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Oxisols are one of the major soils of Malawi and they are high in P sorption. Conservation agriculture
has been practiced on this soil for some years now but soil management effects on P sorption and
external P requirement (EPR) of Oxisols in Malawi have not, however, been determined. Soil
management effects on P sorption and EPR of Oxisols in Malawi were therefore determined in the
present study. The effects studied were conventional tillage (CT), no-tillage (NT) and crop rotation (CR).
The soils differed considerably in their sorption characteristics, with the sorption maxima ranging from
413 to 345 mg P kg'l. Differences in sorption maxima and affinity due to soil management effects were

statistically significantly (P < 0.05). The sorption affinity (b) values ranged from 0.48 to 0.72 dm3 mg'1 and
differences due to soil management effects were statistically significant (P < 0.05) only between
conventional tillage (CT) and no tillage (NT) or crop rotation (CR). The sorption affinity due to NT was not
statistically significant from that of CR. The b values were the highest in soils that had been subjected to
CT.
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INTRODUCTION

It has been observed that due to an increasing demand of
agricultural production for phosphorus (P) and the fact
that the peak in global P production may soon occur, P is
now receiving more attention than ever before as a non-
renewable resource (Cordell et al., 2009; Gilbert, 2009).
Soils serve as the principal reservoir of P in terrestrial

systems. They contain P ranging from 35 to 5,300 mg kg

l, with a median concentration of 800 mg kg'1 (Bowen,
1979; Sparks, 2003). In soils, P exists in various chemical
forms including inorganic and organic P forms. These P
forms differ in their behaviour and fate in soils (Hansen et
al., 2004; Turner et al., 2007).
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Inorganic P usually accounts for 35 to 70% of total P in
soil. Primary P minerals including apatites, strengite, and
variscite are very stable, and the release of available P
from these minerals by weathering is generally too slow
to meet the demand of annual crops through direct
application of phosphate rocks. In contrast, secondary P
minerals including calcium (Ca), iron (Fe), and aluminium
(Al) phosphates vary in their dissolution rates, depending
on size of mineral particles and soil pH (Pierzynski et al.,
2005; Oelkers and Valsami-Jones, 2008). With
decreasing soil pH, solubility of Fe and Al phosphates
decreases while the solubility of Ca phosphate decreases
with increasing soil pH except for pH values above 8
(Hinsinger, 2001).

The strong affinity of phosphate ions for the solid phase
of soils causes P to be very low in its effective
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concentration in soil solutions where it is in dynamic
equilibrium with the solid phase. In highly weathered soils
of the tropics and subtropics, limited availability of soil P
is often the main constraint to plant growth. In Malawi, the
fertilisers smallholder farmers add to their soils invariably
carry, among other essential elements, nitrogen and
phosphorus in order to optimise crop production. For
maize (Zea mays L.) production, P fertilisation is usually
aimed at maintaining an effective concentration of 0.02

mg P kg'l. Phosphate ions introduced into soil solutions,
which are not absorbed by the growing plant or
immobilized by soil microbes, however, are subject to
various chemical reactions. These include precipitation
and dissolution (mineral equilibria or pseudo-equilibria)
and sorption and desorption (interactions between P in
solution and soil solid phases).

The Kkinetics of dissolution and precipitation of P
minerals, such as variscite (AIPO4-2H20) and strengite
(FePO4-2H,0) that form and become stable in acid soils
or octocalcium phosphate [CagH(POg4)s.5H20] and
hydroxyapatite [Cas(PO4)30H] that form and become
stable in alkaline soils govern the effective concentration
of phosphate ions in soil solution. The solubilities of the
aluminium-bound phosphate (Al-P) mineral and iron-
bound phosphate (Fe-P) mineral decrease with
increasing acidity whereas the calcium-bound phosphate
(Ca-P) minerals decrease with decreasing hydrogen ion
(H+) concentration.

The P concentration in soil solution is also influenced
by sorption and desorption. The combined processes of
desorption and dissolution influence the bioavailability of
phosphate ions in soil solutions. Both desorption and
precipitation occur in response to disequilibria established
in solution by removal of P from solution (disequilibria
desorption); or in response to the action of ligands
exchanging with phosphate or dissolving phosphate-
bearing compounds (ligand desorption). Bioavailable
desorbable P is commonly indexed by extracting a
portion of the labile pool of P with chemical extractants,
such as Bray 1, Mehlich 1 or 3, or Olsen’s Solution (Ziadi
et al., 2001). Soil P tests can, however, be used as
indices of P availability, able to accurately predict the
amount of P that is available for plant uptake, only after
they have been subjected to, and selected from,
correlation and calibration studies using laboratory,
greenhouse and field experimental data. Because soil
tests serve as an index to P bioavailability and do not
define the pattern of P release, or the influence of P
desorption on the soil solution concentration, they have
limited utility in the mechanistic modelling of P
bioavailability and uptake by plants.

Whereas the combined processes of desorption and
dissolution do generally influence the bioavailability of
phosphate ions in soil solutions, in highly weathered soils,
such as those that occur in the tropics, it is the degree of
phosphate sorption that largely controls the effective
concentration and therefore P bioavailability of

phosphate ions in soil solutions. Phosphate (P)
adsorption is the process in which the ions are held on
the active sites of the solil particle surfaces. The amount
of P adsorbed by soil increases as the effective
concentration of phosphate ions in solution increases and
vice versa. Adsorption affects the fate of P-source and
the availability of phosphate to plants. Adsorbed or
precipitated inorganic phosphate undergoes desorption or
dissolution reactions when moving from the solid to the
solution phase.

The relationship between P sorbed on the solid phase
and P in the solution phase defines what is known as
adsorption isotherm. Adsorption isotherm can be
described as the equilibrium relationship between the
amounts of adsorbed and dissolved species of phosphate
at constant temperature in quantitative terms. The P
adsorption isotherm is a useful, descriptive characteristic
of soil that provides information on the ability of the soil to
hold P in reserve and release it into solution as the
phosphate ions are removed from the solution.
Phosphorus sorption relationships are commonly used in
the determination of external phosphorus requirement
(EPR) of crops. The EPR of crops has been defined as
the concentration of P in solution known to be non-limiting
to plant growth (Henry and Smith, 2004). For most crops,

the amount of P in equilibrium with 0.2 mg P dm_3 (Po.2)
has been shown to be the threshold over which no
response to P is observed (lyamuremye et al., 1996;
Nziguheba et al., 1998). The P requirements, estimated
in this manner, aim at building up the status of soil
phosphorus by a single application to a level which,
thereafter, only requires maintenance application to
replenish losses due to plant uptake, removal by erosion
or continuing slow reactions between phosphate and soil
(Henry and Smith, 2003).

Most of the upland soils (Oxisols and Ultisols) in Malawi
are dominated by the poorly buffered 1:1 kaolinite and
halloysite and oxides of iron and aluminium, reflecting
that the soils are highly weathered and leached (Maida,
1973; Mwandemere and Robertson, 1975; Ntokotha,
1974). The poorly buffered soils account for over 40% of
soils in Malawi. Mughogho (1975) conducted P sorption
studies on Oxisols and Ultisols collected from several
sites in Malawi. The Oxisols have since then been
subjected to conventional tillage (CT). The extent to
which CR influences P sorption and EPR characteristics
of the Oxisols has, however, not been determined in
Malawi. The main objective of the present investigations
therefore was to determine the capacity of the Oxisols to
sorb P and the EPR of crops after they have been
subjected to four years of crop rotation.

MATERIALS AND METHODS
Description of the experimental site and soil sampling

This study was carried out in Nkhotakota district which lies between



33°22" east and 34°10 east and between 13°20’ south and 3°40°
south in the central part of Malawi. It is located at just 82 km away
from Lilongwe University of Agriculture and Natural Resources.
Topographically, it is divided into two parts: the eastern part is
predominantly hilly while the western part is low. The hilly eastern
part is well drained by small streams which flow into Lake Malawi.
The average annual rainfall ranges from 750 to 1,000 mm and the
temperature is within the range of 15° to 35°. Soil samples used in
the present study were collected from an experimental site where
soils had been subjected to no-tillage (NT) and to crop rotation (CR)
for three years. Twelve representative top soils (0 to 20 cm) were
randomly collected in a zigzag manner from the site, air-dried, and
ground to pass through a 2-mm sieve.

Soil characterization

The soils were analyzed for pH in a 1:2.5 soil to water slurry using a
pH electrode as outlined by Blakemore et al. (1987), particle size
distribution using the Bouyoucos hydrometer method (Day, 1965)
as described by Anderson and Ingram (1993). The soil organic
carbon contents were determined using the potassium dichromate
(K2Cr207) oxidation method of Walkley and Black (1934) as
described by Anderson and Ingram (1993) by multiplying the total
soil organic carbon with 1.724. Total nitrogen was determined using
the Kjeldhal wet oxidation process as described by Anderson and
Ingram (1993).

Total P was estimated following wet digestion with H202/H2S0a4
(Okalebo et al., 2002), while P in the clear extracts was determined
colorimetrically by the ascorbic acid method (Murphy and Riley,
1962) on a Perkin Elmer Lambda 25 UV/VIS spectrometer.
Exchangeable Ca +, Mg +, and K" were extracted using Mehlich-3
method (Mehlich, 1984) and determined by atomic absorption
spectrophotometer. Exchangeable acidity (Al Ty H+) was extracted
with 1.0 M KCI and titrated with 0.05 M NaOH (Okalebo et al.,
2002).

Phosphate sorption isotherms

Two grams of air-dried and ground (<2 mm) soil samples were
weighed in triplicates into 50 ml centrifuge tubes and suspended in
30 ml of 0.01 M CaClz of supporting electrolyte containing various
concentration of P as KH2POa to give 0, 100, 200, 300, 400, and
500 P mg kg'1 of soil for six days at a room temperature. Three
drops of toluene were added to minimize microbial activity.
Suspensions were shaken twice daily for 30 min and at the end of
the sixth day, they were centrifuged at 10,000 rev min ! and filtered
through Whatman No. 42 filter paper. Phosphorus content in the
clear supernatant solution was determined colorimetrically by the
ascorbic acid method (Murphy and Riley, 1962) on a Perkin EImer
Lambda 25 UV/VIS spectrometer.

The amount of P remaining in solution was taken to be the
equilibrium concentration (C) and expressed as mg P dm3. The

amount of P sorbed (mg P kg'l soil) was estimated as the
difference between equilibrium P concentration and initial P added.
One of the models that quantitatively describe adsorption isotherm
is that of Langmuir (Pant and Reddy, 2001; Essington, 2003; Dossa
et al., 2008). The sorption data were fitted to the following linearized
form of the Langmuir equation:

C 1 C
— = +

S
S Smax xb max

Where C is the P equilibrium P concentration (mg dm_3), S is the total
amount of adsorbate (adsorbed P) taken up per unit mass of adsorbent

(mg kg_l) = adsorption maximum mg kg ". B is a constant
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related to the bonding energy of the soil for P or affinity constant
(Uzoho and Oti, 2005).

A plot of C/(x/m) versus C gave a straight line equation with slope
as 1/b and an intercept as 1/kb

Soil external P requirements

Soil external P requirements of crops were determined by

substituting the desired P concentration (0.2 mg P dm_3) into the
following Langmuir equation (Dodor and Oya, 2000):

S xbC

= max

1+bC

Where S, Smax, b and C are as defined as stated earlier.

Statistical analysis

The relationship between P sorption parameters and P sorbed at
equilibrium with 0.2 mg P dm~> with selected soil chemical
properties was determined using simple regressions and
correlations, and tested for significance at 0.01 and 0.05 probability
levels using the 16th edition of GenStat statistical software. The
contribution of soil properties to sorption parameters was examined
using the stepwise model-building procedure. The differences in P
sorption among the treatments within site and across sites was
analysed using ANOVA and tested at significant level 0.05.

RESULTS AND DISCUSSION

Soil organic matter

Table 1 shows the selected properties of the Oxisols. The
properties of the soils varied with soil management
effects. The increase in soil organic matter (OM) contents
observed in soils subjected to CR and NT was consistent
with conclusions of Rasmussen (1999) and During et al.
(2002) which attributed an increase in organic matter
contents of the topsoil subjected to annual no-tillage to
plant residues left on the soil surface. Lal (1997b) also
observed soil organic carbon (SOC) to be significantly
higher in the soil subjected to NT than the one that was
under conventional tillage (CT) treatment.

Ali et al. (2006), however, observed OM and other soil
variables such as N, P, K, Ca and Mg to have the lowest
values recorded in CT plots. This finding was attributed to
the inversion of topsoil during ploughing, which was
postulated to have shifted less fertile subsoil to the
surface, and to possible leaching. Busari and Salako
(2013) observed in South Western Nigeria that soil, the
soil organic C (SOC) and the effective cation exchange
capacity (ECEC) were significantly higher at the end of a
two-year study under NT than under CT. The present
study also showed organic matter contents to be the
lowest in the soil that had been subjected to CT (Table 1).
In addition to the factors that have been cited by earlier
workers referred to earlier as possible causes for the low
organic matter contents in the soil that was under CT, the
loosening of the soil caused by CT and the
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Table 1. Selected soil characteristics.

. . Treatment
Soil properties Grand mean
CR NT CT
OM (g kg™ 17.0 11.2 3.4 106
pH (water) 5.1 49 4.7 4.9
Al(ex) (cmolc kg ) 3.3 2.6 7.9 4.6
N (%) 1.4 1.6 15 15
K (cmolc kg™) Mg 0.13 0.10 0.17 0.13
(cmolekg'™!) ca 0.31 0.36 0.42 0.36
(cmole kg™ Total 4.97 6.84 10.56 7.50
126.9 123.0 23.8 91.2
CR: Crop rotation; NT: no tillage; CT: conventional
tillage.
P (mgkg ™)

resultant improvement in soil aeration may have also

Soil pH

created a soil ambient which, under high soil
temperatures, might have been favourable for increased
microbial activities and OM biodegradation leading to the
observed low OM values.

The soil that was under CT treatment had the lowest pH
value (Table 1). Some of the earlier workers, for example
Rasmussen (1999) observed no effects that could be
attributed to tillage systems while other findings showed
soil pH values to be lower in no-till (NT) systems than in
soils that were under CT (Rahman et al., 2008). The
lower pH in NT was attributed to accumulation of organic
matter in the upper few centimetres under NT soil
(Rhoton, 2000) causing increases in the concentration of
electrolytes and reduction in pH (Rahman et al., 2008).
Busari and Salako (2013) observed in South Western
Nigeria that NT soil had a significantly higher pH at the
end of the first year after tillage, but that the pH became
significantly lower compared with the CT soil at the end of
the second year after tillage. The latter appears to be in
accord with the findings of the present work (Table 1),
which are consistent with the findings of Cookson et al.
(2008) that showed a decrease in surface soil pH with
increasing tillage disturbance.

Earlier work of Lal (1997b) also showed a significantly
higher soil pH in NT plots as compared to those in tilled

Organic C - RCOOH —

plots. As indicated earlier, under high temperatures and
heavy rainfall, CT results in the loosening of the soil,

RNHz + H+H0 — R-OH + NH4"

NH4" +20, —NO3 +Hy0 + H' )

Organic S +30, +2H0 — 2804° +4H" 3)

The protons generated as shown in Equations 1 to 3
replace basic cations on the soil exchange complex, thus
bringing the cations into soil solution from where they are
susceptible to loss through crop uptake and leaching,
leaving H" and A" on the soil exchange complex, thus
rendering the soil to be acidic in its reaction.

Phosphate sorption and external phosphate
requirement

The linearized Langmuir equation gave a good fit for all
the soils when C/(x/m) was plotted against equilibrium P
concentration C, with coefficients of determination (R‘)
values > 0.95 (Figures 1 to 3). Using the equations
shown in Figures 1 to 3, the sorption maxima (Smax) and
sorption affinity (b) were calculated. The soils differed
considerably in their sorption characteristics, with the
Smax ranging from 413 to 345 mg P kg'l (Table 2).
Differences in the observed sorption maxima and affinity
(b) due to treatment effects were statistically significant
(P < 0.05). The sorption affinity (b) values ranged from
0.48 t0 0.72 dm” mg™ and the b values of the soil under
NT treatment were not significantly different from those of
the soil under CR (Table 2).

Soil pH



improved soil aeration and increased soil OM

biodegradation. During the OM biodegeneration, the The b values were the highest in soils that had been
synthesis of organic acid (Equation 1) and the subjected to CT treatment and the trend was similar to
mineralisation of organically bound essential elements that of the sorption maxima (Smax), the external
such as N (Equation 2) and S (Equation 3) lead to proton phosphate requirement (EPR), and soil pH values (Table
generations: 2). The results suggest that the highest amounts of any

soluble fertiliser P added to the soils would be sorbed by
- +
RCOO + H 1) reactive surfaces of soils that have been subjected to CT.
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Table 2. Means of P sorption parameters, organic matter, exchangeable aluminium and EPR (Po.2) for crops

Variables
Treatment T T T 3 T
OM (g kg ) Alexc (cmol kg 7) Smax (Mg kg ) B (dm mg ") EPR (Po.2)

CR 17.0° 3.33% 342.1% 0.48% 30.2%
NT 11.22 2.55% 345.42 0.48% 30.0%
cT 3.4° 7.90° 413.0° 0.72° 52.2°
Grand mean 10.57 4.59 366.8 0.56 37.5
LSD (0.05) 4.887 1.802 22.86 0.12 8.18
CV% 28.9 24.5 3.9 11.5 13.6

Means having different letters in the same column are statistically different at 0.05 probability level. CR: Crop rotation; NT: no tillage;

CT: conventional tillage.

The relatively higher b, Smax and EPR values of the soils
under CT may be attributed to the lower pH values, which
is according to previous observations (Udo, 1981; Uzoho
and Oti, 2005).

Plants take up P from the soil as H,PO4 and HPO42_
ions and the effective concentration of these ions in
solution is a function of the pH of the ambient solution.

These phosphate ions are dissociation products of the
orthophosphoric acid (HzPOg4), which is a polyprotic, weak
acid. The extent to which the relative concentrations of the
phosphate ions in solutions is influenced by the pH of the
ambient solution is self-evident from the following sequence

for the dissociation of H3POag:

1% dissociation: H3PO4 = H + HaPO4

) -3
(H')H2POy) =K1= 7.51x10 7} ok, =196
(H3 POy )

2™ dissociation: H,PO,” = H* + HPO,>

(H*)HPO¥) =K | = 6.34x10°

(H PO,

pK

2 = 6.80

3rOI dissociation o -w.ror

(H)PO% ) =Kz = 473x10 > pK =12

(HPO%) a3

This shows that the sequence for the dissociation of
H3PO4 vyields products of diminishing acid strength and

that the monovalent dihydrogen phosphate (H2POj4)
species is dominant in solutions having pH 4.0 to 5.5,
which suggests that this is the phosphate species that
was dominant in the soils used in the present study
(Table 1) and that the thermodynamic concentration of
the phosphate ions in such an acid Oxisol would be
governed by cations such as Fe3+, Fe(OH)2+, Fe(OH) i’y
AI3+, AI(OH)2+ and Al(OH) 5 that co-precipitate  with
phosphate ions. Besides precipitation and dissolution of P
minerals and by the sorption and desorption of inorganic
P. The data given in Table 1 show that the soil

under CT whose pH was the lowest had the highest P
sorption maxima and P sorption affinity values, which is
consistent with earlier findings which show that in highly
weathered soils like the Oxisols used in the present
study, P sorption increased with decreasing pH (Udo,
1981; Uzoho and Ofti, 2005) and decreases with
increasing soil pH (Naidu et al., 1990).

The increase in P sorption and EPR with decreasing
soil pH and the decrease in P sorption and EPR with
increasing soil pH may be attributed to the amphoteric
behaviour of soil colloids in such soils. The Oxisols
usually contain hydrous metal oxides which like organic
materials, have ionisable functional groups at their
surfaces. Surface charge can develop as a result of the
dissociation of these functional groups. Proton exchange
reactions for surface functional groups of metal oxide
minerals may be illustrated as follows:

o o FoH 1

where E]OHO is a surface-binding site and E]OH2+ and
=]O are proton-exchange surface complexes. The charge
at the surface is a unction of the pH of the surrounding
water. Neutral or alkaline pH conditions generally will
result in a net negatively charged surface while under
acidic conditions, excess protons generally are retained
at the surface yielding a net positively charged surface as
follows:

=]OH," = =oHo = Ele)
(low pH) (high pH)

It is the net increase in positive charge on the surfaces
with decreasing soil pH that results in the increase in P
sorption, while the decrease in P sorption with increasing
soil pH may be attributed to the colloidal surfaces
becoming increasingly negative charge with increasing
soil pH, resulting in greater coulombic (electrostatic)
repulsion and decreased P sorption (Bowden et al., 1980;
Haynes, 1982). The increase in the reactive colloidal
surfaces with decreasing soil pH will require more P to
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Table 3. Regression of sorption maxima with exchangeable aluminium, OM and soil pH.

Variable (x) Functions best fitting data R2

Exchangeable aluminium Y =307.66 + 12.88 Alex 87.6
Organic matter Y =417.9 - 46.15 OM 68.8
pH (water) Y= 914-112.3 pH 50.8

satisfy the colloidal surface and this may explain the
observed EPR values observed in soils that had been
subjected to CT.

Soil organic matter

Besides electrostatic repulsion between the increasingly
negative surface charge with increasing soil pH as a
factor contributing to the observed decrease in P affinity,
P sorption and external P requirement, the implication of
soil organic matter contents in P sorption and external P
requirement cannot be ruled out. As a consequence of
the non-export of crop residues from the land under CR
and NT, the soils under these treatments had high
organic matter contents (Table 1). The P sorption affinity,
P adsorption maxima and EPR values were much lower
in these soils than in the soils under CT. The low
biodegradation of these high contents of organic matter
may have, as some of its products, humic substances
such as organic acid anions such as citrate and tartarate
whose concentrations in the rhizosphere may reach a
level high enough to enable them compete strongly with
phosphate anions for adsorption sites on reactive
surfaces of solid constituents such as oxides of Fe and Al
(Holford and Mattingly, 1975). Polyanionic organic
complexants can also complex reactive surfaces of solid
constituents such as oxides of Fe and Al.

The concentrations of organic acids in the soil solution

are usually low (10'3 to 4 x 10 mol dm'3), but greater
amounts are found in the rhizosphere of crop plants
(Vance et al.,, 1996). It has been observed that the
organic acids (the tri-carboxylic and di-carboxylic acids)
that most commonly occur in soils are effective in
reducing phosphate sorption, whereas monocarboxylic
acids have little effect on phosphate sorption (Hingston et
al., 1971; Earl et al.,, 1979; Yuan, 1980; Sibanda and
Young, 1986; Violante et al, 1991, 1996). These
properties of organic acids that occur in soils may explain

the observed lower Smax values.

Exchangeable aluminium

The data given in Table 1 show that exchangeable
aluminium (Alex) contents in the soil subjected to CR and

NT were less than half of the Aleyx contents of the soil that
was under CT. The sorption maxima increased linearly

with increasing exchangeable Al contents which
accounted for about 88% of the total variations in sorption
maxima (Table 3). These findings are consistent with
previous observations (Udo, 1981; Bubba et al., 2003).
The significance of the inclusion of the soil variables
organic matter (OM) and pH in equation after sorption

maxima was regressed on exchangeable Al (Aley):

Y =307.66 + 12.88 Alex  (R” = 876) @)
was tested and the following linear regression equation
was obtained:

Smax = 609.0 + 5.76 Aley -18.450M -50.6pH (R> = 970) (5)

The increase in the coefficient of determination (AR2 =
106) brought about by the inclusion of OM and pH in
Equation 1 was statistically significant (P < 0.05), and the
combined effects of Alex, OM and pH accounted for 97%
of the total variation in sorption maxima. These findings
are consistent with previous observations (Gichangi et al.,
2008; Agbenin, 2003; Henry and Smith, 2002; Duffera
and Robarge, 1999).

Conclusion

The results confirm that soil disturbance by conventional
tilage (CT) leads to a decrease in soil organic matter
contents, and to an increase in soil exchangeable

aluminium (Aley), P sorption affinity (b), soil P adsorption

maxima (Smax) and soil external P requirements (EPR).
The decrease in soil organic matter contents on soils
subjected to CT suggests that continued conventional
tillage can impact adversely on soil quality. The increased
contents of organic matter in soils under no-tillage
confirm that not only maintenance of an improved soil

health, but also reduction in emissions of CO> into the
atmosphere can be achieved if the soil is not disturbed.
The decrease in EPR of the soils under crop rotation
(CR) and no-tillage (NT) treatments suggests that, of the
three treatments used in the present study, P will be
bioavailable more in soils that have been subjected to
either CR or NT than in soils under CT. These results
show that, because of their higher sorption capacity, soils
under conventional tillage require more external P
compared to the other two. This further suggests the
need for the promotion of soil cropping under CR or NT
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rather than CT for use by resource-poor smallholder
farmers in order for them to get good value from their
investment in the purchase of the small quantities of
phosphatic fertilisers they apply for crop production.

Conflict of Interests

The authors have not declared any conflict of interests.

ACKNOWLEDGEMENTS

The senior author wishes to express his profound
gratitude to the Alliance for Green Revolution in Africa
(AGRA) for the grant that made it possible for him to carry
out the postgraduate training programme under which the
research whose findings are summarised in this paper
was conducted. The authors would also like to thank the
Director of Total Landcare for permission granted to
collect representative soil samples from his field
experimental sites where effects of conservation
agriculture were agronomically assessed. The authors
thank Messrs L. K. Chirwa, B. Msukwa and S. Khombe
for their assistance during the execution of laboratory
investigations.

REFERENCES

Agbenin JO (2003). Extractible iron and aluminium effect on phosphate
sorption in a savanna Alfisol. Soil Sci. Soc. Am. J. 67:587-595.

Anderson JM, Ingram JSI (1993). TSBF: A Handbook of Methods of
Analysis. CAB International. Wallingford, UK

Blakemore LC, Searle PL, Daly BK (1987). Methods for Chemical
Analysis of Soils. New Zealand Soil Bureau Scientific Report 80. P
103.

Bowden JW, Nagarajah S, Barrow NJ, Quirk JP (1980). Describing the
adsorption of phosphate, citrate and selenite on a variable-charge
mineral surface. Aust. J. Soil Res. 18:49-60.

Bowen HJM (1979). “Environmental chemistry of the elements”,
Academia Press, London.

Bubba MO, Arias CA, Brix H (2003). Phosphorus adsorption maximum
of sands for use as media in subsurface flow cultivated reed beds as
measured by the Langmuir adsorption isotherms. Water Res.
37:3390-3400.

Busari MA, Salako FK (2013). Effect of tillage, poultry manure and NPK
fertilizer on soil chemical properties and maize yield on an Alfisol at
Abeokuta, south-western Nigeria. Niger. J. Soil Sci. 23:206-218.

Cookson WR, Murphy DV, Roper MM (2008). Characterizing the
relationships between soil organic matter components and microbial
function and composition along a tillage disturbance gradient. Soil
Biol. Biochem. 40:763-777.

Cordell D, Drangert JO, White S (2009). The story of phosphorus: global
food security and food for thought. Glob. Environ. Change 19:292-
305.

Day PR (1965). Particle fractionation and particle size analysis, pp. 545-
567, in Black, CA ed., Methods of Soil Analysis, Part 1, American
Society of Agronomy, Madison, Wisconsin.

Dodor DE, Oya K (2000). Phosphorus sorption characteristics of major
soils in Okinawa, Japan. Commun. Soil Sci. Plant Anal. 31:277-288.
Dossa EL, Bakam J, Kkouma M (2008). Phosphorus sorption and
desorption in semiarid soils of Senegal amended with native shrub

residues. Soil Sci. 173:669-682.

Duffera M, Robarge WP (1999). Soil characteristics and management
effects on phosphorus sorption by highland plateau soils of Ethiopia.
Soil Sci. Soc. Am. J. 63:1455-1462.

During RA, Thorsten H, Stefan G (2002). Depth distribution and
bioavailability of pollutants in long-term differently tilled soils. Soil
Tillage Res. 66:183-195.

Earl KD, Syers JK, McLauglin JR (1979). Origin of the effect of citrate,
tartrate, and acetate on phosphate sorption by soils and synthetic
gels. Soil Sci. Soc. Am. J. 43:674-678.

Essington ME (2003). Soil and water chemistry, An integrative
approach. CRC Press, Boca Raton, FL.

Gichangi EM, Mnkeni, PNS, Muchaonyerwa P (2008). Phosphate
Sorption Characteristics and External P Requirements of Selected
South African Soils.

Gilbert N (2009). Environment: The disappearing nutrient. Nature
461:716-718.

Hansen JC, Cade-Menun BJ, Strawn DG (2004). Phosphorus
speciation in manure-amended alkaline soils. J. Environ. Qual.
33:1521-1527.

Haynes RJ (1982). Effects of liming on phosphate availability in acid
soils — A critical review. Plant Soil 68:289-308.

Henry PC, Smith MF (2002). Phosphorus sorption study of selected
South African soils. South Afr. J. Plant Soil 19:61-69.

Henry PC, Smith MF (2003). A single point sorption test for the routine
determination of the phosphorus requirement of low to moderate P-
fixing soils. South Afr. J. Plant Soil 20:132-140.

Henry PC, Smith, MF (2004). An improved phosphorus desorption index
for the routine determination of the Ambic-2 phosphorus requirement
factor of the South African soils. South Afr. J. Plant Soil 21:13-20.

Hingston EJ, Posner AM, Quirk JR (1971). Competitive adsorption of

negatively charged ligands on oxide surface. Discuss. Faraday Soc.
52:334-342.

Hinsinger P (2001). Bioavailability of inorganic P in the rhizisphere as
affected by roots induced chemical changes. A review. Plant Soil
237:173-195.

Holford ICR, Mattingly GEG (1975). The high- and low-energy
phosphate adsorption surface in calcareous soils. J. Soil Sci. 26:407-
417.

lyamuremye F, Dick RP, Baham J (1996). Organic amendments and
phosphorus dynamics: |. Phosphorus chemistry and sorption. Soll
Sci. 161(7):426-435.

Lal R (1997b). Long-term tillage and maize monoculture effects on a
tropical Alfisol in western Nigeria. II. Soil chemical properties. Soil Till.
Res. 42:161-174.

Maida JHA (1973). Chemical and biology assay of the phosphorus
status of selected Malawi soils. PhD thesis; Department of Soil
Science, University of Aberdeen.

Mehlich A (1984). Mehlich 3 soil test extractant: A modification of
Mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 15:1409-1416.
Mughogho S (1975). Organic phosphorus studies in some Malawi soils.

Cornel University, USA.

Murphy J, Riley JP (1962). A maodified single solution method for the
determination of phosphate in natural waters. Anal. Chem. Acta
27:31-36.

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

Mwandemere HK, Robertson WK (1975). Selected mineralogical and
chemical properties of ten soils of Malawi. Soil Crop Sci. Soc. Fla.
35:155-160.

Naidu R, Syers JK, RW Tillman, Kirkman JH (1990). Effect of liming on
phosphate sorption by acid soils. J. Soil Sci. 41:165-175.

Ntokotha EM (1974). The soils and land use potential of the
Mpherembe area, northwest Mzimba district, M.Sc. Thesis,
Department of Soil Science, University of Aberdeen, Scotland.

Nziguheba G, Palm CA, Buresh RJ, Smithson PA (1998). Soil
phosphorus fractions and adsorption as affected by organic and

inorganic sources. Plant Soil 198:159-168.

Oelkers EH, Valsami-Jones E (2008). Phosphate mineral reactivity and

global sustainability. Elements 4:83-87.

Okalebo JR, Gathua KW, Woomer PL (2002). Laboratory Methods of
Soil and Plant Analysis: A Working Manual; TSBF-KARI, Nairobi,



Kenya; Okinawa, Japan. Commun. Soil Sci. Plant Anal. 31:277-288.

Pant HK, Reddy KR (2001). Phosphorus sorption characteristics of
estuarine soils under different redox conditions. J. Environ. Qual.
30:1474-1480.

Pierzynski GM, McDowell RW, Sims JT (2005). Chemistry, cycling, and
potential moment of inorganic phosphorus in soils. Sims JT, Sharpley
AN, editors. Phosphorus: Agriculture and the Environment. American
Society of Agronomy, Crop Science Society of America, Soil Science

Society of America, Inc., Madison, WI, pp. 53-86.

Rahman MH, Okubo A, Sugiyama S, Mayland HF (2008). Physical,
chemical and microbiological properties of an Andisol as related to
land use and tillage practice. Soil Till. Res. 101:10-19.

Rasmussen KJ (1999). Impact of ploughless soil tillage on yield and soil
quality: A Scandinavian review. Soil Till. Res. 53:3-14.

Rhoton FE (2000). Influence of time on soil response to no-till practices.
Soil Sci. Soc. Am. J. 64:700-709.

Sibanda HM, Young SD (1986). Competitive adsorption of humus acids
and phosphate on goethite, gibbsite, and two tropical soils. J. Soil
Sci. 37:197-204.

Sparks D (2003). Environmental soil chemistry, Academic Press, San
Diego, CA.

Turner BL, Richardson AE, Mullaney EJ (2007). Inositol Phosphates:
Linking Agriculture and the Environment. CAB International,
Wallingford, UK, P 304.

Udo EJ (1981). Phosphorus status of major Nigerian soils. In Soil
Fertility. Soil tilth and post-clearing land degradation in the humid
tropics. Proc. Soc. Int. Soil Sci. Commun. 1V-V1. pp. 243-251.

157 Int. J. Soil. Sci. Agron.

Uzoho BU, Oti NN (2005). Phosphorus adsorption characteristics of
selected Southeastern Nigerian soils. Agro-Science 4(1):50-55.
Vance GE, Stevenson EJ, Sikora EJ (1996). Environmental chemistry
of aluminium-organic complexes. In The Environmental Chemistry of
Aluminium, G. Sposito, ed., CRC Press, Lewis Publisher, Boca
Raton, Florida, pp. 169-220.

Violante A, Colombo C, Buondonno A (1991). Competitive adsorption of
phosphate and oxalate by aluminium oxides. Soil Sci. Soc. Am. J.
55:65-70.

Violante A, Rat MA, De Chiara A, Gianfreda L (1996). Sorption of
phosphate and oxalate by a synthetic aluminium hydroxysulphate
complex. Eur. J. Soil Sci. 47:241-247.

Walkley A, Black CA (1934). An examination of the digestion method for
determining soil organic matter and proposed acid titration method.
Soil Sci. 37:29-38.

Yuan TL (1980) Adsorption of phosphate and water-extractable soil
organic material by synthetic aluminium silicates and acid soils. Soil
Sci. Soc. Am. J. 44:951-955.

Ziadi N, Simard RR, Tran TS, Allard G (2001). Soil-available
phosphorus as evaluated by desorption techniqgues and chemical
extractions. Can. J. Soil Sci. 81:167-174.



