HCI-P; extract, of Tiessen and Moir, 1993), in long-term field
trials remained unchanged between about 45.3-51.5 mg kg™'. However, the extracts
for Avalon, which decreased with time, were very low (19.30-7.55 mg kg™).
However, Tiessen and Moir (1993) found values of 193 mg kg™ conc. HCI-P; extract
for Chernozem (mollisol) from native prairie, and 140 mg kg™ from similar soil after

65 years cultivation in Canada.

However the fact that the conc. HCI-P; in both soils decreased with the extraction

time suggests that the conc. HCI-P; contributed to the labile P pool over the period of
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extraction time. However, the contributions were relatively small compared to the

amounts extracted and the proportion of the total soil P pool they occupy.
C/HCl-extracted P,:

The corresponding values of the C/HCI-P, extracts for Ldskop soil was equally low
and did not change much (average 5 mg kg™') over the days of successive DMT-HFO
extractions after 1 day of incubation and did not change much between the lowest
and highest P levels. The extracts after 240 days of incubation were slightly higher
(average 8 mg kg™') (Tables 1b-3b; Figs. 16a-c). Figures 16a-c and 16.1a-c also show
marginal reductions with the successive extractions and increasing incubation times
Just like for the Rustenburg soil, but only a bit lower. As it has been stated earlier, the
marginal changes recorded could have been due to the more stable nature of this
fraction of the soil organic matter, which was not so much affected by both the
incubation period and the added inorganic P (Oades and Ladd, 1977; Hedley et al.,
1982; Sattell and Morris, 1992). However, the noted reductions of the conc. HCI-P,
in both soils following the successive extrac;[ions, although marginal would suggest

that the conc. HCI-P, contributed to the labile P pool.

These values represented very low percent P recovery (3-1 %) from the added P
between 1 and 56 days of successive DMT-HFO extractions on 1 day incubated soil
and an average of 3 % after 240 days of incubation. The P desorption rates were
accordingly very low, averaging about 1.0 mg kg™’ day™ after 1 day of DMT-HFO
extractions and 0.02 mg kg day! after 56 days of the successive DMT-HFO
extractions (Figs. 16.2a-c). The contribution to the total soil P pool was equally very
low and relatively constant at 2-4 % and little affected by incubation time and

successive DMT-HFO extractions (Tables 4b-18b).

The extracted C/HCI-P, as fractions of the total P pool were similar to the findings
by du Preez and Claassens (1999) who reported 6.4-8.5% and 1.6-3.4% from Avalon
and Clovelly soils respectively. Hedley et al., (1982) had reported that P, extracted in

the conc. HCI-P, was in average 3% of the total soil P pool. However, Bashour et al.,
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(1985) found the amounts of P, in their samples ranged from 0-90 mg kg". These
amounts contributed to 0-26.7 % of the total éoil P pool. But, Oades and Ladd
(1977) reported that as much as one quarter of bacterial cell P was non-extractable
from soil, it is possible that the incubation processes would add to the bacterial
population and that would-result in the slow accumulation in the recalcitrant and
residual P fractions. Oades and Ladd (1977) had suggested that the majority of P,
forms in the occluded or residual P, (C/HCI-P, extracts) are of larger molecular
weight complexes that correspond to the humic acid and humin fractions, which are

stable, and not subject to losses with time.

2d: (ii). The changes and distribution of the conc. H,SO, + H,O--P; extractable
P pool (H;SO4-P;) after successive DMT-HFO extractions

2d: (ii). (a) Rustenburg soil

The conc. H,SO4 + HyO,-P; extracts (H,SO4-P;) (Tables 1a-3a; Figs. 17, 17.1 and
17.2) varied significantly (P = 0.01) with the successive DMT-HFO extractions
(Appendices II No. 6). The amounts of the H,SO4-P; extracted reduced significantly
between 1 and 56 days of successive DMT-HFO extractions from 56.67-26.08 and
69.83-46.90 mg kg after 1 day of incubation and from 60.83-35.25 and 116.13-
86.00 mg kg™ after 240 days of incubation between the lowest and highest P levels
(Tables 1a-3a; Figs. 17a-c).

The percent recovery of the added P from the H,SO4-P; extracts were also
moderately high, it stabilized at about 10 % after 1 day of incubation and at over 25
% after 240 days of incubation between 25 and 200 mg kg applied P (Tables 1a-3a;
Figs. 17.1a-c). This indicates relatively higher contributions to the labile P pool than
the conc. HCl-extracted P (occluded or insoluble P).

The P desorption rates from the H,SQ4-P; extracts were moderate, it thus stabilized at
about 7 mg kg'day™ after 1 day of DMT-HFO extraction and at more than 0.1 mg
kg'1 day™ after 56 of DMT-HFO extractions between 0 and 200 mg kg'1 applied P
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(Figs. 17.2a-c). This indicates some moderate contributions to the labile P pool
especially after a prolonged period of time. While the contributions of the H,SO4-P;
extracts to the total P pool were the largest at about 25 % in average from 1 to 240
days of incubation (Tables 4a-18a). And, since the H,SO4-P; fraction decreased with
the successive DMT-HFO extractions, this would suggest that this pool could be

made available to plants after continuous cropping over time.
2d: (ii). (b). Loskop soil

For the Loskop soil, the corresponding values for the H,SO4-P; extracts after the
successive DMT-HFO extractions were again lower than the values for the
Rustenburg soil. The values reduced from 45.75 to 23.78 and 53.87 to 37.22 mg kg'1
after 1 day of incubation and from 47.75 to 30.75 and 75.33 to 62.67 mg kg'1 after
240 days of incubation from 0 and 200 mg kg added P (Tables 1b-3b; Figs. 18a-c).
The percent recovery of the added P was much lower averaging 4 % after 1 day of
incubation and 10 % after 240 days between 25 and 200 mg kg! applied P. This
shows lower contributions to the labile P pool and availability to plants compared to

the Rustenburg soil (Tables 1b-3b; Figs. 18.1a-c).

The P desorption rates were also lower than of the Rustenburg soil averaging 4 5 mg
kg! day™" after 1 day of DMT-HFO extractions and about 0.08 mg kg™ dayafter 56
days of successive DMT-HFO (Figs. 18.2a-c). However, the contribution to the total
soil P pool was relatively as high as for the Rustenburg soil averaging 20 % between
1 and 240 days of incubation following the successive DMT-HFO extractions
(Tables 4b-18b).

Figures 18a-c and 18.la-c show that like for the Rustenburg soil, no apparent
equilibria were reached. Further, in comparison to the Rustenburg soil, relatively
smaller amounts of H,SO4-P; were extracted from all the treatment levels, indicating
that less residual and lattice P was held initially or subsequently adsorbed by the
Loskop soil. And, since the H,SO4-P; fractions in the two soils reduced substantively

with the successive DMT-HFO extractions, this suggests that some of the P in this
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fraction were present in the forms that were transformed into the labile P pool over
time. It therefore shows that this pool also acts as a limited source of labile P for field

crops after prolonged period of continuous cropping.

As it has already been indicated, the H,SO;-P; fraction consists of mainly stable
humus and humic acid, and relatively insoluble P; forms. This includes P; present
within highly crystalline oxides and hydrous oxides of Fe and Al, and in the highly
insoluble P minerals such as plumbogummites (XAl3(PO4)(OH)s.H,0), where X=Pb,
Ba, Sr, Ca, or Ce, or it may also consist of occluded apatite and lattice P (Walker and
Syers, 1976, Hedley et al., 1982; Wager et al., 1986). Since the H,SO4-P; fractions in
the two soils decreased with the successive DMT-HFO extractions, this would
suggest that some of this fraction was present in the forms that could be utilized over

time.
Total insoluble and residual P pool (conc. HCI-P; and H,SO4-P; extracts)

The combined values for the conc. HCI-P; and H,SO4-P; extracts as the relatively
insoluble P fractions showed that Rustenburg decreased (between 1 and 56 days of
extractions) from 114.55 to 74.49 (40.06) after 1 day and 153.51 to 103.29 (50.22)
mg kg'1 after 240 days of incubation. These also caused reduction in P recovery of
43.63-41.54 (2.09) % (1 day) and 52.00-51.27 (0.73) % after 240 days of incubation.
While the Loskop soil values were only reduced from 83.75 to 57.24 (26.51) (1 day)
and 103.89 to 73.97 (29.92) mg kg™ (240 days). The reductions in percent P recovery
were 36.96 to 33.53 (3.43) (1 day) and 44.10 to 40.31 (3.79) % after 240 days
incubation (Tables 4-18).

These results show that the largest proportion of the total soil P pool in both soils
consisted mainly of relatively insoluble P; (occluded and residual P) forms and stable
humus and humic acids (Wager et al., 1986). But, the reductions (percent recovery)
of the conc. HCI-P; and conc. H,SO,-P; in the soils, following the successive DMT-
HFO extractions were not as large as the proportion these two fractions occupy as

fractions of the total soil P pool. However, the noted reductions suggest that some of
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the constituents of these fractions were present in forms that crops are able to utilize
under field conditions. The crops probably utilize some of the forms especially in the

H,S0,-P; fraction (that showed larger reductions) after some cropping sequences.

It has also been suggested that the conversion of the fixed P to a form that is
exchangeable may occur during the cropping process. Plant roots excrete organic
acids into the soil and it appears possible that this may be an important mechanism
by which plant roots extract phosphate from the surface of soil particles. Further,
during crop growth, specific root processes, such as the release of H" ions due to
cation uptake, may also be responsible for solubilizing the relatively insoluble Ca-P;,

and residual P; forms (Tiessen et al., 1984).
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CONCLUSIONS

In this study an attempt was made to investigate the rate of transformations and
distribution of the applied P and the desorption rates. The method consisted of
successive DMT-HFO extractions. It was noted that the desorption curves of the two
soils had not reached plateaux for either soil, indicating that desorption could
continue for a much longer period than the 56 days of DMT-HFO extractions used in
this experiment. At the end however relatively small quantities of P were extracted.
This property could be relevant for the crops in the field with respect to the residual
effect of added fertilizer P and could thus be important in the economical
management of fertilizer applications rates. Although Rustenburg soil is shown to be
a high P fixing soil the P release rates are still high enough to meet the cotton and
tobacco plants requirements. The problems could be attributed to the root systems of
the crops grown, which fail to exploit the soil volume well in order to extract P

efficiently and thus experience P deficiencies.

The DMT-HFO-P; accounted for a small fraction of the total soil P pool for
Rustenburg but was relatively higher for Loskop soil. Very close relationships were
shown to exist between the total amounts of P released during the different DMT-
HFO extraction times and -HCOs- and -OH-extractable soil P;. Thus, to maintain a
given rate of solution P release, greater labile and moderately labile soil P contents
are necessary. Notable decreases were also recorded for insoluble and residual P
(conc. HCI and H,SO4 extracts), showing some contributions to the solution P; from
these pools over time. The effects of incubation on the applied P in both soils
resulted in increases in P concentrations mainly into ~OH-P; pool and the insoluble
(conc. HCI and H,S0O4-P;) pool. They represented the largest proportions of the total
soil P pool.

The results showed that all the stable soil P pools contributed to the solution P; pool
by different proportions after prolonged extraction time. This indicates that stable
soil P pools are able to contribute to the solution and possibly labile P pools after

successive cropping sequences in the fields. It was shown that the P desorption rates
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for both soils were initially very fast (between 1 and- 14 days of extractions) and then
proceeded very slowly for a long period of time with seemingly no apparent end in
point. The fast reaction was observed to account for a significant portion of the

overall change in solution P concentrations.

The data showed that over 80 % of the total soil P could be recovered with DMT-
HFO, -HCO3, and —OH extracts. In future efforts could be made to use relatively
stronger extracting reagents in order to account for proper P availability to crops.
This research has shown that simple chemical extractants cannot be used effectively
to assess the potential P desorption rates because they do not include all the slowly

(labile) available P from different P pools.

It has been shown that at the beginning of the incubation period most P was in DMT-
HFO, -HCO3, and —OH pools. After longer incubation periods more was extracted
from conc. HCI and H,;SO4 pools. This confirms how the applied P was transformed

and distributed to the different P pools over the incubation period.
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CHAPTER 4

SUMMARIES AND CONCLUSIONS

The changes and the distribution of the initial and applied P into the different P

pools

The changes and distribution of the initial and applied P into the different P pools in
the two soils, a red-sandy clayey soil (Ferric Luvisols) from Rustenburg (high P
fixing) and a red-sandy loam soil (Ferric Acrisols) from Loskop (low P fixing) were
the subjects of this first experiment. The changes and distribution were examined by
sequential P fractionations to determine (a) plant-available P, (b) adsorbed P, and (c)
insoluble and residual P after treatments with different P rates (0, 25, 50, 100, 150,
and 200 mg kg'l), and incubation times (1, 60, 120, 180, and 240 days) under

laboratory conditions.

The sequential P extractions identified the quantity of P in the different P pools after
different incubation periods, and how much of the added P could be recovered. In
total nearly 100 % of soil P could be extracted through the different extractions. The
percent P in each pool changed with time of incubation. Between 20 and 30 %, and
20 and 35 % of the P could be extracted with HFO extract, while between 20 and 40
%, and 20 and 35 % with the -HCOj extract after one day of incubation from
Rustenburg and Loskop soils respectively. This indicates that approximately 30 to 60
% of the added P were transformed into less labile pool after 1 day. Within 60 days
between 80-90 % was transformed to the less labile P pools. This transformation was
faster in the Rustenburg than the Loskop soil. A major part of the P transformation
was to the —~OH-P. The recovery from this pool was fairly constant for the different
incubation periods (approximately 30 %). The percentage recoveries in the other
pools increased up to 60 or 120 days where after the increases were less for longer

incubation periods.
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Thus, while solution and labile P decreased with time of incubation, there were
corresponding increases in adsorbed, occluded and residual P. In total this
transformation in Loskop soil was less than for the Rustenburg soil. The noted
differences could explain the reportedly higher levels of P fixation (adsorption and/or
precipitation) by the Rustenburg soil than by the Loskop soil. With increasing P

supply levels the percentage recovery into the labile P pools decreased in both soils.

Therefore, for efficient utilization of fertilizer P especially in the Rustenburg soil,
band placement at planting time could be recommended. This recommendation is
based on the assumption that the P sorption capacity would become saturated in the
vicinity of the band and that some of the added P would remain available to the
plants. The use of plants with well-developed root systems could also be

recommended to ensure that it explores the soil volume more effectively.

It should also be noted that the changes of P in soils are complex, and although the
added fertilizer P is transformed to more stable (immobile) P forms, it could be seen
as long-term residual P pools for plants. Thus, having determined the extent of P
fixations by the two soils, it became necessary to establish how much of this

transformed or fixed P can become available to plants over time and at what rate.

The successive DMT-HFO extractions, transformations of applied P, desorption

rates, and contributions of different P pools to the labile P pool

In the second laboratory study an attempt was made to investigate the rate of
transformations and distribution of applied P and desorption rates. The method
consisted of successive DMT-HFO extractions followed by sequential P
fractionations to determine the changes in the different P pools. In this experiment it
was noted that the cumulative P extraction curves of the two soils had not reached
plateaux, indicating that desorption could continue for a much longer period than the
56 days of DMT-HFO extractions used in this experiment. At the end however,
relatively small quantities of P were extracted. It was further noted that the rates of P

desorption by the two soils were initially fast (between 1 and 14 days of extractions)
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and then proceeded slowly for a long period of time with seemingly no apparent end
in point, in most cases. This property could be relevant for the crops in the field with
respect to the residual effect of added fertilizer P. Thus, knowledge of the type of
cumulative P extraction curve, which the soil has, could be important in the

economical management of fertilizer applications rates.

The DMT-HFO-P; accounted for a small fraction of the total soil P pool for
Rustenburg but was relatively higher for Loskop soil. The percentages increased with
the DMT-HFO successive extractions and the added P levels, but were markedly
reduced by the increasing days of incubation. Examinations of the curves show that
the highest percent DMT-HFO P recovered from both soils were after the first day of
incubation. Increasing incubation time resulted in a decrease in the DMT-HFO P
recovered in both soils, but more especially for Rustenburg soil, confirming that the

Rustenburg soil has a higher P fixing capacity.

In practical terms the P release rate can be evaluated when it is considered that both
tobacco and cotton crops remove approximately 15 kg P ha™. Their requirements can
be met by the two soils, since both soils are able to release between 0.4-0.5 mg kg'1
day" after 56 days of successive extractions. This represents a P release rate of
approximately between 1.7 and 2.2 kg P ha™ day™ (soil depth = 30 cm; bulk density
= 1 500 kg m>). The results therefore showed that although Rustenburg soil is
considered to be a high P fixing soil the P release rates are still high enough to meet
the cotton and tobacco plants requirements. The problems could be attributed to the
root systems of the crops grown, since if the roots do not develop extensively enough
to be able to exploit the soil volume well in order to extract P efficiently, plants may

experience P deficiencies.

Further, P desorption rate after 56 days DMT-HFO extractions may seem low, but it
should also be realised that in practice in the field the crop requirements at the
beginning of the growing season is small and the extraction rates (P uptake) will thus
be smaller. It means that if less P had been extracted during the first 14 days of

extractions, the desorption rates would not have decreased so much over the first 14
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days but over a longer period. This assumption is made because over the 240 days of
incubation there were less P extracted over the 56 days but the changes in desorption
rates were quite similar. The total amount of P extracted also indicates that both soils
were able to supply enough P over the growing seasons for both cotton and tobacco

Crops.

The results of this research indicated that the single extractions that are presently
used for determining the available P in the routine soil analysis are ineffective to
measure accurately the quantity of P available to crop plants. The data showed that
the immediately available P pool was constantly replenished through reactions of
dissolution or desorption of less available P, as well as the mineralization of organic
P. The pool size of total available P was therefore strongly time dependent. Thus, by
separating soil P into fractions characterized by their mode of extraction, it is
possible to identify the soil P fractions, which are altered over time by the incubation

experiments.

Each of the extracts obtained can be assigned to describe the quantity of P different
in its availability to plants. These empirical assignments can then be used to
characterize P status of soils as a conceptual model of P pools, their availability to
plants, and their transformations into different P pools. From this, the distribution of
P in soils can be studied, i.e. P moving to less labile P; or P, pools and the

dissolution/desorption of less labile P; and mineralization of P, pools.

Over 80 % of the total soil P could be recovered with DMT-HFO, -HCO3, and —-OH
extracts. In future efforts could be made to use relatively stronger extracting reagents
in order to account for proper P availability to crops. This research has shown that
simple chemical extractants cannot be used effectively to assess the potential P
desorption rates. This is because they do not provide adequate information on the soil
P status, especially in terms of the long-term capacity of the soil to supply P for plant
growth, since they do not include all the slowly (labile) available P from different P

pools.
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Since the use of DMT-HFO does not disrupt the chemical structure of the soil, it is
possible to make a .series of extractions from one soil sample allowing the
examination of desorption characteristics of soil P over a period of time simulating
plant P uptake. This method approximates a biological measure, and thus represents
a useful analytical tool to predict the effectiveness of applied P fertilizers and the
availability of residual P in soils. As it estimates more accurately the labile P pool, it
is therefore probably a better indicator of plant available P, which more closely

reflects the processes involved in P uptake by plant roots in soil.

However, although the method-is ideal for evaluation of plant available P over a
longer period of time, it would not be practical to use as a routine soil analysis as it is
expensive and time consuming. Further, in this laboratory method the total soil
volume of the sample was extracted. In practice however, the root system does not
occupy 100 % of the soil total volume. Also, a lot more P is desorbed between 1 and
14 days of extractions while in practice in the field the plant roots would just be
developing. Therefore, in order to implement this procedure a model to describe root

development that represents the percentage of the soil exposed will be necessary.

It is envisaged that by using this method the P releasing properties of a soil could be
used to develop a P desorption model. With such a model it could be possible to
determine how much extractable P, with a specific extractant, in a particular soil,
should be available at the beginning of a growing season to be suitable to have a high
enough P releasing rate to meet the requirement of a certain crop up to the end of the

growing season.
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CHAPTER 6

APPENDICES I

A: RUSTENBURG SOILS

1. The effects of P treatments and incubation time on the
dialysis membrane tubes-hydrous ferric oxide extractable
P (DMT-HFO-P;) of Rustenburg soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 9313.57 716.43 2075.82 <.01
INC/PER (I/P) 4 7045.69 1761.42 5103.66 <.01
PHOSP.INC/PER (P.I/P) 52 3280.82 63.09 182.81 <.01
REPS. 2 0.18 0.09 0.25
Residual 140 48.32 0.35

Total 209 19688.39

SE = 0.59; CV = 4.8

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 603 1203 180° 2403 Means!
0 2.50° 2.87°% 2.75% 2.58¢% 2.79% 2.70°
5 4,84"° 4,58 4,00% 3.92% 4.02% 4.27°
10 6.30° 5.29°¢ 4.,17° 4.00°% 3.88% 4.73°
20 9,420 6.09¢ 4,83 4,33k 4.17"° 5.77¢
25 9,73% 6.08° 5.65°° 5.08"° 4.63"c 6.24¢
50 17.10M 6.92¢ 6.17°¢ 5.57°¢ 5.79°¢ 8.31°
75 23.85" 7.33°% 6.58° 6.50° 6.46° 10.15°
100 30.59™ 12.00°f 9.179% 8.42¢ 8.39¢ 13.71¢
125 32.72" 15.67" 10.37° 9.75%  9.46%  15.59"
150 35.12°  16.92™ 13.23%  9.58%  9.49%  16.87"
175 35.55°P  18.33% 14.929" 10.38° 10.88°f 18.017
200 40.099 19.587 15.179" 14.009 12.59% 20.29%
225 41.79%  20.21% 16.33" 14.509 13,799 21.33%
250 42.01°  21.37¢ 17.75% 17.080 14,179 22.48"™

Means? 23.699  11.66° 9.36"° 8.26° 7.89°2

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 0.72, I/P = 0.43,
P.I/P = 1.61] for Means' %’ respectively.
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2. The effects of P treatments and incubation time on the 0.5M
NaHCO; extractable inorganic P (-HCO;-P;) of Rustenburg
soil

(i) . Analysis of variance

Source of variation d.f. S.s. m.s. F F pr.
PHOSP (P) 13 21577.76 1659.83 2697.76 <.01
INC/PER (I/P) 4 11056.34 2764.09 4492.53 <.01
PHOSP.INC/PER (P.I/P) 52 2720.79 52.32 85.04 <.01
REPS 2 3.41 1.71 2.85
Residual 140 86.14 0.62

Total 209 35441.03

SE = 0.78; CV = 4.6

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
1° 60° 120° 180° 240° Means*
0 6.30°  6.00°  4.20" 3.17**  2.90° 4.51°
5 8.87°  4.50®  3.50%  3.33%™  3.46% 4.73%
10 11.55%  5.67°°  3.83*  4.00%®  4.04% 5.82°
20 17.389 6.25%  4.75%  4.42%  4.21% 7.40°
25 17.42° 7.58° 5.17° 4.67%°  4.42% 7.85°
50 25.997  13.75°%  8.08%  5.92° 5. 63 11.87¢
75 27.327  16.33%™ 10.00° 8.42°¢  8.09% 14.03°
100 32.00% 18.08% 12.50° 9.92¢ 9.71° 16.44°
125 35.93'  20.92" 18.25% 15.00° 12.54° 20.53°
150 51.89"  24.087 20.33" 15.58% 15.38%  25.45"
175 53.96"  25.17Y 21.17" 17.92° 16.00% 26.84"
200 67.13°  31.25% 23.58% 20.92" 19.25% 32.43
225 75.51%  34.83" 24.50" 26.50° 21.46" 36.56"
250 77.44%  38.50" 26.837 27.227 23.75! 38.75"

Means? 36.34° 18.07¢ 13.34° 11.93° 10.88°2

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 0.96, I/P = 0.58,
P.I/P = 2.15] for Means “*° respectively.
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3. The effects of P treatments and incubation period on the
0.5m NaHCO; extractable organic P (-HCO;-P,) of Rustenburg
soil

(i) . Analysis of variance

Source of variation d.f. S.s. m.s. v.r. F pr.
PHOSP (P) 13 1739.00 133.77 161.78 <.01
INC/PER (I/P) 4 5913.93 1478.48 1788.10 <.01
PHOSP.INC/PER (P.I/P) 52 554.75 10.67 12.90 <.01
REPS. 2 4.44 2.22 2.75
Residual 140 115.76 0.83

Total 209 8323.43

SE = 0.91; Cv = 6.8

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60° 1203 1803 240° Means'®
0 10.00° 10.00°¢ 11.00% 5.08% 4,862 8.19°2
5 10.23%¢  11.83% 12.67¢ 5.33% 5.04°% 9,02%
10 10.80°¢ 12.42° 13.08¢ 6.17°% 5.29% 9.55"
20 11.13°¢  13.75% 13.83¢ 6.17°° 5.96% 10.17°
25 10.47°% 14.75% 15,009 6.92% 6.00% 10.63P
50 10.72°¢ 18.17%F 17.67°t 7.33% 6.46%° 12.07¢
75 10.48°¢ 20.50% 19.67°¢ 7.92P¢ 6.59% 13.03%
100 11.37°¢ 22.679 19.33f 8 .33k 6.88% 13.72¢
125 11.50°¢ 23.509" 19.42f 8.33b¢ 6.96%° 13.94¢
150 11.77%¢ 24.00%9% 21.50% 8.67°¢ 7.29% 14.65%
175 11.97°¢ 26.00" 22.509 10.17% 7.50° 15.63°
200 12.90% 26.17" 23.00%9" 13.08¢ 9.00% 16.83"
225 16.17°  26.37" 24.009% 13.67% 10.04° 18.059
250 16.63° 26.50" 25,50" 15.78° 13.75¢% 19.63"
Means? 1.87° 19.76° 18.44¢ 8.78" 7.26°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.12, I/P = 0.67,
P.I/P = 2.50] for Means %7 respectively.
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4. The effects of added P and incubation period on the 0.1M
NaOH extractable inorganic P (-OH-P;) of Rustenburg soil.

(i) . Analysis of variance

Source of variation d.f. s.s. m.s F F pr.
PHOSP (P) 13 64062.48 4927.88 1559.37 <.01
INC/PER (I/P) 4 33278.94 8319.74 2632.69 <.01
PHOSP.INC/PER (P.I/P) 52 6923.16 133.14 42.13 <.01
REPS 2 6.17 3.08 0.98
Residual 140 442.42 3.16
Total 209 104707.02
SE = 1.78; CV = 2.6
(ii) . Table of means
PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 603 1203 180° 2403 Means’
0 30.00% 34.33% 43.42°¢ 44,08 46.70¢ 39.71°
5 35.80° 38.83° 44.08°¢ 47.33% 47.00¢ 42.61°
10 36.60°  40.33° 45.67°¢ 51.009 50.33°% 44 .79
20 37.73°  41.50° 46.67¢ 52.17° 53.00° 46.21°
25 38.80°° 42.00° 48.25% 52.17° 53.67° 46.98°
50 39.37° 52.08° 54.17° 60.00° 63.33f9 53.79¢
75 40.47°° 63.83% 68.67%" 71.17" 70.33%"  62.89°
100 61.03"  69.33%" 72.00" 78.67 80.00"7  72.21°
125 66.009 83.50"7 83.33Y7 85,337 85.67] 80.77°
150 68.20°" 83.67' 85.257 87.177  93.00* 83.46"
175 70.30%" 84.427  95.33%  98.67'™ 103.00" 90.34"
200 82.537 94.42% 98.00' 103.00" 104.00" 96.39’
225 86.337  97.33% 102.00'" 103.83'™ 105.33" 98.76"
250 87.10° 102.58™ 105.17" 105.33" 107.00™ 101.44"
Means? 55.73*  66.30° 70.86° 74.219 75.88°

N.B. Means with the same superscripts are not significantly

= 2.18, I/P

different (P
P.I/P = 4.88]

0.01)

LSD

for Means

1,

(Fisher)

2,3

[P

respectively.

1.30,
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5. The effects of P treatments and incubation period on the
0.1M NaOH extractable organic P (-OH-P,) of Rustenburg
soil

(i) . Analysis of variance

Source of variation d.f. S.s. m.s. F F pr.
PHOSP (P) 13 6402.45 492.50 376.21 <.01
INC/PER (I/P) 4 2737.93 684.48 522.86 <.01
PHOSP.INC/PER (P.I/P) 52 1494.53 28.74 21.95 <.01
REPS. 2 15.20 7.60 6.24
Residual 140 183.28 1.31

Total 209 10818.19

SE = 1.14; CV = 5.2

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60° 1203 180° 240° Means'’
0 13.80% 14.17° 15.21°%° 13.33%® 12.42° 13.79°
5 13.97% 14.75% 15.96°> 14.17%® 13.00°% 14.37%"
10 13.93%® 14.84°% 16.17° 15.33%® 13.08% 14.67°%°
20 14.40°° 15.09%® 17.08° 15.58°> 13.83% 15.40°
25 14.47%* 16.34> 17.25°° 16.67°° 15.00°% 15.95°
50 14.97%* 20.63°% 22.33% 20.00° 17.08F° 19.00°
75 14.80%® 20.75% 23.50¢ 21.58°% 19.67° 20.06°
100 15.10%® 24.25% 25.58% 22.33%¢ 20,33 21.52¢
125 16.03°> 25.25% 25,75% 23,25 21,58 22.37%
150 15.90° 25.92% 26.88° 24.50% 23.17¢ 23.27¢
175 15.67° 26.13° 27.93° 25.75% 24.00% 24.50°
200 15.97° 26.79° 28.08° 26.17% 24.83% 24.37¢°
225 21.67°¢ 27.17° 28.25° 27.25° 26.08% 26.08°%
250 24.90% 28.38° 28.92° 28.67° 26.00% 27.37%

Means? 16.18% 21.68% 22.78% 21.04° 19.29°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.40, I/P = 0.84,
P.I/P = 3.14] for Means %7 respectively.
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6. The effects of P treatments and incubation on the 1M HC1l
extractable Ca - bound P (D/HC1l-P;) of Rustenburg soil

(i) . Analysis of variance

Source of variation d.f. S.s. m.s. F F pr.
PHOSP (P) 13 6912.10 531.70 755.36 <.01
INC/PER (I/P) 4 1990.17 497.54 706.84 <.01
PHOSP.INC/PER (P.I/P) 52 522.16 10.04 14.27 <.01
REPS. 2 3.42 1.72 2.48
Residual 140 98.55 0.70

Total 209 9522.97

SE = 0.84; CV = 4.7

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60° 120° 180° 2403 Means'
0 6.73° 6.92% 7.25% 8.00% 8.85% 7.55°%
5 6.79% 7.33% 8.17% 8.17° 9.00% 7.89%
10 6.84°%° 8.17°% 8.50% 9.67° 10.97°¢ 8.83"°
20 6.97%° 9.08" 9.80° 10.50° 12.92< 9.85°
25 7.14°% 9.42° 10.17° 12.33° 13.33% 10.48°¢
50 9.76° 12.33° 13.21°% 15.17% 16.92% 13.48¢
75 12.30°  13.17°¢ 14.67¢ 17.33% 18.42° 15.18¢
100 13.40°¢ 15.08% 16.08% 18.17%F 20.33% 16.61°F
125 13.72°¢ 16.58% 17.29° 20.50%9 22.589 18.13¢
150 14.05°¢ 17.58° 18.92°f 21.83%T9 23,75%" 19.23"
175 14.50°¢ 18.93°F 20.17f 23.009 25.92" 20.50*
200 15.07% 19.92f 22.04%f9 24.839" 27.17M 21.817
225 19.40°f 22,759 24.58%" 25.33" 28.92% 24.20F
250 21.40% 24.67%" 24.83%" 29.67' 30.67° 26.25%

Means? 12.01° 14.42°> 15.41° 17.46¢ 19.27¢

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.03, I/P = 0.62,
P.I/P = 2.30] for Means % respectively.
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7. The effects of added P and incubation period on the conc.
HCl digestible inorganic P (C/HCl-P;) of Rustenburg soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 25784.60 1983.43 678.03 <.01
INC/PER (I/P) 4 33602.61 8400.65 2871.74 <.01
PHOSP.INC/PER (P.I/P) 52 14049.55 270.18 92.36 <.01
REPS. 2 32.64 16.32 5.98
Residual 140 409.54 2.92

Total 209 73846.30

SE = 1.71; ¢V = 2.3

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60° 120° 180° 240° Means!
0 50.93%° 58.00°° 58.33"° 59,00° 59.60°° 57.17°
5 50.93° 58.67°° 58.33*¢ 59,67°° 59,95 57.51°
10 50.93%° 59.33°° 60.23° 59.67°° 60.43° 58.12°%
20 51.10%® 59.67°° 61.00°¢ 60.33° 60.94° 58.61°%
25 51.60%° 60.00°° 61.33%¢ £2.33°¢ 64.62% 59.98°
50 53.83% 62.33% 65.00% 68.67% 70.67° 64.10°
75 55.63°  63.67°% 70.67° 71.33%F 78.54%9 67.97¢
100 56.93° 65.67° 76.00%9 78.67%9 80.10% 71.47°
125 57.73° 68.67% 77.33%9 g80.339 g7.08M 74.23"
150 60.97° 70.33% 80.679 86.00" 89.96M 77.599
175 61.67°% 72.67°f 89.00™ 91.00%7 94,02% 81.67"
200 63.73°¢  75.33°f 93,00 98.007 100.547 86.12%
225 69.879 89.33" 93,67 103.67¢F 105.12F 92.333
250 75.47F  93.00* 95.00'7 106.00% 107.48" 95.39*
Means? 57.95* 68.33® 74.25° 77.48% 79.93°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 2.10, I/P = 1.26,
P.I/P =4.69] for Means "%’ respectively.
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8. The effects of P treatments and incubation period on the
conc. HCl digestible organic P (C/HCl1l-P,) of Rustenburg

soil

(i) . Analysis of variance

Source of variation d.f. S.S. m.s. F F pr.
PHOSP (P) 13 1622.48 124.81 67.54 <.01
INC/PER (I/P) 4 1408.38 352.10 190.54 <.01
PHOSP.INC/PER (P.I/P) 52 417.73 8.03 4.35 <.01
REPS. 2 0.90 0.45 0.24
Residual 140 258.71 1.85

Total 209 3707.30

SE = 1.36; Cv = 7.8

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60° 120° 180° 2403 Means!
0 9.67° 11.75% 12.83% 13.33% 13.52° 12.22°
5 9.70* 11.83% 12.83% 13.67° 14.88F° 12.58°
10 9.70% 11.92%® 12.90® 13.67° 15.77°° 12.97°2
20 9.70% 11.92° 13.00% 14.00° 16.68"° 13.06°
25 9.73% 12.17* 13.17% 14.60°° 16.71°° 13.28°%°
50 10.10%®  13.50° 15.00°° 16.40° 19.21% 14.84°
75 10.30%" 15,92 16.33% 18.33°¢ 19,87« 16.15°°
100 10.50%" 16.25°¢ 18.50°¢ 18.67°¢ 20.52° 16.89°
125 13.60° 17.42° 18.67%% 19.00°¢ 21.67¢ 18.07¢
150 13.65° 17.93°¢ 19.00°¢ 20.00%¢ 21,759 18.47<
175 13.70°  18.83%¢ 19.67°¢ 20.33%¢ 23.35% 19.24¢
200 13.80°° 19.25% 20.67°¢ 21.339 23.67% 19.74%
225 14.47°° 21.25% 20.33%¢ 25.67% 24.24°% 21.19¢°
250 14.53° 22.42% 20.33¢ 29.33° 29.35° 23.19¢

Means? 11.68* 15.88° 16.66° 18.45° 20.09¢

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.67, I/P = 1.00,
P.I/P = 3.73] for Means %43 respectively.
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9. The Effects of added P and incubation period on the
conc.H,80, and H,0, digestible P (H,SO,-P;) of Rustenburg
soil.

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 18143.74 1395.67 530.63 <.01
INC/PER (I/P) 4 18232.71 558.18 1733.01 <.01
PHOSP.INC/PER (P.I/P) 52 5166.26 99.35 37.77 <.01
REPS. 2 15.47 7.74 3.03
Residual 140 368.23 2.63

Total 209 41910.95

SE = 1.62; CV = 2.3

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS

(mg kg™)

13 603 120° 1803 2403 Means®

0 55.27®° 55.73%* 56.50%® 60.67°° 61.83"° 58.00°

5 55.88%® 56.00% 58.17%® 60.83°° 64.00°° 58.98°

10 56.00%° 56.33% 58.33%® 61.00° 64.58"° 59.25°

20 56.00% 56.33%® 58.57%® 61.67°° 64.58"° 59.43°

25 56.17%* 56.67% 58.83% §2.00°° 65.67° 59.87°

50 56.83%® 59.00%® 65.67° 67.67%¢ 70.17¢ 63.87"°

75 56.93%" 61.33* 72.83% 70.67¢ 75.17° 67.39°

100 57.33%  65.22°  74.17% 73.67% 78.58°%f 69.79¢

125 57.50% 64.88° 75.50° 81.33% 89.42%" 73.73°

150 59.50% 72.38% 80.17f 86.679 89.67%" 77.68°¢

175 60.17° 76.33°F 86.679 93.00" 96.00™ 82.439

200 61.67°° 80.47° 89.509" 93.33" 99,17¢ 84.83"

225 67.83°¢ 87.179 93.33" 94.33" 105.08] 89.55"

250 69.00°¢ 88.089 94.17" 94.67" 106.50] 90.48*

Means? 59.01* 66.85°> 73.03° 75.82¢ 80.74°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.99, I/P = 1.19,
P.I/P = 4.45] for Means ''?? respectively.
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10. The effects of P treatments and incubation periods on the
total inorganic P (HFO-P; + HCO;-P; + OH-P; + conc. HCl-P;
+ conc. H;S0,-P;) (TOTP;) of Rustenburg soil

(i) . Analysis of variance

Source of variation d.f. S.S. m.s. F F pr.
PHOSP (P) 13 746010.18 57385.40 4738.96 <.01
INC/PER (I/P) 4 123948.14 30987.03 2558.95 <.01
PHOSP.INC/PER (P.I/P) 52 27741.92 533.50 44,06 <.01
REPS. 2 218.061 109.31 10.21
Residual 140 1695.30 12.11

Total 209 899395.54

SE = 3.48; CV = 1.3

(ii) Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™*)
13 603 1203 180° 2403 Means?
0 158.74% 167.85% 172.45° 177.50° 180.47° 171.40°
5 165.04% 171.92° 183.25° 188.75% 188.42°¢ 179.48°
10 168.52° 184.12° 195.97¢ 208.00°f 199.23% 191.17°

20 185.60° 196.92% 199.38% 224.75% 220.82%9 205.49¢
25 186.86°¢ 199.75% 210.40°f 230.58% 238.34" 213.19°
50 206.88° 217.42% 236.299" 255.98% 261.50% 235.62°
75 215.91°%F 245.67" 264.42% 282.42% 281.01% 257.88°
100 235.299 262.38% 273.923% 293.50™ 297.12!™ 272.44"
125 243.61" 278.22% 286.08 309.25™ 318.75" 287.18°
150 252.73% 283.97 308.57™ 324.83° 333.,34P9 300.69]
175 268.14%7 298.85! 313.25" 343.979 345.819 314.00*%
200 271.22% 307.97™ 338.299 362.08% 370.71° 330.05%
225 290.73% 321.63"™ 347.429 371.17° 384.71%™ 343.13"
250 302.42™ 338.209 356.75° 381.97° 391.56" 354.18"

Means? 225.12% 248.20° 263.32° 282.489 286.56°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 4.27, I/P = 2.55,
P.I/P = 9.55] for Means %’ respectively.
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11. The effects of P treatments and incubation period on the
total organic P (HCO;.P, + OH-P, + conc. HCl-P,) (TOT-P,)
of Rustenburg soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 26028.06 2002.16 493.92 <.01
INC/PER (I/P) 4 12693.95 3173.49 782.88 <.01
PHOSP.INC/PER (P.I/P) 52 3748.98 72.10 17.79 <.01
REPS. 2 24.80 12.40 3.15
Residual 140 567.51 4.05

Total 209 43038.50

SE = 2.01; Cv = 3.8

(ii). Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60° 1203 180° 2403 Means?
0 34.47°° 36.92P° 38.05°° 29.75% 25,80° 33.00°
5 36.53° 39,42 40.96°¢ 33.17° 28.93% 35.80°
10 37.13° 51.17°% 43.85% 40.17°¢ 34.15°° 41.29°¢
20 37.93 53.75°% 44,929 46.75% 39,47 44,56
25 37.67° 57.17f 50.42° 49.18% 42.21¢ 47.33°
50 38.78° 58.30%9 61.00%9 51.73°% 46.75% 51.31°
75 38.58° 60.17%9 62.50f9 52.83°F 50.13% 52.849
100 39.97°  64.17%" 65.42%" 55.33°" 50.73°°  55.12"
125 41.13°  67.17%" 65.83%" 55.58°° 54.42°°  56.83™
150 41.70°¢ 72.85™ 66.38%" 57.17° 54.21°°  58.46'
175 41.13° 73.96™ 68.10% 59.25% 56.85°"  59.86'
200 42.67° 78.21"  68.75%" 63.58% 58.51% 62,343
225 52.30°° 83.787  69.58" 72.58" 60.36%  67.72"
250 56.07f 86.293 72.75™ 81.78% 69.10% 73.20%

Means? 41.15° 63.10° 58.47¢ 53.49° 47.97°

N.B. Means with the same superscripts are not significantly
different (P =0.01) LSD (Fisher) [P = 2.47, I/P = 1.48,
P.I/P = 5.53]for Means "?? respectively.
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12. The effects of P treatments and incubation periods on the

total soil P (Total-P; + Total-P,)

soil

(i) . Analysis of variance

(TOT-P) of Rustenburg

F F pr.
55 5893.82 <.01
70 2876.89 <.01
94 59.89 <.01
43  14.25
64
03 Means?
27° 204.40°
35° 215.28°
389 232.66°
29%9  250.06¢
55"  260.52¢
253 286.93f
13k 311.73°9
g5i™  327.56"
17"°  344.01°
55° 359,157
679  372.26F
225 392.40°*
07  410.85"
66"  427.38"
.32¢

Source of variation d.f. S.S. m.s.
PHOSP (P) 13 1045116.21 80393.
INC/PER (I/P) 4 156966.81 39241.
PHOSP.INC/PER (P.I/P) 52 42480.92 816.
REPS. 2 326.85 163.
Residual 140 1909.64 13.
Total 209 1246473.58
= 3.69; CV = 1.2
(ii) . Table of means
PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60 1203 180° 24
0 193.20% 204.77° 210.50° 207.25°¢ 206.
5 201.58% 211.34° 224.21°% 221.92° 217.
10 205.65° 235.299 240.82% 248.17°% 233.
20 224.53° 250.67°%F 243.30% 271.509 260.
25 224.53° 256.92° 260.827 279.77" 280.
50 245.67° 275.71°" 297.29% 307.727 308.
75 254.49°% 305.847 331.92% 335,25 331.
100 275.25% 326.55% 339.33' 348.83™ 347.
125 284.74" 345.39'" 351.91" 364.83" 373.
150 294.43" 356.82™ 374.94™ 382.00° 387.
175 306.287 372.81" 381.35° 403.22% 399.
200 313.897 386.18P 407.04% 425.67%% 429.
225 343.03™ 405.419 417.009 443.75% 445.
250 358.49™ 424,497 429.50° 463.75% 460.
Means? 266.13% 311.30° 322.14° 335.979 334

N.B. Means with the same superscripts are not significantly

different (P = 0.01) LSD (Fisher) [P = 4

P.I/P 10.14] for Means “?° respectively.

.53,

I/p =

2.71,
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B: LOSKOP SOILS

13. The effects of P treatments and incubation period on the
dialysis membrane tubes-hydrous ferric oxide (DMT-HFO)
extractable P; (DMT-HFO-P;) of Loskop soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 15009.25 1154.56 1958.95 <.01
INC/PER (I/P) 4 6628.26 1657.06 2811.56 <.01
PHOSP.INC/PER (P.I/P) 52 2963.04 56.98 96.68 <.01
REPS. 2 6.57 3.28 5.97
Residual 140 82.51 0.59

Total 209 24683.07

SE = 0.78; CVv = 4.8

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS

(mg kg™)

1° 60° 1203 18073 2403 Means'’

0 5.40% 5.25% 5.35% 4.92% 4.54° 5.092

5 8.67°¢ 5,79% 5.49% 5.21% 4,632 5.96%

10 9.33°¢ 5.79% 5.75% 5.50% 5.00% 6.27°

20 10.00¢ 6.46%° 6.29%° 6.04°% 5.42°%° 6.84F°

25 10.67% 7.50°° 7.09° 6.84"° 6.46%° 7.71¢

50 18.56% 10.71< 7.96°¢ 8.92kc 7.21P 10.67¢

75 26.00 14.67°% 14.25% 12.09¢ 10.19% 15.44°

100 39.33" 22.08" 15.58°f 14.33° 11.50¢ 19. 36"

125 40.22™ 25.33% 17.08%f9 15.83°%F 14.28° 24.159

150 41.89" 28.33%  19.009 17.75%9 15.57°¢ 27.31"

175 51.33%  30.00° 21.009% 19.209 15.92° 30.49%

200 64.78% 33,58 23.08M 19,589 16.75° 31.957

225 67.00° 36.25' 23.67™ 20.58%" 17.00% 32.90%

250 68.11% 38.08™ 25.17% 21.08% 17.25% 33.94!

Means? 32.95¢ 19.274 14.05° 12.78° 10.842

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) (P = 0.94, I/P = 0.56,
P.I/P = 2.11] for Means %°* respectively.
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14. The effects of P treatments and incubation period on the
0.5M NaHCO; extractable inorganic P (-HCO3;-P;) of Loskop

soil

(i) . Analysis of variance

Source of variation d.f. S.s. m.s. F F pr.
PHOSP (P) 13 32533.20 2502.55 3717.02 <.01
INC/PER (I/P) 4 10240.51 2560.13 3802.54 <.01
PHOSP.INC/PER (P.I/P) 52 3037.63 58.41 86.76 <.01
REPS. 2 5.46 2.73 4,25
Residual 140 94.26 0.67

Total 209 45905.60

SE = 0.82; CV = 3.9

(ii). Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 60° 120° 180° 2403 Means'’
0 12.83¢ 8.11° 6.89%° 6.00%° 5.56% 7.88°
5 13.23% 8.55 7.00% 6.33% 5.11° 8.04°%
10 13.44°% 9.00" 7.22°%° 6.92% 5.56% 8.43%"
20 13.84% 9.83¢ 7.42° 7.17%® 6.443%° 8.94"
25 17.76%  10.92° 9.67"° 7.62°° 6.89%° 10.57¢
50 30.08 15.42°  13.42% 8.13P"° 7.67°° 14.94°
75 38.02% 16.25°F 14.58% 10.63 9.50°¢ 17.80°
100 45.12™ 28.83* 25.21" 16.00°T 13.17° 25.67°F
125 52.38°  37.22% 30.42% 19.63% 14.33% 30.80°
150 59.299  40.28° 33.46° 22.009" 18.83% 34.77"
175 61.84° 46.00™ 37.58% 23.17" 20.17° 37.75¢
200 74.955  49.03" 41.75% 28.92¢ 23.17" 43.567
225 82.76% 51.25" 45.83"™ 39.25% 37.67¢ 51.35%
250 84.42% 51.25"" 46.80™ 41.38' 37.92k 52.35F
Means® 42.85° 27.28% 23.38° 17.37° 15.14°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.01, I/P = 0.60,
P.I/P = 2.25] for Means %’ respectively.



199
15. The effects of P treatments and incubation period on the
0.5M NaHCO; extractable organic P (-HCO;-P,) of Loskop
soil

(i) . Analysis of variance

Source of wvariation d.f. S.s. m.s. F F pr.
PHOSP (P) 13 1916.26 147.40 170.68 <.01
INC/PER (I/P) 4 577.15 144.29 167.07 <.01
PHOSP.INC/PER (P.I/P) 52 255.99 4,92 5.70 <.01
REPS. 2 0.18 0.092 0.11
Residual 140 120.91 0.86

Total 209 2870.31

SE = 0.93; Ccv = 7.0

(ii) . Table of means

PHOSPH INCUBATION PERIODS (DAYS)
LEVELS
(mg kg™*)
1° 60° 120° 180° 240° Means!
0 9.55% 10.00% 10.25°%® 8.50% 7.832 9.23°
5 9.63% 10.75° 11.08°° 8.25% 8.08°%° 9.56%
10 10.05% 10.79° 12.39" 8.59% 8.25% 10.01°%°
20 10.28% 10.75°> 12.17° 9.21°%° 8.83%° 10.25%
25 10.28%%  11.42°% 12.48° 10.21%® 8.83% 10.65°
50 10.54° 12.88°° 13,55 11.75°° 10.92° 11.33°
75 10.98°> 15.58%¢ 14.21° 13.79°¢ 11.50°° 13.21°
100 11.33°¢ 16.08%¢ 16.25% 13.79%¢ 12.25°° 13.94
125 11.32°%° 16.33% 17.50% 14.63% 13.63° 14.68¢
150 11.35°°¢ 17.30% 17.92% 15.09%¢ 14.00°% 15.13¢
175 11.58°¢ 17.38% 18.17% 15.88°¢ 15.58% 15.72%
200 12.18® 20.30°f 18.84° 15.88%¢ 15.67% 16.57°
225 13.70%4  20.38°% 18.96° 17.92% 16.08° 17.41°F
250 14.12°¢ 22.75F  19.37% 18.42% 16.41°% 18.21°F

Means? 10.99° 15.19¢ 15.23¢  12.99° 11.99°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.14, I/P = 0.68,
P.I/P = 2.55] for Means “?* respectively.
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16. The effects of added P and incubation period on the 0.1M
NaOH-extractable inorganic P (-OH-P;) of Loskop soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 67318.85 5178.37 3021.60 <.01
INC/PER (I/P) 4 32566.07 8141.52 4750.60 <.01
PHOSP.INC/PER (P.I/P) 52 8692.11 167.16 97.54 <.01
REPS. 2 4,55 2.27 1.33
Residual 140 239.93 1.71

Total 209 108816.96

SE = 1.31; Cv = 2.4

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 603 120° . 180° 2403 Means!
0 21.43* 26.42°  31.17° 34,929 37.83% 30.35°
5 23.83%® 26.67° 31.67°% 34.97¢ 37.97% 31.02°
10 23.80%" 26.83° 35.83% 35,009 38.17°% 31.93°
20 25.80°  28.75°° 36.50% 36.009% 42.83¢°f 33.98°
25 27.10°  32.17°¢ 37.50% 40.17° 45.33f 36.45°
50 39.43%  46.33%9 54.33" 61.508 65.503k 53.42¢
75 41.77%%  49.009 60.50° 68.42%  70.00K 57.94¢°
100 45.57%9  52.83" 62.17Y 72.58!  78.58™ 62.35¢"
125 50.73%"  64.507 72.17Y  77.00™ 83.33" 69.559
150 54.80"  65.83"% 73.33'™ 83.17" 87.83"  72.99"
175 60.97'7  66.337 76.33" 86.33*¢ 90.07¢ 76.01"
200 62.237  73.25™ 84.67° 89.509 96.07°F 81.143
225 68.00%% 80.33" 85.83° 93.97° 98.67° 85.36%
250 70.30% 81.08"™ 86.83°% 96,75 103.90° 87.77*

Means® 43.98° 51.45° 59.20° 65.02¢ 66.72°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.60, I/P = 0.96,
P.I/P = 3.59] for Means %7 respectively.
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17. The effects of P treatments and incubation period on the
0.1M NaOH extractable organic P (-OH-P,) of Loskop soil

(i) . Analysis of variance

Source of wvariation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 3007.22 231.32 406.11 <.01
INC/PER (I/P) 4 2445.34 611.33 1073.25 <.01
PHOSP.INC/PER (P.I/P) 52 993.62 19.11 33.55 <.01
REPS. 2 0.20 - 0.10 0.17
Residual 140 79.74 0.57
Total 209 6525.92
SE = 0.75; CV = 5.0
(ii). Table of means
PHOSPH INCUBATION PERIODS (DAYS)
LEVELS
(mg kg™)
13 60° 1203 180° 240° Means'®
0 7.38° 9.81° 10.17°° 11.38° 11.58"° 10.06%
5 7.55% 9.88°> 11.08° 10.83F° 9.83" 9.83°
10 7.70% 9.88° 11.50° 11.25° 10.79" 10.22°%
20 8.70%° 10.29°° 13.00% 11.25°¢ 10.92" 10.83°
25 8.483 11.96° 13.50°¢ 13.57%¢ 13.18< 12.14°
50 8.85® 13.00°¢ 14.71% 14.86% 14.50° 13.18¢
75 9.58° 13.42°¢ 14.79% 15.25% 15,13¢% 13.63¢
100 10.12P°  13.71°% 16.42% 17.40°% 16.13% 14.76°
125 10.20°° 14.75% 16.67° 18.08°f 16.92° 15.32°%¢
150 10.30°¢ 15.71% 18.33°F 18.92f 17.13¢F 16.08°f
175 10.15°°¢ 16.09% 18.46°F 19.33f 18.97¢ 16.60%
200 10.35°° 16.13% 19.83%9 20.67%79 20.09° 17.219
225 10.97°¢  17.34°%° 22.75% 23,049 21.79° 19.18"
250 11.32°° 18.13%F 23.92% 23.88" 22.779 20.00"
Means? 9.40% 13.58° 16.08° 16.41% 15.62°

N.B. Means with the same superscripts are not significantly

P.I/P =

different (P = 0.01) LSD [P = 0.93, I/P =

2.07] for Means “?* respectively.

0.55,
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18. The effects of P treatments and incubation period on the
1M HCl extractable Ca - bound P; (D/HCl-P;) of Loskop

soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 1385.63 106.59 252.64 <.01
INC/PER (I/P) 4 457.51 114.38 271.11 <.01
PHOSP.INC/PER (P.I/P) 52 141.62 2.72 6.46 <.01
REPS. 2 0.96 0.48 1.14
Residual 140 58.06 0.42

Total 209 2043.83

SE = 0.65; CV = 6.0

(ii) . Table of means

PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 603 120° 180° 240° Means'®
0 5.97°2 5.99° 6.17°% 6.25% 6.08°% 6.09°
5 6.23% 6.79%° 7.50%° 8 .33k 7.83° 7.34P
10 6.47% 6.96°° 9,25 9.21°¢ 8.50° 8.08"°
20 7.30% 7.04% 9.17"c 9.67¢ 8.83" 8.60°
25 7.50% 8.95°¢ 9,43 10.15%¢ 11.33% 9.48¢
50 8.00" 9.13% 10.22%¢ 11.18% 11.67° 10.04%
75 8.93" 9.67° 11.21°¢ 11.38°¢ 11.79¢ 10.60°
100 9.28° 10.14% 11.709 12.06% 12.92% 11.22°
125 9.40% 10.79%¢ 11.80% 14.29° 12.81% 11.62°f
150 9.93%¢ 10.63%¢ 12.13% 14.58° 16.07°f 12.67°
175 10.02°¢ 10.75°¢ 12.75% 15.00°f 16.75% 13.06%
200 10.43%¢  12.96%9 13.25% 14.67°% 16.42° 13.55"
225 10.73°¢  12.64% 14.73°F 15.46°% 16.63f 14.03"
250 11.979 12.83% 15.75°f 16.88°f 17.50f 14.99%
Means? 8.73%2 9.66° 11.15° 12.08% 12.51°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 0.80, I/P = 0.48,
P.I/P = 1.78] for Means %° respectively.
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19. The effects of added P and incubation period on the conc.
HCl digestible inorganic P) (C/HCl1l-P;) of Loskop soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 19898.28 1530.64 637.69 <.01
INC/PER (I/P) 4 9436.47 2359.12 982.85 <.01
PHOSP.INC/PER (P.I/P) 52 5076.66 97.63 40.67 <.01
REPS. 2 25.91 12.95 5.76
Residual 140 336.04 2.40

Total 209 34747.45

SE = 1.55; Cv = 3.3

(ii) . Table of means

PHOSPH INCUBATION PERIODS (DAYS)
LEVELS

(mg kg™)

1° 60° 120° 180° 2403 Means!

0 29.33%  31.50% 31.92%° 32.33%° 34,83% 31.98°

5 31.73%°  31.67%® 33.83° 33.08%° 35,50 33.16°

10 32.27%°  32.42%° 34.67°° 33.58%° 35,83 33.75%

20 32.27%  32.42% 35,50° 33.83° 42.17¢ 35.24°

25 32.273%  33.00% 38.58% 40.42°¢ 42,42 37.34¢

50 35.30° 35.08°° 43.50% 43.17¢ 52.67°f 41.94¢9

75 36.67°°  40.08° 45.42% 52.58%  54,67%9 45.88°

100 37.67°¢ 41.58° 47.75° 53.67%9 55.08% 47.15°

125 38.20° 42.17° 52.67° 53.17%9 60.83%" 49.41*

150 38.53%¢  42.17° 55.25%  60.259" 64.33" 52.11¢

175 38.93%¢  43.92% 58.839 61.33%" 69.42% 54.49"

200 39.87%9  48.42%° 60.589" 65.63" 71.08% 57.12%

225 40.67°% 57.259  67.17" 68.58™ 76.423 62.023

250 42.60% 60.259" 67.33"™ 75.508 87.92% 66.72%

Means? 36.17° 40.85° 48.07° 50.519 55.94°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.90, I/P = 1.14,
P.I/P = 4.25] for Means 23 respectively.
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20. The effects of P treatments and incubation period on the
conc. HCl digestible organic P (C/HC1l-P,) of Loskop soil

(i) . Analysis of wvariance

Source of variation d.f. S.S. m.s. F F pr.
PHOSP (P) 13 1644.55 126.50 166.51 <.01
INC/PER (I/P) 4 1063.39 265.85 349.91 <.01
PHOSP.INC/PER (P.I/P) 52 444 .04 8.54 11.24 <.01
REPS. 2 0.74 0.37 0.48
Residual 140 106.37 0.76

Total 209 3258.35

SE = 0.87; CV = 6.5

(ii). Table of means

PHOSPH INCUBATION PERIODS (DAYS)
LEVELS
(mg kg™*)
13 60° 1203 180° 240° Means’
0 9.20% 8.78° 9.94% 9.28°% 9.39% 9.32°
5 9.02% 8.89%° 10.97% 9.69% 8.95° 9.50%
10 9.11% 9.06% 10.72% 9.72% 10.62% 9.85%
20 9.33% 9.72% 11.00%® 10.11%® 12.33° 10.50°
25 9.96% 10.11%® 11.25> 11.89°° 13.39"° 11.32k¢
50 10.00% 10.78% 11.78° 13.11P° 15.94° 12.32°
75 10.00% 11.00% 11.83° 13.39° 17.50¢ 12.74°¢
100 10.18% 11.61P° 13.72° 14.22° 20.05° 13.96°
125 10.44% 14.11°¢ 13.78° 15.27% 20.89°f 14.90%
150 10.71% 14.50%¢ 14.06%% 15.38°%¢ 21.22°f 15.17°
175 10.67% 14.72%¢ 15.05% 16.63% 22.28°f 15.87¢°F
200 11.78%¢ 15.05°¢ 15.89°¢ 16.89¢ 22.28°f 16.38°
225 12.69°° 16.44%9 16.78¢ 17.72% 22.83°f 17.29°
250 12.40° 15.83¢% 17.17¢ 17.42% 23.17°f 17.20°
Means? 10.39® 12.19° 13.14° 13.62° 17.20¢

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 1.07, I/P = 0.64,
P.I/P = 2.39] for Means %* respectively.
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21. The effects of added P and incubation periods on the
conc.H,S0, and H,0, digestible P (H,SO,-P;) of Loskop soil

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 13 22126.70 1702.05 464.53 <.01
INC/PER (I/P) 4 9565.23 2391.31 652.64 <.01
PHOSP.INC/PER (P.I/P) 52 5480.19 105.39 28.76 <.01
REPS. 2 5.11 2.55 0.69
Residual 140 512.97 3.66

Total 209 37685.08

SE = 1.91; CV = 3.6

(ii) . Table of means

PHOSPH INCUBATION PERIODS (DAYS)
LEVELS

(mg kg™)

13 603 120° 1803 2403 Means'

0 39.83° 40.67%° 41.38% 41.97% 42.59%® 41.29°

5 39.87% 41.00%° 41.25% 42.01% 43.16%* 41.46°

10 39.93%®  40.68%° 41.36% 42.13%® 43,33% 41.49°

20 40.00% 40.92% 41.58%° 42.29%%  44.42%° 41.84°

25 40.00% 41.76% 41.80% 42.36%° 44,27% 42.04°

50 40.50%® 41.92%® 45.13°  46.13° 54,78 45.69°

75 40.83%® 51.13° 49.95°° 46.68°° 58,93% 49.50°

100 41.00%® 52.03° 52.25% 57,599 60.16% 52.61¢

125 42.17*® 53.07°% 54.77%% 60.36% 69.04°" 55.88°

150 42.50% 57.35% 59.69% 61.15% 71.40° 58.42°

175 43.00%® 63.90° 66.49%F 61.45% 79,03° 62.77°

200 45.67°  66.17°F  70.48% 71.45%  79.829 66.72"

225 45.67°  66.71°F 70.86° 79.619 86.59" 69.89%

250 48.33 66.90°F 71.85° 79.829  89.40" 70.06*

Means? 42 .09 51.37° 53.49° 55.36¢ 61.49°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 2.35, I1/P = 1.40,
P.I/P = 5.25] for Means '%? respectively.
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22. The effects of P treatments and incubation period on the
total inorganic P (HFO-Pi + HCO;-P; + OH-P; + conc.HCl-P;
+ conc.H,S0,~P;) (TOT-P;) of Loskop soil

(i) . Analysis of variance

Source of variation d.f.(m.v.)s.s. m.s. F F pr.
PHOSP (P) 13 771096.22 59315.09 7124.82 <.01
INC/PER (I/P) 4 45583.95 11395.99 1368.86 <.01
PHOSP.INC/PER (P.I/P) 52 16789.68 322.88 38.78 <.01
REPS. 2 120.90 60.45 7.97
Residual 138(2) 1148.87 8.32

Total 207 (2) 829352.68

SE = 2.88; Cv = 1.4

(ii) . Table of means

PHOSPH INCUBATION PERIODS (DAYS)
LEVELS
(mg kg™
13 60° 120° 180° 240° Means'®
0 116.82% 117.93%° 122.87° 123.40% 124.44%® 121.09°
5 123.37%° 121.47%° 126.75° 128.63P° 130.90°° 126.22°
10 125.64° 124.69%® 134.08% 131.35°° 136.99° 130.55¢
20 131.41° 129.43°° 141.46° 135.41° 152.11¢ 137.96°
25 138.29°¢ 137.30° 145.62° 152.56% 163.70°% 147.49°
50 151.78% 160.59° 169.56" 180.01° 196.50" 171.69°
75 172.22% 180.80°% 195.92% 197.77" 209.08" 191.16°
100 184.97% 203.51M 217.66" 230.24% 246.41™ 216.56"

125 203.10™ 216.08" 233.90% 240.28' 254.63" 229.60"
150 217.957 229.93" 237.86° 246.90™ 271.647 240.86’
175 221.09% 254.11™ 250.91%™ 261.49"™ 287.35" 254.99"

200 229.93% 265.41° 273.82" 282.75" 294.07° 269.20"
225 242.82™ 284.42% 285.08* 297.40° 322.96" 286.54"
250 249.73™ 290.407° 293.74Y* 311.40% 337.89" 296.63"

Means? 179.22% 194.00° 202.09° 208.54%9 223.48°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P = 3.54, I/P = 2.12,
P.I/P = 7.92] for Means %’ respectively.
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23. The effects of P treatments and incubation period on the
total organic P (HCO;-P, + OH-P, + conc. HC1l-P,)

of Loskop soil

(i) . Analysis of variance

Source of variation d.f. S.s. m.s.
PHOSP (P) 13 18910.03 1454.
INC/PER (I/P) 4 7809.18 1952
PHOSP.INC/PER (P.I/P) 52 3106.74 59.
REPS. 2 0.25 0.
Residual 140 292.51 2.
Total 209 30118.46

SE = 1.45; CV = 3.4

(ii) . Table of means

PHOSPH INCUBATION PERIODS (DAYS)
LEVELS
(mg kg™)
13 603 120° 180°
0 26.13* 28.59%® 30.36° 29.16%®
5 26.21* 29.52% 33_.14P° 29.78%
10 26.86%° 29,723 34,62° 29.56%®
20 28.31% 30.77°° 36.17°¢ 30.57°
25 28.72% 33.49° 37.23%¢ 36,67
50 29.39% 36.65°¢ 40.039 40.73%
75 30.48°> 40.01¢ 40.83% 44.43°
100 31.63° 41.41% 46.39°F 47.41°f
125 31.56°° 45.19%F  47.95%F 49, 38f
150 32.06° 47.51%F  49.31f 50.39f
175 32.40°° 48.19°f 51.68%9 51.55%
200 34.31P° 51.48%9 54.559 56,449
225 37.35°¢ 54.15% 58.49%9" g2.68M
250 37.84%¢ 56.71%9 60.45M 63,720

Means? 30.952 40.96°  44.37°  44.46°

(TOT-P,)
F F pr.
62 696.21 <.01
.29 934.41 <.01
74 28.60 <.01
13 0.06
09
2403 Means?
28.80%° 28.61°
28.86% 29.50°
29.66%° 30.009°
36.09% 32.38°
37.41¢% 34.70°
45.36°%f 38.43¢
49,13f 40.98°
52.43%9 43.85°
55.449 45,909
57.35%" 47.33%"
59.83" 48,730
64.03% 52.16!
66.71%4 55.88
70.343 57.81°%
48 .67¢

N.B. Means with the same superscripts are not significantly

1.77,

different (P = 0.01) LSD (Fisher) [P =

P.I/P = 3.97) for Means %3 respectively.

I/p

1.06,



208

24. The effects of P treatments and incubation period on the
total soil P (Total P; + Total P,) (TOT-P) of Loskop soil

(i) . Analysis of variance

Source of variation d.f. (m.v.) s.s. m.s. F F pr.
PHOSP (P) 13 1.03E+06 7.91E+04 8023.78 <.01
INC/PER (I/P) 4 8.83E+04 2.21E+04 2239.38 <.01
PHOSP.INC/PER (P.I/P) 52 3.25E+04 6.25E+02 63.39 <.01
REPS. 2 1.46E+02 7.28E+01 8.14
Residual 139(1) 1.37E+03 9.85E+00
Total 208 (1) 1.15E+06
SE = 3.14; CcV = 1.3
(ii). Table of means
PHOSPH INCUBATION PERIOD (DAYS)
LEVELS
(mg kg™)
13 603 120° 180° 2403 Means’
0 142.95* 146.52% 153.23° 152.55° 153.24° 149.70°
5 149.57%® 150.99%® 159.88°° 157.41° 157.77°° 155.13°
10 152.50° 154.41° 168.70° 160.91°° 166.65° 160.63°
20 159.72%°¢ 160.19° 177.63% 165.98° 188.20° 170.34¢
25 167.01° 170.79% 182.85% 189.23°F 201.10% 182.20°
50 178.17¢ 197.24f 209.599 220.74" 241.86%3 209.52°
75 202.70% 220.81" 236.75" 242.20" 258.20°  232.13°
100 216.60% 244.923 264.05% 277.65' 298.84" 260.41"

125 234.66* 261.27% 281.85™ 289.66™ 310.07° 275.50%
150 253,083 277.45' 287.17" 297.29" 328.999  288.80
175 253.49%% 298.09" 298.66" 313.04° 347.18% 302.09*
200 264.24% 316.90° 328.37¢ 339.19° 358.11° 321.36%
225 280.18™ 338.57° 343.57° 360.09° 389.67% 342.42"
250 287.57™ 347.11%° 354.19° 375.12% 408.23" 354.44"

Means? 210.17% 234.66° 246.18° 252.93% 272.01°

N.B. Means with the same superscripts are not significantly
different (P = 0.0l1) LSD (Fisher) [P = 3.85, I/P = 2.30,
P.I/P = 8.62] for Means "*? respectively.
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25. An example of Genstat 5 Release 4.1 computer programme
used in the statistical analysis of Rustenburg and
Loskop soils data.

1 JOB 'PHOSPHORUS BINDING IN RUSTENBURG RED CLAY'

2 "ON NETWORK H:\HOME\VICTOR as XRUST.DAT; XRUST.OUT"
3 UNITS [NVALUES=210]

4 FACTOR
[LEVEL=14;LABEL=!T (PO, 'P6.25','P12.5','P18.75"',P25,P50,P75,P100,P125

~

5 P150,P175,P200,P225,P250)] PHOSP

6 FACTOR [LEVELS=5;LABEL=!T(DAY1l,DAY60,DAY120,DAY180,DAY240)] TIME
7 FACTOR [LEVELS=3] REPS

8 OPEN 'A:XRUST.DAT';WIDTH=160;FILETYPE=INPUT; CHAN=4

9 READ [CHAN=4]
BOT, PHOSP, REPS, BL, TIME, HFOPi, HCOPi, OHPi, DHC1Pi, CHC1Pi, HSOPi, \

10 HCOPt, OHPt, CHC1Pt, HCOPo, OHPo, CHC1Po, TOTPo, TOTPi, TOTP

Identifier Minimum Mean Maximum Values Missing
BOT 1.0 105.5 210.0 210 0
BL 1.000 9.257 18.000 210 0
HFOPi 2.19 12.12 43.70 210 0
HCOPi 2.75 16.97 58.13 210 0
OHPi 33.00 68.31 108.00 210 0
DHC1Pi 6.15 17.99 33.00 210 0
CHC1Pi 27.00 74.89 108.06 210 0
HSOPi 49.50 69.86 108.50 210 0
HCOPt 7.00 30.33 75.60 210 0
OHPt 46.80 90.31 143.25 210 0
CHC1Pt 41.00 92.41 138.00 210 0
HCOPo 3.75 13.36 26.50 210 0
OHPo 6.50 21.99 40.38 210 0
CHClPo 10.00 17.52 31.00 210 0
TOTPo 22.96 52.88 87.88 210 0
TOTPi 155.5 260.1 383.7 210 0
TOTP 188.3 313.0 468.0 210 0
Identifier Values Missing Levels
PHOSP 210 0 14
REPS 210 0 3
TIME 210 0 : 5

11 BLOCK REPS.PHOSP.TIME

12 TREAT PHOSP*TIME

13 FOR Y=HFOPi, HCOPi, OHPi, DHC1Pi,CHC1Pi, HSOPi, OHPt,CHC1Pt, \

14 HCOPt, HCOPo, OHPo, CHC1Po, TOTPo, TOTPi, TOTP

15 ANOVA
[PRINT=AOVTABLE, INFO, MEANS, $CV; FPROB=YES; PSE=LSD, MEAN; LSDLEVEL=0.1]
Y\

16 RESIDUALS=RES; FITTEDVALUES=FIT

17 AKEEP TERMS=PHOSP.TIME;VARIANCE=V1

18 CALC ST_RES=RES/ (SQRT (VAR (RES)))

19 GRAPH [NROWS=10;NCOL=25] ST RES;FIT

20 HIST ST _RES

21 PRINT 'TEST FOR NORMALITY'

22 NORMTEST [PRINT=m,s,c] ST RES

23 PRINT 'TEST HOMOGENEITY'

24 VHOMOGENITY [GROUPS=PHOSP] Y

25 VHOMOGENITY [GROUPS=TIME] Y

26 PRINT BOT, PHOSP,REPS, TIME,Y,FIT,ST RES;DECI=4(0),2(3),4;FIELD=11
27 ENDFOR
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APPENDICES I1I

A: RUSTENBURG SOIL

1. The effects of DMT-HFO extractions on the extractable
solution P of Rustenburg soil as influenced by the added

P, and the incubation period.

m.s. F
12541.32 9489.
5650.82 4275.
5266.07 3984
727.86 550.
336.17 254
59.08 44
15.43 11.

1.801
1.32

INCUBATION PERIOD

240°

U1 oy U N

N W JOo

15

(i) . Analysis of variance
Source of wvariation d.f. s.s.
PHOSP (P) 4 50165.28
INC/PER (I/P) 2 11301.64
EX/TIME (E/T) 4 21064.26
PHOSP.INC/PER (P.I/P) 8 5822.84
PHOSP.EX/TIME (P.E/T) 16 5378.68
INCPER.EX/TIME (I.E/T) 8 472.62
PHOSP.INC/PER.EX/TIME 32 493.72
REPS 2 3.602
Residual 150 198.24
Total 224 94897.29
SE = 1.15; CV = 4.7
(ii) . Table of means
ADDED P DMT-HFO
(mg kg™!) EXTRACTIONS (DAYS)
Days 12 120°
0 1 3.22% 3.25%
7 6.24° 5.05%
14 7.77°¢ 6.33°
28 10.70% 7.15"¢
56 12.18° 10.42°¢
Means' 8.01° 6.04°
25 1 7.50° 3.52%
7 11.93% 7.17%¢
14 13.97¢ 12.28%
28 24.47° 17.33°
56 28.50" 23.52%
Means? 17.27¢ 12.76°
50 1 17.92°t 6.97°¢
7 21.00°f 12.83°
14 26.739" 21.12¢
28 31.77* 25.78%
56 38.753 34,474
Means’ 27.23f 20.23°

.85°2

.50
.53
.87P¢
.92k¢

.73%

.30%
.70%
.25
.70°

.40%°

.87°

.27°%°
10.
.25%
20.
25.

92Cd

93f
609"

.59¢

1.

41
70

.57

13

.36
.70

67
37

F pr.
.01
.01
.01
.01
.01
.01
.01

ANANNNNANANA

Means”

WO ooy W

11

10.
14.
21.
26.
32.

.11
.26°
.54°
.24¢
.81

.11P
.27°
.17¢
17.
21.

17°%
474

05Cd
92°¢
03¢
16"
94*



100 1 26.579 11.38% 8.17°¢ 15.37¢

7 35.727 21.52% 15.00% 24.08"
14 45.18% 32.53¢ 19.85°F 32.52°
28 52.68" 42.25% 27.47% 40.80°
56 65.00° 52.83" 36.137 51.32F
Means' 45.03" 32.10° 21.32¢
200 1 46.18" 21.63% 14.62° 27.48"
7 61.50" 36.383 23.13% 40.343
14 72.854 45,301 31.50M 49.88"
28 81.23°F 60.02" 42.08" 61.11*%
56 96.77° 74.739 53.63" 75.04"
Means? 71.713 47.61% 32.99¢9

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.41,
P.I/P.E/T = 3.15, P.E/T = 1.82] for Means!??
respectively

2. The effects of DMT-HFQ extractions on the bicarbonate
extracted inorganic (-HCO3;-P;) of Rustenburg soil as
influenced by the added P, and the incubation period

(i) . Analysis of variance

Source of variation d.f. s.s. m.Ss. F F pr.
PHOSP (P) 4 15679.07 3919.77 5893.11 <.01
INC/PER (I/P) 2 13316.45 6658.22 1.0E+04 <.01
EX/TIME (E/T) 4 1955.77 488.94 735.09 <.01
PHOSP.INC/PER (P.I/P) 8 7903.72 987.97 1485.34 <.01
PHOSP.EX/TIME (P.E/T) 16 836.51 52.28 78.60 <.01
INCPER.EX/TIME (I.E/T) 8 707.47 88.43 132.96 <.01
PHOSP.INC/PER.EX/TIME 32 268.61 8.39 12.62 <.01
REPS 2 0.33 0.16 0.24
Residual 150 99.77 0.67

Total 224 40767.36

SE = 0.82; CV = 6.3



(ii) . Table of means

ADDED P
(mg kg™)

Means!

25

Means!

50

Means!

100

Means!

200

Means!

DMT-HFO
EXTRACTIONS

Days

1
7
14
28
56

14
28
56

14
28
56

14
28
56

14
28
56

N OOy

14.
11.
9.
5.

3

8

20.

18
12

11.

8

14.

33.

27

22.

16
12

22.

69.
48.
45.
38.

27

45

212

INCUBATION PERIOD
(DAYS)

12

.00
. 50°¢
.30
.30
.77%°

L17°

77%9
47°¢

83de
10bC
.65%°

.96°

.83"
.63°F
60ef
.80¢

539

40%
.137
174
.239
.00°%f

19%

80P
27"
17"
oot
.337

.713

12072

oo~ W > N WA B W NN W W W

)

14.
.93%
10.

8.
.20

10

8

10.

23.
19.
14.
12.
.27°

11

16.

.97°%®
.27°%°
.07%
.93%
.60%

.17°%

. 22P¢
L47°C
.10%°
.20%
.93

.18%

. 509
.60
.10Pc
.20%°
.33kc

.75¢

589
30de
934
59°f
02t
770

9719
20°*

25"

2

o B oy~ - W N W W O, N HODNDN

S~ oWwo

18.
14.
13.
11.

9

13.

N.B. Means with the same superscripts are not
(Fisher)

different (P = 0.01)
P.I/P.E/T = 2.24,

respectively.

LSD
P.E/T

1.29]

for Means

40?2 Means?
.80°° 4 .59°¢
L7773 4.18°
.72 3.70%
.67 3.30%
.87°2 2.41°
.572
.27°¢ 8.75¢
.33k 6.76
.33% 5.75°
.00% 3.77°
.30%° 2.96%°
. 65"
.97¢% 12.769
.00 11.14°
.55¢ 8.43%
.50 7.43¢°
.77 6.30%
.36¢
.73¢% 19.57%
.67% 15.91"
.53« 13.679
.60 10.92°f
.80 9.00¢
.67°
80" 37.21°P
33% 27.46"
g3f 24.66"
57° 20.59"
.13¢9e 15.913
539
significantly

[pP.I/P = 1.00,
1,2,3
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3. The effects of DMT-HFO extractions on the hydroxide

extracted inorganic P (-OH-P;) of Rustenburg soil as

influenced by added P and incubation period.

(i) . Analysis of variance

Source of variation d.f.
PHOSP (P) 4
INC/PER (I/P) 2
EX/TIME (E/T) 4
PHOSP.INC/PER (P.I/P) 8
PHOSP.EX/TIME (P.E/T) 16
INC/PER.EX/TIME (I/P.E/T) 8
PHOSP.INC/PER.EX/TIME 32
REPS 2
Residual 150
Total 224

SE = 1.29; CV = 2.5

(ii). Table of means

ADDED P DMT-HFO
(mg kg™') EXTRACTIONS

Days 1°

0 1 30.13°F

7 22.90¢

14 18.58¢

28 14, 77°%¢

56 10.77°2

Means? 19.43°
25 1 32.80%

7 24.,43¢
14 21.33%

28 18.30°

56 11.80%°

Means! 21.73b
50 1 41,700

7 27.00°

14 23.33¢

28 21.77¢

56 14.67°

Means!? 25.69¢

S.s. m.s F F pr.
73527.43 18381.86 1.11E+04 <.01
26171.31 13085.66 7906.32 <.01
21487.28 5371.82 3245.64 <.01
384.32 48.04 29.03 <.01
720.72 45.05 27.22 <.01
367.74 45.97 27.77 <.01
1401.50 43.80 26.46 <.01
9.69 4.85 3.01
248.26 1.66
124308.57
INCUBATION PERIOD
(DAYS)
1207 240° Means®
44.83%Y 55.17% 43.389
35.87¢ 36.509 31.76°
30.83% 31.33% 26.91°¢
25.47% 26.20¢ 22.15°
23.234 21.33« 18.44°
32.05¢ 34.11¢
57.83% 57.98K 49.54"
43,270 40.35" 36.02°
38.109" 34.929 31.45¢
28.80°f 30.77¢ 25.96°¢
25.43% 25.27% 20.83°
38.699 37.86°F
62.10'" 65.67™ 56.49’
47.60’ 46.75" 40.45°
43.90% 42.30M 36.51¢
34,739 34.609 30.37¢
31.03% 30.23°f 25.31°
43.87" 43.91"
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100 1 56.40% 74.17° 74.00° 68.19"
7 42.23™ 59.05' 59.50° 53.59°
14 34.83° 50.90’ 55.38" 47.04°
28 28.33°f 43.93" 50.007 40.75°
56 22.77° 41.83M 43.67™ 36.09°
Means! 36.91°F 53.98% 56.517

200 1 90.47" 100.67° 106.17° 99.10"
7 65.80™ 75.87P9 87.97°F 76.55"
14 58.00x 69.10" 79.251 67.45!
28 48.307 64.97" 69.00" 60.76"
56 42 .27M 56.40% 59.27! 52.65"

Means! 60.67% 73.40* 79.53"

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.58,
P.I/P.E/T = 3.53, P.E/T = 2.04] for Means'?®’>
respectively.

4. Effects of DMT-HFO extractions on the dilute hydrochloric
acid extracted inorganic P (D/HC1l-P;) of Rustenburg soil
as influenced by added P and incubation period.

(i) . Analysis of variance

Source of variatiocon d.f. S.S. m.s. F F pr.
PHOSP (P) 4 5060.68 1265.17 802.95 <.01
INC/PER (I/P) 2 296.67 148.34 94.14 <.01
EX/TIME (E/T) 4 1360.30 340.07 215.83 <.01
PHOSP.INC/PER (P.I/P) 8 343.59 42.95 27.26 <.01
PHOSP.EX/TIME (P.E/T) 16 242.63 15.16 9.62 <.01
INCPER.EX/TIME (I.E/T) 8 55.30 6.91 4,39 <.01
PHOSP.INC/PER.EX/TIME 32 22 .97 0.72 0.46 0.99
REPS 2 5.57 2.78 1.78
Residual 150 236.35 1.58
Total 224 7618.48

SE = 1.26; CV = 10.0



(ii) . Table of means

ADDED P

(mg kg™') EXTRACTIONS

Means

25

Means!

50

Means?

100

Means!

200

Means!?

DMT-HFO

Days

1
7
14
28
56

14
28
56

14
28
56

14
28
56

14
28
56

(G2 RN G RGNS, Be o]

5.9

AN~ oo

13.
10.
9.
9.
8.

10.

15.
13.

10.
11.
10.

12.

20.
17.

14,

14.
13.

215

INCUBATION PERIOD
(DAYS)

.43P
. 952
.20%®
.10%°
.00%°

43

.73P¢
.003®
.75
.073
. 6030

.03P

53°
33bC
40bc
2obc
57bc

21°

509

80Cd
80bC
50bc
87°>°

499

62°

25de
7Ocd
27cd
23cd

. 16.01°

120°

7
6
6
5
4

.723%
.13%°
.00%P
.53
.97°

6.07°

1

oy 1 W

13.
12.
. 43P°
9.
8.

10

11.

16.
15.
.43
12.

14

11

13.

28.
24,
24
20
18.

.92¢
. 43Pc
.80P°
.92%P
.92°%

.00Pe

O7cd
50Cd

23bc
80bc

41Cd

g7
OOcd

53Cd

.07P¢

9gde

939
50f

.67t
.03¢

13de

23.25°

240°

.87b¢
.80°%°
.08°%°
.20%°
.40%

[620e ) IR IR Vo)

7.27%

14.17°
11,43k
9.98%°
9,33
7.77°%

10.54°

18.33¢
14,17
12.72¢
10.30°°

8.80°°

12.86°

22.27°t
16.40¢

14.95°%
12.53
11.67°¢

15.56°

27.53%9
20.52¢
18.78%
16.53¢
14.30°

19.53f

Means?

OO0 oy OY @O

~] @ o wuwiN

14.
12.
10.
10.
.72k¢

18.
15.
.39¢

13

12.
11.

25,
20.
.38f
16.
15.

19

.67°¢
.63%°
.09?
.61°
.12°

.27
.62b°
. 84P¢
.11P
.10%

98de
33Cd
85°
58°¢

21¢t
O7de

19Cd
20°

699
76f

94°¢
22de

N.B. Means with the same superscripts are not significantly
different (P
P.I/P.E/T = 3.44, P
respectively.

0.01)

LSD
.E/T

(Fisher)

1.99]

for Means

[P.I/P = 1.54,

1,2,3



5. The effects of DMT-HFO extractions on the concentrated
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hydrochloric acid extracted inorganic P (C/HCl1l-P;) of
Rustenburg soil as influenced by added P and incubation

period.
(i) . Analysis of variance
Source of variation d.f. S.S.
PHOSP (P) 4 13994.08
INC/PER (I/P) 2 6244.70
EX/TIME (E/T) 4 5914.42
PHOSP.INC/PER (P.I/P) 8 2392.25
PHOSP.EX/TIME (P.E/T) 16 165.35
INC/PER.EX/TIME (I/P.E/T) 8 903.07
PHOSP.INC/PER.EX/TIME 32 293.83
REPS 2 2.65
Residual 150 257.17
Total 224 30164.87
SE = 1.31; CV = 2.4
(ii) . Table of means
ADDED P DMT-HFO INCUBATION
(mg kg™') EXTRACTIONS (DAYS)
Days 1° 120°
0 1 48 .33¢ 51.279%
7 41 .,27%° 43,33F°
14 40.53° 41.77°¢
28 38.60% 38.93%
56 35.77°2 35.832
Means! 40.90° 42 .23%
25 1 50.60% 52.53%f
7 43.67°¢ 46.27%
14 43.60°° 43.20°¢
28 40.20° 41,53°°
56 37.07% 37.33%
Means' 44.18° 46.75°
50 1 51.20% 55.40°t
7 45.53°% 49.00%
14 44 ,53°¢ 45,93
28 41,33%¢ 42 .87
56 38.33% 40.53°
Means' 44,18° 46.75°

F

3498.
3122.
1478.
299.
10.33
112.88
.18
.33
1.71

61
03

PERIOD

240°

58.70%
50.00¢
46.60
40.60°
38.27%
46.83¢
00°
90ef
49,.37%
46.67%
42 .,27°¢

60.
53.

53.21¢

40"
07°f
33de
27de
Oocd

64.
56.
51.
49.
45.

53.21¢

52 2040.
35 1821.
g862.
174.
6.
65.
5.
0.

61
20
44
42
03
84
36
77

F pr.

.01
.01
.01
.01
.01
.01
.01

AANANANNANAN

Means®

52.
44.
42.
39.
.62°

36

54,
47.
45,
42,
.89°

38

57.
50.
47.
44,
41.

777
g7
97cd
38bc

389"
95°

39de
80Cd

ooh
20°f
26°
49¢
29°¢



100 1 52.00¢

7 48.53%

14 46.80°

28 43.60°°

56 42, 47%¢

Means! 46.68°
200 1 54 .67°t

7 54,20°f

14 53.53¢F

28 52.67°t

56 49.879%

Means! 52.999
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61.
54.
53.
47.
45.

52.

76.
13.
71.
68.
65.

1.

179"
67ef
4 Oef
Oocd
g7

424

607
873
204
20t
g3hi

16°f

76

62.
59.

53

48.

59.

95.
86.

81

76.

71

82

. 307
939h
00f9
.00°f
Oocd

85°¢

go"
10t
.60k
673
674

.37°

63.
55.
53.
47.
45.

75.
1.
68.
65.
62.

16t
38"
07¢
87¢
4 5de

69"
39t
78k
857
49*

N.B. Means with the same superscripts are not significantly
(Fisher)

different (P = 0.01) LSD
P.I/P.E/T = 3.59, P.E/T

respectively.

6. The effects of DMT-HFO extractions on the concentrated
sulphuric acid extracted residual P (H,S0,-P;) of

= 2.07]

[P.I/P = 1.60,

for Means!?3

Rustenburg soil as influenced by added P and incubation

period.

(i) . Analysis of variance

Source of variation d.f.
PHOSP (P) 4
INC/PER (I/P) 2
EX/TIME (E/T) 4
PHOSP.INC/PER (P.I/P) 8
PHOSP.EX/TIME (P.E/T) 16
INC/PER.EX/TIME (I/P.E/T) 8
PHOSP.,INCPER.EXTIME 32
REPS 2
Residual 150
Total 224

SE = 1.41; CV = 2.4

17977.
7174.
8076.
4797.

520.
482.
568.

.98

297,
39894.

67
57
88
12
13
38
24

16
15

4494
3587.
2019.
599.
32.
60.
17.

8.
.25

F

.42 2268.
28 1810.
22 1019.
64 302.
52 16.
30 30.
76

.49 0
.98

72
81
28
69
41
44
96

F pr.

.01
.01
.01
.01
.01
.01
.01

ANNANNANANA



(ii) . Table of means

ADDED P

(mg kg™') EXTRACTIONS

Means

25

Means!

50

Means!

100

Means!

200

Means?

DMT-HFO

Days

1
7
14
28
56

14
28
56

14
28
56

14
28
56

14
28
56

56.
39.
36.
.42P
26.

30

37.

59,
44.
38.
. 83Fc
28.

31

40

61.
.67f
43,
37.
31.

47

44

67.

51

43

50.

69.
.67h
55.
53.
.90¢°t

59

46

12
67"
33¢
03Cd
08*®
718
92*
50€f
17Cd

256b

.53°

724

40°
67Cd
20°

.33°

g3k

.759
50.
.25°
36.

779
50cd
02°
83"

g3h
g39n

57.23°
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INCUBATION PERIOD

(DAYS)

120°

58

33

42

60.
49,
45.
38.
33.

45

68.
.589"
49.
44,

54

36.

50

79.
67
61
50.
45

61.

92.
85.
7.
70.
66.

8.

. 42ht
45.
40.
.88Pc
31.

67°*
75de

33°

.01°

924
759
13°f
02Cd
92bc

.55°¢

67

77%9
30ef
52¢d

.77°

08!

. 907k
.45%

9g8f9

.60°f

oo

67"
go™
50!
23%
423x

523

2402

60.
50.
48,
40.
35.

47

68.
58.
56.
48
43.

55

76.
64
59.
52.
47

60

91.
78
71.
64.
58

75.

11s6.
103.
96.
88.
86.

8343
6759
17%
40de
25¢

.06¢

133k
83"
92hl

.33%

33°

.11f

25%

.673

42hi
739"

.75¢

.16"

oo"

.33!

83"
337

.920

ggt

13
251
35P
67mn
oo™

98.08"

Means

58.
45,
41.
. 90"
30.

34

62.
51.
46.
39.
35.

68.
55.
50.
44.
.49°

38

79.
. 997
61.
52.
47.

65

92.
82.
76.
70.
.447

66

64"
22°
659

89°

9ol
03f
74¢
39¢
17°

g8k
649
86t
90°

30"

35t
85°f
01°®

88P
91"
59*
91k

N.B. Means with the same superscripts are not significantly
different (P

respectively.

0.01)
P.I/P.E/T = 3.86,

LSD
P.E/T

(Fisher)
= 2.23]

for Means

(P.I/P = 1.72,

1,2,3
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7. The effects of DMT-HFO extractions on the bicarbonate
extracted organic P ((-HCO;-P,) of Rustenburg soil as
influenced by added P and incubation period.

(1) . Analysis of variance

Source of wvariation

PHOSP (P)
INC/PER (I/P)
EX/TIME (E/T)

PHOSP.INC/PER (P.I/P)

PHOSP.EX/TIME
INC/PER.EX/TIME

REPS
Residual
Total

SE = 0.93;

(ii) . Table of means

ADDED P

Days

0 1
7
14
28
56

Means
25 1

14

28

56

Means
50 1

14

28

56

Means?

(I/P.E/T)
PHOSP.INC/PER.EX/TIME

DMT-HFO
(mg kg™') EXTRACTIONS

9.4

1594.35
369.16

.1786.47

136.44
123.68

47.90
150.94

128.67
4337.61

398.59
184.58
446.62

17.06

.99
72
.72
.86

[l BTSN E)

INCUBATION PERIOD

.50%
.50%
.97
.37
.132

R B R W

3.89°

.60°
.70
. 40P°
.23
.22%p

N Wb b

5.23°

12.27°¢
5.50"
4,20
3.13%
2.40%

5.50°

(DAYS)

120°

.03¢

.33
.50°d
.00re
.28k¢

& 01T oY 1 W0

.43°

)

.45%
.35¢%
.90
.97
. 80P°

&> U1 oy 0 O

7.29°

.33t
. 979
.47
.63
.50

A~ 0O N

8.984

240°

.90%
.70%¢
.00%°
.87P°
.508%°

N W 0o

4.598p

9.40%
7.00
5.67%
4,43
3.80°

6.06°°

11.60°
8.88
6.78°
5.50°°
4,40

7.43°

464.
215.
520.
.88
.01
.98
.50
.04

’_l
N G oy 0w

68
19
67

F pr.

.01
.01
.01
.01
.01
.01
.01

ANNANNNANANA

Means®

W oY O N Wb 0w

> T Y 0N

.14
.51%¢
.16
.41%
. 642

.84t
.68
.66°
. 54P¢
. 6130

.07%9
L1209
.48
. 42°¢
.43P¢
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100 1 12.50°%f 14.92°F 12.27°f 13.23¢
7 7.77°% 11.57% 10.33% 9.89°f
14 6.50°° . 9.77% 9,30% 8.529%
28 5.17°¢ 8.47% 7.53% 7.06°¢
56 3.87°¢ 7.63 6.67% 6.06%
Means® 7.16° 10.47¢° 9,22¢
200 1 13.53°f 17.259 14.20° 14.99"
7 9.37% 14.03°f 11.67°F 11.69°
14 7.40° 12.47°f 10.67% 10.18°
28 6.40°¢ 10.13% 9.50% 8.68%
56 5.27%¢ g.73c g.18° 7.39¢°
Means'® 8.39¢ 12.52° 10.84°

N.B. Means with the same superscripts are not significantly
different (P = 0.001) LSD (Fisher) [P.I/P = 1.14,
P.I/P.E/T = 2.54, P.E/T = 1.46] for Means'?’
respectively.

8. The effects of DMT-HFO extractions on the hydroxide
extracted organic P (-OH-P,) of Rustenburg soil as
influenced by added P and incubation period.

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 4 3733.95 933.49 533.54 <.01
INC/PER (I/P) 2 682.17 341.09 194.95 <.01
EX/TIME (E/T) 4 1213.40 303.35 173.38 <.01
PHOSP.INC/PER (P.I/P) 8 613.06 76.63 43,80 <.01
PHOSP.EX/TIME (P.E/T) 16 45,17 2.82 1.61 0.71
INC/PER.EX/TIME (I/P.E/T) 8 175.11 21.89 12.51 <.01
PHOSP.INC/PER.EX/TIME 32 90.58 2.83 1.62 0.29
REPS 2 5.48 2.74 1.58
Residual 150 262.44 1.75

Total 224 6815.87

SE = 1.32; CV = 8.0



(ii) . Table of means

ADDED P
(mg kg™)

Means

25

Means!

50

Means!

100

Means!

200

Means!

DMT-HFO
EXTRACTIONS

Days

1
7
14
28
56

14
28
56

14
28
56

14
28
56

14
28
56

12

. 97%¢
.63%
. 553
.00%°
.10

O~ YN

8.85%

13.17°°
10.90%°
9,33%
8.00°°
7.53%

9.79%

14.03¢

11.67°¢

10.00P¢
9.53%
9.00%

10.85%¢

14.80°
12.90%°
11.50°S
10.00°°

9.50%

11.74k¢

15.30%
13.13%°
13.17%¢
12.53F¢
11.83%¢

13.19<

221

INCUBATION PERIOD

(DAYS)

120°

12.
10.
9.
8.
.83%

6

9.

13.
12.
11.

9.
.50%

8

11.

14.
13.
12.
11.
10.

12.

18.
15.
13

11.

14.

25.
20.
18.
16.
14.

37%0¢
28bc
373b
07

38ab

63°

37k¢
g7
93bc

) 6bC

23cd
1Obc
3Obc
4Obc
23

25°¢

60°
88cd

.30P¢
13.

oobc
50bc

461

20°
33¢
23¢
1Ocd
6Ocd

18.89°

2402

AW o

. 75P¢
.23%
.20%
.92
.80%°

8.58?

12.
10.
10.
9.
8

g2°°
95bc
62bc
77°

.43%

10.52°

13.
12.
11.
10.

9.

63°

75bc
3Obc
50bc
57ab

11.55%¢

15.
13.
12.
11.
10.

33cd
45°¢

15bc
47bc
50bc

12.58<

17.
15.
13.
12.
11.

80°
50cd
68°
93bc
OObc

14.18¢

Means®

oy~ 0w N

13.
11.
10.
.23P¢
.15%

13.
12.
.20
10.
.60

11

16.
14.
.32¢
.49¢
10.

12
11

19.
16.
.03¢
13.
12.

15

.03cd
.71k¢
.71°
.66
.58°

21¢
41cd
61°

964
51cd

48°¢

24¢
08¢

50°

43°
32°¢

85¢
48Cd

N.B. Means with the same superscripts are not significantly
different (P = 0
P.I/P.E/T = 3.63
respectively.

.01) LSD
 P.ET

(Fisher)

2.09]

[P.I/P = 1.62,
for Means!?

3
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9. The effects of DMT-HFO extractions on the concentrated
hydrochloric acid extracted organic P (C/HC1l-P,) of
Rustenburg soil as influenced by added P and incubation

period.

(i) . Analysis of variance

Source of variation

PHOSP (P)

INC/PER (I/P)
EX/TIME (E/T)
PHOSP.INC/PER (P.I/P)
PHOSP.EX/TIME (P.E/T)

INC/PER.EX/TIME (I.E/T)

PHOSP.INC/PER.EX/TIME
REPS

Residual

Total

SE = 1.04; CV =
(ii). Table of means

ADDED P DMT~HFO
(mg kg™') EXTRACTIONS

Days

0 1
7
14
28
56

Means'
25 1
14
28
56
Means'
50 1
14
28
56

Means!

d.

.8

B OOy~ @ Sk W GG -l o Wb B 1

(o)

. 00Pe
.47°
.50%
.00
.27%

.85%

.30¢
.67b¢
.00%
.40%
.47

.173%

.20k
.13k
.00P°
.50°

.83%

.33¢

1093.
356.
380.

.02

128

41.
35.
64.
.32

163.
2263.

23
05
49

32
86
62

47
06

INCUBATION PERIOD

(DAYS)

120°

.Q7Pe
.73%
.55
.63%
.57°2

N Wb b~

.51°

1.9

. 60k
.03
.17%
.53%
. 53¢

o U oY

.97°

()]

. 53¢

.23P¢
.27%¢
.07
. 57°¢

oy OV O 1

6.73"¢

24072

.77°¢
.67
.50%
.97%
.27%

w wd 00

.04°P

()]

.52°¢

.03b°
.0o"e
.33%
.23%

S OV Oy N

.22P

o))

.70°¢
.87°

.57°¢
.73P¢
.93

0oy -1 W

7.70°

F

.31 250,
.03 163.
.12 87.
.00 14.
.58 2
.48 4
.02 1
.66 0
.08

79
36
29
68

.37
.11
.85
.60

F pr.

.01
.01
.01
.01
0.04

ANNNANA

0.07

Means®

.28
.29P¢
.52%
.87%®
. 042

W wd 0

.81¢d
.24P°¢
.39b¢
.75°
.74°

B OV 0y

.81¢%
.64
.61°

.77°¢
5.78°

0oy 1 @
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100 1 8.67° 10.10% 12.354 10.37¢
7 7.47°° 8.27°° 10.37¢ 8.70¢
14 6.00°° 7.27°° 9.47% 7.58°
28 6.07° 6.33P¢ 8.33% 6.91°
56 5.28% 6.03P° 7.27°% 6.19°°
Means? 6.70°¢ 7.60° 9.56¢
200 1 9.70% 12.37¢ 13.53¢ 11.87¢
7 7.90°° 9,83 11.77¢ 9,83%
14 7.60°° 9.13¢ 10.40% 9,04¢%
28 6.50°¢ 8.00"° 9.60% 8.03¢
56 6.13kc 6.67°° 9.03°% 7.28¢
Means! 7.57°¢ 9.20¢ 10.87¢

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.28,
P.I/P.E/T = 2.86, P.E/T = 1.65] for Means!'?-3
respectively.

10. The effects of DMT-HFO extractions on the extracted total
organic P (TOT-P,) of Rustenburg soil as influenced by
added P and incubation period.

(1) . Analysis of variance

Source of variation d.f. (m.v.) S.s. m.s. F F pr.
PHOSP (P) 4 18063.21 4515.80 1353.50 <.01
INC/PER (I/P) 2 364.81 182.40 54.67 <.01
EX/TIME (E/T) 4 9253.74 2313.44 693.39 <.01
PHOSP.INC/PER (P.I/P) 8 1854.41 231.80 69.48 <.01
PHOSP.EX/TIME (P.E/T) 16 79.33 29.96 8.98 <.01
INC/PER.EX/TIME (I/P.E/T)S8 235.29 29.41 8.82 <.01
PHOSP.INCPER.EXTIME 32 646.83 20.21 6.06 <.01
REPS 2 8.38 4,19 1.26
Residual 149(1) 497.12 3.34

Total 223 (1) 31015.26

SE = 1.83; CV = 4.9



(ii) . Table of means"
ADDED P DMT-HFO -
(mg kg™') EXTRACTIONS
Days 12
0 1 39.47¢
7 31.60%
14 26.52F¢
28 23.17°
56 21.30%
Means! 28.41°
25 1 41.07°
7 35.279%
14 31.13°
28 28.23°
56 25.22F°
Means'® 32.189
50 1 43.50°f
7 37.30%
14 34,879
28 33.47¢
56 27.77°¢
Means! ‘ 35,38°
100 1 44,97%
7 41.13¢%f
14 37.00%
28 36.60%
56 32.38%
Means® 38.42°
200 1 48 .53%9
7 46.40%
14 43.17°¢
28 40.93°f
56 36.23¢%
Means! 43.05°

224

INCUBATION PERIOD

(DAYS)
120% 240°
28.47% 31.42%
24.15%¢ 28.60%
24.40°° 25.20°¢
19.40°% 23.75"
17.68° 20.57%®
22.82° 25.91°
38.68° 38.73°
32.75% 31.38%
32.23% 30.62%
25,17 26.43°°
22.43% 23.57°
30.25% 30.15°%
44 .10°f 45.93%
39.30°f 41.508%¢
34.03% 36.65%
30.07% 31.73%
25.30°° 27.40°°
34.56° 36.64°%¢
54.62" 59,95%
47.72% 49.459
43,33t 42.92°f
37.80% 38.33¢%
28.57¢< 32.43%
42.41¢ 44 .629
69.82’ 72.53
63.20* 61.93%
54.83" 56.53"
49,23¢ 48.03%9
42.00°t 39.52°f
55.82" 55.71"

33.
28.
25.
22.
19.

39.
33.
31
26.
23.

44
39.

35.

31.

26.

53.

46.
41

63.
57.
.51k

51

46.
39.

Means3

lzde
12°¢
37
1lab
g5°

49t
139

.33¢

61bC
74°

.51¢

37°f
18¢®
76
82°¢

18t
109

.08t
37.
31.

58ef
13¢

63"
18’

079
25t

N.B. Means with the same superscripts are not significantly
(Fisher)

different
P.I/P.E/T

(p = 0.01) LSD
= 5.01, P.E/T

respectively.

= 2.89]

[P.I/P = 2.24,
for Means

1,2,3
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11. The effects of DMT-HFO extractions on the extracted total
inorganic P (TOT-P;) of Rustenburg soil as influenced by
added P and incubation period.

(i) . Analysis of variance

Source of variation d.f.(m.v.) S.S. m.s. F F pr.
PHOSP (P) 4 884304.60 221076.15 3.64E+04 <
INC/PER (I/P) 2 15109.24 7554.62 1244.99 <
EX/TIME (E/T) 4 62779.61 15694.90 2586.50 <
PHOSP.INC/PER (P.I/P) 8 2621.83 327.73 54.01 <.
PHOSP.EX/TIME (P.E/T) 16 1654.24 103.39 17.04 <
INC/PER.EX/TIME 8 987.15 123.39 20.34 <
PHOSP.INCPER.EXTIME 32 1745.25 54,54 8.99 <
REPS 2 35.46 17.73 3.00
Residual 149 (1) 904.13 6.07
Total 223(1) 957442 .83
SE = 2.46; Cv = 1.1
(ii) . Table of means
ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™*) EXTRACTIONS (DAYS)
Days 12 120° 2402 Means’
0 1 151.8°¢ 169.5M 190.2j5 170.489
7 142.2¢ 160.39 170.20 157.58°
14 125.4°¢ 145. 3% 155.1°%9 141.93°
28 116.9° 128.9% 132.9¢ 126.24°
56 106.0°% 116.4° 125.0° 115.81°
Means! 128.5° 144.1° 154.7°¢
25 1 180.3Y  193.9%  204.9" 193.03’
7 165.0%9" 179.4%4 189. 6% 177.97"
14 150.7¢ 167.6" 175.8% 164.68°
28 144,0°¢f 155.8% 156.7% 152.16°
56 137.9¢% 143.0° 152.3f 144.42°
Means'’ 155.6° 168.0¢ 175.8°
50 1 209.9° 220.7" 245.9% 225.48"
7 191.4% 204.1%" 222.6" 206.02%
14 191.0" 200.3'""  209.6" 200.28"
28 168.3" 184,17 197.8t 183.43*
56 159. 3¢ 185,73 194.2% 179.73"
Means? 184.0°¢ 199.0°¢ 214.0"

.01
.01
.01

01

.01
.01
.01
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100 1 261.7° 259.2°% 280.5° 267.144
7 252 .2F 247.9% 263.8° 154.62%
14 234,5P 250.09% 244 .69 243.04°
28 224 . 6" 225.6" 244 .99 231.72"
56 225,97 232.4P 237.2P 231.83"
Means' 239,8t 243.07 254 ,2%
200 1 342.6% 329.5% 351.1Y 341.04°
7 331.7" 331.2" 337.3% 333.39¢
14 309.2Y 315.77 326.8" 317.23"
28 302.3¢ 303.7% 311.5" 305.82°
56 295,48 295,9¢ 302.0¢ 297.75°F
Means! 316.21 315,21 325.7"

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 3.02,
P.I/P.E/T = 6.75, P.E/T = 3.90] for Means!??3
respectively.

12. The effects of DMT-~-HFO extractions on the extracted total
soil P (TOT-P) of Rustenburg soil as influenced by added
P and incubation period.

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 4 1.16E+06 2.89E+05 7.92E+04 <.01
INC/PER (I/P) 2 2.02E+04 1.01E+04 2769.64 <.01
EX/TIME (E/T) 4 1.20E+05 3.00E+04 8216.00 <.01
PHOSP.INC/PER (P.I/P) 8 8.31E+02 1.04E+02 28.47 <.01
PHOSP.EX/TIME (P.E/T) 16 1.09E+03 6.80E+01 18.66 <.01
INC/PER.EX/TIME(I/P.E/T) 8 1.63E+03 2.03E+02 55.79 <«.01
PHOSP.INC/PER.EX/TIME 32 1.59E+03 4.98E+01 13.66 <.01
REPS 2 1.09E+01 5.47E+00 1.51
Residual 150 5.47E+02 3.65E+00

Total 224 1.30E+06

SE =1.91; CV = 0.8
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(ii) . Table of means

ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™') EXTRACTIONS (DAYS)
Days 12 1202 24072 Means?®
0 1 191. 3% 197.9% 221.6° 203.609
7 173.8™  184.5'%  198.8" 185.70°
14 151, 9°f 169.7" 180.3%4 167.31°
28 140.1° 148.3° 156.7°F 148.34P
56 127.3% 134.1° 145.6¢ 135.662
Means! 156.92 166.9° 180.6°
25 1 221.4° 232.6% 243.6° 232.533
7 200.3* 212.1" 220.9° 211.10"
14 181.87  199.9 206.4" 196.01°
28 172.2™  181.0  183.1°* 178.77¢
56 163.19 165. 59" 175, 9% 168.16°
Means' 187.7¢ 198.2° 206.0f
50 1 253.4° 264.8% 291.8% 169.99°
7 228,74 243.4° 264.1" 245.38%
14 225, 9Pd 234, 3°F 246.2° 235.47
28 201.8'" 214.2" 229.6% 215.18*%
56 187.1k 211.0™ 221.6° 206.579
Means' 219.49 233.5" 250.7%
100 1 306.7Y 313,097 340.45¢ 320.329
7 293.,3% 295. 6% 313.3? 300.72°
14 271.6" 293.4% 287.5" 284.12"
28 261.2" 263.4" 283.3" 269.30"
56 258.3%™ 261.0¢ 269.6Y 262.96%
Means'® 278.21 285, 4% 298.8*
200 1 391.1° 399.37 423.6% 404.67°
7 378.1¢ 394 .4° 399.27 390.57¢
14 352,3P 370.6F 384. 1" 368.99"
28 343.2° 352.9° 359.6° 351.89°
56 331.6" 337.98 341.58¢ 337.00°%
Means® 359.3" 371.0" 381.6°

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 2.34,
P.I/P.E/T = 5.23, P.E/T = 3.02] for Means!?3
respectively.



B: LOSKOP SOIL
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13 The effects of DMT-HFO extractions on the extractable
solution P of Loskop soil as influenced by the added P,
and the incubation period.

(i) . Analysis of variance

Source of variation d.
PHOSP (P) 4
INC/PER (I/P) 2
EX/TIME (E/T) 4
PHOSP.INC/PER (P.I/P) 8
PHOSP.EX/TIME (P.E/T) 16
INC/PER.EX/TIME (I/P.E/T) 8
PHOSP.INC/PER.EX/TIME 32
REPS 2
Residual 150
Total 224

SE = 1.24; CV = 3.3
(ii) . Table of means

ADDED P DMT-HFO
(mg kg™') EXTRACTIONS

Days 1°

0 1 6.30%

7 8.42°

14 10.50°°

28 12.75°
56 14.70%

Means' 10.53°
25 1 13.93%

7 20.50°

14 24.03f

28 32.25"

56 35.97%

Means*® 24.94°
50 1 27.38%

7 30.17gﬁ

14 35.58™

28 40.35%

56 45, 65%

Means! 35.83°

f. s.s. m.s. F F pr.
112882.98 28220.75 1.85E+04 <.01
6665.50 3332.75 2184.57 <.01
24763.29 6190.82 4057.99 <.01
3948.59 493.57 323.53 <.01
8796.72 549.80 360.38 <.01
390.61 48.83 32.00 <.01
642.11 20.07 13.15 <.01
7.98 3.99 2.67
228.84 1.53
158318.63
INCUBATION PERIOD
(DAYS)
1207 240° Means’
5.228° 4.13° 5,222
6.72°%° 5.822% 6.99%°
7.72° 6.50% 8.24°
9.30P¢ 8.55° 10.20°
12.20°¢ 12.17° 13.02¢
8.232 7.432
12.63° 10.13%¢ 12.239
16.779 14.80° 17.36°
22.22°% 17.67°% 21.31°
26.88% 24.17°F 27.77"
32.87M 27.759 31.533
22.27¢ 18.90°
16.72¢ 13.43% 19.18f
22.53°%F 20.85°° 24.52"
26.52% 25.83%9 29.31%
32.40" 30.50%" 34.42"
42 .03k 38.58% 42 .09™
28.04°F 25.84°



229

100 1 46.68" 24.27¢ 18.73% 29.893
7 53.67" 32.870 33.43M 39.99*
14 60.05™ 43.42" 40.33%% 47.93"
28 71.05°% 58.53" 56.50™ 62.03P
56 77.53°%¢ 71.67°F 63.17° 70.79¢
Means'® 61.803 46.15% 42.43"
200 1 67.221 39.633 35.20M 47.35"
7 80.17"¢ 54.37" 49,63% 61.39°
14 92.80" 70.17%F 60.50™ 74.49"
28 102.50" 88.43" 76.17° 89.03°
56 115.87Y 108.50% 92.00* 105.46"°
Means'® 91.71% 72.22k% 62.707

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.51,
P.I/P.E/T = 3.39, P.E/T = 1.95] for Means“*?>
respectively.

14. The effects of DMT-HFO extractions on the bicarbonate
extracted inorganic P (-HCO;-P;) of Loskop soil as
influenced by the added P,. and the incubation period

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 4 36593.89 9148.47 1.01E+04 <.01
INC/PER (I/P) 2 3735.67 1867.84 2066.95 <.01
EX/TIME (E/T) 4 5335,72 1333.93 1476.13 <.01
PHOSP.INC/PER (P.I/P) 8 1708.39 213.55 236.31 <.01
PHOSP.EX/TIME (P.E/T) 16 2081.44 130.09 143.96 <.01
INC/PER.EX/TIME (I/P.E/T) 8 1151.70 143.96 159.31 <.01
PHOSP.INC/PER.EX/TIME 32 644.78 20.15 22.30 <.01
REPS 2 5.36 2.68 3.05
Residual 150 135.55 0.90

Total 224 51387.16



(ii) . Table of means

ADDED-P
(mg kg™)

Means

25

Means

50

Means?

100

Means!?

200

Means!?!

DMT-HFO
EXTRACTIONS

Days

1
7
14
28
56

14
28
56

14
28
56

14
28
56

14
28
56

12

12.27%

12.00°%
9.07¢
7.47°
5.80"%

9.32°

18.87%

14.43°¢

12.00%
8.57¢%
7.57¢

12.29¢

25.00M
22.77"
16.50°
13.27¢
9,17«

17.34°F

42.73™
33.133
28.30%

20.50%9"
15.33¢%f

35.007

78.009
58.77°
50.47"
43,53"
26.83%

51.521%

230

INCUBATION PERIOD
(DAYS)

1202

11
"10

5

7

13.
11.
.53%
.28¢
.23P

20.
.33¢°f
13.
10.

8.

15

13

35.
L7770
20.
15.
. 939

24

11

24.

56.
46.
.93%
32.
28.

40

40.

.27%
.47¢
7.
. 90P°
3.

80°

27ab

.74P

57°¢
Oode

.12¢

g79h

009
97de
10

.65°

47k
139
07°t
27"

33F
10"

707
07}

g3~

2402

w [ N IS Vo)

w s o YwN

14.
. 939
.679%
7.
5.

12
10

10.

22.
.55t
13.

16

11.
8

19.

44,
32.
27.
21.
17.

.60%
.77°
.50
.33F
.532

.95°

.43%
.67
.33
.83kc
. 638

.78°

1 3ef
53¢
83bc
22°
109"

77¢
07de

.53

40*

83"
55
431
939"
23t

28.79%

Means?

11.
10.
.79°¢
. 9QFe
.53

14.
11.
.95¢
.89°¢
.14P

20.
.01h

17

13.
10.
.70°

33.
.823
20.
15.
.93¢ef

24

11

62.
48.
43,
38.
.71k

32

04de
089

969
70¢

00*

39°
5 9de

43X

734
559n

06P
47"
61"
06!

N.B. Means with the same superscripts are not significantly
different (P = 0
P.I/P.E/T = 2.61

.01) LSD
;, PE =

(Fisher)

1.50]

for Means

[P.I/P

1,2,

=1.17,
respectively.

3
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15. The effects of DMT-HFO extractions on the hydroxide
extracted inorganic P (-OH-P;) of Loskop soil as

influenced by added P and incubation period.

(i) . Analysis of variance

Source of variation d.f. s.s. m.s. F F pr.
PHOSP (P) 4 58740.55 14685.14 1.12E+04 <.01
INC/PER (I/P) 2 3828.98 1914.49 1459.83 <.01
EX/TIME (E/T) 4 10806.55 2701.63 2060.04 <.01
PHOSP.INC/PER (P.I/P) 8 1176.93 147.12 112.18 <.01
PHOSP.EX/TIME (P.E/T) 16 1029.49 64.34 49.06 <.01
INC/PER.EX/TIME (I/P.E/T) 8 610.72 76.34 58.21 <.01
PHOSP.INC/PER.EX/TIME 32 658.17 20.57 15.68 <.01
REPS 2 10.87 5.44 4.33
Residual : 150 196.72 1.31
Total 224 77048.09
SE = 1.15; CV = 2.9
(ii) . Table of means
ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™!') EXTRACTIONS (DAYS)
Days 12 1202 240° Means?
0 1 - 25.33% 29,13 32.93% 29.13°
7 20.83¢ 25.13% 28.87¢ 24.94¢
14 19, 45b¢ 21,43 25,320 22.07¢
28 15.93°% 19.27%¢ 21.60% 18.93°
56 13.40° 17.57° 19.30° 16.76°
Means! 18.99° . 22.51° 25.60°
25 1 28.13° 33.27% 35.109 32.179
7 24,13¢ 27.67° 32.27% 28.02f
14 22.07¢ 23.60% 28.98°¢f 24.88°
28 18.13% 21.10« 23.45 20.89¢
56 14,72% 18.75%¢ 20.60 18.02°%
Means'’ 21.44" 24 .88¢ 28.08¢
50 1 31.77¢ 36.93%" 41.10M 36.60°
7 28.30° 32.27% 35.00° 31.86"
14 25.83% 29.97¢°t 31.75° 29.18°¢
28 . 22.67% 26.93% 28.50¢ 26.03¢
56 20.82°¢ 22.57% 24.63% 22.67°

Means? 25.88° 29.73% 32.20f



232

100 1 37.20%" 47.00" 56.30% 46.83’
7 32.90% 40.63" 48.537 40.69"
14 29.50°¢f 38.43" 44.00% 37.319
28 25.77°% 33.67% 36.78%" 32.07¢
56 22.00% 29.25¢° 32.63% 27.96°
Means; 29.47¢ 37.809 43.65"
200 1 65.93™ 78.609 86.53F 77.02"
7 62.70" 67.43" 73.20° 67.78"
14 56.07" 59.77* 63.53" 59.79*
28 49.80’ 51.07%% 54.07% 51.65"
56 39.45" 46.20% 46.83%9 44 .16
Means! 54.79% 60.61° 64.83"

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.40,
P.I/P.E/T = 3.14, PE = 1.81] for Means!??® respectively.

16. Effects of DMT-HFO extractions on the dilute hydrochloric
acid extracted inorganic P (D/HC1l-P;) of Loskop soil as
influenced by added P and incubation period.

(i) . Analysis of variance

Source of variation d.f. S.S. m.s. F F pr.
PHOSP (P) 4 1746.35 436.59 446.54 <.01
INC/PER (I/P) 2 203.34 101.67 103.99 <.01
EX/TIME (E/T) 4 562.35 140.59 143.79 <.01
PHOSP.INC/PER (P.I/P) 8 51.51 6.44 6.59 <.01
PHOSP.EX/TIME (P.E/T) 16 134.13 8.38 8.57 <.01
INC/PER.EX/TIME (I/P.E/T) 8 23.34 2.92 2.98 0.04
PHOSP.INC/PER.EX/TIME 32 40.40 1.26 1.29 0.15
REPS 2 1.13 0.56 0.57
Residual 150 146.66 0.98

Total 224 2908.09
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(ii) . Table of means

ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™') EXTRACTIONS (DAYS)
Days 12 1202 2407 Means?®
0 1 6.13%® 6.40% 6.65%° 6.39°
7 4,872 5.773% 6.302 5.65%
14 4.72% 5.55% 5.60% 5.29%
28 4,503 5.33% 5.50% 5.11%
56 4.30°2 4,473 5.30% 4.69°
Means! 4.90° 5.503 5.87%
25 1 7.90°¢ 8,47 g.13bkc 8.50°
7 6.80% 8.27%¢ 7.63b¢ 7.57°¢
14 6.47%° 7.10° 7.47°¢ 7.01°¢
28 5.32% 6.13%° 6.93% 6.13%
56 4.93% 5.27% 6.30% 5.50%
Means' 6.28° 7.05° 7.49°C
50 1 8.77° 10.00°¢ 12.27°¢ 10.35¢
7 6.93% 9.87°¢ 11.00% 9,27¢
14 6.67% 7.60°° 9,37 7.88%¢
28 6.00% 7.60° 8.37°¢ 7.32P¢
56 5.42°% 7.17°¢ 8.27°¢ 6.95°¢
Means! 6.76° 8.45¢ 9.86¢
100 1 + 12.809 14.80% 16.02° 14.54¢
7 9.20%° 12.73¢ 13.40°% 11.78%
14 8.50°¢ 10.53% 12.20% 10.41¢
28 7.80°¢ 9,47 11.13° 9.47%
56 7.00% §.28" 10.60° 8.63°
Means! 9.06% 11.16° 12.67°
200 1 14.07°% 18.93" 19.40°¢ 17.47°
7 12.33% 14.27% 15.20% 13.93°f
14 11.00% 12.20% 14.13% 12.44¢°
28 9,67 11.60% 13.00¢ 11.42¢9
56 9,10°¢ 10.17¢< 12.73¢ 10.67¢
Means! 11.23¢ 13.43f 14.89¢

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.21,
P.I/P.E/T = 2.71, P.E/T = 1.56] for Means™?’
respectively.
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The effects of DMT~HFO extractions on the concentrated

hydrochloric acid extracted inorganic P (C/HCl-P;) of
Loskop soil as influenced by added P and incubation

17.

period.
(i) . Analysis of variance
Source of wvariation d.f.
PHOSP (P) 4
INC/PER (I/P) 2
EX/TIME (E/T) . 4
PHOSP.INC/PER (P.I/P) 8
PHOSP.EX/TIME (P.E/T) 16
INC/PER.EX/TIME (I/P.E/T) 8

PHOSP.INC/PER.EX/TIME 32
REPS 2
Residual 150
Total 224
SE = 1.34; CV = 3.5
(ii) . Table of means
ADDED P DMT-HFO
(mg kg™') EXTRACTIONS
Days 12
0 1 31.10°%°
7 29.27%®
14 27.87%®
28 26.20%
56 25.87°
Means? 28.06°
25 1 32.53F¢
7 30.33F¢
14 28.80%
28 27.33%
56 26.27%
Means! 29.05%
50 1 33.67°
7 32.60P°
14 30.53%¢
28 28.93%
56 . 27.93%
Means' 30.73°

S.s m.s F
8481.59 2120.40 1186.
4246.39 2123.20 1188.
2836.08 709.02 396.
1058.88 132.36 74

121.83 7.01 4
371.98 46.50 26.
138.89 4.34 2
3.70 1.85 1
268.01 1.79
17523.65

INCUBATION PERIODS

(DAYS)
120° 240°

32.60°¢ 38.00¢
30.00°¢ 32.67°
29.67° 31.93%¢
27.20% 29.67°
26.13%® 27.27%
29,123 31.91b¢
34.67° 40.27°%
31.33 35.33°
30.00°¢ 32.93P¢
29.00°% 30.93%
26.60% 28.47°%
30.32° 33.59¢

36.87% 41.93°
34.,47° 38.27°%
32.27%¢ 34,93
31.53F¢ 32.60°
28.33% 30.00"
32.69° 35.55¢

76
33
83

.08
.26

02

.43
.03

F pr.

.01
.01
.01
.01
.01
.01
.01
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Means®

33.
30.
29.
27.
26.

35,
.33
30.
29.
.11%°

32

27

37.
.11¢%
32.
31.
.75°

35

28

90¢
65bc
82bc
69ab
42°

82de

58bc
Ogbc

49°

58Cd
02°¢
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100 1 35.53° 40.13¢% 48.47% 41.38¢
7 34.60° 38.339% 43.60°f 38.84°
14 33.60° 37.67¢ 39.93¢% 37.07°
28 31.27%° 35.,93¢% 35,93¢% 34.38¢
56 30.60°° 31.93F° 33.67° 32.07
Means! 33.12°¢ 36.80% 40.32f
200 1 40.53% 50.27° 59.27" 50.02%
7 39.60% 49.67% 58.00" 49,090
14 37.934 48.67%9 56.67" 47.76"
28 36.27% 46.33f 52.53¢ 45.04°9
56 34,77 44 .60°t 50.33¢ 43,23%
Means! 37.82¢ 47.919 55.36"

N.B. Means with the same superscripts are not significantly
different (P = 0.001) LSD {Fisher) [P.I/P = 1.64,
P.I/P.E/T = 3.66, P.E/T = 2.12] for Means?:3
respectively.

18. The effects of DMT-HFO extractions on the concentrated
sulphuric acid extracted residual P (H,S0,-P;) of Loskop
soil as influenced by added P and incubation period.

(i) . Analysis of variance

Source of variation d.f. S.s. m.s. F

pr.

PHOSP (P) 4 3268.75 817.19 951.47 <.01
INC/PER (I/P) 2 2975.79 1487.%90 1732.40 <.01
EX/TIME (E/T) 4 1256.81 314.20 365.83 <.01
PHOSP.INC/PER (P.I/P) 8 1514.55 189.32 220.43 <.01
PHOSP.EX/TIME (P.E/T) 16 43.48 2.72 3.16 <.01
INC/PER.EX/TIME (I/P.E/T) 8 230.93 28.87 33.61 <.01
PHOSP.INC/PER.EX/TIME 32 114.67 3.58 4.17 <.01
REPS 2 3.84 1.92 2.27
Residual 150 128.83 0.8¢6

Total 224 9533.81

SE = 0.93; CV = 2.6
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(ii) . Table of means

ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™') EXTRACTIONS (DAYS)
Days 12 1207 2407 Means®
0 1 45750 47.00% 47.75%4 46.83%
7 - 34.33% 35.17¢ 41.489 36.99°
14 32.87% '30.75% 35.00° 32.87¢
28 25.75%® 28.67°¢ 33.00°% 29,14
56 23.782 24.67%® 30.75% 26.40°
Means? 32.50°2 33.25° 37.60°
25 1 46.92" 49.00% 52.00%" 49.31
7 35.67° 38.80°¢ 45, 75M 40.07¢°
14 33.63°% 33.00°% 37.25¢F 34.63°
28 25.95%® 30.08°¢ 34.00°% 30.01°
56 24 .50% 25.83% 32.174 27.50%°
Means? 33.33° 35.34° 40.23¢
50 1 48.17" 51.33% 56.42' 51.97"
7 36.33°F 41.509 49.677 42.50"
14 34.87° 38.25¢f 44 .25" 39.12¢
28 28.42°° 31.92% 38.50° 32.95¢
56 25.68%® 27.00° 34.17°% 28.28%
Means' 34.69° 38.00° 44 .20°%
100 1 50.67%% 55.67" 61.00" 55.78"
7 39.67% 47.50% 54.08* 47.08"
14 37.60°¢ 40.33% 50. 673 42.87"
28 33.58°% 34.42°% 46.00" 38.00%
56 29.58° 30.50% 40.33% 33.47°%
Means? 38.22° 41.68° 50.42¢
200 1 53.87% 64.83" 75.33¢ 64.68"
7 44 .00Q9% 57.00! 73.089 58.03"
14 43.909" 53.005. 68.42° 55,11*
28 40.60% 47.8743 64.83" 51.10%
56 37.22°¢ 42 .339%" 62.67™ 47.41*%
Means? 43.92¢ 53.01" 68.87%

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.14,
P.I/P.E/T = 2.54, P.E/T = 1.47] for Means'??
respectively.
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19. The effects of DMT-HFO extractions on the bicarbonate
extracted organic P ((-HCO;-P,) of Loskop soil as

influenced by added P and incubation period.

(i) . Analysis of variance

Source of variation d.f. S.s. m.s. F F pr
PHOSP (P) 4 1962.17 490.54 548.15 <.01
INC/PER (I/P) 2 65.36 32.68 36.52 <.01
EX/TIME (E/T) 4 1154.12 288.53 322.42 <.01
PHOSP.INC/PER (P.I/P) 8 49.02 6.13 6.85 <,01
PHOSP.EX/TIME (P.E/T) 16 173.55 10.85 12.12 <.01
INC/PER.EX/TIME (I/P.E/T) 8 325.84 40.73 45.51 <.,01
PHOSP.INC/PER.EX/TIME 32 150.28 4.70 5.25 <.01
REPS 2 0.08 0.04 0.04
Residual 150 134.24 0.89
Total 224 4014.59
SE = 0.95; CV = 10.9
(ii) Table of means
ADDED.P. DMT-HFO INCUBATION PERIODS
(mg kg™') EXTRACTIONS (DAYS)
Days 12 1202 240° Means®
0 1 7.07¢ 6.93°¢ 6.00°° 6.67°%
7 4.63k¢ 4,03% 4 .63k 4.43%°
14 3.13°% ' 3.53% 3.43% 3.36°
28 2.87% 2.00% 2.07% 2.31%
56 1.53° 1.50° 2.05% 1.69°
Means! 3.85° 3.60° 3.64°
25 1 8.00 11.17¢% g.43% 9,20°f
7 5.70°° 6.40P° 7.27°¢ 6.46%
14 4.27° 5.58b¢ 6.40° 5.42°¢
28 2.97% 3.00% 4,63 3.53"
56 1.77% 2.17% 3.50% 2.48%
Means! 4.54% 5.66° 6.05°
50 1 g.47% 11.67% 10.93% 10.36°
7 4.90%¢ 6.93° g.37¢c 6.73
14 4.50°° 5.33P¢ 7.07°¢ 5.63%
28 3.07% 4.03% 5,33 4,14"°
56 2.508 3.00% 4.77°¢ 3.42°
Means! 4.69% 6.19°° 7.29¢



100 1 9.93¢

7 7.87¢¢

14 6.57°°

28 5.50°°
56 4.00%

Means! 6.77°°
200 1 10.80°%

7 8.00%

14 7.20°

28 6.53"¢

56 5.00°°

Means? 7.51°¢
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N.B. Means with the same superscripts are not significantly
[P.I/P = 1.16,

different (P = 0.01) LSD

P.I/P.E/T = 2.59, P.E/T
respectively.

(Fisher)

= 1.50]

for Means

1,2,3

20. The effects of DMT-HFO extractions on the hydroxide
extracted organic P (-OH-P,) of Loskop soil as
influenced by added P and incubation period.

(i) . Analysis of variance

Source of variation d.f.
PHOSP (P) 4
INC/PER (I/P) 2
EX/TIME (E/T) 4
PHOSP.INC/PER (P.I/P) 8
PHOSP.EX/TIME (P.E/T) 16
INC/PER.EX/TIME (I/P.E/T) 8
PHOSP.INC/PER.EX/TIME 32
REPS 2
Residual 150
Total 224
SE = 1.15; CV = 8.7

3433.
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(ii) . Table of means

ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™') EXTRACTIONS (DAYS)
Days 12 1207 240° Means’
0 1 9.20°¢ 8.13°¢ 7.11°¢ 8.15°¢
7 7.10°¢ 6.07°¢ 6.930¢ 6.70°
14 6.35° 4,97% 6.22°¢ 5.85%
28 5.00%° 4,33% 5.002° 4,783
56 4.77% 2.832 4.70%° 4.10°
Means? 6.48% 5.27°2 5.99%
25 1 - 11.93< 10.20¢% 9,17 10,43
7 9.47% 8.20°¢ 8.27°¢ 8.65¢
14 8.97° 6.13°° 7.88"° 7.66°°
28 6.530¢ 5.37% 7.15P°¢ 6.35°
56 6. 620 4.32% 6.03° 5.66%°
Means? 8.70° 6.84P 7.70°
50 1 12.43¢4 11.40° 11.43% 11.75¢
7 10.30¢ 10.07¢ 10.57¢ 10.31%
14 9.57¢% 8.50°° 8.78"c 8.95¢
28 g.27°¢ 6.530¢ 7.83P¢ 7.54P¢
56 7.920P¢ 5.37% 7.37°¢ 6.72°
Means' 9.60°¢ 8.37° 9.20°
100 1 13.53% 14.279% 14.40°% 14.07¢°
7 11,30 12.17¢% 12.40° 11.96¢
14 10.80% 10.83¢ 10.67¢ 10.77¢
28 9.50% 9,13 8.88°¢ 9,17
56 8.00°¢ 8.35P¢ 8.30°¢ 8.22F¢
Means? 10.63° 10.95% 10.93¢
200 1 15.13¢% 17.07¢ 15.93¢° 16.04°F
7 13.83% 14.839 14.37% 14.34°
14 11.47° 12.80% 12.07% 12.11¢
28 10.80° 11.60¢ 11.53¢ 11.31¢
56 10.02¢ 10.40° 10.83¢ 10.42°¢
Means'® 12.25¢ 13,349 12.95¢9

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 1.40,
P.I/P.E/T = 3.14, P.E/T = 1.81] for Means'?°
respectively.
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21, The effects of DMT-HFO extractions on the concentrated
hydrochloric acid extracted organic P (C/HC1l-P,) of
Loskop soil as influenced by added P and incubation

period.

(i) . Analysis of variance

Source of variation d.f.
PHOSP (P) 4
INC/PER (I/P) 2
EX/TIME (E/T) 4
PHOSP.INC/PER (P.I/P) 8
PHOSP.EX/TIME (P.E/T) 16
INC/PER.EX/TIME (I/P.E/T) 8
PHOSP.INC/PER.EX/TIME 32
REPS 2
Residual 150
Total 224

SE = 0.92; CV = 12.4
(ii) . Table of means

ADDED P DMT-HFO
(mg kg™') EXTRACTIONS

Days 12

0 1 5.07°¢
7 3.93¢%
14 2.80%
28 2.40°%

56 2.23%

Means® 3.29°
25 1 5.97°¢
7 4,.33%
14 3.07°%°
28 2.67%
56 2.40°%

Means! 3.692
50 1 6.17°°
7 4.73%
14 3.90°%
28 3.50%
56 3.20%

Means* 4,30%

794.39
365.47
191.48
126.47
51.72
53.52
37.30

127.05
1747.40

198.
182.

47
15

OO, >

60
74
.87
.81
.23
.69
.17
.13
.85

234.
215.

56.

18.
.82
.90
.38
.16

INCUBATION PERIOD
(DAYS)

1202

.40P¢
.33%
.00%
.67°%®
.53

W W O

=N

.19%

.27k¢
. 50°°
.08kc
.50%
.00°%°

= 00 0 Oy
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. 60°°
. 00k°
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33cd
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10.579
9.00%
8.00%
6.93b°
6.07°°

8.119

13.48°

11.00%
9.67<
8.00%
7.00°¢

9.83°

12.
10.
8.
7.
6.

8.
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9.
8.
8.
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20de
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N.B. Means with the same superscripts are not significantly
[P.I/P = 1.13,
= 1.46] for Means!'??

different (P = 0.01)

P.I/P.E/T 2.52,
respectively.

P.E/T

LSD (Fisher)

22. The effects of DMT-HFO extractions on the extracted total
organic P (TOT-P,) of Loskop soil as influenced by
added P and incubation period.

(i) . Analysis of variance

Source of variation

PHOSP (P)
INC/PER (I/P)
EX/TIME (E/T)
PHOSP.INC/PER (P.I/P)
PHOSP.EX/TIME (P.E/T)

INC/PER.EX/TIME (I/P.E/T)

PHOSP.INC/PER.EX/TIME
REPS

Residual

Total

SE = 1.73; CV = 5.

d.f.

150
224

9

854.80
685.15
952.53
526.38
0.63
447.23
27630.29

4283.
569.
1472.
106.
42.
119.
l6.

87
95
20
85
82
07
45
.31
.98

1436.
191.
493.

35.

14.

39.

.52

.10

79
16
77
84
36
93

F pr.

.01
.01
.01
.01
.01
.01
.01
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(ii) . Table of means

ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™!') EXTRACTIONS (DAYS)
Days 12 120° 240° Means?
0 1 23.33° 20.47"¢ 22.51k¢ 22.10°¢
7 20.67°¢ 17.93P 19.50° 19.37%¢
14 19.28k¢ 15.50°% 16.85% 17.21°
28 17.27%° 15.37°% 16.33%® 16.32°%
56 14.53%° 13.17° 15.43%° 14.38°
Means? 19.02° 16.49° 18.12%
25 1 25.90¢ 29.63¢ 30.67% 28.74°
7 24.50° 21.60% 26.53% 24.21°
14 21.30°° 19.37°¢ 23.28° 21.32°¢
28 20.17°¢ 18.82°° 20.45°¢ 19.81°°
56 17.78% 15.48% 18.77%¢ 17.34"
Means' 21.93° 20.98%° 23.94°¢
50 1 28.07¢ 39.70% 44,309 37.36"
7 30.93¢% 28.20¢ 36.27°f 31.80°
14 28.47¢ 24 .63 32.18% 28.43°
28 24 .40 21.37¢° 28.574 24.789
56 19.82°F¢ 18.27° 22 .47°¢ 20.18°¢
Means! 26.349 26.43¢° 32.76°
100 1 31.97% 50.03" 49,70" 43.90%
7 36.90°¢F 37.93°f 43.65% 39.49"
14 34.57¢ 34.37° 39.47° 36.139
28 31.67% 30.87% 34.62° 32.38¢
56 24 .57 23.68< 26.63% 24.96°
Means! 31.93° 35.38f 38.81°¢
200 1 34.40° 58.20° 59.17* 50.59"
7 41.47% 48.73%" 53.28" 47.83
14 37.67°f 41.80% 48, 539" 42 .67*
28 36.07°¢ 34.57¢ 43.63% 38.09%"
56 29.08¢ 29.20¢ 34.87°t 31.05¢
Means! 35.74°F 42 .50M 47.90%

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 2.12,
P.I/P.E/T = 4.73, P.E/T = 2.73] for Means!'??3
respectively.
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23. The effects of DMT-HFO extractions on the extracted total
inorganic P (TOT-P;) of Loskop soil as influenced by

added P and incubation period.

(i) . Analysis of variance

Source of variation d.f. S.S. m.s. F F pr.
PHOSP (P) 4 915358.86 228839.72 3.98E+04 <.01
INC/PER (I/P) 2 3443.02 1721.51 299.36 <.01
EX/TIME (E/T) 4 17923.60 4480.90 779.21 <.01
PHOSP.INC/PER (P.I/P) 8 1455.68 181.96 31.64 <.01
PHOSP.EX/TIME (P.E/T) 16 1157.20 72.33 12.58 <.01
INC/PER.EX/TIME 8 1097.25 137.16 23.85 <.01
PHOSP.INCPER.EXTIME 32 2059.56 64 .36 11.19 <.01
REPS 2 48.12 24.06 4,37
Residual 150 862.58 5.75
Total 224 943357.74
SE = 2.40; CV = 1.3
(ii) . Table of means
ADDED P DMT-HFO INCUBATION PERICD
(mg kg™') EXTRACTIONS (DAYS)
Days 12 120° 2407 Means®
0 1 113.2% 119.09% 128.7°¢ 120.3°
7 108.7° 111.2< 117.2¢ 112.4¢
14 103.5" 104.5" 110.5° 106.2°
28 99, 3% 99,72 104 .2 101.1°
56 93.82 93.3® 100.6"° 95,92
Means' 103.7° 105.5° 112.3°
25 1 145,39 146.6%" 156.11% 149.3%
7 128.9¢%f 137.8% 148.2" 138.3"
14 127.0°%¢ 132.5¢f 144 .19 134.5¢
28 130.2°f 129.5°f 141.3¢ 133.7¢
56 125.0¢ 124.5° 131.9¢f 127.1°F
Means' 131.3¢ 134.2° 144 . 3¢
50 1 171.8° 178.7% 192.3" 180.9"
7 161.5 162.0% 183.7" 169.1*
14 156.0°  161.9° 170.8° 162.9"
28 151.0™  148.4" 157.9% 152.4°
56 143,79 149.2"0 154 .5" 149.1*%

Means! 156.8° 160.0°f 171.8¢
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100 1 228 .69 220 . 3" 229.6° 226.2¢°
7 210.2"7" 207.8" 223.69 213.9°
14 202.4™ 205.5™ 210.9%° 206.3"
28 203.5™ 208.1% 208.4°%P 206.7"
56 199.5™ 214.6° 195.9" 203.3"
Means' 208.8" 211.3g™ 213.7*
200 1 322.6" 290.6° 310.6° 307.9¢
7 289.6° 281.8° 293.7° 288.4°
14 282.2°F 281.7°F 294.7° 286.2°
28 281.3F 283.0° 283.5% 282.6°
56 282.2°F 277.9° 280.8° 280.3°F
Means' 291.6" 283.07 292.7%

N.B. Means with the same superscripts are not significantly
different (P = 0.001) LSD (Fisher) [P.I/P = 2.94,
P.I/P.E/P = 6.57, P.E/T = 3.79] for Means™?*’
respectively.

24. The effects of DMT-HFO extractions on the extracted total
soil P (TOT-P) of Loskop soil as influenced by added P
and incubation period.

(i) . Analysis of variance

Source of variation d.f. (m.v.) S.s. m.s. F F pr.
PHOSP (P) 4 1.18E+06 2.95E+05 7.91E+04 <.01
INC/PER (I/P) 2 B8.52E+03 4.26E+03 1142.21 <.01
EX/TIME (E/T) 4 4.35E+04 1.09E+04 2912.87 <.01
PHOSP.INC/PER (P.I/P) 8 1.20E+03 1.49E+02 40.07 <.01
PHOSP.EX/TIME (P.E/P) 16 1.78E+03 1.11E+02 29.81 <.01
INC/PER.EX/TIME (I/P.E/T) 8 1.43E+03 1.79E+02 48.00 «<.01
PHOSP.INC/PER.EX/TIME 32 1.56E+03 4.86E+01 13.03 «<.01
REPS 2 3.20E+01 1.60E+01 4.48
Residual 149(1) 5.56E+02 3.73E+00

Total 223(1) 1.23E+06

SE = 1.93; CV = 0.9
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(ii) . Table of means

ADDED P DMT-HFO INCUBATION PERIOD
(mg kg™') EXTRACTIONS (DAYS)
Days 1° 120° 240° Means®
0 1 136.5° 139, 5¢°f 151.29 142.4¢°
7 127.0¢ 125.8¢% 136.7° 129.8¢
14 122 .7 120.0%° 127.49 - 123.4°
28 116.5% 115.0° 120.6° 117.4°
56 108.4° 106.5° 116.0°¢ 110.3°
Means? 122.22 121.36° 130.4°
25 1 171.2%4 176.27 186. 7 178.1%
7 153.4° 159.4" 174.7 162.5°
14 148.39 151.8¢ 167.3% 155.8°
28 150. 3¢ 148 .39 161.8" 153.5¢
56 142.7°F 140.0°f 150.7¢ 144.5¢
Means! 153.2°¢ 155.2°¢ 168.2¢
50 1 199.8" 218.4" 236.69 218.3!
7 192.4* 190.2¢ 220.0™ 200.9"
14 184.5% 186.6*  203.0" 191.3°
28 175.4° 169.7Y  186.5" 177.2¢
56 163.5M 167.5% 177.03 169.3"
Means! 183.1° 186.5° 204.69
100 1 260.6° 270.4" 279.3" 270.1F
7 247,178 245, 8%® 267.3¢ 253,44
14 237.09 239,99 250.4° 242.4°
28 235.19 239.0% 242 .47 238.8"
56 224 .0P 238.3% 222.6™ 228.3"
Means! 240.8" 246.6" 252,43
200 1 357.0° 348.8" 369.7° 358.5"
7 331.0°% 330.6°% 347.0%8 336.2"
14 319.8% 323.5Y 343,24 328,9"
28 317.4*% 317.6* 327.2v? 320.7°¢
56 311.3% 307.1% 315, 3% 311.2°
Means! 327.3k 325.5% 340.5¢%

N.B. Means with the same superscripts are not significantly
different (P = 0.01) LSD (Fisher) [P.I/P = 2.37,
P.I/P.E/T = 5.29, P.E/T = 3.06] for Means':?:?
respectively.
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25. A copy of Genstat 5 Release 4.1 computer programme used in
the statistical analysis of Rustenburg and Loskop soils

data.

Genstat 5 Releas

FACTOR [LEVEL=3;LABEL=!T('0','120','240")]

e 4.1

(PC/Windows 95)

right 1997, Lawes Agricultural Trust

1 JOB 'PHOSPHORUS BINDING IN RUSTENBURG RED CLAY'
"ON NETWORK H:\HOME\VICTOR as XRUST2.DAT; XRUST2.OUT"
UNITS [NVALUES=225]
FACTOR [LEVEL=5;LABEL=!T('0','25",'50','100','200')] PHOSP

18 May 2

001 16:00:50

(Rothamsted Experimental Station)

INCPER

FACTOR [LEVELS=5;LABEL=!T(DAY1l,DAY7,DAY14,DAY28,DAY56)] EXTIME
FACTOR [LEVELS=3] REPS
OPEN 'A:XRUSTZ2.DAT';WIDTH=160; FILETYPE=INPUT; CHAN=4

READ [CHAN=4 ]

BOT, PHOSP, REPS, INCPER, EXTIME, HFOPi, HCOPi, OHPi, DHC1Pi, CHC1Pi, HSOPi, \

HCOPt, OHPt,CHC1Pt,HCOPo,OHPo,CHClP0O, TOTPO, TOTPi, TOTP

Max imum
225.0

Minimum
1.0
.00
.50
.50
.00
34.00
35.25
5.00
16.00
41.00
2.800
5.60
5.00
16.85
101.7
124.5
Values
225
225
225
225

> 0N

Mean
113.0

24

.56
12.
51.
12.
53.
59.
22.
68.
64.

97
62
50
88
01
78
21
54

9.804

16.
10.
37.

59
66
00

214.0
251.6
Missing

0
0
0
0

91.

70

106.
30.
91.
99.
86.

140.

112.

60
.50
70
80
80
25
00
20
00

23.900

34
21
74

.60
.00
.80

352.5
424.6
Levels

BLOCK REPS.PHOSP.INCPER.EXTIME
TREAT PHOSP*INCPER*EXTIME
FOR Y=HFOPi,HCOPi,OHPi,DHC1Pi,CHC1Pi,HSOPi,OHPt, CHC1Pt, \

HCOPt, HCOPo, OHPo, CHC1Po, TOTPo, TOTPi, TOTP
ANOVA [PRINT=AOVTABLE, INFO,MEANS, $CV; FPROB=YES; PSE=LSD,MEAN] Y;\
RESIDUALS=RES; FITTEDVALUES=FIT

TABULATE [CLASS=PHOSP, INCPER, EXTIME]
PRINT MTAB; FIELD=10;

DECI=2

5

o w w

Values
225
225
225
225
225
225
225
225
225
225
225
225
225
225
225
225

Y; MEANS=MTAB

TABULATE [PRINT=MEAN;CLASS=PHOSP,EXTIME, INCPER] Y
CALC ST_RES=RES/ (SQRT (VAR(RES) ))
GRAPH [NROWS=10;NCOL=25] ST _RES;FIT

PRINT 'TEST FOR NORMALITY'

NORMTEST [PRINT=m,s,c] ST_RES
HOMOGENEITY OF PHOSPHATE LEVELS'

Copy
2
3
4
5
6
7
8
9
10
Identifier
BOT
HFOPi
HCOPi
OHPi
DHC1Pi
CHC1Pi
HSOPi
HCOPt
CHPt
CHC1Pt
HCOPo
OHPo
CHClPo
TOTPoO
TOTPi
TOTP
Identifier
PHOSP
REPS
INCPER
EXTIME
11
12
13
14
15
16
17
18
19
20
21
22 HIST ST_RES
23
24
25 PRINT 'TEST
26 VHOMOGENITY
27 PRINT 'TEST
28 VHOMOGENITY
29 PRINT 'TEST
30 VHOMOGENITY
31

[GROUPS=PHOSP]

Y

HOMOGENEITY OF EXTIME'
[GROUPS=EXTIME]
HOMOGENEITY OF INCPER'
[GROUPS=INCPER]

Y

Y

Missing
0

ORP P OO0OO0OO0OO0OO0OO0OO0OO0OO0O0OO0O

PRINT

BOT, PHOSP, REPS, INCPER, EXTIME, Y, FIT, ST_RES; DECI=5(0),3(3);FIELD=10

32

ENDFOR



