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Abstract

Extensive research has been conducted over the past 25 years on the management of plant nutrients,
especially N and P, for crop production on acidic infertile tropical soils. Under certain conditions, the use of
indigenous phosphate rock (PR) and modified PR products, such as partially acidulated PR or compacted
mixtures of PR with superphosphates, are attractive alternatives, both agronomically and economically, to the use
of conventional water-soluble P fertilisers for increasing crop productivity on Oxisols and Ultisols. A
combination of the effects of proper P and N management including biological N2 fixation, judicious use of lime,
and the use of acid-soil tolerant and/or P-efficient cultivars in cropping systems that enhance nutrient cycling and
use efficiency, can provide an effective technology to sustainably increase crop productivity and production in
tropical agro-ecosystems dominated by these acid soils.

1. INTRODUCTION

The world's population is expected to increase from 6 to 7.3 billion between 1999 and 2025,
with most growth occurring in Latin America, Asia, and Africa. In order to feed the expected
population of the developing world, food production will need to increase by over 50% during the
next 25 years [1].

Perhaps the greatest potential for increased agricultural production lies in agro-ecosystems
dominated by acid, infertile soils. These occur largely in the tropical rainforest and savannah regions
of Latin America and Africa, and, to a lesser degree, in less populated areas of south-east Asia.
Because of the negative environmental impact of slash-and-burn agriculture and deforestation,
agricultural development is increasingly focused on the regions of tropical acid-soil savannahs.

Acid-soil savannahs occupy approximately 240 Mha of land in the Llanos of Colombia and
Venezuela, and the Cerrado region of Brazil. The predominant soils are classified as Oxisols and
Ultisols and represent approximately 34% and 21%, respectively, of the total land area of tropical
America [2]. These soils generally have a favourable topography for agriculture, and adequate
temperatures and moisture for plant growth [2]. However, the low native soil fertility as well as
acidity and Al toxicity have limited widespread agricultural development in these areas. Acid
savannah soils occupy much smaller areas in Africa and Asia, but they are nevertheless important
resources for increased agricultural production. Moreover, in south-east Asia, significant areas have
been deforested in large transmigration schemes exposing highly acidic soils to agricultural
development. These soils, also predominantly Oxisols and Ultisols, share the same constraints of low
inherent fertility to productive agriculture as do those of the tropical savannahs.

Increasing agricultural production on highly acidic, infertile Oxisols and Ultisols requires
nutrient inputs, either organic or mineral, to satisfy the requirements of crops, as well as to replace
nutrients removed in harvested products. Phosphorus (P) is the major limiting nutrient; these soils are
low in both total and available P and frequently have a high P-fixation capacity. Unlike nitrogen (N),
which can be supplied indirectly through biological fixation by rhizobia in symbiosis with legumes, P
must be supplied from inorganic sources or through biomass transfer from more enriched soils.
Phosphorus fertiliser is a costly input with very low use efficiency by crops.
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Sanchez and Salinas [2] discussed six strategies to manage P-nutrient inputs in acid savannah
soils:
- Determine the most appropriate combination of rates and placement methods to enhance

initial and residual effects,
- Improve soil-fertility evaluation procedures for making P recommendations,
- Use more cost-effective P sources such as indigenous phosphate rocks (PRs),
- Use moderate amounts of lime to reduce soil P-fixation capacity and increase P availability,
- Select species and varieties of crops that grow well at low available-P levels,

Enhance mycorrhizal associations with plants to increase P uptake.

Much research on P management for Oxisols and Ultisols during the past 25 years has
focussed on these areas.

In order to improve the accessibility of P fertilisers to resource-poor farmers, IFDC has been
conducting an extensive research programme since 1975 on the development and use of P fertilisers in
Latin America, Africa, and Asia. This paper presents a brief review of that programme on the
development of alternative non-conventional P fertilisers and the management of P fertilisers in
tropical acid soils, with particular emphasis on the acid savannah soils of Latin America.

2. NON-CONVENTIONAL PHOSPHATE FERTILISERS

High P-fixing Oxisols and Ultisols require additions of at least 200 mg P/kg to provide
0.2 ppm P in soil solution, a level considered adequate for optimal growth of crops such as maize [3].
Approximately 72% of the land surface occupied by Oxisols and Ultisols have soils with high P-
fixation capacity [2]. Although high rates of conventional water-soluble P fertilisers, e.g. triple
superphosphosphate (TSP) and single superphosphate (SSP), on such soils can be agronomically
effective, their use may be economically prohibitive, especially for poor farmers. For example, on
virgin soils in the Brazilian Cerrados, initial applications of 100 to 200 kg P/ha of water-soluble P
fertilisers were needed to produce high yields of maize, soybean, wheat, and upland rice [4].

The IFDC's P-research programme has focussed particularly on the use of indigenous PRs as
a low-cost alternative to soluble P fertilisers for crop production on highly acidic soils. The
programme included chemical and mineralogical characterisation of PR deposits, processing
technologies for direct use or chemical and physical modification, soil chemistry and greenhouse
studies to elucidate factors affecting PR availability to plants, agronomic evaluation under field
conditions, and economic assessment of cost:benefit ratios.

2.1. Phosphate rock characteristics and soil factors affecting P availability to plants

Phosphate rocks consist mainly of the mineral apatite, and may be either sedimentary or
igneous in nature. The agronomic effectiveness of PR depends greatly on its chemical reactivity,
which is determined by its chemical and mineralogical properties, principally the degree of
isomorphous substitution of carbonate for phosphate in the apatite crystal lattice [5]. It has been found
that the solubility values of PR in neutral ammonium citrate solution (AOAC method), 2% citric acid,
and in 2% formic acid, correlate with carbonate substitution and agronomic effectiveness.
Consequently, these three values are now widely used as a basis for the determination of PR
reactivity. Phosphate rocks are classified accordingly, as being of low, medium or high reactivity.

The availability of P from PR sources depends not only on characteristics of the PR, but also
on soil properties and plant attributes. Phosphate rock dissolution involves the consumption of
protons (H+ ions), and the release of Ca and phosphate ions to soil solution. Consequently, soils with a
large source of free protons (acid soils), and large sinks for Ca and phosphate ions (that is, low
exchangeable Ca and high P-retention capacity) are well suited for PR application and dissolution [6].
Since Ca and, especially, P are relatively immobile in soil, PR application methods that favour a high
degree of PR/soil contact also enhance PR rates and P availability.
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FIG. 1. Response of guinea grass to application of PR sources on an Oxisol [6].

2.2. Agronomic effectiveness of PR sources for crops

Phosphate-rock deposits exist in several countries of Latin America [7]. Their agronomic
effectiveness varies widely, from some that are as effective as TSP to those that produce no effect on
crops over the control (Fig. 1) [6]. The effectiveness of the various PR materials is related to their
reactivity. Medium-reactive PRs (e.g., Huila in Colombia, Riecito in Venezuela) or highly reactive
PRs (e.g., Sechura in Peru, Bahia Inglesa in Chile) are economically attractive P sources for crop
production, especially when the residual value of the PR is considered (Fig. 2) [6]. In a study
conducted on an Oxisol on the Colombian Llanos, Huila PR was as effective as TSP in increasing
grain yields of two rainfed rice varieties (Fig. 3) [6]. This and similar findings have created a growing
demand for Huila PR, accounting for approximately 25,000 t (about 15% of Colombia's annual
consumption of P fertilisers) sold and applied to Colombian farmers' fields in 1994. Using this
indigenous PR source saves the country approximately US $1 M in foreign exchange each year [8]. In
Brazil, indigenous PRs have not been used for direct application because of their very low reactivity.
However, the country is importing a substantial quantity (350,000-400,000 t in 1998) of highly
reactive PRs, mainly Arad from Israel and Gafsa from Tunisia, for direct application to acid savannah
soils.

There are numerous deposits of PR in sub-Saharan Africa, e.g., Hatotoe in Togo, Kodjari in
Burkina Faso, Pare W and Tahoua in Niger, Tilemsi Valley in Mali, Matam in Senegal, Minjingu and
Panda Hills in Tanzania, Sukulu Hills in Uganda, and Dorowa in Zimbabwe. The IFDC has conducted
extensive characterisation and evaluation studies of these PRs and has found that, in general, only
Tahoua, Tilemsi Valley and Minjingu are suitable for direct application under appropriate soil and
crop conditions. For example, Tahoua PR was found to be 90 to 95% as effective as TSP, whereas the
less reactive Pare W was only 49 to 63% as effective in terms of increasing millet grain yields in one-
time applications in a 3-year trial on an acidic sandy Alfisol in Niger [9]. The same study showed that
one initial application of a large dose was more effective than three annual applications, presumably
because of the very low P-fixation capacity of this Alfisol. In Mali, Tilemsi Valley PR was 78 to
100% as effective of TSP during a 4-year study of a maize/cotton rotation [10].
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FIG. 2. Relative agronomic effectiveness of PR sources on growth of beans on an Andosol [6].

Although Oxisols and Ultisols amenable for directly applied PR occur widely in south-east
Asia, no significant deposits, apart from Christmas Island PR (owned by Australia), have been found
in the region (Indonesia, Malaysia, Thailand). Most PR sources in mainland Asia and on the sub-
continent (India, China, Viet Nam) are not suitable for direct application because of low reactivity. As
shown in Fig. 4 [11], Mussoorie PR (India) was less effective than TSP in increasing grain yields of
rice and wheat. Nevertheless, PR sources, mostly of medium reactivity, find widespread use in the
plantation sector, particularly in Malaysia. Several studies have also evaluated imported PR sources
on annual food crops. These were of medium or high reactivity, imported from Tunisia (Gafsa),
Jordan (El-Hassa), USA (North Carolina), and Morocco.

From 1987 to 1990, IFDC compared the agronomic effectiveness of PRs of medium (Jordan)
and high (North Carolina) reactivity, against TSP in rotations of maize or upland rice with soybean or
cowpea at five sites on Sumatra, Indonesia [14]. The effect of grinding on PR effectiveness was also
examined. Responses of upland rice on a slightly acidic soil (pH 6.3) and of maize on a moderately
acidic soil (pH 5.2) are shown in Fig. 5 [12]. Crop responses to the various PR sources were similar to
the effect of TSP. Moreover, differences in initial soil pH, exchangeable Ca, and P-fixation capacity
among sites, did not alter the effectiveness of the PR sources. All P sources produced substantial
residual effects, increasing grain yields of soybean or cowpea planted after the cereals without
additional applied P, by two to eight fold. In most cases, there was no significant difference in
agronomic effectiveness between a single 120 kg P/ha initial application and three annual applications
of 40 kg P/ha.
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FIG. 3. Response of rain-fed rice to Huila PR (Colombia) and TSP on an Oxisol [6].
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FIG. 6. Effect of partial acidulation of Pesca PR (Colombia) with H2SO4 (SAB-PAPR) on bean yield
on an Andept [13].

2.3. Partial acidulation of PR and compaction with TSP

For PRs of low reactivity that are unsuitable for direct application, partial acidulation can be
an effective and economic means of improving agronomic effectiveness. Partial acidulation refers to
the use of less than the stoichiometric amount of acid, H2SO4 or H3PO4, required to completely
convert the PR to soluble SSP or TSP, respectively, resulting in a product that essentially contains a
mixture of unaltered PR and soluble phosphate. For example, partially acidulated PR (PAPR)
produced at 40% acidulation with H2SO4 from the poorly reactivity Pesca PR (Colombia) was as
effective as TSP in increasing bean yields on a Colombian Andept (Fig. 6) [13]. Products that are
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chemically equivalent to PAPR can be produced also by the process of dry compaction of PR with
water-soluble P fertilisers such as SSP, TSP and monoammonium phosphate (MAP).
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FIG. 7. Maize dry-matter yield response to PR, PAPR-50% H2SO4, compacted PR+TSP (50:50 P
ratio), and TSP applied to an Ultisol [15].

The enhanced effectiveness of the residual PR in the PAPR, or the PR component of the
compacted PAPR equivalent, is attributable to the "starter effect" of the water-soluble P component
that promotes early root development, enabling the plant to use the unacidulated PR component more
effectively than after treatment with PR alone [13]. Using the isotope-dilution technique with 32P, it
was shown that uptake of P, from a PR of medium reactivity, was increased 165% for maize and 72%
for cowpea over TSP alone when the PR was mixed at a 1:1 P ratio with TSP [14].

Compacted mixtures (PR+TSP or SSP) or chemically prepared PAPRs with equal soluble-
P:PR-P ratios generally have the same agronomic effectiveness if the PR does not contain significant
amounts of iron (Fe) and of aluminium (Al) oxide (e.g., Huila PR; Fig. 7) [15]. However, compacted
PR+TSP mixtures are more effective agronomically than PAPR for PRs of high Fe and Al oxide
contents. For example, PAPR produced with Capinota PR from Bolivia (8.8% Fe and Al oxide) was
much less effective than the compacted equivalent (Fig. 7). This is attributed to the reaction of H2SO4

with Fe and Al oxides in PR during the acidulation process, resulting in a reduction of water-soluble P
[16]. On the other hand, increasing soil P-fixation capacity due to increasing Fe and Al oxide content
of the soil increases the relative agronomic effectiveness of PAPR with respect to SSP and TSP (Fig.
8) [17] due to the interactions of PR and monocalcium phosphate (MCP) components in PAPR
granules with soil Fe-Al oxide minerals [13].
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Another effective way of improving the effectiveness of PR is to broadcast and incorporate it
into the soil and band a starter amount of TSP. This promotes early plant growth similar to the "starter
effect" mentioned above for PAPR and compacted PR+TSP mixtures. For example, a broadcast
application of 86 kg P/ha of PR plus 8.6 kg P/ha of TSP banded at planting was found to be effective
for maize grown on Oxisols in Colombia for three consecutive years [6].

The agronomic effectiveness of many poorly reactive PRs in sub-Saharan Africa can also be
significantly increased by partial acidulation or compaction with SSP/TSP [11]. In a greenhouse
experiment using an Ultisol, Togo-PR was a completely ineffective as a source of P for maize and
cowpea, whereas, when acidulated at 50% H2SO4 or compacted with TSP at a 50:50 P-basis ratio, the
modified Togo PR was 73 to 85% as effective as SSP for maize and 88 to 97% as effective for
cowpea (Fig. 9) [18]. On an Ultisol in the field in Sierra Leone, the same Togo-PAPR was as effective
as SSP in increasing maize grain yield (Fig. 10) [13]. Similarly, partial acidulation of the poorly
reactive igneous PRs from Dorowa (Zimbabwe) [19] and Sukulu Hills (Uganda) [20] was found to
significantly increase their agronomic effectiveness. In India, 40% partial acidulation of the
Mussoorie PR with H2SO4 rendered it equally as effective as TSP (Fig. 4) [11]. Similar results were
obtained with other Asian PR sources, for example, Jamakotra PR (India) and Jiangxiang PR (China),
either by partial acidulation or compaction with TSP or MAP at equal soluble-P:PR-P ratios.

The EFDC research programme on evaluation and modification of PR sources has led to
adoption of these technologies in several countries. For example, with the assistance of IFDC, a
fertiliser plant was built in 1998 and commercialised in Venezuela to produce 150,000 t/yr of PAPR-
40% H2SO4 using the indigenous Riecito PR. This PAPR will supply the domestic P demand of
annual crops on acid soils and will be available for exportation to the region.
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TABLE I. SOYBEAN YIELDS AND AMOUNTS OF NITROGEN BIOLOGICALLY FIXED [24]

P source Seed yield
(g/pot)

Amount of N fixed
(mg N/pot)

Seed Whole plant3

Check
Sechura PR

TSP

1
12

14

11
609

784

12
892

1,170

including root, stem, leaf, pod, and seed.

2.4. Use of P-efficient crop species and varieties

Since PR and modified PR sources provide lower concentrations of P in soil solution than do
their water-soluble counterparts, their optimal use may be obtained in combination with crop species
and varieties that are relatively tolerant of low levels of soil-available P or that utilize soil P more
efficiently. For example, cowpea requires only two-thirds of the soil-solution P concentration that
maize needs to reach maximum growth potential [21]. Some crops, such as rapeseed and buckwheat,
are known to extract P from water-insoluble P minerals in soils more efficiently than, for example,
wheat or maize [22]. Root-induced changes in the rhizosphere, including the release of organic acids,
hydrogen ions and acid phosphatases, enable such P-efficient plants to acquire P from less-available
pools [23]. There is a continuing need to combine the approaches of screening of crop
species/varieties and selecting P-sources varying in water solubility to maximise the utilisation
efficiency of P in acid soils.

2.5. Effect of PR on biological N2 fixation

Since mineral-N fertiliser is costly for resource-poor farmers, the cultivation of legumes - as
pulses, pastures, green manures, and cover crops - is an attractive alternative for crop production.
However, biological N2 fixation (BNF) requires adequate nutrient P for nodule formation and
function, and for host-plant growth. A combination of indigenous PRs with legumes could be a cost-
effective means of providing both P and N for sustainable crop production in cereal/legume systems.
For example, using the 15N-dilution technique, it was found that Sechura PR was 76% to 78% as
effective as TSP in enhancing BNF and soybean grain and biomass production on an Ultisol (Table I)
[24].

2.6. Micronutrients in PR

When directly applied, PRs can be a source of micronutrients that are likely to be removed
and lost in the process of soluble P-fertiliser production. Work by IFDC scientists on an Oxisol in
Colombia suggested that indigenous Huila PR, which contains Zn at 136 mg/kg, produced a higher
grain yield of rice than did TSP as a result of its Zn content (Fig. 3; L.L. Hammond, personal
communication). In New Zealand, Sechura PR, which contains molybdenum (Mo) at 43 mg/kg,
increased dry-matter yields of pasture herbage more than did TSP at sites where the PR significantly
increased Mo levels in clover (Fig. 11) [25]. More information is needed on the micronutrient
contents of PRs that have potential for crop production on acid soils.
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2.7. Soil acidity related to the use of PR

Among the major chemical and nutritional constraints to crop growth on acid soils are toxic
levels of Al and Mn and deficiencies of Ca and Mg. Although lime is effective for alleviating these
constraints, it is often unavailable or is costly to transport. Screening crop species and varieties to
identify those that are tolerant of soil acidity would reduce costly lime requirements.

Phosphate rocks have liming properties and are a source of Ca for crops. This is because
hydrogen ions are consumed in the dissolution (acidulation) process in soil. Moreover, PRs contain 20
to 40% structural Ca in addition to CaCO3 as impurities. Research at IFDC has shown that application
of medium to highly reactive PRs can result in significant liming effects on acid soils. Although the
increase in pH is generally less than 0.5, the decrease in exchangeable Al can be significant if the soil
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pH is less than 5.5. For example, exchangeable Al was reduced from 2.0 meq/100 g to 0.40 meq/100 g
when a Colombian Oxisol was treated with Sechura PR in a soil incubation study (Fig. 12a) [7]. The
soil pH was correspondingly increased from 4.6 to 5.0 and exchangeable Ca was increased from 0.2 to
1.5 meq/100 g (Fig. 12b) [7]. Aluminium saturation was reduced from approximately 80% to 20%.
Thus, plant-growth responses may have been due both to increased P availability and to alleviation of
Al toxicity (Fig. 13) [7].

Phosphate rocks such as Huila and Capinota, which contain free carbonates, can supply
nutrient Ca in addition to reducing Al saturation. The potential agronomic value of Ca in some PRs
from Latin America was reported by Heliums et al. [26]. For example, Bahia Inglesa PR was found to
be 90% as effective as CaCO3 as a source of Ca in increasing dry-matter yield of maize when P was
not plant-growth limiting (Fig. 14) [26]. More research is needed to evaluate the potential liming
value of non-conventional P sources such as PR and PAPR, for crops on Oxisols and Ultisols.

The application of lime can have a detrimental effect on PR effectiveness because increases in
pH and exchangeable Ca, through the common-ion effect, reduce the driving force for PR dissolution.
For example, in a greenhouse study, the effectiveness of Sechura PR with Al-tolerant soybean cv.
Perry decreased from 84% to 66% of TSP after an Ultisol (pH 4.8, Al-saturation 48%) was limed
[27]. In a field experiment conducted in an Oxisol (pH 4.2, Al-saturation 70%) in Colombia, the
effectiveness of Huila PR decreased from 70% to 57% of TSP with a local Al-tolerant soybean, cv.
ICA Soyica Araria, after 1.5 t lime/ha.

On highly acidic soils, some lime application may be necessary to overcome Al toxicity in
sensitive crops. On another Oxisol in Colombia (pH 4.8, Al-saturation 75%), acid-tolerant maize cv.
CIMMYT SA3 was used to test the agronomic effectiveness of Huila and Capinota PRs and mixtures
of PR and TSP; whereas the PRs were less effective than TSP, the PAPR or compacted PR/TSP
products were as effective as TSP for the first crop after the soil was treated with only 300 kg/ha of
dolomitic lime (Fig. 15). The good performance of Capinota PAPR in this study, in comparison with
the poor result shown in Fig. 7 [15], suggests that the acid-tolerant maize was able to utilize
effectively water-insoluble P components in Capinota PAPR. In experiments on Sumatra, Indonesia,
maize responses to TSP and to medium and highly reactive sources of PR were severely limited
without lime. Judicious applications based on exchangeable Al contents produced increases in maize
grain yields that were similar in TSP and PR treatments.
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FIG. 12. Effect ofP sources applied to a Colombian Oxisol on (a) soil exchangeable Al content, and
(b) exchangeable Ca content [7].
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The results suggest that liming is necessary for food crops grown in highly acidic soils even
with PR that may have an inherent lime value. However, lime rates should be carefully chosen to
avoid adverse effects on PR dissolution. Further research is required on strategies that combine the
use of acid-tolerant cultivars with liming practices and management of alternative P fertilisers. Use of
PR, or mixtures of PR and water-soluble P, in combination with acid-soil-tolerant cultivars that
require no or minimum liming may be an alternative strategy for managing acid soils for sustainable
crop production.

3. NUTRIENT CYCLING IN CROPPING SYSTEMS

Enhanced nutrient cycling is an essential facet of increased efficiency of use of nutrient
inputs. The cropping system strongly influences the extent of nutrient cycling. From 1992 to 1998,
IFDC collaborated with CIAT in a long-term crop-rotation and ley-pasture systems experiment on the
Colombian savannahs [8, 28]. The experiment compared alternative systems based on upland rice or
maize with respect to their effects on various soil properties and processes including nutrient cycling.
In addition to monocultures, rice and maize were rotated with grain legumes (cowpea or soybean),
green manures or improved grass-legume pasture leys. Native savannah plots were maintained for
baseline comparisons. In addition, other experiments addressed the issue of residual effectiveness of
P-fertiliser applications to cereal/grain-legume rotations on high P-adsorbing Oxisols.
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3.1. Phosphorus cycling

Cycling of P in agro-ecosystems involves the soil organic pools and micro-organisms.
Measurements of microbial and other P fractions to examine the disposition of soil P under native and
improved legume-based pasture systems showed that the presence of legumes increased the general
level of biological activity in the system and the content of P in the organic pools [29]. Investigations
of P dynamics in crop rotations revealed transient fluxes into organic P fractions suggesting that the
pools they represent are all labile. In fact, the dynamics of soil P under cropping systems suggested
that P flowed preferentially into labile inorganic P pools and then more slowly into organic P pools;
flows into non-labile inorganic and organic pools tended to be very slow [30]. Since P enters organic
pools by plant assimilation and subsequent decay of derived residues and roots, systems such as
pastures that acquire P more efficiently and produce more residues have more influence on soil
organic P pools than those that do not. This contributes to increased cycling of P and the possibility of
sustained pasture productivity with low P inputs despite the high P-fixing nature of the soil, possibly
because P maintained in organic pools is better protected from loss through fixation than P flowing
through inorganic pools in the soil.

3.2. Residual P

Measurements of residual P in highly weathered tropical soils are rare, but essential for
improving the efficiency of fertiliser-P use, estimates of which frequently do not take account of
build-up in soil-available P with repeated applications. The IFDC collaborative research at CIAT
included long-term studies of the residual effectiveness of P-fertiliser applications in high P-fixing
acidic savannah soils [8, 28]. Experiments with maize/soybean and upland-rice/cowpea rotations at
two sites over a period of 5 to 6 years measured crop responses to several rates of one-time and annual
applications of TSP. Fractionation methods were used to estimate flows of P among labile and non-
labile inorganic and organic P pools. These data were used to parameterise a simple P-residual value
model for Colombian savannah Oxisols [31]. This work showed that (a) crop requirements for P on
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newly opened savannah of Colombia were relatively modest, at 40 to 80 kg P/ha, despite the
apparently high P-fixing capacity of the soil, and (b) soluble P fertiliser applications had a substantial
residual effectiveness, losing about 30% of their value annually to succeeding crops.

3.3. Modelling P dynamics

Among the objectives of the IFDC/CIAT long-term experiments on the eastern plains of
Colombia was the development of models of nutrient dynamics and cycling to enable the transfer of
results to other tropical acid soils in Latin America, Asia and Africa. In collaboration with Michigan
State University, the data-sets were used to parameterise and calibrate a P sub-model developed for
the CERES-maize simulation model [32, 33]. Validation of the model for a wider range of soils and
climatic regimes will enable agronomists to assess the potential of various P sources in various
cropping systems and design methodologies that enhance the efficiency of P inputs.

4. CONCLUSIONS

Although much knowledge has been gained from extensive research on the management of
phosphate fertilisers in tropical acid soils, the fact that crops recover less than 20% of applied P
indicates considerable potential for improvement in P-use efficiency. Continued research effort is
needed, therefore, to improve technologies to further increase crop production on acid savannah
Ultisols and Oxisols in order to meet expected increased global demands for food. The major
constraints for increasing crop production in these acid soils are deficiency of plant nutrients,
especially N and P, Al toxicity, and high P-fixation capacity. Research involving the technologies that
combine the effects of N and P management, liming practice, N2 fixation by legume crops, and
breeding for acid tolerance and/or P efficiency in sustainable cropping systems offers an effective
means of achieving the goal of successful agricultural development on these tropical acid soils.
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FIG. 15. Grain yield response of an acid-soil tolerant maize cultivar (CIMMYT variety SA3) to
various P sources on a Colombian Oxisol (IFDC/CIMMYT unpublished report).
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