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Abstract

A 2-factorial experiment, involving 3 levels of phosphorus (0, 40, and 80 kg P.ha- I
) as main

treatment and 4 cropping systems (mono crop, maize/cowpea inter-row, maize/cowpea intra-row,

and maize/cowpea intra-hole cropping) as sub-treatment was conducted in the field for 2

consecutive years in 2003 and 2004 to assess i) the effects of exogenous P supply and cropping

system on the concentrations of plant-available nutrients in the rhizosphere of cowpea and maize;

ii) the effect of exogenous P supply on tissue concentrations of minerals in nodulated cowpea and

maize in mixed plant cultures iii) the effects of exogenous P supply and cropping system on

plant growth and N2 fixation, and iv) the effects of exogenous P supply and cropping system on

phosphatase activity and microbial biomass in the rhizosphere of cowpea and maize.

At harvest, it was found that applying 40 or 80 kg P.ha- I significantly increased cowpea grain

yields by 59-65% in 2003 and 44-55% in 2004. With maize, the increases in grain yield were 20­

37% in 2003 and 48-55% in 2004 relative to zero-P control. In both cropping seasons, the

number of pod-bearing peduncles per plant, the number of pods per plant, the number of seeds

per pod, and seed yield per cowpea plant were significantly increased with the application of

exogenous P. In contrast, these parameters were all significantly depressed by mixed culture

relative to mono crop cowpea. Intercropping maize with cowpea produced higher total yields per

unit land area than the sole crop counterpart.

Supplying 40 or 80 kg P.ha- I to cowpea and maize significantly decreased the soil pH, increased

soil organic matter and concentrations of extractable P, Ca, Mg, S, Na, Zn, and Fe in rhizosphere

soil in 2003 and 2004. However, the concentrations of P, K, Ca, Mg, S, Zn, Cu, Mn, S, and Fe

were significantly lower in the rhizosphere soil of cowpea in 2003 relative to maize, while in

2004 only P, K, Mg, Zn, Mn and Fe were decreased in the legume's rhizosphere compared with
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the cereal. There was no effect of cropping system on the rhizosphere pH of cowpea and maize,

except for intra-hole planted cowpea, where pH was higher relative to the other cropping

systems.

In both Year I and 2, P application significantly increased the concentrations of P, Mg, Ca and K

in shoots and pods of cowpea but decreased those of Zn, Cu and B. P supply also increased P, K,

S and Na in roots, but decreased Zn, Cu, Mn and B in the two years of study. Similarly, P

elevated nodule concentrations ofP, Mg and S, but decreased those ofZn, Cu, Mn and Al in Year

I, just as nodule P and S-increased in Year 2 with a decrease in Zn concentration. At whole-plant

level, tissue concentrations of P, Ca and S rose with exogenous P supply, while those of Zn, Cu

and B were decreased. There was also a significant increase in the concentrations ofP, Ca, Mg,

K, S, Na, Cu, Zn, Mn, Fe and Al in shoots, roots and whole plants of the (cowpea) legume

relative to the (maize) cereal in the both years of study.

The cropping system also differentially affected nutrient concentrations and amounts in the test

species. For example, shoot levels of P, K, Cu and B in cowpea were significantly greater in

monoculture compared with mixed cultures in both years of experimentation. Furthermore, the

co-planting ':'f cowpea and maize in one hole increased shoot Fe (Year 1), Mg, Ca and B (Year

2), as well as whole-plant Fe and B (Year I) compared with either monoculture or the other

mixed cultures.

Exogenous supply of P to cowpea plants numerically, but not significantly, increased growth of

all organs and whole plants in Year 1. However, in Year 2, shoots, pods, roots, nodules and

whole-plants of cowpea were significantly increased with exogenous P application at either 40 kg

or 80 kg P.ha- I relative to zero-P control. Applying mineral P to maize also significantly
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increased growth of shoots and whole plants in both Year I and 2 relative to zero-P control. The

dry matter yield of organs and whole plants of cowpea was numerically, but not significantly,

decreased in mixed culture relative to monoculture in Year 1. However, in Year 2, biomass of

shoots, pods, roots, nodules and whole plants were markedly decreased in mixed culture relative

to monoculture. But with maize, plant growth was not affected by planting pattern in both Year I

and 2.

Intercropping increased N concentrations in whole plants of maize relative to sole culture in Year

I. Cowpea was unaffected in Year 1. In Year 2, mixed culture, especially intra-hole planting,

significantly increased N concentrations in roots and whole plants of cowpea relative to

monoculture. Similarly, intercropping increased N concentrations in shoots and whole plants of

maize relative to sole culture.

Isotope analysis showed that the 1)
1'N values of intercropped cowpea shoots, pods, roots, nodules

and whole plants were much lower when compared to those in monoculture. The mixed culture,

especially intra-hole planting, also markedly decreased the 1)
I 'N values of shoots, roots and whole

plants of maize relative to those in sole culture. As a result, the Ndfa of shoots, pods and whole

cowpea plants were increased with intercropping relative to monoculture. Not only was the %

Ndfa in shoots, pods, roots and whole cO'A'pea plants increased by mixed culture relative to sole

culture, but also the magnitude of this increase was greater in Year 2 compared to Year I.

Applying exogenous P to the cropping system decreased the alkaline phosphatase activity in the

rhizosphere soil of cowpea and maize in Year 1. The acid phosphatase activity was however not

significant for both species in Year 1. The provision of P also decreased both acid and alkaline

phosphatase activity in the rhizosphere of both cowpea and maize especially at the 80 kg P.ha-1 in
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Year 2. Although the cropping system had no effect on the acid and alkaline phosphatase activity

in the rhizosphere of both cowpea anda maize in Year I, acid phosphatase activity in the

rhizosphere of cowpea was significantly increased by mixed culture, especially in the intra-hole

planting, relative to monoculture in Year 2. Alkaline phosphatase activity was also significantly

higher in the rhizosphere of inter-row planted cowpea relative to monoculture.
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GENERAL INTRODUCTION AND LITERATURE REVIEW
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1.1 Introduction

Mixed culture (or intercropping) of legumes and cereals is an old practice in tropical agriculture

that dates back to ancient civilization. The main objective of intercropping has been to maximise

use of resources such as space, light and nutrients (Willey, 1990; Morris and Garrity, 1993; Lie et

al., 2003b), as well as to improve crop quality and quantity (Nel, 1975; Izaurralde et al., 1990;

Mpairwe et al., 2002). Other benefits include water quality control through minimal use of

inorganic nitrogen fertilisers that pollute the environment (Crew and Peoples, 2004). The current

trend in global agriculture is to search for highly productive, sustainable and environmentally

friendly cropping systems (Crew and Peoples, 2004). This has resulted into renewed interest in

cropping systems research (Vanderrneer, 1989).

When two crops are planted together, interspecific competition or facilitation between plants may

occur (Vanderrneer, 1989; Zhang et al., 2003). For example, studies have shown that mixtures of

cereals and legumes produce higher grain yields than either crop grown alone (Mead and Willey

1980; Horwith, 1984; Tariah and Wahua, 1985; Ofori and Stem, 1987a; Lawson and Kang, 1990;

Watiki et aI., 1993; Peter and Runge-Metzger, 1994; Skovgard and Pats, 1999; Rao and Mathuva,

2000; Olufemi et al., 200 I; Mpairwe et al., 2002; Dapaah et aI., 2003). In such crop mixtures, the

yield increases were not only due to improved nitrogen nutrition of the cereal component, but also

to other unknown causes (Nel, 1975; Connolly et al., 2001).

Many of the unknown and less researched processes occur in the rhizosphere of mixtures

(Connolly et al., 2001; Zhang et al., 2003 & 2004). The rhizosphere soil is the narrow zone of

soil surrounding the roots where soil, micro-organisms and roots jointly play key roles in the

ecosystem. Compared with the bulk soil, the rhizosphere has different biological, physical and

chemical soil properties. It is rich in root exudates, and, therefore, play a major role in nutrient
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mobilisation and microbial activities (Dakora and Phillips, 2002; Dakora, 2003). So far however,

little attention has been paid to rhizosphere effects on crops grown in mixtures (Connolly et al.,

2001; Zhang et 01.,2003; 2004), where interaction between different organisms is maximal.

The major management practices employed in mixed cultures to attain good yield includes the

enhancement of microclimatic conditions, improved utilisation and recycling of soil nutrients,

improved soil quality, provision of favourable habitats for plants and stabilisation of soil, among

others (Juma et al., 1997). These conditions are achieved by manipulating management practices

such as planting patterns of the mixtures.

Although monocultural systems involving cereals and legumes are well researched many of the

complex mixed systems such as those practised by farmers in Africa have received little

attention. For example, many planting patterns for maize and cowpea exist in Africa whose

belowground interactions have received little research attention and hence their ecology still

explored (ConnoIIy et al., 200 I).

1ntercropping systems are deliberately designed to optimise the use of spatial, temporal, and

physi"al resources both above- and belowground, by maximising positive interactiOI1<

(facilitation) and minimising negative ones (competition) among the components (Willey and

Osiru, 1972; WilIey, 1979; Mead and Willey, 1980; Horwith, 1985; Ofori and Stem, 1986,

1987a&b; lose et al., 2000; Silwana and Lucas, 2002). An understanding of the biological and

chemical processes and mechanisms involved in the allocation of resources in such systems is

essential. The complex interactions in cropping systems such as those used by traditional farmers

have received little research attention (Connolly et al., 2001; Zhang et al., 2004) because

quantitative rhizosphere studies in the field involving complex mixtures are notoriously difficult
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and cumbersome. Information from such studies is likely to provide an understanding of plant

survival strategies when subjected to stress in mixtures.

1.2 Interactions between plants in mixtnres

Plant-to-plant interactions can occur in the above- or below-ground plant compartments.

Interactions will occur in the growth process, especially when the component species are

exploiting growth resources above- and below-ground (Vandermer, 1989; Willey, 1990; Ong et

aI., 1996) from the same location or at the same time. In crop mixtures, any species utilizing the

same combination of resources will be in direct competition. However, based on differences in

phenological characteristics of species in mixtures, the interaction among them may lead to an

increased capture ofa limiting growth resource (Willey and Osiru, 1972; Willey, 1979; Mead and

Willey, 1980; Horwith, 1985; Ofori and Stem, 1986, 1987a&b; Silwana and Lucas, 2002) and

then accrue greater total yield than the cumulative production of those species if they were grown

separately on an equivalent land area (Mead and Willey, 1980; Horwith, 1984; Tariah and

Wahua, 1985; Ofori and Stem, 1987a; Lawson and Kang, 1990; Watiki et al., 1993; Peter and

Runge-Metzger, 1994; Myaka, 1995; Asafu-Agyei et al., 1997; Skovgard and Pats, 1999; Rao

and Mathuva, 2000; Olufemi et al., 2001; Dapaah et al., 2003). Thus, mixed culture systems

between cereals lmO legumes may experience a complex series of inter- and intra-specific

interaction (lzaurralde et al., 1990; Giller and Cadisch, 1995; Evans et al., 200 I; Li et al., 2003c)

guided by modifications and utilisation of light, water, nutrients and enzymes. More studies are

needed to quantify such interactions in different cowpealmaize mixtures such as those used by

farmers in Africa.
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1.3 Rbizosphere interaction in legume cereal mixtures

Most annual crop mixtures such as those involving cereals and legumes are grown almost at the

same period, and develop root systems that explore the same soil zone for resources (Horwith,

1984; Chang and Shibles, 1985a & b, Reddy et aI., 1994; Jensen et al., 2003). Under such

conditions, below-ground competition for resources such as nutrients is most likely to occur. For

example, research has shown that activities in mixed cropping systems involving maize and

cowpea occur between the top 30 - 45 cm of soil, and their density decreased with depth (Maurya

and Lal, 1981; McIntyre et al., 1997). Because of these interactions, cowpea yields can be

reduced significantly relative to that of maize (Watiki et al., 1993). In contrast to some negative

effects on yield, root systems in mixtures may provide some of the m'!ior favourable effects on

soil and plants. These include, amongst others, carbon enrichment through carbon turnover

(Ridder et al., 1990; Vanlauwe et al., 1997), release of phenolics, phytosiderophores and

carboxylic acids as root exudates by component plants (Dakora and Phillips, 2002; Dakora,

2003). These molecules play a major role in the mineral nutrition of plants. For instance, some

studies have shown that, in P-deficient soils, pigeonpea roots use piscidic, malonic, and oxalic

acids to solubilise Fe-, Ca- and AI-bound P (Ae et al., 1990). Once mobilised, P and Fe then

become available for uptake by the pigeonpea plant as well as by other associated plant species

and microflora in the cropping system.

In AI toxic soils, oxalate released by buckwheat roots forms an AI-Qxalate complex that renders

the AI non-toxic to plants and mutualistic microbes in the cropping system (Ma et al., 1998). In

that way, productivity of the cultural system is enhanced. Whether similar processes take place in

maize-cowpea mixtures, and the extent to which they affect the below ground activities, need to

be established. This is due to the fact that, thus far, research efforts on mixed cultures has centred

on the intra- and inter-specific competition for light and water, and research reports on
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competition for nutrients in maize and cowpea mixtures are limited (Connolly et al., 200 I; Zhang

et al., 2003; 2004). It is, therefore, of greater importance to explore how the rhizosphere systems

of the associated plant species in mixtures interact under different maize-cowpea cropping

systems.

lA Rhizospheric pH changes in different management systems in legume/cereal mixtures

Many plants have the ability to modity the pH of their rhizosphere (Hoffiand et al., 1989, 1992;

Raven et a!., 1990; Degenhardt et al., 1998; Muofhe and Dakora, 2000; Dakora and Phillips,

2002) and enhance nutrient availability such as P, K, Ca, and Mg, which are otherwise fixed in

unavailable forms (Vandermeer, 1989; Hauggaard-Nieison and Jensen, 2005). For instance,

legumes induce several reactions that modifY the rhizosphere pH (Jarvis and Robson, 1983;

McLay et aI., 1997; Tang et al., 1998,2001) and affect nutrient uptake (Brady, 1990; Vizzatto et

al., 1999). For example, Dakora et al. (2000) have shown that due to pH changes in the

rhizosphere, Cyclopia genistoides, a tea-producing legume indigenous to South Africa, increased

nutrient availability in its rhizosphere by 45-120% for P, 108-161% for K, 120-148% for Ca,

127-225% for Mg and 117-250% for boron (B) compared with bulk non-rhizosphere soil.

Hence, legumes may take up higher amounts of base cations, and in the process of balancing

internal charge, release It" ions into the rhizosphere that results in soil acidification (Jarvis and

Robson, 1983; McLay et al., 1997; Tang et al., 1998, 200!: Sas et al., 200 I; Dakora and Phillips,

2002; Cheng et al., 2004). Other legumes such as alfalfa, chickpea, lupins, and cowpea can

release considerable amounts of organic anions and lower their rhizospere pH (Liptone et al.,

1987; Dinkelaker et al., 1989 & 1995; Braum and Helmke, 1995; Gilbert et al., 1999; Neumann

et al., 1999; Rao et al., 2002; Li et al., 2004b), a condition conducive for the hydrolysis of

organic P and hence improving P nutrition for plants and microorganism in the soil. In the same

context, white lupin (Lupinus albus) exuded organic acids anions and protons that lowered
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rhizosphere pH and recovered considerable amounts of P from the soil and made them more

available to wheat than when it was grown in a monoculture (Horst and Waschkies, 1987; Kamh

et al., 1999). Similarly, pigeonpea increased P uptake of the intercropped sorghum by exuding

piscidic acid anions that chelated Fe3
+ and subsequently released P from FePO. (Ae et al., 1990).

In a field experiment, faba bean facilitated P uptake by maize (Zhang et al., 2001; Li et al., 1999

& 2003b; Zhang and Li, 2003). In another comparative study, the ability of chickpea to mobilise

organic P was shown to be greater than that of maize due to greater exudation of protons and

organic acids by chickpea relative to maize (Li et al., 2004a).

Thus, in mixed cultures, plants such as maize, which do not have strong rhizosphere acidification

capacity can benefit directly from nutrients solubilised by legume root exudates. What is,

however, not clearly known is the extent of rhizosphere pH changes in mixed cultures involving

nodulated cowpea and maize and their influence on other biological and chemical processes in

the soil.

1.5 Changes in rhizosphere mineral concentration with P supply

In most agricultural ecosystems, P is the second most limiting plant nutrient after N. Phosphorus

deficiency is more c~itical because only limited quantities mined are returned to the system in

crop residues. As a result, extreme phosphorus deficiencies are quite common especially in the

tropics (Buresh et al., 1997), where no supplementary sources of this element are applied to soils.

Therefore, P supply to crops such as cowpea and maize is reported to increase their rhizosphere

concentration, plant growth and yield in deficient soils (Wahua, 1983; Chang and Shibles,

1985a&b; Muleba 1999; Buerkert et al., 200 I; Carsky, 2003; Jensen et al. 2003). The supply of P

to plants from external sources is, therefore, important in reducing the competition that may

occur in plants sown in monoculture or mixtures to meet their internal P requirements.
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However, when P fertilisers are supplied to replenish soil fertility, about 70--90% of the P

fertilisers are adsorbed and retained in soil in various P compounds, some of which may not be

available to plants (Kamprath, 1967; Yost et aI., 1979). Some plants have evolved mechanisms of

aquiring such adsorbed minerals. It is well established that, under conditions of inadequate P

supply or during P stress in the soil, plant roots release a variety of organic acid anions into the

rhizosphere (Lipton et al., 1987; Hoffiand et al., 1992; Jones and Darrah, 1995). Bolan et al.

(1990) reported that organic acids increase soil P availability by decreasing adsorption of P and

increasing dissolution of relatively insoluble P compounds. Other reports (Dinkelaker et al.,

1995) suggest that root-released citrate increases the availability of mineral-bound P by

solubilising Ca, Fe, and Al phosphates. The amount of exuded citrate may even lead to

precipitation of Ca citrate on the root surface (Dinkelaker et al., 1989). It is possible that with

adequate P supply, such acid molecules will not be released in larger quantities into the

rhizosphere. In some cases, it has been reported that P applications changed soil pH, increased

cation exchange capacity and organic matter content of the soil (Sanchez and Uehara, 1980),

conditions that may favour the accumulation of some mineral nutrients such as Ca, Mg, Zn, Mn

and Fe (Li et al., 2004b). In some cases, P supply can lead to a decrease in soil pH (Lambers et

al., 2002; Li et al., 2004b) and an increase in the availability of some nutrients in soil,

particularly AI, Fe, Mn, and Zn (Romheld and Marchner, 1986; Marshner, 1995). Added P may

also form some complexes with other minerals and render them unavailable to plants. Such

complexes may involve Zn, Cu, Mn, Fe and Ca (Handreck, 1991; Zhu et al., 200 I & 2002).

Generally, adequate P nutrition is reported to enhance the uptake of other nutrients through

improved overall plant growth, especially root development (Reinbott and Blevins, 1997). It has,

however, been shown that increasing soil P availability and uptake can result in lower levels of
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available Zn in plants (Lindsay et aI., 1962; Christensen and Jackson, 1981; Singh et al., 1988;

Gianquinto et al., 2000).

1.6 Nz fixation in legume/cereal mixtures

Biological nitrogen fixation by grain legume crops has received a lot of attention (Eaglesham et

al., 1981; Giller et al., 1991; Izaurralde et al., 1992; Giller and Cadisch, 1995; Peoples et al.,

2002) because it is a significant N source in agricultural ecosystems (Heichel, 1987; Dakora and

Keya, 1997). However, studies on Nz fixation in complex cereal/legume mixtures are few (Stern,

1993; Peoples et al., 2002). Intercropping usually includes a legume which fixes Nz that benefits

the system, and a cereal component that depends heavily on nitrogen for maximum yield (Ofori

and Stem, 1986; Cochran and Schlentner, 1995). Controlled studies have shown a significant

direct transfer of fixed-N to the associated non-legume species (Eaglesham et al., 1981; Giller et

al., 1991; Frey and Schliepp, 1993; Stem, 1993; Elgersma et al., 2000; H0gh-Jensen and

Schjoerring, 2000; Chu et al., 2004). There is evidence that the mineralisation of decomposing

legume roots in the soil can increase N availability to the associated crop (Dubach and Russelle,

1994; Schroth et al., 1995; Evans et al., 2001). In mixed cultures, where row arrangements and

the distance of the legume from the cereal are far, nitrogen transfer could decrease. Research has

show!! that competition between cereals and legumes for nitrogen may in turn stimulate Nz

fixation activity in the legumes (Fujita et al., 1990; Hardarson and Atkins, 2003). The cereal

component effectively drains the soil ofN, forcing the legume to fix more N2.

1.7 Soil microbial biomass and phosphatase activity in legume/cereal mixtures

The microbial biomass is influenced by biological, chemical, and physical properties of the plant­

soil system. Generally, soil and plant management practices may have greater influence on the

level of soil microbial C (Gupta and Germida, 1988; Dick et al., 1994&1997; Alvey et al., 2003).
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For instance, soil microbial C tend to show the highest values in cropland and grassland soils and

the lowest in bare cultivated soils (Brookes et al., 1984; Gupta and Germida, 1988).

Monocultural systems are expected to contain reduced amounts of microbial biomass and

activities in comparison to those in mixed cultures (Moore et al., 2000). Studies have indicated

that legumes accumulated greater amounts of soil microbial C in the soil than cereals (Walker et

al., 2003). This is attributed to lower C:N ratio of legume than that of cereal (Uriyo et al., 1979;

Brady, 1990).

Microbial biomass and enzyme activities could increase after the addition of an energy source.

The stimulation of soil microbial biomass and enzyme activity by organic amendments is higher

than that induced by organic fertilisers (Bolton et al., 1985; Goyal et al., 1993; Hoflich et al.,

2000). Soil organic matter content and soil microbial activities, vital for the nutrient turnover and

long term productivity of soil, are enhanced by the balanced application of nutrient and/or

organic matter/manure (Bolton et al., 1985; Guan, 1989; Goyal et al., 1993; Hoflich et al., 2000;

Kanchikerimath and Singh, 2001). Under conditions of adequate nutrient supply such as P, the

microbial biomass C will be increased due to improved plant growth and increased turnover of

organic matter in the soil (Bolton et al., 1985). Whether the management practices in mixed

cultures involving cowpea and maize may favour the stimulation of biological soil activity and,

thus, result in a higher turnover of organic substrates in the soil that are utilised by micro­

organisms is a good subject to be investigated.

Although there is a lot of information that show the relationship between soil management and

soil microbial activity, little is knO\vn about these effects under mixed cultures such as those

practised by farmers in the tropical/subtropical environments (Dick, 1984; Dick et al., 1988;

Deng and Tabatabai, 1996). In this context, the measurement of their activities could provide
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useful information concerning soil health, and also serve as a good index of biological status in

different crop management systems.

Plants have evolved many morphological and enzymatic adaptations to tolerate low phosphate

availability. This includes transcription activity of acid phosphatases, which tends to increase

under P starvation (Tarafdar and Jungk, 1987; Goldstein, 1992; Duff et al., 1994; del Pozo et aI.,

1999; Haran et al., 2000; Baldwin et aI., 2001; Miller et al., 2001; Li et al., 2002). Phosphatase

enzymes in the soil serve several important functions, and are good indicators of soil fertility

(Dick and Tabatai 1992; Eivazi and Tabatabai 1997; Dick et al., 2000). Under conditions of P

deficiency, acid phosphatase secreted from roots is increased (Nakas et aI., 1987; Chrost, 1991;

Hays et al., 1999; Li et al., 1997). Gilbert et al. (1999) found that white lupin roots from P­

deficient plants had significantly greater acid phosphatase activity in both the root extracts and

the root exudates than comparable samples from P-sufficient plants. At different stress levels,

these enzymes release phosphate from both cellular (Bariola et al., 1994) and extracellular (Duff

et al., 1994) organic compounds. The transcripts and activity of phosphate transporters are

increased to optimise uptake and remobilisation of phosphate in P-deficient plants (Muchhal et

al., 1996; Daram et al., 1999; Kai et al., 2002; Karthikeyan et al., 2002; Mudge et aI., 2002;

Versaw and Harrison, 2002). It is thought that these morphological and enzymatic responses to P

starvation are coordinated by both general stress-related and P-specific signalling systems.

The amount of acid phosphatase secreted by plants is genetically controlled, and differs with crop

species and varieties (lzaguirre-Mayoral and Carballo, 2002) as well as crop management

practices (Patra et al., 1990; Staddon et al., 1998; Wright and Reddy, 2001). Some studies have

shown that the amount of enzymes secreted by legumes were 72 % higher than those from cereals
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(Yadav and Tarafdar, 200!). Li et al. (2004) found that, chickpea roots were also able to secrete

greater amounts of acid phosphatase than maize. The soil microbial biomass and the activity of

acid phosphatases are expected to be higher in biologically managed systems because of higher

quantity of organic C found in those systems. In fact, the activity of acid and alkaline

phosphatase were found to correlate with organic matter in various studies (Guan 1989; Jordan

and Kremer, 1994; Aon and Colaneri, 2001).

It is, therefore, anticipated that management practices in mixed cultures that induce P stress in the

rhizosphere, may also affect the secretion of these enzymes. To date, there have been few studies

examining the influence of cropping system on the phosphatase activity in the rhizosphere of

cowpea and maize. Understanding the dynamics of enzyme activities in these systems is crucial

for predicting their interactions as in turn their activities may regulate nutrient uptake and plant

growth in the ecosystem.

Thus, the overall objective of the study was to examine the influence of P supply and planting

patterns on the performance of cowpea and maize. The specific objectives were:

1. to assess a maize/cowpea cropping system in relation to the effects of exogenous P

su!,ply and different planting patterns on yield components ofnodulated cowpea and

maize in the Western Cape of South Africa.

2. to examine the effects of i) exogenous P supply, ii) planting system, and iii) plant species

on the concentrations and uptake rates of plant-available nutrients in the rhizosphere of

cowpea and maize.
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3. to assess the effect of exogenous P supply on tissue concentrations of minerals In

nodulated cowpea and maize in mixed plant cultures.

4. to assess the effect of exogenous P supply and cropping system on the accumulation and

partitioning of both maJor and minor nutrients to organs of nodulated cowpea and maize

in sole and mixed cultures.

5. to assess the effects of exogenous P supply and cropping system on plant grov.1h and Nz

fixation in intercropped cowpea with maize in the Western Cape Province of South

Africa.

6. to examine the effects of exogenous P supply and cropping system on acid and alkaline

phosphatase activity in the rhizosphere of cowpea and maize.

7. to assess the effect of P supply and cropping system on the size of soil microbial C in the

rhizosphere soil of cowpea and maize.
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CHAPTER 2

YIELD COMPONENTS OF NODULATED COWPEA (VIGNA UNGUICULATA L. WALP.)

AND MAIZE (ZEA MATS L.) PLANTS GROWN WITH EXOGENOUS P IN DIFFERENT

CROPPiNG SYSTEMS
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2.1 Introduction

Maize and cowpea are major food crops grown by small-scale farmers in many parts of Africa,

including South Africa (Ayisi et al., 2000). Their production is, however, limited by low

concentrations of soil nutrients, especially phosphorus (P) (Smaling et al., 1997; Sanchez, 2002).

Additionally, variation in yields of both legume and cereals is also associated with poor

agronomic practices in cropping systems (Chang and Shibles, 1985b; Tariah and Wahua, 1985;

Ofori and Stem 1986, I987a&b). Symbiotic legumes have a high requirement for P (Israel,

1987), which is known to stimulate root and shoot growth in plants as well as influence the

efficiency of the rhizobium-legume symbiosis through facilitation of energy transfer reactions

involving ATP in nitrogenase activity. Studies have shown that the provision of Pto cowpea and

maize increased plant growth and grain yield relative to unfertilised control (Wahua, 1983;

Chang and Shibles, 1985a&b; Buerkert et al., 2001; Carsky, 2003). There is also ample evidence

(Mead and WiIley, 1980; Horwith, 1984; Tariah and Wahua, 1985; Ofori and Stem, I 987a;

Lawson and Kang, 1990; Watiki et al., 1993; Peter and Runge-Metzger, 1994; Skovgard and

Pats, 1999; Rao and Mathuva, 2000; Olufemi et al., 2001; Dapaah et ai., 2003) to show that in

intercropping the legume/cereal combinations do, on average, yield better than monocultures

through the concept ofLand Equivalent Ratio (LER).

The spatial arrangement of the legume crop is one of the most important management factors

determining the advantages of an intercropping system. As a result, some improved and

profitable sole and intercropping practices have been developed for crops such as cowpea and

maize (Chang and Shibles, 1985b; Tariah and Wahua, 1985; Ofori and Stem, 1987a; Olasantam,

1988; Watiki et ai., 1993; Myaka, 1995;Sing et al., 2003). However, most African farmers still

seem to prefer their traditional system (Henriet et al., 1997, van Ek et al., 1997) of planting
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intercrops randomly without any defined rows, planting legumes in-between two maize plants

along the same row, or planting maize and cowpea in the same hole (Fawusi et al., 1982). Often,

the consequence is low plant density and low grain yields.

Both traditional and conventional cropping strategies have always involved varying the

component crop species in time and/or space in order to enhance crop productivity and its

sustainability. On research stations, the spatial arrangements and plant densities of the component

species are generally manipulated to enhance complementarity and reduce inter-species

competition in order to maximise agronomic and physiological advantages (WilIey and Osiru,

1972; Willey, 1979; Mead and Willey, 1980; Horwith, 1985; Ofori and Stem, 1986, 1987a&b;

Silwana and Lucas, 2002). For example, the arrangement of component plant species within and

in-between rows generally aims to improve transmission of photosynthetic radiation to the lower

legume canopy, so as to enhance plant growth and yield efficiency of the legume (Ofori and

Stem, 1987a). In a maize-cowpea intercrop, Myaka (1995) showed that cowpea yield was 57%

higher in a 2-to-2 compared with I-to-I maize: cowpea rows. In a separate study, Asafu-Agyei et

al. (1997) also found that a 2-to-2 maize: cowpea rows gave greater yields of maize and cowpea,

as well as higher LER and net benefit than I-to-l maize cowpea rows.

Although smallholder farmers often intercrop maize and cowpea in the same hole, or along the

same row as opposed to alternate row intercropping for reasons such as perceived efficiency in

the use of land and labour, as well as ease of crop management, growth performance and grain

yield data are scanty on these practices.
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This study assesses a maize/cowpea cropping system in relation to the effects of exogenous P

supply and different planting patterns on yield components of nodulated cowpea and maize in the

Western Cape Province ofSouth Africa.

2.2 Materials and Methods

2.2.1 Site location and description

Field experiments were conducted at the Agricultural Research Council Nietvoorbij site (33°

54' S, 18° 14' E) in Stellenbosch, South Africa, during the 2003 and 2004 summer seasons.

The site lies in the winter rainfall region of South Africa at an elevation of 146 m above sea

level. The mean annual rainfall on the farm is 713.4 mm and mean annual temperatures range

from 22.6 °C at day to 11.6 °C at night.

The experimental site in 2003 had a previous history of grape cultivation, whereas in 2004 it was

under grass fallow. The soil type was sandy loam (Glenrosa, Hutton form), which according to

the Soil Classification Working Group (SCWG) is equivalent to skeletic leptosol (SCWG, 1991).

Following land preparation, but prior to planting, soil samples were collected and analysed for

nutrients.

2.2.2 Experimental design

The experimental treatments consisted of 3 P levels (0, 40, and 80 kg P.ha·1
) and 4 cropping

systems (namely, mono crop, maize/cowpea inter-row, maize/cowpea intra-row, and

maize/cowpea intra-hole cropping). The experimental layout followed a split-plot design with P

levels as the main plots, and cropping system as the subplots. There were 4 replicates per

treatment; and the plots measured 4.5 m x 3.2 m. All maize plots had inter-row spacing of 90 cm,
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and intra-row spacing of 40 cm, giving a density of 55,555 plants per hectare. Sole cowpea was

SO\\TI with inter-row spacing of 60 cm, and intra-row spacing of 20 cm to produce plant density

of 166,666 per hectare. The within-row spacing of cov.pea in the maize/cov.pea inter-row

cropping system was 20 cm, resulting in cov.pea density of 111,111 plants per hectare. The

maize/cowpea intra-row planting distance was also 20 cm, giving a density of 55,555 plants per

hectare (identical to that of maize). The intra-hole planting produced a plant density of55,555 per

hectare. The intra-row and intra-hole planting mimicked the practice of traditional smallholder

farmers in Africa (Fawusi et al. 1982). Planting was done after ploughing, harrowing, and P

application to the respective plots. A local maize variety and farmer-selected cowpea variety

(Bengpilaa) were used. Three seeds were planted per hole for each species, and later thinned to 2

at 2 weeks after planting. The rhizobial inoculant used in this study was peat-based

Bradyrhizobium strain CB756, which was applied at the rate of 109 cells.g-I of inoculant.

Weeding was done manually with a hoe at 3 and 8 weeks after planting.

2.2.3 Plant harvesting and analysis

At physiological maturity, the plants in the two middle rows of each plot were counted and

harvested for assessing grain yield. The border plants within each row were excluded. For

cowpea, 10 plants were sub-sampled from each plot to determine the number of pod-bearing

peduncles, number of pods per plant and number of seeds per pod. Both cobs and pods were

manually threshed and allowed to dry to 13% moisture content. Grain yield was determined

for each plot and weight of 100 seeds recorded for each replicate.
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2.2.4 Land equivalent ratio

The grain yield of maize and cowpea were used to calculate land equivalent ratio defined as the

relative land area that is required when growing sole crop to produce the yield achieved In

intercropping (Willey, 1979). According to Mead and Willey (1980) the LER is calculated as:

LER = (Yi!Y;i)+ (YjIYjj) (I)

Where Y is the yield per unit area, Y;i and Yjj are sole crop yields of the component crops i and j,

and Yij and Yj; are intercrop yields.

2.2.5 Statistical analysis

Mean replicate values of yield components were analysed statistically using a 2-factorial analysis

of variance (ANOVA). These computations were done using the software of STATISTICA

programme 1997. Fisher's least significant difference was used to compare treatment means at P

~ 0.05 level ofsignificance (Steel and Torrie, 1980).

2.3 Results

2.3.1 Effect of P supply on cowpea yield and yield componeuts

There was a significant response in the yield components of cowpea to exogenous P supply. In

both 2003 and 2004, the number of pod-bearing peduncles per plant and the number of pods per

plant increased significantly with P application relative to control (Tables 2.1 and 2.2). The grain

yield of cowpea, whether measured on individual plant basis or per hectare, also increased with P

supply in both cropping seasons (Tables 2. I and 2.2). On a per-plant basis, cowpea yield was 59­

65% greater than control in 2003 and 44-55% higher in 2004.
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2.3.2 Effect of P supply on maize yield

Whether measured on per plant or per hectare basis, supplying 40 or 80 kg P. ha·l significantly

increased grain yield of maize in both growing seasons (Tables 2.1 and 2.2). Compared with

zero-P control, the application of 40 and 80 kg P.ha,l significantly increased maize yields by 20­

37% in 2003, and 48-55% in 2004.

2.3.3 Effect of cropping system on yield components of cowpea

In general, the yield components were higher in the second season compared to the first season.

In 2003, the number of pod-bearing peduncles, the number of pods per plant, the number of seeds

per pod and seed yield per plant were all significantly greater in the mono crop relative to the

other cropping systems (Table 2.1). The number of pods per plant and number of seeds per plant

were lowest in the intra-hole cropping system (Table 2.1). Interestingly, lOO-seed weight was

higher in intra-row and intra-hole planting relative to mono cropping (Table 2.1). Grain yield of

cowpea was greater in mono crop, possibly due to greater plant density. The effects of cropping

system in the second season were similar to those obtained in the first season. In 2004, the

number ofpod-bearing peduncles, the number ofpods per plant, the number of seeds per pod and

seed yield per plant decreased in the mixed cropping system relative to sole crop (Table 2.2). In

contrast, lOO-seed weight increased significantly with mixed cropping compared with sole crop

(Table 2.2).

2.3.4 Effect of cropping system on maize yield

With maize, cropping system showed no effect on seed yield, although sole crop maIze

numerically yielded more than the rest, followed by the intra-hole cropping system in both 2003

and 2004.
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2.3.5 Phosphorus x cropping system interaction

The P x cropping system interaction was significant for only grain yield in 2003 (Figure 2.IA).

However, in 2004, P x cropping system interaction was significant for number of pod-bearing

peduncles per plant, number of pods per plant, grain yield per plant and seed yield per hectare

(Figures 2.IB, C, D, E, F). In general, cowpea yield components were increased by cropping

system at higher P levels.

2.3.6 Effects of cropping systems on total LER

The results of this study showed that the yields of maize and cowpea were increased by

intercropping practices as demonstrated by the LER values which were all greater than I in 2003

and 2004 (Table 2.3). On average, the yield advantage from intercropping was greater in 2003

compared with 2004, as shown by the higher LER values obtained in 2003. Surprisingly, the

highest LER value for 2003 was obtained from inter-row cropping of cowpea and maize without

P.

2.4 Discussion

In Africa, soil degradation and low nutrient fertility are major constraints to increased crop

yields. Of qll the nutrients, Nand P are generally regarded as the most limiting for plant growth

due to their unavailability for uptake by roots (Marschner, 1995; Vance, 2001). In this study, P

was, no doubt, a m~or limiting factor to increased yields of both cowpea and maize in the

Western Cape, as applying 40 or 80 kg P.ha-I increased cowpea yields by 59-65% in 2003 and

44-55% in 2004. With maize, the yield increases were 20-37% in 2003 and 48-55% in 2004.

According to Vance (2003), a maize crop yield of 6-9 t.ha- I (as obtained here for 2003) requires

crop uptake of 30-50 kg P.ha-\ thus suggesting that the applied P in this study was efficiently

utilised by the crop species as P recovery is generally low (Vance 2001). Russel (1973) has, in
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fact, reported that even with adequate P supply, only 20% or less of the exogenous P is removed

by plants in the first year of growth due to retention by soil. Our findings are consistent with

those of other workers (Wahua, 1983; Chang and Shibles, I985a&b; Muleba, 1999; Buerkert et

al., 2001; Carsky, 2003; Jensen et al., 2003;) who showed that with adequate P supply, maize

growth and symbiotic performance of cowpea was significantly increased, leading to greater

grain yield of both crops. Clearly, the application ofP as fertiliser is important for increased grain

yield of maize and cowpea in the Western Cape. However in Africa at large, where most small­

scale farmers are resource-poor, the promotion of fertiliser use in crop production systems is

likely to remain a challenge for quite some time.

In addition to the promotive effects of P application on crop yield components, the reproductive

function of cowpea, but not maize, was affected by cropping system (Tables 2.1 and 2.2). For

example, the number of pod-bearing peduncles, the number of pods per plant, and the number of

seeds per plant were all significantly depressed in mixed plant culture relative to mono crop

cowpea (Tables 2.1 and 2.2). This negative effect of intercropped maize on its cowpea partner

has been reported by several workers (Tariah and Wahua, 1985; Ofori and Stem, 1986, 1987b;

Watiki et al., 1993; Dapaah et al., 2003) and attributed to the shading of cowpea by maize plants

(Fawusi et al., 1982; Chang and Shibles, 1985a&b; Ofori and Stern, 1987a) which results in

competitive advantage of maize over cowpea for light during both vegetative and reproductive

stages (Fawusi et al., 1982; Tariah and Wahua, 1985; Ofori and Stem, 1987a&b; Watiki et al.,

1993; Myaka, 1995). Our data are however unable to confirm this aspect because the

transmission of photosynthetically-active radiation through the canopy was not determined in this

study. Interestingly, although the number of seeds per pod were fewer for the intra-row and intra­

hole cropping systems, their lOO-seed weight values were larger than that of the sole crop,

indicating that the low seed numbers per pod were compensated with bigger seed size from
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assimilates channelled during ovule formation and seed development, as observed in common

bean (Scarisbrick et al., 1977). The seed yield of cowpea, measured as kilograms per hectare, was

expectedly higher in the mono crop relative to mixtures as a result of the low cowpea plant

density in intercrop (Tables 2.1 and 2.2). The decrease in seed yield on single-plant basis with

intercropping was still manifested even when the data were expressed on the basis of equal plant

density (Tables 2.1 and 2.2). Taken together, these results clearly indicate that the low grain yield

of cowpea in mixed culture was not only due to differences in cowpea plant density, but also to

the suppressive effect of the cropping system on cowpea development and reproductive function.

Furthermore, there was a significant interactive effect of P and croppmg system on yield

components of cowpea. At each level of P application in 2003, the mono crop cowpea

consistently out-yielded those in mixed culture, followed by inter-row, and least intra-row and

intra-hole planted cowpea (Fig 2.lA). Applying higher levels ofP markedly increased grain yield

of cowpea in mixed culture relative to zero-P control. The data for 2004 were similar in pattern to

2003 (Fig 2.18, C, 0, E and F). Whether considering the number of pod-bearing peduncles per

plant, the number of pods per plant, the grain yield per cowpea plant or grain yield per hectare,

the values for sole crop cowpea were generally much higher than those of cowpea in mixed

culture. This was closely followed by inter-row planted cowpea, which also performed better than

intra-row and intra-hole cowpea (Fig 2.1B, C, 0, E and F). In all instances, the yield components

of sole cowpea and, to some extent, inter-row cowpea were hugely increased by the provision of

40 and 80 kg P.ha-1 relative to zero-P control (Fig 2.18, C, 0, E and F). There was, however, no

effect of P x cropping system interaction on maize yield (Tables 2.1 and 2.2).

In comparing intercropping with sole cropping, an index of biological advantage is usually used

that places yield of component crops on comparable basis. The intercropping of maize and

cowpea in this study resulted in improved productivity as shown by the LER values, which were
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generally greater than I. LER values above I indicate that the intercropping combinations were

more efficient in the use of resources as compared to sole cropping (Mead and Willey, 1980;

Ofori and Stem, 1986, 1987a&b; Dapaah et al., 2003). The pooled mean LER value was greater

for the inter-row arrangement, followed by intra-row and intra-hole cropping (Table 2.3),

indicating that the biological efficiency and productivity were highest for cowpea in

intercropping. It is likely that the inter-row arrangement permitted more light transmission into

the canopy to support photosynthetic activity of cowpea, and thus resulted in significantly

increased yields.

In conclusion, this study has shown that exogenous supply of P increased yield components of

both cowpea and maize. Furthermore, at each level of P application, sole cowpea consistently

out-yielded intercropped cowpea. The decreased yield of cowpea in mixed culture was due, in

part, to differences in cowpea plant density, and to the suppressive effect of the cropping system

on cowpea development and reproductive function. Intercropping maize with cowpea produced

higher total yields per unit land area than their sole crop counterparts.
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pe(.llmcks_rlant~ j IDO-seed wl fg) (kgh,- ') bU$ls [ks.,ha) {g,plant,l}

Ma(n - fr.!IlJfIJJ~11t5 (ke 'p}U(I)

l\! 1'1,\ 4.U<O.ZBb 6kM),60b 6.4±O.26a 14,8<>0,18' 4.6*Q,33b 48J;t;84b 7S9.56b 118.5*M< '586"ZI6<

p~!
NA 5,8±O.:$9li 9J~±I.05-11 6,8±O.2511 14.61<0,1911 7.J±t.05u 1S8~J49. 1209H14. 14Z.HS.3b 79M±297b

P~l
NA 6.4.0,48. B.HUZ. 70±0,26' 145±O,21. 1.(};!;ttTJH SOUlS? 12SR'±lZln Hi2.3±7.l.a 9014.39"

Sub--- trf!lItmenJ.f: (croppittg
tyuems)

M~H1(l (cowpca or maize) )66666 7.2J:1l.6ht 12.8>6.90. i.6±O.19n 14.1 ±fi.22b 8.1 ±I).76. 1446±l26. 144(j±1161l 1512±105. 8401;583.

Ml\izc(,xnvp~~l il1ler~ww III111 5.HO.31b ?l±0.47b 6.9*G.19.b 14.6±0.lB.b 6.O±0.5Bb M5±65b 998;97b IJH~67. 1436±J7l)n

M~lze!cmvp.ea intru- tow 55555 4.(j±U.J7b 7.HlI,5Jb 6,6iJ,tlSbt 14.8*0.23. 5.HO.18b 3ttJ±4.3e nH130b 1)8,3<57" 7MB) 16.

Mai:r;dcowpea lmr« ~ hole 55555 4,7::t:O.4Stl 5.4±{}.44c 6.tliij.28c 15.0*0,17. 5.<.1.306 3IlU72, 9~~3±11(,b 1408;92, 7SZl ±.513r\



Tahle 2. 1. Yield components of cowpea and maize in response to applied P ill different cropping systems in 2003. Values followed by dissimilar letters in the same column (bold type) differ' signiticantly at P < O.OS
.'-'...'-~.'.._-..""-.."'--..'-'-.-...'--'."--.".--···-Cowpea·········-······-··················-······...•..-........•..-.....--....--.....-.....--.....--.... ···.--····---··-.---·Maize·-····-···

Treatments

Seed yield Seed yield Seed
Plant density No.pod bearing No, pods plant. 1 No.seeds.pod. 1 (g,plllnf1

) Seed yield equal density Seed yield yield (kg.ha· l
)

peduncles.plant. 1 1aa-seed wt (g) (kg,ha· l
) basis (kg,ha- I (s.plant- I

)

Main - treatments (kg P.ha- I
)

P"
NA 4.0±0.28b 6.6±O.60b 6.4±O,26a 14.8±O,18n 4.6±{/.33b 48J±84b 759±56b IIS.5±3.9c 6586±2t6c

P<!II NA 5.8±O.39" 9.lJ:;I::L0511 6.8±0.2Sa 14.6±0.19a 7.3±I.O~h, 758±149. 1209>174. 142.3±5.3b 7906±297b

P~1l
NA 6.4±O.4Sn 8.9±O.82n 70±0.26. 14.S±O.21a 7.6±O.7311 807±15711 1258':1:122" 162.3±7.ta 9014±394.

Sub- trefltment.' (cropping
!Y~it/!"':J)

Mono (cowpea or maize) 166666 7.2±0.6h 12.8±O.901l 7.6±0.29a 14.I±O.22b 8.7±0.761l 1446>126. 1446±t26n 151.2±105. 8401 ±583.

Mail.c/cowpea inter-row Ill/ J I 5.2±O.3Jb 7.3±O.47b 6.9±O.19.b 14.6±O.18nb 6,O±O.58b 665±65b 998±97b 133,8±6.7a 7436±J70a

Mnize/cowpca intra- row 55555 4.6±O.37b 7.5±O.53b 6.6±(J,25bc 14.8±O,2JII 5.7±O.78b 319±4Jc 956±130b 138.3±5.7a 768J±316.

Mulzc/cowpea intra· hole 55555 4,7±OA5b 5.4±OA4c 6.0±O.28c 15.0:l:0.17n 5.4±1.30b 30t ±72c 90J±216b 140.8±9.2a 7821±SI3a
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Tahle ~.2. Yield components of cowpea and maize in response to applied P in diflerent cropping systems in 2004. Values followed by dissimilar leiiers in the same column (bold type) differ significillllty at P < 0,05
Treatments -·~····-·~-···_--····---~···-·····--····Cowpea-···--··.....-~...••.--~.•••----.••..•-.•..••---••..•--....•-..•..--••..•--.••.•••.•...•-..•••-.•••.---.••..--..••.-......... ·-····-·-·····Maize-.···.--.·

Plant No,pod-bearing No.pods No,seeds. rOO·seed wt (g) Seed yield Seed yield Seed yield equal Seed yield Seed yield
density peduncles, plant.! pod-' (g,planr ' ) (kg,ha- I

) density basis (g.planr 1
) (kg,ha. l

)

plant- l (kgha. l
)

/orlain - Irealmetlls (kg P.lia· l)

P"
P'IO

PHO

NA
NA
NA

5.8±O.8Jfl
7.t±O.65flb
7.9±1.l7H

6.6±O.95b
10.0±O.99a
1l.1±L81R

6,2±O.29a
7.1±0.30,
6,7±O.J5a

149M21,
15.1±0.16a
151±07Ja

5.5±0.7Jb
8,5±O.99a
7.9±1.40a

'626±14Jb
924±18411
979;:\;271a

916±121b
1409±166fl
1308±234a

5K.8±4,4b
87.0±6.011
91.4±5.6a

3265±242b
48J2±333,
5077:1::309a

Sub·trerltmellt.\' (croppi/lg systetlu)

Mono (cowpea or maize) 166666 t 1.l±1.1211 14.9±I.89fl 7,J±O.4Ja 14,4±0.26b J2.2±1.2"n 2"24±2078 2024±207J\ 83,6±5.20 4646:1:289a
Maizc/cowpca Inter-row 111111 7.3±0,49b 9.K±0.86b 6.6±O.39a I5.0±0.Ua 7.3±0.67b 816±75b 122J±112b 70.6±7.7a 3920.'430a
Mllize/cQwpca intra- row 55555 5.4±O.57c 6.!H;£J-.81c 6.4±O,JJa 1.5.J±O.J5n 5.J±I.05bc 292±:i8c 877±t75bc 78.9±9,8a 4385:1:542a
Muize/cowpea intra - hole 55555 4.0±O.41c 7.7±l.fllbc 6.4±03 la 15.4±0.1811 4.3±0.71' 240±40c no±t t9c 8J0±63a 4614±352a
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Table 2.3. Estimated yield advantage measured as Land Eguivalent Ratio under ditl"erent cropping systems and plant densities.

Treatment Plant Density

Land equivalent ratio

Cowpea Maize

Sole Cowpea + OP 166666

Sole Maize + OP 55555

Cowpealmaize inter-row cropping + OP 111111 55555

Cowpealmaize hore intra-row cropping + OP 55555 55555

Cowpealmaize hole intra-hole cropping + OP 55555 55555

Sole Cowpea + 40P 166666

Sole Maize + 40P 55555

COYipealmaize inter-row cropping + 40P 111111 55555

Cowpealmaize hole intra--row cropping + 40P 55555 55555

Cowpealmaize hole intra-hole cropping + 40P 55555 55555

Sole Cowpea + SOP 166666

Sole Maize + SOP 55555

Cowpealmaize inter~rowcropping + SOP llllll 55555

CQ\.\ipealmaize hole intra-row cropping + 80P 55555 55555

Cowpealmaize hole intra-hole cropping + SOP 55555 55555

27

20003

159±D.05

U5±D08

UO±D05

129±D.09

1.24 ±O.06

120±D14

1.35 ±D. 10

1.18±O.14

1.l9 ±O.OS

2004

124±DIO

104 ±D. 15

U8 ±D. 11

1.58 ±D.20

U4±D.22

l.06±O.08

I.04±O.07

105±D.12

Ll2±O.1O



Figure 2.1. Interactive effects ofP and cropping system on cowpea grain yield in 2003 (A), interactive effects ofP and cropping system on number of pod-bearing peduncles
per plant in 2004 (D). interactive effects ofP and cropping system on number ofpods per plant in 2004 ( C), interactive effects ofP and cropping system on yield per cowpea
plant in 2004 (D), interactive effects ofP and cropping system on cowpea grain yield 2004 (E), interactive effects ofP and cropping system on cowpea grain yield in 2004.
"''' " . . ated on equal plant density basis (F).



CHAPTER 3

ALTERAnON IN PLANT-AVAILABLE NUTRIENT CONCENTRAnONS IN THE

RHIZOSPHERE OF NODULATED COWPEA (VIGNA UNGUICULATA L. WALP.) AND

MAIZE (ZEA MAYS L.) PLANTS SUPPLIED WITH EXOGENOUS P IN DIFFERENT MIXED

CULTURE.
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3.1 Introduction

Several studies on mineral nutrition of symbiotic legumes have concluded that there is a

requirement of mineral nutrients for plant growth and another for symbiotic Nz fixation

(Anderson and Spencer, 1950; Ahmed and Evans, 1960; Gates and Wilson, 1974; Robson et al.,

1981; Jacobsen, 1985; Singleton et al., 1985; Israel, 1987). Supplying exogenous P to purely

symbiotic versus N03-fed (nodulated and un-nodulated) legumes have, for example, shown that

symbiotic Nz fixation has a higher P requirement than NO) assimilation or host plant gro"'1h per

se (Gates and Wilson, 1974; Robson et al., 1981; Jacobsen, 1985; Singleton et al., 1985; Israel,

1987). In symbiotic legumes supplied with P, this difference was manifested as an increase in

whole-plant N concentration and in the ratio of nodule weight to whole-plant biomass, while

there was a decrease in whole-plant N concentration in N03- fed plants provided with P (Israel,

1987). Broadly speaking, the findings of these studies seem to suggest that purely symbiotic

legumes have a higher internal requirement for P than species solely dependent on mineral N for

their N nutrition. So far, however, few studies have been conducted to provide comparative data

on nutrient uptake by legumes and cereals, including changes in rhizosphere nutrient

concentrations. It is, therefore, still unclear whether nodulated legumes make a greater demand

on the ecosystem for P and other mineral nutrients compared to non-N,-fixing species.

Several workers have shown that, in mixed plant cultures involving legumes and cereals, the

growth and nutrient uptake of the cereal is greatly improved by the legume (Gardnerand Boundy,

1983; Kahm et al., 1999; Cu et al., 2005). The mechanism underlying this growth stimulation of

cereals by legumes includes transfer of fixed-N from legume to cereal (Eaglesham et al., 1981),

mobilisation of insoluble nutrients from soil (e.g. Fe-P, Ca-P and Al-P) by plant root exudates

(Dakora and Phillips, 2002), and the chelation of P-bound cations to release P by organic acid
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anions exuded from cluster roots (Neumann et al., 2000; Roelofs et al., 2001; Cu et al., 2005). In

a sorghum/pigeon pea mixed culture, P uptake by cereal was also enhanced by the legume

through release of piscidic acid in pigeon pea root exudates, which mobilised and increased P

availability (Ae et al., 1990). A few studies have, however, shown that the reverse situation exists

whereby cereal plants promote legume growth through facilitated uptake of nutrients (Romheld,

1991; Bryan and Hopking, 1992; Hopkins et al., 1992) solubilised by the release of

phytosiderophores in their root exudates. For example, Fe uptake by groundnut in a

maize/groundnut intercrop was markedly improved by the cereal, especially when their root

systems were intermingled (Zhang et al., 2004).

Root activity, therefore, plays a major role in the nutrient economy of soils. For example, protons

released into the soil as a by-product of nodule function in Nz-fixing legumes, can alter soil pH

and affect nutrient availability to plants (Dakora and Phillips, 2002). Recently, Cheng et al.

(2004) showed that, in low pH soils, Medicago sativa released lots ofprotons into the rhizosphere

which increased acidity, and decreased nodulation by Sinorhizobium medicae possibly as a result

of reduced rhizobial growth and survival. In contrast, Medicago murex, which did not acidify its

rhizosphere, was better nodulated than Medicago sativa. It is also generally accepted that,

compared to cereals and other crops, symbiotic legumes take up an excess of cations over anions

from soil solution during Nz fixation, and release protons, which decrease rhizosphere pH (Jarvis

and Robson, 1983; McLay et al., 1997; Tang et al., 1998, 2001) as well as affect nutrient

availability in the rhizosphere (Brady, 1990). However, Rao et al. (2000) have shown that under

illumination, but not darkness, NO]-fed non-fixing legumes, can still acidify their rhizosphere,

indicating that rhizosphere acidification in the Leguminosae is regulated by photosynthetic

activity and not excess uptake of cations (Rao et al., 2002). Whatever the case, these changes of

rhizosphere pH can affect nutrient availability such as enhancing P mobilisation and uptake from
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Ca-P, Fe-P and Al-P present in soil but unavailable to plants (Dakora and Phillips 2002). Besides

the effects of plant root activity and metabolism on the nutrient economy of soils, very few

studies have assessed the impact of applying exogenous mineral nutrients to plants on the

availability ofother nutrient elements in the rhizosphere.

This study examines the effects of i) exogenous P supply, ii) planting system, and iii) plant

species on the concentrations and uptake rates of plant-available nutrients in the rhizosphere of

cowpea and maize.

3.2 Materials and Methods

3.2.1 Experimental site

Field experiments were conducted under irrigation at the Agricultural Research Council

Nietvoorbij site (33 0 54' S, 18° 14' E) in Stellenbosch, South Africa, during the 2003 and 2004

summer seasons at two different locations within Nietvoorbij. The site characteristics are

described in detail in chapter 2 section 2.2.1.

3.2.2 Experimental design

The experimental treatments consisted of three levels (0,- 40, and 80 kg P.ha· l
) of triple

superphosphate [46% P, 13.5% Ca, 1.5% S, 0.0007% Cu, 0.008% Zn, 0.021% Mn, 0.053% Band

0.0009% Mo (Chemey, 2003; FAS, 2005)] and four cropping systems (namely, monoculture,

maize/cowpea inter-row, maize/cowpea intra-row, and maize/cowpea intra-hole cropping), which

were used in both 2003 and 2004. The experimental layout, the crop varieties used and other

cultural practices used are described in chapter 2 section 2.2.2.
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3.2.3 Collection and preparation of bulk soil

Prior to P application and planting, soil samples were collected with auger (0-20 cm depth)

from several locations within each replicate plot and mixed for determination of the initial

nutrient concentrations in the soil. The soil samples were air-dried in the laboratory, and

sieved (2 mm) for analysis of nutrients and determination of pH and organic matter.

3.2.4 Collection and preparation of rhizosphere soil

At 60 d after planting, "rhizosphere soil", defined as soil rich in roots and/or adhering to the

roots and influenced by root activity, was collected from around maize and cowpea plants for

nutrient analysis. To achieve this, soil was carefully excavated from around single plants or

their pairs down to 30 cm or more (depending on root depth), and "island of soil" around the

plant dug up and removed, with the plant and its roots intact inside the lump of soil. Using

one's hands, the volume of soil containing intact plant(s) was removed from the exterior down

to a root-rich "rhizosphere soil" material of about 30-50 g. This sample was shaken into a

labelled plastic bag and the process repeated for up to 16 cowpea plants per plot or 8 maize

plants per plot. Sometimes the lump or "island of soil" with intact plant roots broke and

disintegrated in the course ofremoval, in which case only thc.bit of soil still adhering to plant

roots was shaken into the labelled plastic bag. These rhizosphere soil samples were air-dried in

the laboratory, and sieved (2 mm) for analysis of nutrients and the determination of pH and

organic matter. Where maize and cowpea were sown in one hole ("intra-hole plants"), the

collected rhizosphere soil was common to both species and the data obtained was, therefore,

the same for both plant species.
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3.2.5 Measurement of soil pH and organic matter

The pH of soil was measured in 0.01 M CaCh solution using a 1:2.5 soil-to-solution ratio.

Organic carbon in soil was determined using the wet digestion method of Walkley and Black

(Jackson, 1967). Soil organic matter (SOM) was determined in air-dried soil samples as loss on

ignition at 450'C for 24 h after drying at 10YC for 12 h.

3.2.6 Determination of plant-available nutrients in rhizosphere soil

The determination of S in soil was done by adding 20 g of soil in 0.01 M Ca(H2PO.h.H10

extracting solution (FSSA, 1974), followed by filtering, and S determined by direct aspiration on

a calibrated simultaneous inductively coupled plasma (lCP) spectrophotometer (IRIS!AP HR

DUO Thermo Electron Corporation, Franklin, Massachusettes, USA).

The extractable P, K, Na, Ca and Mg were determined by citric acid method as developed by

Dyer (1894) and modified by the Division of Chemical Services (DCS, 1956) and Du Plessis and

Burger (1964). A 20 g air-dried soil sarnplewas extracted in 200 mL of 1% (w!v) citric acid,

heated to 80 QC, shaken for 2 min at 10-min intervals over a total period of 1 h and filtered. A 50

mL aliquot was heated to dryness on a water bath, digested with 5 mL of concentrated HCI and

HN03, evaporated to dryness on a water bath, and 5 mL of concentrated HN03 and 20 mL of de­

ionised water added. The mixture was heated to dissolve the dry residue, and the sample filtered.

Measurements of P, K, Na, Ca and Mg were then done directly by direct aspiration on the

cal ibrated simultaneous ICP.
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The trace elements Cu, Zn, Mn, Fe, and Al were extracted from soil using di-ammonium

ethylenediaminetetraacetic (EDTA) acid solution [Trierweiler and Lindsay (1969), as modified

by Beyers and Coetzer (1971)]. The extractants were analysed for Cu, Zn, Mn, Fe, and AI using

the calibrated simultaneous ICP spectrophotometer. Boron in the soil was determined following

the method ofFSSA (1974) and values measured using the ICP spectrophotometer.

3.2.7 Measurement of nutrient uptake rates

To understand any changes in the nutrient concentrations in the rhizosphere of test species,

nutrient uptake rates were measured. The plants dug up for collection of rhizosphere soil were

separated into nodulated roots and shoots, oven-dried, weighed, and ground to fine powder for

analysis of the major and minor nutrient elements. Measurements of macronutrients (P, K, Ca,

Mg, and Na) and micronutrients (Cu, Zn, Mn, Fe, AI, B) were determined by ashing I g ground

sample in a porcelain crucible at 500 cC overnight. This was followed by dissolving the ash in 5

mL of 6 M HCl and placing it in an oven at 50 cC for 30 min; 35 mL of deionised water were

added and extract filtered through Whatman no. 1 filter paper. Nutrient concentrations in plant

extracts were determined (Giron, 1973) using the ICP. Sulphur was determined by wet digestion

procedure using 65% nitric acid. In each case, 1 g of milled plant material was digested overnight

with 20 mL of 65% nitric acid in a 250 mL glass beaker. The beaker containing the extract was

then placed on a sand bath and gently boiled until approximately 1 mL of the extract was left.

After that, 10 mL of 4 M nitric acid was added and boiled for 10 min. The beaker was then

removed from the sand bath, cooled, and the extract washed completely in a 100 mL volumetric

flask and the extract filtered through Whatman no. 2 filter paper. The S in the sample was then

determined (FSSA, 1974) by direct aspiration on the calibrated simultaneous ICP.
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For each plant part, the measured concentrations of nutrients were multiplied by plant dry matter

to obtain the organ's content of the mineral. The total content of each nutrient per plant was

calculated from values of shoots and roots, and divided by plant age to obtain averageuptake rates

(mg.planr'.d- I
).

3.2.8 Statistical analysis

A 2-factorial design (2-way ANOVA) involving P and cropping system was used to analyse soil

pH, SOM and nutrient concentrations in the rhizosphere. However, a one-way ANOVA was used

to compare nutrient concentrations associated with the rhizosphere of the two plant species,

cowpea and maize. The analysis was done using the software of STATISTICA program 1997.

Fisher's least significant difference was used to compare treatment means at P :s 0.05 level of

significance (Steel and Torrie, 1980).

3.3 Results

3.3:1 Soil properties at planting

The chemical properties of the field soil at planting in 2003 and 2004 are shown in Table 3.1.

Although the pH, soil organic matter (SOM), Mg and S levels were similar at the two sites used

in 2003 and 2004, the concentrations of other nutrients were considerably different.

3.3.2 Effects of P supply, planting system and plant species on pH and organic matter

content of the rhizosphere soil

Rhizosphere soil pH was significantly decreased by P application in both 2003 and 2004 (Table

3.2). Except for intra-hole planted cowpea where pH was markedly higher in 2003 but not 2004,

with cowpea there was no effect of cropping system on pH (Table 3.2). There was also no effect
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of cropping system on the pH of maize rhizosphere in both 2003 and 2004, except for intra-hole

planted maize where the pH was lowered relative to the other cropping systems (Table 3.2).

Although SOM was significantly increased in the rhizosphere by the application of40 and 80 kg

P.ha-1 in 2003 and 2004 respectively (Table 3.2), cropping system had no effect on SOM levels

(Table 3.2). The effects of plant species on pH and SOM was marked in both 2003 and 2004. The

rhizosphere soil pH was significantly decreased by nodulated cowpea in both 2003 and 2004

relative to maize. With SOM, however, the opposite effect was obtained in that maize produced

more organic matter in the rhizosphere compared to the legume (Table 3.2).

3.3.3 Effects of P supply, planting system and plant species on macronutrient

concentrations in the rhizosphere

The rhizosphere concentration of P, Ca, Mg, S, and Na were generally increased by exogenous

supply of P in 2003 (Table 3.3). A similar pattern was obtained in 2004 with P, Ca, S, and Na

being markedly increased with P supply (Table 3.4). Monocultured crop and inter-row planted

cowpea showed lower concentrations of P, K, Mg, S, and Na in the rhizosphere compared with

intra-hole and, to some extent, intra-row planted cowpea in 2003 (Table 3.3). In contrast, data for

2003 maize showed decreased levels of P, K and S in intra-hole relative to sole-planted and the

other mixed cultures (Table 3.3). The rhizosphere nutrient concentrations obtained in 2004 were

similar in pattern to those of2003. The level of C, Mg, Sand Na were generally decreased in the

rhizosphere of sole, inter-row and intra-row planted cowpea relative to their intra-hole

counterparts (Table 3.3). At the species level, cowpea showed significantly decreased

concentrations ofP, K, Ca, Mg, and S in its rhizosphere relative to maize in 2003 (Table 3.3). In

2004, however, only P, K, Mg, and Na showed decreased concentrations in cowpea rhizosphere

compared to maize (Table 3.3). Furthermore, the P x cropping system interaction was significant
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for C, Mg, Na, Zn, and Al in cowpea rhizosphere, as well as C, Na and Zn in maize rhizosphere

(Figure 3.1).

3.3.4 Effects ofP supply, planting system and plant species on micronutrient concentrations

in the rhizosphere

Relative to zero-P control, the application of exogenous P in 2003 significantly increased the

concentrations of Zn and Fe in the rhizosphere of cowpea plants (Table 3.4). Supplying P at 40

kg P.ha
o

] also significantly increased the level ofB in the rhizosphere of cowpea when compared

to zero-P control or the other P treatment (Table 3.4). The data for 2004 also showed increased

concentrations of Fe in the rhizosphere of P-treated cowpea (Table 3.4)0 With maize, only Band

Fe showed changes in rhizosphere concentration with P application. Applying 40 kg.P.ha-] in

2003 increased the concentrations of B and Fe in maize rhizosphere over control (Table 3.4).

Except for AI, which showed decreased concentration in mixed culture relative to sole-planted

counterparts, planting system had no effect on nutrient concentration in the rhizosphere of

cowpea (Table 3.4). However, with maize, Cu, Zn, Mn and B all showed decreased rhizosphere

concentrations in 2003 in intra-hole plants relative to mono and mixed cultured counterparts

(Table 3.4).

Species effect on micronutrient concentrations in the rhizosphere was highly pronounced. The

levels of Cu, Zn, Mn, B and Fe were all significantly reduced in the rhizosphere of cowpea

compared with maize in 2003 (Table 4). However, in 2004, only Zn, Mn and Fe showed

decreased concentrations in the rhizosphere of cowpea relative to maize (Table 3.4).
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3.3.5 Effects of P supply and planting system on nutrient uptake rates at whole-plant level

in cowpea and maize

Except P, the uptake rates of nutrients by cowpea were not affected significantly by P supply in

Year I (data not shown). However, applying P to maize significantly increased the uptake rates of

P, K, Mg, Cu and Zn relative to control in Year I (Table 3.5). Phosphorus application to cowpea

in Year 2 also significantly increased the uptake rates ofP, K, Mg, Ca, S, Na, Zn, Mn, B, Fe and

AI with the exception of Cu (Table 3.5). However, only P, S and Mn exhibited significantly

higher uptake rates with P application to maize in Year 2 (Table 3.5).

The effects of planting system on rates of nutrient uptake by test species was assessed and found

to be markedly different. As shown in Table 5, the uptake rates of P, Zn, and Mn by cowpea in

Year I were higher in monoculture relative to the mixed cultures, especially the intra-hole plants.

In Year 2, the rates of uptake ofP, K, Mg, Ca, S, Na, Cu, Zn, Mn, B, Fe and AI by cowpea were

again significantly higher in monoculture compared to the mixed cultures, with intra-hole plants

showing the lowest rates of nutrient uptake (Table 3.5). With maize, however, there was no effect

of planting system on nutrient uptake rates in both seasons, except for S which showed reduced

uptake rate in mixed culture (Table 3.5). 'In all instances, where planting system had an effect on

nutrient absorptio!1, the uptake rates were markedly higher in the monoculture, and much lower in

the mixed cultures, especially where cowpea and maize were co-planted in one hole.

3.3.6 Interactive effects of applied P and planting system on the concentrations of nutrients

in the rhizosphere of cowpea and maize planted in Year 2

At zero-P, the co-planting of cowpea and maize in one hole produced significantly more organic

C in the rhizosphere of cowpea compared with the other cropping systems (Figure 3.IA).
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Although with maize the intra-hole C was similarly greater in the rhizosphere, it was significant

over only intra-row material (Figure 3.1 F). As with organic C, at zero-P or 40 kg.ha- l
, the

concentrations of Mg, Na and Zn were significantly greater in the rhizosphere of intra-hole

cowpea plants relative to monoculture (Figure 3.1B, C and D). At 80 kg.ha- l
, however, Mg, and

Na levels in the rhizosphere of sole-planted cowpea were either significantly greater than the

mixed culture, or similar in magnitude (Figure 3.1 B, and C). The Al concentrations in the

rhizosphere of monocultured cowpea plants supplied with 40 kg.ha- l was also markedly elevated

relative to mixed cultures, especially the intra-hole plants (Figure 3.1E), results similar to that of

Zn in the rhizosphere of maize receiving 80 kg.ha· l (Figure 3.1H). At zero-P, however, Zn and

Na concentrations were significantly reduced in the rhizosphere of intra-row planted maize

compared to the other planting systems (Figure 3.1 G and H).

3.4 Discussion

In this study, an increase in the concentrations of C, P, Ca, Mg, S, Na, Zn, B, and Fe was

observed in the rhizosphere of cowpea plants supplied with 40 or 80 kg P.ha- l as triple

superphosphate in both Year I and Year 2 (Tables 3.3 and 3.4). Similarly, the rhizosphere

concentrations of P, Mg, Ca, S, B, and Fe were also increased with external P supply to maize

(Tables 3.3 and 3.4). While it is still unknown how P makes these mineral nutrients more

available in the rhizosphere (Li et al., 2004), there is evidence that exogenous P supply can

decrease uptake of micronutrients such as Zn and Fe (Barrow, 1987), an event that would reflect

as an increase in concentration relative to zero-P control. The change in pH causedby P supply

(Table 3.2) can also increase nutrient availability, including that of P (eline et al., 1986).

Interestingly, planting system also had an effect on nutrient concentrations in the rhizosphere.

Unlike AI, macronutrients such as P, K, Mg, S, and Na showed significantly decreased
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concentrations in the rhizosphere of sole and inter-row cowpea relative to those of intra-row and

intra-hole plants. Significantly lower concentrations of P, K, S, Cu, Zn, Mn, and B were also

obtained in the rhizosphere of intra-hole maize relative to sole-planted or the other mix-cultured

maize plants (Tables 3.3 and 3.4). These decreases in rhizosphere nutrient levels were, in part,

due to increased uptake rates by plant roots, thus leading to depletion in rhizosphere soil solution

(Table 3.5). This effect was, no doubt, enhanced by the higher plant density associated with those

planting systems. That the higher uptake rates were responsible for their decreased concentrations

in the rhizosphere were also confirmed by the significantly higher nutrient concentrations in

organs of cowpea and maize plants from the respective planting systems (data not shown).

Clearly, the decreased nutrient concentrations observed in maize and cowpea rhizospheres with

planting pattern directly mirrored nutrient depletion by root uptake and accumulated nutrient

concentrations of tissues.

When the plant species were compared against each other, cowpea and maize differed markedly

in the concentrations of plant-available nutrients present in their rhizospheres. For the two years

of experimentation, the concentrations of P, K, Mg, Zn, Mn, and Fe were always significantly

lower in the rhizosphere of cowpea relative to maize, with Ca, S, Cu, and B being affected in

only first year or the other (Tables 3.3 and 3.4). While the species differences obtained here could

be attributed to the fact that, relative to non-legumes, Nz-fixing plants have a higher nutrient

demand to meet symbiotic requirements (Sa and Israel, I999), it could be argued that legumes

also mobilise soil minerals better than cereals (Koide and Mooney, 1987; Ae et al., 1990;

Marschner, I995). Additionally, monocots and dicots differ in the nature and profile of root

transport proteins (e.g. K, Fe and phosphate transporters), used to facilitate nutrient uptake from

soil solution (Grusak et al., 1999; Kochian et al., 2002; Maser et al., 200 l; Smith, 2002), just as

they differ in the density of these ion transporters found in the root plasmalemma membrane. So,
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the decreased mineral concentrations observed in the rhizosphere of cowpea relative to maize

could be attributed to the presence of species-specific ion transporters or physiological variation

that influenced greater nutrient uptake by the nodulated cowpea.

It is worth noting that the provision of exogenous P to soil also resulted in increased acidity (or

low pH) of the rhizosphere environment in both 2003 and 2004 (Table 3.2), a result consistent

with the findings of Huffman (1962) and Ownby et al. (2005), which showed decreased pH with

super-phosphate supply to plants. But, as reported by Dakora and Phillips (2002), a change in the

cation/anion ratio of soil as a consequence of differential root uptake activity can alter

rhizosphere pH. In general, the release of protons by plants (whether legume or non-legume) to

counter-balance an excess cation over anion uptake is the major cause ofroot-induced changes in

rhizosphere pH of most plant species (Dakora and Phillips, 2002; Hinsinger et al., 2003). It is,

therefore, likely that, in this study, the exogenous supply of P to plants altered the pattern of

nutrient uptake by roots, and thus affected the rhizospheric cation/anion balance, leading to

increased proton extrusion and low pH.

The chemical changes observed in the rhizosphere appeared to have resulted from biological

activity associated with roots. For example, consistent with the data of Kanchikerimath and Singh

(2001), the level of organic matter in the rhizosphere soil of maize and cowpea plants supplied

with P in 2003 and 2004 was significantly increased (Table 3.2), possibly as a result of enhanced

root exudation and/or root-residue decomposition. Consequently, organic C in the rhizosphere

was also significantly increased in 2004 (Table 3.3; Figure 3.IA and F). However, this increase

varied with species and planting system. With both cowpea and maize from zero-P plots, the

highest C, Mg, Na and Zn concentrations were associated with intra-hole plants relative to sole or

other mixed cultures (Figure 3.IA and F).
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In the two years of experimentation, the rhizosphere pH of cowpea was always significantly

lower than that of maize (Table 3.2). This observation is consistent with the common view that,

relative to cereals, symbiotic legumes acidify their rhizosphere environment from excess uptake

of cations over anions (Jarvis and Robson, 1983; McLay et al., 1997; Tang et al., 1998; Gregory

and Hinsinger, 1999; Dakora and Phillips, 2002; George et al., 2002; Cheng et al., 2004), a

process that causes proton extrusion and low pH (Jarvis and Robson, 1983; McLay et al., 1997;

Tang et al., 2001; Cheng et al., 2004). Rao et al. (2000,2002) have, however, recently shown

that, under illumination but not darkness, N03-fed non-symbiotic cowpea plants significantly

increased proton concentration in the rhizosphere, an observation which led them to conclude that

rhizosphere acidification is a function of photosynthetic activity and not excess uptake of cations.

Furthermore, it is a well-known fact that rhizobia and other N2-fixing diazotrophs, especially

when supplied with host-plant photosynthate, actively release protons as by-product of N2

fixation and, thus, lower rhizosphere pH. Whatever the mechanisms underlying rhizosphere

acidification may be, any change of pH as obtained in this study (Table 3.2) is likely to affect

nutrient mobilisation and mineral uptake in the root environment (Dakora and Phillips 2002;

Cheng et al., 2004; Li et al., 2004). So, the observed decrease in rhizosphere pH caused by P

supply, planting system and/or legume species (Table 3.2) probably affected nutrient availability

or uptake by plants in the mixed culture, and resulted in reducing rhizosphere nutrient

concentrations.

In conclusion, we have shown that an exogenous supply of P at 40 or 80 kg P.ha-1 to maize and

cowpea significantly increased the concentrations of plant-available P, Ca, Mg, 5, Na, Zn, and Fe

in the rhizosphere_ In 2003, the concentrations of P, Ca, Mg, 5, Na, Cu, Zn, Mn, B, and Fe were

all significantly lower in the rhizosphere of cowpea relative to maize. However, in 2004, only P,
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K, Mg, Na, Zn, Mn, and Fe were decreased in the legume's rhizosphere relative to the cereal.

While the mechanism remains unknown for the observed increase in nutrient concentrations with

the provision of P, the decreased levels of nutrients in the rhizosphere of cowpea was likely due

to increased uptake as a result of higher plant density and possibly greater nutrient availability

from change of rhizosphere pH.
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Table 3. 1. Concentration of extractable mineral elements in bulk soil sampled prior to P application and planting. Each value represents an
average of is soil samples collected from di fferent points within each replicate plot.

Year Concentration of mineral elements (mg.kg"i)

pH SOM C P K C, Mg S Na CU Zn Mn " Fo AI

(eaCb)

2003 6.J±01 3200 ± 100 900±100 400 ± 3.5 1035 ± 10.3 8421 ± 80.2 121.5±1223.1 ±0.2 0.10±0.001 8.4 ± 0.3 2.47 ±03 20.5±1.9 0.7±0.04122.8± 11.5

2004 63 ±Ol 3100±200 1900±100 8.8 ± 0.8 1418±5.9 521.3 ±4 0.1 121.5H73.7± 02 0067± 0.002 0.8 ± 0.04 179 ± 02 9.7±0.1 03 ± 0.02 13 15± 502 0.7 ± 0.04
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Table 3. 2. pH and soil organic matter (SOM) in the rhizosphere of nodulated cowpea and maize
Plants supplied with exogenous P in different cropping systems in 2003 and 2004. Values followed
by dissimilar letters in the same column (bold type) differ significantly at P:S 0.05. A 2-way ANOVA
was used to analyze P and cropping system effects while a one-way ANOVA was used to compare
pH and SOM changes associated with the rhizQsphere of both cowpea and maize.

pH (CaChl SOM (mg,kg"J)

Treatment

2003 2004 2003 2004

Cowpca

I' level (kg P.lu.- I
)

Po 5.9±O,01b 6.0±O.02b 3200±90b 4220±181b

P40 ~.9±O.05b 6.0±0.0211 3600±1401l 4380±156b

P80 5.8±0.0511 5.9±0.038 3400±908 4881 ±J97lt

Cl'upplng system

Sole cowpea 5.8±O.06b 6,0±0.038 3300±\00a 4243±185b

Inter-tow cowpea 5.8±O.06b 6.0±0.02a 3500±1008 4450±2J5b

Intra- row cowpea 5.8±O.06b 6,0±0.02a 3300±200a 4384±215b

Intra - hole cowpea 6, I ±lI,0811 6.0±O.03a 3400±IOOa 4897±214.

i\lnlze

PO 6.2±O.07b 6.2±0,0Ia 3S43±92a 4718±189a

NO 6.2±O.04b 6.2±0,018 3934±260a 4585 ± 139a

Psa 6.0±O.O511 6.1±0,0Ia 3549±848 5029±168u

Cropping llydem

Sole maize 6.2±O,07a 6.2±O.07u 3737±I06a 4700±200a

Inler-row maize 6.2±O.05a 6.2±O.04a 3665±113. 4900±200a

Il1lra~ row maize 6.2±O,05a 6.2±O.OJo 3912±J28a 4700±200a

Intra - hole maize 6.1 ±O.08a 6.0±O.03b 3387±1390 4900±200a

Species

Cowpea 5.9±O.1I34b 6.0±O.Olb 3400±lllOb 45110±100b

Maize 6.2±O.OJ21l 6.2±O.O31l 3700±1001l 48110±1001l
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Table 3.3. Concentration of extractable mineral elements in the rhizosphere soil of nodulated cowpea and maize plants supplied with exogenous P in different cropping
systems in 2003 and 2004. Values followed by dissimilar letters in the same column (bold type) for P level, cropping system, or species are significant at P ~ 0.05. A 2-way
ANOVA was used to analyze P and cropping system effects while a one-way ANOVA was used to compare mineral elements concentrations associated with the

rhizosphere of both cowpea and maize

Concentration of macroelements (mg,kg,l)

C P K Mg Ca S Na
Treatment

2003 2004 2003 2004 2003 2004 2003 2004 2003 2004 2003 2004 2003 2004

Cowpell

I~ level (kg P.ha'l)

PO 1000±40b t900±tlOb 44,6±2.8b 9.5± 1.3c 79.6±4.3a 102,9±4,6a 106.4±5.lb 168.4±9.3a 7It.9±42.7b 578.1±35.8h 3.4.:I:0.37b 4.5±0.20c 70.8±2.5a 86.5±3.lb

P40 1100±50a 2100±40a 106.6±8.8a 69.9:i:5.7b 77.1:;I:4,2a 103.1:i:3.4a 123.6±.5.9a 152.1±5.9a 877.6±43.0a 735.7±63.t. 4.7±0.25I1b 6.2±0.36b 76.1±2,5a 87.5±3.0b

P80 1100±40a 2200± 11011 m.6± 1U. 103.5±8.711 86,2:;1: 4,2a 96.0. J.3a J10.9±4.68 166.4±9.7a 760.9±35.6ab 7 t t.O±4t.4a 5.0±0.2911 7.0±0.3811 68.5±2.9a 94,3±3.911

Cropping systems

Sole cowpea 1000±60a 1900± 120b 84.2± 12.3, 57.2± 12.7a 82.8±5.2b 98,8±3.9a I04.7±4.9c t59.0HI2.1b 735.0±38.6a 736.2±82.7. 3.8±0.4lc 5.5±OA6b 69.5±2.7b' 85.0± 4.tb

Inter-row cowpea 1100±50a 1900± 1I0b 79.7± ID.Jd 53.4± 13.3£1 81.7±3.3b 97.8±4.3a 115.5±7.0b 149.1±±8.3b 758.7±48.3a 597.2±37,2a 4.6±0.32b 5.4:;1:0.44b 70.8± 1.9b 84.3± 2.6b

Intra· row cowpea lloo±50a 2100± 80llb 109.2::1: 19.8a 68.9± 14.7a 66.8::1:3.0c 99.4±17, 108.2±6.lb 163.8± ±8.0a 811.9±60.la 685,7±61.9a 5.2±O.44I1b 6.6±0.48a 81.1±2.7a 96.1± 4.58

Intra - hole cowpea 1I00:l:50a 2300± 90a 101.3± 12.0b 64.4± 13.5a 92.6±5.011 106.3±5.5a 126.1±5.81l 177.3±±9.7a 828,2±52.78 680.H38.4a 4.UO.37b 6.2±0.47a 65.8±3.2c 92.3± 3.68

Mlllze

PO 1100±53a 2160± 1020 ~1.9±2.4c 11.1± 1.2c 108.7±5,8a 116.6±5.1a 125.3±4.5b 186.8± 8.3a 783.2±39.3b 676,8±40.6a 4.0±0.3b 5.3±0.3b 64.7±2.3I1b 95.0±4.0a

P40 1200±63a 2190::l:79a 127.4±8.6b 70.3±5.3b 108,8±5,8a 112.7±4.88 139.9± 4.411 178.2±8.1a 948.4±41.011 727.1±39,la 5.4±0.311 6.3±0.411 69.4±2.311 93,8±3,36

P80 1100±39a 2265± 108a 166.9::1:11.811 116.8::1:9.68 106.9±7.la 103.7±6.38 129.7±5.38b 173.1±8.7, 840.8±30.8Itb 711.5±30.48 5.7±0.38 6.7±0.38 61.1±2.2b 98,0±4.8a

Cropping systenu

Sole maize 1200±60a 2200± 130a 127.1±22.4l1b 71.7± 16.5a 115.8±6.28 110.8±5.8a 134.7:;1:7,20 182.6±9.8a 864.7±54.6a 709.1±33.7a 4.9±0.368b 5.7±0.42b 63.0±2.48 97.8± 5.3a

1nter·row maize 1100±60a 2100±90a 104.1±13.58b 65.5± 17.20 109.4±8.3a 104.3±6,8a 129.8::1:4.9a 182.5± 11.5a 863.8±35,6a 708.3±56.9a 5.3±O.3311 5.9±0.31 b 65.4±2.2a 96,9± 4.7a

lntra· row maize 1100±70a 2300±130a 129.J± 1804. 60,9± 12.Jn 1l4.7±7.2. 112.7± 5.3. 136.0±4.5. 175.3±8.2' 8712±464a 722.5±40.9. 5.7±0.40" 6.6±O.33a 66.0±3.1a 95J± 5.2a

Intra - hole maize 1100::l:50a 2300± 90a 101.3± 12.0b 66,2± 13.4a 92.6±5.0b 106,3±7.7a 126,1±5.88 177.3±9.7a 828.2±52.7a 680.7±38.4a 4.1±0.37b 6.2±0.4711 65,8±3.38 92.3± 3.6a

Species

Cowpea 1100±30a 2100±50a 93.6±7.0b 61.0±6.6b 80.9±2.5b 100.7± 2.2b 1l3.6±3.1b 162.3±4.9b 783.5±25.1b 674.9::1:29.1 a 4A±0.2b 5.9±0.2a 71.8±UiS8 89.4± 2.0b

Maize 1100±308 2200±60a 115.4±8.5a 66.1±7.31t 108.1±3.6a 1I1.0± 3.2. 131.6±2.88 179.4±4.88 857.5±23.3a 705.t±21.Ia 5.0±0.28 6,1±0.20 65.U t.36b 95.6± 2.38
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Table 3.4. Concentration of extractable mineral elements in the rhizosphere soil of nodulated cowpea and maize plants supplied with exogenous P in
different cropping systems in 2003 and 2004. Values followed by dissimilar letters in the same column (bold type) for P level, cropping system, or
species are significant at P :s 0.05. A 2-way ANOVA was used to analyze P and cropping system effects while a one-way ANOVA was used to
compare mineral elements concentrations associated with the rhizosphere of cowpea and maize. nd = not determined.

Concentration of microclements (mg,kg"l)

Cu Zn Mn B Fe AITreatment
2003 2004 2003 2004 2003 2004 2003 2004 2003 2004 2003 2004

Cuwpea

P level (kg l'.ha·1)

PO 7.0±0,]7a D.84±O,12a 3.1±Q.25b J.9±O.IJa 15.4±0,7Ja J1.l±O.78a Q.51±Q.Q23b o56±0.20. 125±7.1b I06±J.9b nd 1.1±0, la

NO 6.9±0.37a 0.96±0.17. J.7±O.32.b 2.2±0.22. 17.J±0.99. 10.7±074a O.58±O.O22. 0.J4± 0.02a 142±6.7. 146±11.2. 1.I±0.1.

1'80 7.6±0.25. 0.86±0.14a 4.3±O.56. 2.1±0.13a I6.4± 0.72. 11.4±O.SI. O.51±O.024b 0.J6±O.04. 14l±6.la 148± I1.6. I.I±O.IB

Cropping systenl.'l

Sole cowpen 6.9±0.45a O.87±O.13a 3,6±O.46a 1,8±0, 17a 15.3±0.72a IO.4±O.7a O.52±O,029a 0.J3±0.031 a 128±6a 135± 4a 1.3:!:O.1211

Inler-row cowpea 7.3±0.338 0.91±0.ISB 3.5±O.37a 2.0±O.17a 17.J± 1.03. 11.3± 1.0a 0.53±0.027B 0.3S±0.042B 127±8a 130±120 1.1±Q.IOb

Intra- row cowpca 7.2±O.44a 1.01±0,24a 3.9±0.70. 2.3±O.22a 16.6±1.16B 11.6±0,98 0.55±0.031. 0.60 ±0.269. 145±8a 132±10B 1.0±O.09b

Intra - hole Cowpea 7.4± 0.36. 0.76±0.09. 3.S±0.33. 2.1±0.19. 16.3±0.S6. II.O± 1.0a 0.54±0.027a D.J9 ±D.D43. J44±Ba JJ7±JJ. Q.9±Q.Wb

Maize

1'0 8.2± O,29a 0.91±0,108 4.4±0,258 2,09±O,16a 18J±O.68a 13.1.::1:1.24a 0.59.::1:0.01Hb 0,36:1:0,02a 138±3.8b 141.::1: 11 b 0.82.::1:0,06a

1'40 7.8::l:0.28a 0.96.::1:0.118 4.9±0.31a 2,24.::1:0,178 19.0:1: 0.88n t 1.7.::1:0,86a 0,66:1:0.0330 0.36:1:0.02a 16H9.6a 14J±8b 0.97:1:0.14a

I'SO 8.0:1:0.278 0.73±O.O7. 4.8:1:042a 2.32±O.20. 18.3:1:0.90a 11.6± O.SI a 0.56±Q.Q24b 0.J5± 0.03a 150:l:7.50b J8001: lla \'03:1:0,16n

Cropping systems

Sole mnize 8.2±OAllb 0.94.::1:0.12a 5.0±0.4a 2.4:1:0,25a 19.0.::l:1.0ab 11.8± l.Oa 0.63::1::0.03a 0.34.::1:0.019a 151±lla 159±lla I,O:l:O.20a

Inter-row maize 8.3±0.2n 0.S7±0.14a 5.Q±Q.J. 2.4±0.20. 19.2±Q.9. 13.1± 1.7a Q.62±Q.QJa 0.35± 0.019a 146±Sa 169:1: 16a 0.9±O.07a

Intra- row maize 8.2.::1:0.2ab 0,9I::1::0.09a 5.1.::1:0.411 2.0:l:0.14a 19.7.::1:0.7a 12,6±0.7a 0.63.::1:0.030 0.35±0.019. I58:1:9a 152± 11. 1.0±0.19.

Intra - hole maize 7.4±Q.4b 0.76±0.09a J.8±Q.3b 2.1±0,19a 16.J±Q.9b 11.0:1: 1.0a Q.54±O.Q3b 0.39.::1:0.043a 144:1:8a 137±13a 0,9±0.lOa

Spede~'

Cowpea 7.2±O.19b 0,89:1:0.08a J.7±Q.2b 2.Q±Q.lQb 16.4± Q.5b 1t.I± Q.4b Q.54±O.Qlb O.42±0.07a 136±4b IJJ±6b 1.0S±O.05.

Mail.e 8.0±0.160 0,87 :l:0.06a 4.7±0.20 2.2±0.IOo 18.6±0.578 12.1± 0.611 0.61±0.02a 0.36±0.0Ia l50±4a 155±70 0,94:1:0,07a
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Table 3.5. Effects oFP supply and cropping system on the uptake rate of mineral elements in whole of cowpea and maize planted in 2003 (Year I) and 2004 (Year 2). Values
Followed by dissimilar letters in the same column (bold type) for arc significant at P:o 0.05. nd ~ not determined. Tbe effects of P supply and cropping system on some mineral
elements in whole plant uptake rate in cowpca and maize were not significant in Year 1.

Treatment P K Mg C. S Na Cll Zn Mn B Fe AI

uu........uu.nn......__.................mg,plan! 0
1.d·I ......_.nu.....__........_____......00 __ ......._-

_____."___.. ___..___..______•...__...___.___ ...____..__...__.pg,P1anl' I .d" I••• _•••••_._._•••••••••••••_. ______••••••••

YCllr I: Effect.'! of cropping .!ly~rern on uptake rate III cowpca

Mono c(Jwpcu 2.0±O.211 8.1 ±O.7u 1.4::t:O.ln 6.7±0.8a 1.1 ±O.la 0.3±0.02a 5.3±O.5a 25.9±3.211 16.8±2.311 19.2±1.9a 300.9±30.6a

IntcHow cowpea t.7±O.tab 7.4±O.5a 1.3±O.la 6.2±0.4a I,O±O.la O.3±O,02a 4.6±0.3a 2t.6::l:t.8ab 13.5±1.0Ilb 17.8±l.3a 259,5:1:26.7a

Intra- row cowpea 1.6:1:0.1ab 7.2±0,6a 13±O.la 5,5:1:0.5a 1.1 ±0.1. 0.3:1:0,02a 4.5±0.3, 19.8±2.1Rb 12.1±t.2.b 17.4±1.5a 286.4±35.8a

Intra - hole cowpea 1.5±0.2b 6.3 ±0.6, I 1±O.la 51 ±0.7, 0.9±0.la o HO.03a 4.1 ±O.4a t8M2.6b 1t.5± t.6b 16.2±22. 293.1 ±42.3a

Ycnr I: Effectll ofP on uptllke rnle In maize

PO 3.7:1:0.46b 28.9±2.5b 3.2±0.30b 4,6±0.34a 0.56±0,05u 0.88±0.08a It.O±0.8b 45.3±6.1b 33,5:1:2.9a 8.3±0.64a 896.7±63.5a nd

NO 3.7±0.32b 29.2±2.lb 3.1 ±0.24b 4.9±0.33a 0.59±004u 0,87±0.10a t3.2±2.4b 40.0±5.1 b 30.9±2,7a 8.8±0,56a 901.9±42.7.

P80 5.3:1:0.40M 36.8±2.9. 4.0±O.27a 5.4±0.30a 0.67±004a 0.90±0.05a 17.3±2.7. 58.4±5.9. 39.6±l.0. 9.9±055a 973.4± 111.4a

Yellr 2: Effects of IJ on uptake rate In cow pea

PO t.O±0.2tb 8.3±t.7b t.3±0.t9b 5.7±0.8b t.1±0.t3b 0.36±0.05b 4.4±0.8b 2t.7±2.6b 22.4±2.8b 19.6±3.0b t89.0±24.0b 275.3±24.9b

P40 2.0±0.2211 12.9 ± 1.811 2.0:!O.19n 9.9:1:1.10 1.6±0.1311 O.~8±1l.07n 6,2±0.9a 26.7:1:3.~n 35.4±4.9a 30.8:1:3.6a 258.9±27.2a 394.8±40.9n

PSO 2.2:1:0.3911 12.9±2.~11 2.1 :!0.32a 9.0±t.6a t.7±0.31a 0.56±0.08a 5.8±1.2a 27.6:l:6.0a 37.1±5.8n 28.3:l::4.6a 232.6:1:33.9n 337.7±36.5a

Yellr 2: Effectll of cropping system on uptake rllte In cow pen

Mono cowpea 3.1 ±0.4511 20.2±2.811 2.9.:1:0.34c 13.7±t.S. 2.5±0.32" 0.77±0.09. 10.1±1.311 47.1±5.5a 44.9±6.3. 42.4±~.111 360.3±26.611 478.5±3t.4.

Illter-row cowpea t.6±0.2I1b 11.3±t.3b t.8±0.t5b 8.1I±0.8b t.4±lI.t2b 1I.53±0.05b 5.HII.5b 23.7±2.0b 37.5±5.5b 26.2±2.5b 238.0±27.4b 356.6±43.4b

Intra- row cowpea t,2±0.17bc 7.6±Uibc 1.3:!O.18bc 5.9±0.9bc 1.1±0.ltbc 0.39±0.07bc 3.6±0.7bc 16.4*2.2bc 24.7±3.6bc 19.3±3.5bc 167.1±18.9bc 266.7±23.9b
c

Intra - hole COWPCI1 1.0:l:O.lJc 6.4±l.tc 1.1.:I:0.15c ~.2:1:11.7c 0.9±0.12c 0.32:1:0.05c 3.0±0.4c 14.1±1.7c 19.6±3.8c 17.0±2.5c 142.1±19.2c 242.0±29.8c

Year 2: Effects of Jl 011 uptake rllte In ml1ize

PO t.7±1I.29b 17.H2.3 2.3 ±0.28 2.4±0.36 0.65±1I.1I7b 0.76±0.11 3.3±0.47 387±4.0 311.7±3.6b 60±0.SO 411.9±939 571.8±137.8

NO 3.1±0.35a 2l2±2.3 31 ±0.34 3.1 ±0.30 I.03±O.IOII 0.88±0.09 4.1 ±0.38 53.9±6.0 44.0±~.3a 8.1±083 401.6±49.3 518.8±62.1

P80 2.8:1:0.3511 22,2±2.2 3.1 ±0.37 3.0±0.36 1.21 ±0.24a 0.78±0.07 4,0:1:0.39 53.5±6.9 53.7±6.611 8.0±0.86 482.8±71.2 699.1 ±130.5

Yenr 2: Effectll of cropping lIystem on uptl1ke rate in maize

Mono cowpea 2.7±0.43a 22.7±2,5a 3.3.:1:0.43a 3.2±0,48a 1.37±0.3211 0.96±0.IOa 4.4±0.51a 53,5:1:7.8a 46, I±7,3a 8,6±1.I0a 478.4±106.3a 664,8±185.5a

Inter-row cowpea 2.5±0.46a 19.2±3.3a 2.7::1.').47a 2.7±0.43a 0.79±0.t2b 0.79±0.II' 3.1 ±0.43a 47.1:1:8.9a 40,2±7,3a 6,5±\.07a 357.3±43.7. 475.9±53.3a

[ntn1* row cowpea 2.6±0.44, 21.3±2.7, 2.7::1:0.35a 2.6±0.34. O.84±O.tOb 0.76±0.IOa 3.8±0.50a 49.0±5.0. 3S.5±5.3. 7.0±0.93a 464.3±6S.5. 626.0±97.9.

Intra - hole cowpea 2.4±0.36a 20. [ ±2.4a 2.(, ..I:O.29a 2.7±0.33. 0.84±0.08b 0.71±0.11. 3.7±0.46a 45.2±5.5a 46.4±6,9a 7.4±0.8[a 428.4±107.0' 619.7±160.8a
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Figure 3.1 . 1nteractive effects of P and crwping system on the concentration of mineral elements in rhizosphere soil ofcowpea planted in 2004 (Year 2). A-E =
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CHAPTER 4

TISSUE CONCENTRATION OF MINERAL NUTRIENTS IN NODULATED COWPEA

(VIGNA UNGUICULATA L. WALP.) AND MAIZE (ZEA M4YS L.) SUPPLIED WITH

EXOGENOUS P IN MIXED PLANT CULTURE.
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4.1 Introduction

Studies on mineral nutrition of plants have been well documented (Marschner, 1995). However,

many of those studies have either been limited to a few single mineral nutrients, or conducted in

monoculture. Yet plant ecologists and agronomists tend to work with all the nutrients in mixed

plant stands in natural ecosystems or intercropped material in agricultural systems. This approach

has resulted in limited knowledge of plant-plant, plant-nutrient, and nutrient-nutrient interactions

in the rhizosphere of field plants. Detailed studies are currently lacking on the uptake profile and

tissue accumulation of the major mineral nutrients in relation to planting patterns (i.e.

monoculture vs. mixed cultures), and/or when supplemented with exogenous nutrient elements.

Nutrient uptake and accumulation in plants can be influenced by the level of other nutrients in the

soil solution and inside plant tissues. For example, studies by Baligar et al. (2001) have shown

that, Al supply and its accumulation in alfalfa can significantly increase tissue concentrations of

N, P, S, K, Mg, Zn, and Mn from decreased growth of shoots and roots. Low tissue P is also

known to induce the accumulation of carbohydrates, which indirectly affect the uptake of other

nutrient elements (Reinbott and Blevins, 1997). This is because an increase in the plant's internal

P status can decrease soluble carbohydrates in roots and root exudates (Graham et al., 1981;

Same et al., 1983) and, thus, affect nutrient uptake. However, adequate P nutrition is also known

to enhance the uptake of other nutrients through improved overall plant growth, especially root

development (Reinbott and Blevins, 1997). It has, however, been shown that increasing P

availability and uptake can lower the level of available Zn in soil (Lindsay et al., 1962). Carroll

and Loneragan (1998) measured root and shoot concentrations of Zn in the presence of excess P

and showed that as much as 35% of total absorbed Zn remained in roots, resulting in Zn

deficiency symptoms in shoots. Thus, excess uptake of P by legumes and cereals can increase Zn

accumulation in roots at the expense of its translocation to shoots (Takkar et al., 1976). Applying
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P to common bean and maize was found to also decrease the concentration of Zn in tissues

(Christensen and Jackson, 1981; Singh et al., 1988; Gianquinto et al., 2000).

Root exudates also play a major role in the mineral nutrition of plants (Marschner, 1995; Dakora

and Phillips, 2002). Of the root exudates released by some tree species, 71% were found to be

cations (Na+, K+, Ca2+, NH/, Mg2l, 12% anions (SOl, cr, polo, NO"J), 11% organic acids, 5%

carbohydrates and 1% amino acids (Smith, 1976). The presence of minerals in root exudates can,

therefore, significantly alter the composition of nutrients in soil solution, and hence increase or

decrease their uptake, as well as modify their concentrations in plant organs. Furthermore,

protons released into the rhizosphere of symbiotic legumes from Nz-fixing activity in nodules can

also alter soil pH and affect nutrient mobility, availability and uptake by plants (Schubert et al.,

1990; McLay et al., 1997; Dakora and Phillips, 2002; Cheng et al., 2004). Such a pH change

could enhance or inhibit mineral availability (e.g. P) in the soil solution, as well as affect the

uptake of Ca, Fe, and Al by plant roots (Hinsinger and Gilkes, 1996; Dakora and Phillips, 2002).

Differences in organ concentrations of minerals have been reported for several plant species in

monoculture (Hart et al., 1981; Brink and Fairbrother, 1992; Ciarelli et al., 1998; Pederson et aI.,

2002), with some data showing that forage and food legumes accumulate greater concentrations

of nutrients in tissue relative to grasses and cereals (Fleming, 1963; Kubota, 1983; Minson, 1990;

Pederson et al., 2002; Fageria, 2004). While such findings could be attributed to species

differences in nutrient acquisition, they could also be ontogenic, stemming from dilution of tissue

mineral concentrations by added biomass during plant development (Loneragan et al., 1979;

Jarrell and Beverly, 1981; Sing et al., 1988; Fageria, 2004).
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So far, however, most studies of mineral nutrition In legumes and cereals have focused on

monoculture and the analysis of single or few nutrient elements. To our knowledge, no study has

yet examined mineral uptake and tissue accumulation in complex mixed cultures, even though

the findings of such studies could benefit plant ecologists, plant nutritionists, and field

agronomists. This study assesses the effect of exogenous P supply on tissue concentrations of

minerals in nodulated cowpea and maize in mixed plant cultures.

4.2 Materials and Methods

4.2.1 Plant growth and growth conditions

Field experiments were conducted under irrigation at the Agricultural Research Council

Nietvoorbij site (33 0 54' S, 180 14' E) in Stellenbosch, South Africa, during the 2003 and

2004 summer seasons at two different locations within Nietvoorbij. The site characteristics

were described in detail in chapter 2 section 2.2.1.

4.2.2 Experimental design

The experimental treatments consisted of three levels (0, 40, and 80 kg P.ha- I
) of triple

superphosphate [46% P, 13.5% Ca, 1.5% S, 0.0007% Cu, 0.008% Zn, 0.021% Mn, 0.053% Band

0.0009% Mo (Chemey, 2003; FAS, 2005)] and 4 planting patterns (namely, monoculture,

maize/cowpea inter-row, maize/cowpea intra-row, and maize/cowpea intra-hole planting). The

experimental design and layout, and other cultural practices are well described in chapter 2

section 2.2.2

4.2.3 Plant harvest and sample preparation

At 60 d after planting, cowpea and maize plants were sampled for nutrient analysis. About 16

and 8 plants were sampled for cowpea and maize respectively from the middle rows of each

plot. The border plants within each row were excluded. The plants were carefully dug out with
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their entire root system, washed, and cowpea plants separated into nodules, roots, shoot and

pods, while maize plants were divided into roots and shoots. The plant organs were oven-dried

at 60 cC for 48 h and ground into a fine powder for the analysis of mineral nutrients.

4.2.4 Characterisation of soil chemical properties

The determination of soil pH, soil organic carbon, soil organic matter (SOM), S, P, K, Na, Ca,

Mg, Cu, Zn, Mn, Fe, and Al were extracted from soil following the procedures outlined in

chapter 3 sections 3.2.5 and 3.2.6.

4.2.5 Measurement of mineral nutrients in organs

Measurements of macronutrients (P, K, Ca, Mg, and Na) and micronutrients (Cu, Zn, Mn, Fe, AI,

B) were determined by ashing I g ground sample in a porcelain crucible at 500 cC overnight.

This was followed by dissolving the ash in 5 mL of 6 M HCl and placing it in an oven at 50 cC

for 30 min; 35 mL of deionised water were added and extract filtered through Whatman no. I

filter paper. Nutrient concentrations in plant extracts were determined using the ICP

spectrophotometer (Giron, 1973). Sulphur was determined by wet digestion procedure using 65%

(v/v) nitric acid. In each case, I g of milled plant material was digested overnight with 20 mL of

65% (v/v) nitric acid in a 250 mL glass beaker. The beaker containing the extract was then placed

on a sand bath and gently boiled until approximately I mL of the extract was left. After that, 10

mL of 4 M nitric acid was added and boiled for 10 min. The beaker was then removed from the

sand bath, cooled, and the extract washed completely in a 100 mL volumetric flask and the

extract filtered through Whatrnan no. 2 filter paper. The S in the sample was then determined by

(FSSA, 1974) direct aspiration on the calibrated simultaneous ICP spectrophotometer.
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4.2.6 Statistical analysis

A 2-factorial design (2-way ANOVA) was used to analyse for mineral in plant organs. However,

a one-way ANOVA was used to compare nutrient concentrations in the legume and cereal. The

analysis was done using the software of STATISTICA program 1997. Fisher's least significant

difference was used to compare treatment means at P S 0.05 (Steel and Torrie, 1980).

4.3 Results

4.3.1 Soil properties at planting

The soil chemical properties from the experimental plots were measured before establishing the

experiment in 2003 (Year I) and 2004 (Year 2). In Year I, the soil pH was 6.3; SOM: 3.2 g.kg-';

C: 0.9 g.kg· l
; P: 40 mg.kg-'; K: 104 mg.kg- I

; Ca: 8.4 mg.kg-'; Mg: 122 mg.kg-'; S: 3.1 mg.kg-';

Na: 0.10 mg.kg-'; Cu: 8.4 mg.kg-'; Zn: 2.5 mg.kg- I
; Mn: 20 mg.kg-'; B: 0.7 mg.kg-'; and Fe

was 123 mg.kg-'.

In Year 2, soil pH was 6.3; SOM: 3.1 g.kg-]; C: 1.9 g.kg-'; P: 8.8 mg.kg- I
; K: 142 mg.kg- I

; Ca:

521 mg.kg- I ; Mg: 122 mg.kg-]; S: 3.7 mg.kg-]; Na: 0.07 mg.kg- l ; Cu: 0.80 mg.kg- I
; Zn: 1.8

mg.kg-'; Mn: Y.7 mg.kg-'; B: 0.34 mg.kg-]; Fe: 131 and Al was 0.68 mg.kg- I
.

4.3.2 Effects ofP supply on mineral concentrations in shoots, roots and whole plants of

cowpea and maize

Applying P to cowpea plants significantly increased shoot concentration of P in both Year I and

2, and Cu and Zn in Year 2 only (Table 4.1)_ Exogenous P supply also increased shoot levels of

Ca and P in maize plants in Year I, and only P in year 2 (Table 4.1).
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With roots, however, there were major changes in the concentrations of nutrients with P

application to both cowpea and maize. Provision of P significantly increased root concentrations

of K, Sand P in cowpea plants in Year 1, but decreased those of Cu, Zn and Mn (Table 4.1). In

Year 2, the levels of S, Na, and P were elevated with mineral P supply to cowpea, while those of

Cu, Zn and B were again decreased relative to control (Table 4.1). With maize, the effect of P

application also showed increased Ca and P, and decreased Zn in roots of Year 1 plants (Table

4.1). In year 2, only P concentration was increased in maize roots with exogenous P supply

(Table 4.1).

At whole-plant level, nutrient concentrations in cowpea were more altered with P application

than in maize. As shown in Table 4.1, supplying cowpea with mineral P in Year 1 increased

tissue levels of Ca, S, and P, but decreased the concentration of Cu relative to zero-P control. In

Year 2, tissue levels of S, Na and P were also elevated with P supply, whereas those of Cu, Zn

and B were reduced compared with control (Table 4.1). As with shoots, only Ca and P showed

increased concentrations at whole-plant level with external P supply in Year I and 2 (Table 4.1).

4.3.3 Effects of exogenous P supply and mixed plant culture on mineral concentration in

pods and nodnles of cowpea

Applying P to cowpea plants significantly increased nodule concentration ofMg, S and P, but not

Ca or K in Year 1 (Table 4.2). In contrast, the concentration of micronutrients such as Cu, Zn,

Mu and Al were significantly reduced with P supply in Year 1 (Table 4.2). Nodule concentration

ofP and S were increased in Year 2 with P supply, whereas that ofZn decreased relative to zero­

P control (Table 4.1).
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The concentrations of mineral nutrients in cowpea pods were also altered with P supply. For

example, in Year I, the levels of P, Mg and Ca were increased in pods with P application,

whereas those ofCu and Zn decreased (Table 4.2). In Year 2, the pod concentrations ofP, K, and

Mg also increased with P fertilisation, whereas those of Cu, Zn and B again decreased relative to

zero-P control (Table 4.2).

The effects of each -separate planting system on nodule concentration of nutrients were assessed

and found to be more clearly defined in Year I than in Year 2. As shown in Table 4.2, the nodule

concentrations of P, K and Al were significantly more reduced in intra-hole planted cowpea

relative to monoculture and the other mixed cultures. However, intra-hole cowpea nodules

showed greater Ca concentration, followed by the other mixed cultures, and least the

monoculture. With Mn, the nodule concentration was greater in mono-cowpea, followed by intra­

hole, and least in inter-row and intra-row cowpea plants in Year I (Table 4.2). In Year 2, the

levels of Cu and Fe were decreased in mix-cultured cowpea relative to monoculture, Al was

significantly increased in nodules of intra-hole cowpea compared with mono- and mix-cultured

cowpea (Table 4.2).

As with nodules, cowpea pods also showed changes nutrient concentrations with planting system

in Year I, but not Year 2. The levels of Cu and Zn in cowpea pods were, for example, decreased

by mixed culture compared with monoculture (Table 4.2).
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4.3.4 Effects of planting pattern on nutrient concentrations in shoots, roots and whole

plants of cowpea and maize

Separating the effects of the individual components of the planting system for each species

revealed significant differences in nutrient concentrations of plant organs. In cowpea, the shoot

levels ofP, Cu and Zn were decreased in mixed culture relative to monoculture in Year I, with

Fe the concentration was significantly greater in intra-hole cowpea compared with mono-cowpea

or the other mixed cultures (Table 4.3). In Year 2, shoot concentrations of K and Cu were lowest

in intra-hole cowpea, but greater in monocultured material (Table 4.3). Shoot Ca and S were also

greater in intra-hole and intra-row cowpea compared to the other planting patterns. In Year 2,

there was also a significant increase in shoot B levels in intra-hole and intra-row cowpea plants

compared with mono-cowpea (Table 4.3).

Except for Fe, which showed significantly increased concentration in intra-hole planted maize

relative to monoculture, there was little effect of planting pattern on nutrient concentrations in

maize shoots in Year I (Table 4.3). However, shoot levels of K and Zn in Year 2 were much

greater in intra-hole maize compared with the monoculture, just as shoot B of intra-hole maize

was also significantly greater than monoculture (Table 4.3). Shoot concentration of Mg in inter­

row maize was similarly increased relative to monoculture and intra-hole plants in Year 2 (Table

4.3).

The concentrations of minerals in cowpea roots were altered by planting pattern in Year I. As

shown in Table 4.3, root levels of P were significantly decreased by mixed culture relative to

monoculture in Year I. The concentration of K in roots was lowered in only intra-hole cowpea,

but not in the other planting systems. Root levels of Na in Year I were significantly increased in

intra-hole and intra-row cowpea plants compared with monoculture, while with Mn the root
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concentration in intra-hole cowpea was significantly greater than that of the other mixed cultures

(Table 4.3). In Year 2, root concentrations of P were significantly lower in inter-row and intra­

hole cowpea plants, while with B it was lower in only inter-row cowpea (Table 4.3).

Although the planting system had an effect on root concentrations of K, Mg and Na in maize in

Year I, there was no effect in Year 2 (Table 4.3). The concentrations of K, Mg and Na in roots of

intra-row maize were significantly increased relative to only intra-hole plants in Year I (Table

4.3).

At whole-plant level, the tissue concentrations of P and, to some extent, K, Zn and Mn in cowpea

were decreased in mixed culture relative to monoculture in Year 1 (Table 4.4). But the

concentrations of Na and Fe in Year 1 were significantly increased in intra-hole cowpea when

compared with monoculture or other mixed cultures (Table 4.4). However, the levels of K and Cu

were relatively decreased in mixed cultures compared with monoculture (Table 4.4). In contrast,

the concentrations of Ca and B were significantly increased in intra-hole cowpea compared with

monoculture or inter-row plants (Table 4.4).

Except for Na and K, there was no effect of planting pattern on mineral concentration in maize.

Relative to the other planting systems, Na levels were lower in intra-hole cowpea in Year I and 2,

and in monoculture in Year 1 (Table 4.4). Compared with monoculture, mix-cultured maize

showed greater K concentration in tissues, especially in intra-row plants (Table 4.4).

Comparing the effects of planting system across species for the two years showed significantly

greater nutrient concentrations in cowpea organs relative to maize (data not shown)
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4.3.5 Species effect on nutrient concentrations in shoots, roots and whole plants of cowpea

and maize

A one-way ANOVA analysis was done to compare nutrient concentrations in organs of the two

test species (cowpea and maize). In all instances, the concentrations of P, K, Mg, Ca, S, Na, Cu,

Zn, Mn, B, Fe and Al were significantly greater in shoots, roots and whole plants of the legume

(cowpea) relative to the cereal (maize) in both Year I and 2 (Table 4.5).

4.3.6 Interactive effects of applied P and mixed plant culture on the concentration of Cu in

cowpea and maize shoots, and in root nodules of cowpea

There was a significant interactive effect between applied P and shoot concentrations of Cu. At

40 kg P.ha- l or 80 kg P.ha- l
, shoot concentration ofCu in monocultured cowpea was significantly

greater than that of mixed cultures in Year 2 (Figure 4.2).

The nodule concentration of Cu in cowpea was also significantly affected by the interactive

effects of P supply and planting system in Year 1. At zero-P, monocultured cowpea showed

increased concentration of Cu in root nodules, followed by intra-hole cowpea (Figure 4.1). At 80

kg P.ha-l
, nodules from monoculture and intra-hole cowpea showed significantly elevated

concentrations of Cu relative to the other planting patterns (Figure 4.1). However, at 40 kg P.ha- l
,

root nodules of inter-row cowpea exhibited the greatest concentration of Cu (Figure 4.1).

Discussion

Effects of exogenous P on plant growth and tissue nutrient concentrations

In this study, the exogenous supply of P to cowpea and maize in two consecutive field

experiments altered the mineral concentration in all organs analysed (Tables 4.1 and 4.2).
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However, P application significantly increased the concentrations of P, Mg, Ca and K in cowpea

shoots and pods in Year 2 (Tables 4.1 and 4.2), and led to increased organ and plant growth

(Table 6.1) even though micronutrient levels (Cu, Zn and B) were significantly decreased (Tables

4.1 and 4.2). Similar changes in nutrient concentrations were observed in belowground organs.

As shown in Tables 4.1 and 4.2, applying P to cowpea plants in Year I and 2 increased root and

nodule concentrations of P, K, Mg, Sand Na, but decreased those of the trace elements Cu, Zn,

Mn, B and AI. The decreased level of Zn in root nodules in Year 2 (Table 4.2) was likely due to

dilution by the significantly increased nodule dry matter (Table 6.1; Loneragan et al., 1979;

Jarrell and Beverly, 1981; Sing et al., 1988; Fageria, 2004), which was, in turn, caused by

increased accumulation ofP and S in those organs with external P supply (Table 4.2).

Integrating the data at whole-plant level showed that tissue concentrations of P, Ca, S and Na

were significantly increased in both Year I and 2 in cowpea, but those of Zn, Cu and B were

decreased in Year 2 from dilution by accumulated biomass (Table 6.1; Loneragan et al., 1979;

Jarrell and Beverly, 1981; Sing et aI., 1988; Fageria, 2004). While the data for maize showed a

limited effect of external P supply, the levels of Ca and P were significantly increased in shoots,

roots and whole plants in Year I and 2. Considered across all organs, the concentrations of P,

Mg, Ca, K. <;; and Na in cowpea were found to increase with external P supply, while those of Zn,

Cu, Mn, B and Al decreased either in the first or second year of experimentation, or both. In

Africa, where cowpea leaves and green pods are eaten as vegetables, P supplementation to this

legume would, therefore, have the added advantage of increased concentrations of dietary Ca,

Mg, K and P, but at the expense of decreased micronutrients such as Zn, Cu and B (Tables 4.1

and 4.2).
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While the mechanisms underlying P-induced changes in tissue mineral concentration are still

unknown, data do exist which show that this phenomenon is widespread among plant species. For

example, as found with cowpea in this study, increasing P supply to monocultured winter wheat

significantly increased shoot concentrations ofP, Ca and Mg (Reinbott and Blevins, 1991; 1994).

P-induced Zn deficiency has also been detected in common bean and cotton, especially under low

Zn conditions in soil (Cakmak and Marschner, 1986; Gianquinto et al., 2000), a finding

consistent with the results obtained here. The data from this study seem to suggest that P supply

in Year 2 promoted plant growth and biomass accumulation, leading to dilution of some trace

elements in tissues (Tables 4.1 and 4.2; Loneragan et al., 1979; Jarrell and Beverly, 1981; Sing et

al., 1988; Fageria, 2004). Additionally, however, other mechanisms exist which can also alter

mineral concentrations in plant tissues. For example, shoot level of nutrients such as Cu, Mn, Mg,

Ca are reported to increase in pea and Arabidopsis plants when exposed to low Fe regime (Welch

et al., 1993; Rodecap et al., 1994). Commelina communis has also been shown to increase its

tissue accumulation of Cu when Fe is deficient, an event that was linked to elevated activity of Fe

(III) chelate reductase (Chen et al., 2004). However, whether the decreased concentrations of

micronutrients (e.g. Zn, Cu, B, Mn and AI) obtained in this study for organs whose growth was

unaltered by P supply in Year I, were due to low Fe or external P supply, still remain to be

proper!y assessed.

Effects of mixed culture and species differences on mineral concentration in cowpea and

maize

Apart from the effects of applied P, tissue concentration of nutrients in maize and cowpea were

also significantly altered by the components of the planting system used in this study. With

cowpea, shoot levels of P, Cu and Zn in Year I and K and Cu in Year 2 were, for example,
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significantly greater in monoculture compared with mixed culture (Table 4.3), possibly due to

better mobilisation of mineral nutrients by the legume's root exudates in the monoculture (Ae et

al., 1990; Dakora and Phillips 2002). Relative to the other mixed cultures, the co-planting of

cowpea and maize in one hole appeared to have also generally increased tissue concentration of

many minerals, especially micronutrients, in the legume partner, with little change in the cereal.

For example, shoot concentrations of Fe, Ca and B in Year I and 2, whole plant Na, Fe, Ca and B

in Year I and 2, as well as nodule Ca and Al in Year I, were all significantly increased by co­

planting of cowpea with maize (in one hole) when compared with monoculture, or inter-row and

intra-row grown plants. These findings are consistent with those of a recent report which showed

that tissue concentration of Fe was significantly increased in groundnut plants grown with their

roots closely intermingled with those of maize in a mixed culture (Zhang et al., 2004).

Whether in this study the improved mineral nutrition of cowpea co-planted in one hole with

maize was due to increased nutrient availability from mobilisation by phytosiderophores,

phenolics and/or organic acid anions (Romheld, 1991; Hopkins et al., 1992; Dakora and Phillips,

2002), was not assessed. However, the 22 instances of numerical increase in mineral

concentration of cowpea organs and some 10 cases of significant elevation in tissue nutrient

levels in cowpea co-planted with maize in one hole (but not in monoculture or other mixed

cultures) clearly suggests the need for further experimentation. It is, however, interesting to note

that Cu levels can be managed for optimal tissue concentrations using planting systems as

monocultured cowpea and maize were found to increase their tissue levels of this mineral nutrient

relative to mixed cultures (Figures 4. I and 4.2).

A one-way ANOVA analysis was done to compare nutrient levels in cowpea (a legume) and

maize (a cereal). The results revealed significantly large differences between these two species in
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nutrient concentrations of shoots, roots and whole plants. In both Year I and 2, there was a

significantly greater concentration of P, K, Mg, Ca, S, Na, Cu, Zn, Mn, B, Fe and Al in shoots,

roots and whole plants of cowpea relative to maize (Table 4.5). These results are consistent with

the findings of a few studies that compared single nutrients in legumes and cereals (Gladstones

and Loneragan, 1967; Minson, 1990; Pederson et al., 2002; Fageria, 2004). Analysis of nutrients

in food grains from legumes and cereals also showed that the concentrations ofN, P, K, Ca, Mg,

Zn, Cu, Fe and B were greater in soybean and common bean relative to rice and corn (Fageria,

2004). This clearly indicates that species-specific differences exist between legumes and cereals

(or grasses) in root uptake and tissue accumulation of minerals. Even among legumes, cereals, or

within species and cultivars, strong differences exist in terms of tissue concentration of nutrients

(Gross and lung 1978; Baligar et al., 2002; McCrimmon, 2002; Pederson et al., 2002;

McLaughlin et al., 2004; Pomper and Grusak, 2004; Gahoonia et aI., 2005).

In conclusion, external P application significantly increased the concentrations of P, Mg, Ca and

K in shoots and pods, but decreased the levels of Zn, Cu and B in the two years of

experimentation. Exogenous P supply also increased root concentrations of P, K, Sand Na, but

decreased those of Zn, Cu, Mn and B. The. concentrations of P, Mg and S were increased in

nodules, while those of Zn, Cu, Mn and AI were decre<!sed with P supply in Year I. Similarly,

nodule concentrations of P and S were increased in Year 2 in contrast to Zn which was decreased.

At whole-plant level, tissue levels ofP, Ca and S were increased in the two-year study, while the

levels of Zn, Cu and B were decreased in only Year 2. At the species level, the concentrations of

P, K, Ca, Mg, S, Na, Cu, Zn, Mn, B, Fe and Al were significantly greater in shoots, roots, and

whole plants of cowpea relative to maize in the two years of study. With cowpea, shoot levels of

P, K, Cu and B were greater in monoculture compared with mixed cultures in both Year I and

Year 2, probably as a consequence of better mobilisation of mineral nutrients by legume root
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exudates. The co-planting of cowpea with maize in one hole increased shoot Fe (Year I), Mg, Ca

and B (Year 2), as well as whole-plant Fe and B (Year I) compared with monoculture, or the

other mixed cultures. This suggests that organic molecules in root exudates of the cereal partner

probably increased the availability and uptake of Fe and B by the legume.
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Table 4.1. Effects of P application on the concentration of mineral elements in shoots, roots and whole plants of nodulated cowpea and maize planted in 2003 (Year I) and 2004 (Year 2).
Values followed by dissimilar letters in the same column (bold type) are significant at P $ 0.05. Mg, Na, B and Fe were not statistically significant in Year I; Ca, Mg, K, Mn, Fe and AI were
also not significant in Year 2.

P K Ca S Cu Zn Mn P S Na CU Zn B

Tre"hnenl .......____u __________ h ___ " mg, g DM·1 ......n._______________________ • ••••••••••••__••••_f.tg.g DM· I.-------------------••••_. '_'h_n____ u __u_...n __u·mg,g OM·I.n___.n _·-_·-····---------/.I8,g OM,I ••--•••_.••-----•••

SUOOTS __••w_.". ___._••____._.______________•••____••••_._•••_______•____•.•••y ear 1··___________..________..___..•_•..___..__...__..__ ••--••--•••--••••--••--•••••-.-.---•••--•••--.---. Year 2 -_••_-.--_•••••__•••••••••••_._••••••••--••"

Cowpen (Shoot + Pm.llI)

PO 6.6±0.17b 28.5±0.75a 24,8±O.85a 3,7±O,07a 17.4±17.4a 92.5±4, la 51,9±4,la 4.3±0.23c 4.9±0.22a 1,2±0,04a 18.6'0.42. 100.6±7.2a 87,9±2.4a

NO 7.2±0.200 28,6±0.94a 26.4±0.12a 3.8±0,15a 16,8±16,8a 82.8±4.7a 51,8±3.2a 5.6±0.26b 4.6±0.28a 1.3 ±0.05a 16.4'0.53b 73.4'4.5b 86, I±1.6a

P80 7.3±O.2211 29,3±0,91a 24.9±0.80a 4,0±0.31a 16,5±16.5a 87.42±4,80 59.3±3.4n 6.3±0.34a 4.8±0.22a 1,2±0,06a 15.3±O.50c 69.9'4.3b 83.0±2,la

J\1aizt

PO 3.2±0.23b 248±0.59a 3.7±0.13b 0.42±0.02a 6.7±0.36a 30.0±3.6a 26.2±1,7a 1.7±0.14b o64±O.03a 0.4H002. 3.4±0.20a 46.8±3.8a 6.5±0,16a

NO 3.2±0.19b 25.0±0.56a 4.0±O.08a OA3 -i:0,02a 8,1 ±1.26a 31,2±3.2a 23,5±1.40 2.4±0.25a 0.74±0.02. 0.42±0.0Ia 3.2±O.12a 45.7±3.la 6,7±0.19a

P80 3.6:1:0.178 25.2±0.8Ia 4.2±0.J3a 0.44±0.0Ia 9.4±1.45a 33.7±3.5a 25.5±1.8a 2.3±0.15a 1.01±0.36a 0,39±0.010 3.3±0,07a 44,9±1.50 6.8±0,16a

ROOTS

Cow pea (Nodule +H.oot)

PO 3.6±IU4b 31.0'1.\6b 8.3±0.23a 5.4'O.27b 34.6±2.'18 '1S.0±6.1a 34.4±1.98 2.5'O.\3b 4.S'0.19b 5.4'O.20b n.3±0.498 3'1.6±6.4" 41.1)±1.41l

NO 4.1±1I.211. 32.1 ±1.21 b 8.8±OJ2a 6.6±0.37a 27.4±2.0b 71.4±4.8b 32.7±2.1I. 3.3±0.IS. S.4±0.18. S.6±0.24.b II.S±0.37ab S6.6±5.lb 39.4'1.2b

P80 4.3±0.128 34.2±1.151l 9.2±0.26a '1.0±0.1811 26.4±2.1 b 65.7±4.4b 27.8±1.6b 3.6±0.2Ia !t8±O.25a 6.1"=0.2711 11.2±0.46b 611.8±7.4b 37.5±1.2b

Maize

PO 0.7,5±O.OSc 7,5±0.37a 1.2±0.04b 0.35±0,020 13.9±0.49a 15.0±1.311 18.6±0,630 0.71±0.05, 0.59±003. 2J±0.79a 0.95±O.30a 2.2±OAla 0.68±0.2Ia

P40 0.91 ±O.07b 7.3 ±0.46a 1.3±0.0511 0.38±0.02a 12.4±0.48a 13.6±L3b 17.4±0,60a LI1±0.10a 0.64±0.03a 1.6±0.09a 1.17±0.24a 4.2±1.34a 0.73±0,14a

P80 L04±0.OSI1 7.2±OJ8. 1.4±1I.06. OJ7±0.02a 13.6±0.74. 11.9±l.lb 17.7±0.6Ia 0.93'0.07b 0.6HO.03a 1.4±O.13a 1.03'0.12a 3.5±0.44a 0.69±0,098

WHOLE PLANT

Cow pea

PO 5.1 'O.12b 29.6±0.72. 16.6 ±0.46b 4.6±0.ISb 26.0±L38 83.8±4.4a 46,1±2.3a 3.4±0.17b 4.8'0.ISb 3.HOIOb 15.5±0.358 94.2±10.28 130.8'3.1.
P40 5.7±0.160 30.4±0,858 1'1.6±O.36n 5.2±0.1911 22.1 ±O.9b 77.2±3,6a 42,)±2.18 4.5±0.190 5.0±0.1911 3.5±0.12I1b 14.0'0.35b 60.0±2.8b 12S.5'2.0b
P80 5.8±0.1411 31.8±0.86a 17.1±0.47I1b 5.5±0.19" 21.4.l.lb 76.6±3.7a 43.6±2.la 1O.0±0.26a 5.3±0.19a 3.7±0.13a 13.6±O.37c 65.4±4.4b 1211.5±2.9b

Maize

PO 2.0±0.13b 16.1 ±0.32a 2.5±1I.07b OJI'tO,02a 10.HOJa 22.5±2.2a 22.4±0.7a l.2±0.lOb 0.62±0.03a IJ7±0.41. 2.2±0.25a 24.5±2.1. 3.6±0.19a

P40 2.1 ±1I.12b 16,2±0.4la 2.7±0.050 OAI±O,Ola 1O.3±0,7a 25.4±2.la 20.5±0,8a 1.8±0.178 0,69±O.03a 1,01 ±0.05a 2.2±0,15a 25.0±2.2a 3,7±0.17a
PHO 2.4±O.IOa 16,2±0.410 2.8±0.080 o '~,O±0,02a 11.5:*:0.7 a 22.8±2.2 a 43,2±l.la 1.6±0.10a 0,85±0,07a 0.90±0.07a 2,2±O"IOa 242±0.97a 3.8±0.13a
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Table 4.2. Effects of P supply and mixed plant culture on the concentration of mineral elements in nodules and pods of cowpea planted in 2003 (Year 1) and 2004 (Year 2). Values
followed by dissimilar lellers in the same column (bold type) for are significant at P :s 0.05. ns == not significant. The effects of planting system on pod mineral elements concentrations
were not significant in Year 2.

Treatment P K Mg Ca S Cll Zn MI1 B Fe AI

••• n .....................nn·__••••••....__·mg.g OM· ' .--...--.._--.--···....•....••..•...--.
._."_.••____••__•____•••__._••"•____••••__•••"-_•••__•••__••• flB, g DM ·1 •••••••••••__••__•__•••_._._____••• _. ___•• 0 _______ • __ ._" •

Ytar I: Efferb orf 011 nodule!

PO B'O.llb 18.4±0.678 4.7±0.17b 3.3±O,12a 2.0±O.09b 1~.4±t.99lt .!iJ.O±4.6a 18.0±t.47a ns 4454±297u 6031±4048

NO 2.8±O.1Ia 19.4±O.70a 5.0±O.25tlb 3.3±0,098 2.4±O.t9ab tJ.7±t.58b 48.9±3.6b 18.3±1.618 3902±221a 5400±273b

P80 2.8'0.09. 20, I ±Q,68a 5.5±0.2711 ),2±O.lla 2.5±0.1I11 10.5±O.96c 41.4±3.8c t2.9'1.21b 3964±368a 5222±310b

Yellr 2: Effech of.' on lIodule.!

1'0 t.6'0.tob 11J'0.68. 36.0.19. 2.8±0.25a 2.0'0.11 b 6.1 'OAO 63.9±15.70 15.8,0.90. 4149%3940 7006.344.

P40 1.9:1:0.140b 10,1:l:0,61a 3.4:1:0.23a 3,2:1:0,22a 2.4:1:0.13ab 5.7±0.28 36.6:1:5.6b 14.9:1:0.76£1 3765:1:197a 6899:1:312£1

P8D 2.1 :l:0.J48 10,7:1:0.69a 3.4:1:0,21a 2.9:1:0,12a 2.7:1:0.198 5.6,0.35 40.4:1:6.6b 15'.I:1:0.74a 3638:1:228a 6663:1:247a

Year 1: Effecl.! of r 011 pod.!

PO J.8'0.16b 12,2:1:0.17a 2.4:1:0.06b J.7'0.18b I1S 8.1'0.t8. 41.9.1.2. ns 22.0:l:0.44a I1S I1S

NO 4.1:1:0.160 12.7±0386 2.6:1:0.IOfl 4.4:1:0.30a 7.HO.15.b J8.7±1.6.b 22.1 'OA6.

1'80 3.9:1:0.17. 12:7:1:0,24a 2.6:1:0.0811b 4.1 :l:0.24n 7.6±0.15b J6.7±0.9b 22.1 'OA8.

Year 2: Effret.! of I) 011 pod.!

1'0 3.0:l:0.t4b 11.0:l:0.15b 2.3:1:0.05b 3.3:1:0.188 8.9:1:0.1511 41.0:l:2.4a 23.0:1:0.678

P40 3.6:1:0.130 11.0'0.14b 2.4:1:0.07ab 3.7:1:0.25a 8.5'0.16b 35.0:l:2.0ub 21.2±0.50b

P80 4.0:l:0.15n 11.6:1:0.200 2.6:1:0.07a 3.5:1:0.198 8.3:1:0.19c 34.3:1:1.7b 20.6.0.4lb

YelU I: Effect.! of planting .!y.!tem on nodUle.!

Mono cowpeu 3.0:l:0.13n 20.3:1:0.8311 4.7:1:0.26a 3.1 :l:0.07c 2,4:1:0.18a 14.7:1:2.41a 47.5:1:6,Oa 20.4:1:2.40a 4436:1:457a 5438:1:442b

Illter-row cowpea 2.8:1:0. tl a 19.3:1:0.89a 5.0:l:0.32u 3.2:1:0.14b 2.1:1:0.14a 13.8:1:1.98a 45.4:1:3.3a t4.2:1:1.41c 3704:1:276a 5256:1:386b

Intra- row cowpea 2.8:1:0.090 20.3:1:0.490 5.4:1:0,26a J.2±O.tOb 2.4:1:0,21a 10.9:1:1.1311 43.7:1:2,5a 13.2:1:0.93c 3989:1:357a 511H260b

Intra - hole cowpea 2.4'0.IOb t7.HO.68b 5.14%0.296 J.5'0.IJ. 22%0.11. 133.1.796 54.5,7.6. 17.8±t.68b 4297%276. 6397±J850

Year 2: Effect! of planting !y!tcm on nodulc!

Mono cowpea 2,O:l:O.20a 11.S:l:0.78a 3,7±0,23a 3.1 :l:.0,27a 2.4:1:0.15a 6.7:1:.0.558 41.7:1:1O.5i1 15.0:l:0.80a 4651 ±J95a 6685±416b

Inter-row cowpea 1.7:1:0.15a 10.3%0.79. 3,):1:0.298 2.9±0,35a 2.5:1:0,21a 5.HO.J2b 36.6:1:8.6a 14.8.1.126 J770'22Jb 6J55.282b

Il1tra~ row cowpea 2.0:1:0,17£1 11.0:l:0,72a 3.6:1::0.248 3.0:l::0.15a 2.5:1:0,23a 5.6:1::0.22b 42.3:1:1 1.5a 15,2:1::0,76a 3522:1:292b 6767:1::240b

Intra - hole cowpea \.8:1:0,12a 10.1 :l:0,78a 11 :1:0.208 2,8:1:0.14a 2.1:1:0.14a 5.6'0.J5b 67,2:1:16.4a 16,I:1:\.02a J461±JOOb 7617:1:349lt

Year I: Effect.! ofplantlllg ~y.!tem on pods

Mono cowpea 3.9±0.18, 12.8±033. 2.5,0096 4, I :l:0,26a 8.45:1:0.1811 41.6.1.4. 21.6,0.56.

Inter-row coWpea 4.0:l:0,20a 12.6:1:0.44a 2.6:1:0.13a 4.3 :l:0.42a 7.8HO.18b J9.0.t.8b 22.1 :l:0.65a

lntra~ row cowpea 3.8:1::0,18a 12.4:1::0.16a 2.5:1:0,06a 3,8:1:0,20a 7.56:1:0.10b J8.7±1.4b 22.1 :I::0.35a

Intra - hole cowpcn 4,O:l:O.20a 12.4:1::0.32a 2.5:1:0.090 4.0:l:.0.27a 7.6HO.19b 37.0'1.4b 22.4>0.53.
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Tuble 4.3 Effects of planting pattern on the concelltration of mineral elements in shoots and roals of nodulated cowpea and maize sown in 200J (Year I) and 2004 (Year 2). Values (ollowed by dissimilar Jelters in Ihe same column (boJJ
type) are signilicllllt ut P < 0.05. nd - not determined, For cowpea, shoots include pods, and roots include nodules, The effects of planting pattern on root mineral elements concentration of maize were not signilicanl in Year 2.

Trel\tment p K M. Ca S N, Cu Zn Mn B F,

····-··-·····-·······························mg.g OM·'················································- ••••••_..•••••••••_•..._••••••••_._•.__•.• ~lg,g OM· I•••.•••••••••••••••••••_•••._.•__•••••••••••••••-••

Yellr I: Effects orplHlltlng plltterll 011 cowpcn shuols (Shuot+ Pods)

Mono cowpea 3.9±O.09a 14.8±0.61a 2,6±O,OSa 13.0±0,44a 1.9±O,05a 0.38±O.04a 9.J±0.18n 50.2±1.85a 31.7±3.00a 35,J±OJJa 244±l2b

!nter'nJw cowpea 3.4'0.12b 14.2±0,47a 2.6±0.09a IJ,I±0.54a 1.9±O,07a 0.38 '0.07, 8.2±0.25b 42.7'1.95b 28.1±1.75a 351 '070, 247.16b

Intra- row cowpea 3.3'0.13b 14.25±0.50a 2.6±0.09a 12.3±0.55a 2.1 ±O.2Ia 0,41 ±O.06a 8.0'0.15b 41.0'2.45b 16.2±1,45a 34.4'0.37, 228'l7b

Intra - hole cowpcu 3.5±O.08b 14,4±O,48a 2.5±0,08a 12.4±O,30u 1.8±0.07a O.39±0,06a 8.3±0.28b 41.4±3.35b 26,7±1.60a 35,4±0.42a 306±32a

Yellr 2: Effech or plHnting pattern on cow pea shoots (Shoot + Pods)

Mono cowpca 2.8±0.20a 18.2±0.5Ia 2.7±0.14a 13.1 ±O.50b 2.4±O,17ab 0,60±0,02a 9.4±O.17n 46.2±3.7a 49,2±7,7a 40.0±O.92c 202±33a

Inter·row cowpea 2.5±0.20u 17.6±0.72ab 2,8±O.14a 12.9±0.48b 2.2±O,08b 0.65±0.03a 8.2±0.33b 38.1 ±3.3a 63.7±9.0, 41.6±0.90b, 186±17a

Intra· row cowpen 2.8±0,23u 16.5 ±0.57ah 30.0 11. 14,2±O.508b 2.6 ±O. 128 0.65'0.03. 8.0'0.37b 39.4'37. 62.9'6.6, 43.J±1.06. b 204'22.

Intra - hole cowpea 2,8±0.2Ia 16.4±0.56b 3,0±0.12a 14.7:1.0.45n 2.5±O.14ab 0.60±0.04a 8.1'0.34b 39.1±4,la 54.5±4.5a 46.2±1.14a I87±l7a

Year I: Effects or planting pattern 011 mni'le shoots

Mono maize 1.6±O.lJu 12,3±OJ5a 1.3±0.OSa 1.9±0.08a O.22±0.02a 0,22±0.04a 3,6±0,38a 16.9±1,95a 12.0±1.l0a 3.1 ±O, l2a 61±3b

Inter-row mnize 1.7±0.lla 12.4±OJ5a 1.4±0.07a 1.9±0.08a 0.22±0.0Ia 0.23±0.06a 3.3±0.2Ia 18.2.1.95. 11.4'0.75' 3.2±0.lOa 65±3nb

Intra· row maize 1.7±0.11. 12.6'0.39, 1.4±0.06a 2.1 ±O.08a 0.23'0.0Ia 0.21 '0.04. 4.6±0.86a 17.7.1.70. 13.4'0.75. 3.J±0.13. 63±3nb

Intra - hole maize 1.8'0.12a 12.8±0.45' 1.4±0.04. 2.0±0.06, 0.22±0.01. 0.20'0.04, 4.8±0.88. 21.2'2.20. 135±1.05. 32'0.08. 72±6a

Yenr 2: Erfects of planting pattern on maize shoots

Mono muize 1,0±0.07a 7.8±0.52b 1.1 '0.04b I, I ±0,07a 0.58±O,25a O.22±0.0Ia 1.6±0,08a 20.3±1.50b 17.3±1.90a 3.2±0.14b 111±17a

Inter-row maize 1,2±0.16a 8.8±0.35ah 1.3±0.050 1.3±0.08a 0.36±0.02a 0,21±O.Ola 1.6±0.07a 24.1±1.25ah 22.1 ±2.40a 3.3±O.07ab 165±34a

intra· row muize f.I ±0.12u 9.2±0.27a L2±O.04ah 1.2 ±0.048 0,35±0.02a 0.20±0.0Ia 1.8±0.IOa 25.2±1.458 19,7±1.55a 3.4±O.08ab 19!±37a

Illtra ~ hole rnaize 1.1 .0 10. 8.5'0.38.b 1.1 '0.04b 1.2 '0.05a 0.35±0.02' 0.20'0.01, 1.7±0.07, 22.1 .2.20.b 22.1 '2.45, 3.5±O.10n 13J±17,

Yenr I: Effects or pll1ntlng pnttern on nodulated cowpeft roots (Roots + Nodule)

Mono cowpea 2.35±0.1Ia 17.5±0.66a 2.9±0.O6 4,4±0,19 3,4±0.20 1.4 ±O.07b 13.2±1.I8 37,9±3.40 17.2±1.3Iab 31.7±1.69 2754±256

Inter·row cowpea 1.95'0.09b 16.4±0.85H 2.8±0.09 4.4'0.19 3.0'0.17 1.4'0.06b 14.8'1.16 33.1 ±2.25 14.3±1.04c 30.1'2.11 2486±180

Intra· row cowpea 1.95±0.07b 16.6±O.51a 2.7±0.09 4.5'0.14 3.2'0.22 1.6±0.06a 14.3±1.44 32.2.1.45 14.4'0.91 b, 37.1'3.17 2725.219

Intra - hole cowpea 1.7,!j±O.08c 14.4±0.44b 2.85±0.10 4.3±0.15 2.9±0,145 1.6±0.05a 16.7±1.75 38.J±3.95 17.4±1.03a 37.2.4.84 2972'159

Year 2: Efrect§ of plantIng pattern on nodulated cowpen roob (l~oot!+ Nodule)

Mono cowpea 1.8.0.15. Il.l '0.43 36'0.16 2.9'0.13 28'0.15 2.8±0.15 61 '0.29 33.4±J.02 14.6'0.80 21.8'0.73. 3171.203

Inter·row cowpca 1.5'0.09b 10.2±0.45 3.6'0.30 2.8'0.19 2.7±0.14 2.8±0,18 5,6±0.19 29.1'2.91 16.0'1.24 18.9.1.05b 2614±167

Intra· row cowpcu 1.7±0.13.b 10.7'0.51 3.6'0.19 2.9'0.11 2.7±0.16 2.9'0.15 5.7±0.22 30.8'3.41 14.9'0.64 19.1'0.72'b 241J±170

Intra - hole cowpca 1.5'0.08b 10.0'0.52 3.2'0.16 2.6'0.11 2.5±008 2.9±0.O9 6.1 '0.32 43.5'4.18 15.3±0.78 20.2±1.37.b 245±163

Yel1r 1: Efrects ofphtnUng pl1ttern Ollltlul'le roots

Mono maize 0.47'0.04 3.9±O.22a 0.39±0.Olah 0.65±O03 0.18'0.01 0.65'0.13b 6.6±0,42 7.15±0.85 8.8'0.42 2.7±0.08 1407.41

Inter·row maize 0,44±0.04 3.7 ±O.21 ab O.39±O.02n 0.70±0,OJ 0,19±0.01 0.7~±0.1Inb 6.9±0.31 6.6±0,60 9.4±0.33 2.8±0.05 1430±77

Intra· row maize 0.49'0.04 4.1 ±0.22a 0.41 '0.02. 0.65'0.03 0.19'0.02 1.0~±O.18a 68'0.24 6.6'0.60 8.7±0.29 2.8'0.07 1362±41

lntra - hole tnaize 042>004 3.1 '0.19b 0.35'0.02b 0.65±0.05 0.18'001 0.55'0.13b 64'0.39 6.8'0.90 8.9'038 2.8'0.08 1390.45
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1499±126b

1366±89b

1476±111b

1639±74a

33.5±0.9.

32.6±1.28

35.8±1.7a

36J±2,5a

24.4±1.611

21.2±1.0ab

20.3±l.Ib

22.0±0.9ab

44.1±2.1.

37.9±2.0ab

36.6±t.7b

39.8±3.1ab

11J±0.63.

11.5±0 53,

11.2±0.73a

12.5±0.88a

u±0.08a 7.7±0.18a 39.8±4,Oa J1.8±4.1. 30.8±0.7b 1687±107a

1,8±0.08a 6.9±0.22b 33,6±3.4a 398±4.8' 30.2±0.8b 1400±86.

1,8±0.07a 6.9±0.22b 35,0±4.2a 38.9±3,5a 31.4±0.8ab 1309±85a

1,8±0,04a 7.1 ±0.27b 41.2±5.3. 34,9±2,5a 33.2±0.7a 1305±85a

O.4J±O.07b 5.1 ±0.23a 12,0±I.4a 10,4±0.7a 2.9±0.08a 734±21a

0.48 ±0.06.b 5.1±016. 12.4±1.1, IOJ±O.4a 30±007. 748±40.

1I.63±0.09. 5,7±0.44a 12.2±1.0a 11.1 ±0.4. 3.1 ±0.09. 713±21a

0.JS±O.07b S,6±0,47n 13.9±1,5a II.2±O.5a 3,0±0.06a 731 ±22a

0.50:i:O.03ab 2.2±0.14a 14.1±1.2a 12.2±0.9a 2.s:i:0.09a 660±56a

0.73±1I·26. 2.2±0.06. 17,0±0,8a 14,9±IJa 2,6±0.12a 705±80,

0.SII±0.03.b 2.3±0.13. 18.6±1.9. 13.3±0.9. 2.4±0.06. 615±62.

0.4S±0.04b 2,2±0.07a 32.7±1.7a 15,0±1.3a 2,7±O.11a 711±\06a

0.90±0.04b

0.90±0.03b

O.98±O.02Ab

1.00±0.03a

1.3±0,04a

1.3±0,05a

1.4 ±0.04a

1.3 ±0.04a

0.8±0,03a

1,0±O.05a

0.9±0.06.

0.9±0.03a

rable 4.4. Effects of cropping system on the concentration of mineral elements in whole plants of nodulated cowpea and maize planted in 2003
(Year I) and 2004 (Year 2). Values followed by dissimilar letters in the same column (bold type) are significant at P < 0.05. nd ~ not determined

r K Ca Nu Cu Zn Mn B Fe
'f11t lite It t __•. h _ n ..__n. mg, g DM' I.n...... __ _n __n_n_ _ ..__n h .. u ..~lg,g DM-I n •

h

.

~Ar I: Errccl~ of planting pattern on whole cowpea plant

;mo cowpea 3.1 ±O.07a 16.1 ±0.589 8.7±0.238

er-row cowpea 2.7±009b 15.3±O.3311b 8.8±0.30a

ra- row c('wpca 2.7±O.lJ8b 15.S±0.4011b 8.4±0.29a

ra-holccowpea 2.7±O.07b 14,4±O.35b 8.4±0.18a

'af 2: Effc{'b of phHlting pattern on whole cowpca plnnt

:mocowpcu 2.3±0,17a 14.6±0.38" 8.0±O.27b

er-row cowpea 2,0±0.14a J3.9±0.48ab 7.8±O.27b

ra· rowcowpea 2,2±0,170 tJ.S±O.45I1b 8.5±O.26ab

TU - hole cowpea 2.1 ±0.140 13.l±O.28b 8.6:1:0.24"

!Ilr I: Effccl!! or planting pottern 011 whole maize plant

:mo maIze 1.0±0.07a 8.1 ±O,21 a

eNOW maize 1.1 ±0.07a 8.0±0.15a

ra- row maIze 1.1 ±0.07a 8.3 ±0.25a

ra- hole maize U ±0.07a 7.9±0,24a

~ar 2: Effects or plllnllng pattern on whole maize plant

Jno matze 0.7±0.05a 6.6±O.32b

eNOW maize 0.8±0.lla 7.1 ±O.2~ab

ra- row maize 0.8±0,09a 7.~±O.20H

ra - hole maize 0,8±0.07a 7.1 ±O.27ab
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Table 4.5. Species differences in the concentration of mineral elements in shoots, roots and whole plants of nodulated cowpea and maize planted in 2003 (Year I) and 2004 (Year 2). Values

followed by dissimilar letters in the same column (bold type; are significant at P < 0.05. nd ~ not determined

p K Mg C. S N. CU Zn Mn S Fe AI

Treatment ......__...n ••• d ................__....__....mg,g DM·1.................__ d ....__...........__nn• ____.......

__.•___ ....._....•....--...--..........--...--.--.....----... Ilg.g OM· 1" •• ' ••' ••• '-'---- •••-----.--" •••--•••------•••-.- •••••

YeAr I

A: ShlJot~

Cowpca 7.0±0.120 28.8;;/:O.~18 5.1 ±0.078 25.4±0.468 3.84±0.128 0.77±0.028 16.9±0.26a 81.6±2.68 56,3±2.09a 70.1±0.48a 512±27a nd

Muize 3.4±O.lIb 25.0±O.J8b 2.7±O.05b 4.0±0.07b 0.43±0.01 b 0.43±0.Otb 8.1±O.66h 37.0±2.0b 25.1 ±0.94b 6.3±0.ttb 130±4b

U: J{oob

Cowpea 3.98±0.108 32.4±0.698 5.60,*,0.088 8.8±0.168 6,27±0.198 3.0±0.0611 29.4±t.41l1 70.7±2.958 31.6±1.18 68.0±3.228 5468±2068

Maize O.90±O.04b 7.3±O.23b O.76±O.O2 1.3±O.03b 0.36±0.Otb 1.5±O.15b t3.3±0.34b 13.5±0.72b t7.9±0.35b 5.5±o.o7b 2794±52b

C: Whole phlllt

Cowpca 5.5±0.0911 30.6±0.4S8 5.4±0.128 17.t±0.258 5.1±0.128 1.9±0.03. 23.2±0.69. 79.2±2.38 44.0±1.38 69.t±1.78 2990±1038

Maize 2.2±0.07b 16.2±0.22b I.S±0.06b 2.7±0.05b 0.40±0.0Ib 1.0±0.OSb 10.7±0.35b 25.3±1.3b 21.5±0.5b 6.0±0.OSb 1463±26b

Ye8r2

A: Shoob

Cowpea 5.4:1:0.208 34.3:1:0.628 5.7±0.I.JIl 27.4±0.52. 4.78:1:0.148 1.24±0.03. 16.S±0.34. 81.3±3.78 115.1±7.18 85.7±1.I98 390.23±228 515±378

Maize 2.1 ±O.t2b 11.t:l:O.40b 2.4±0.04b 2.4±O.06b 0.SI±0.12b O.4I±O.Olb 3.3±0.OSb 45.8±1.7b 40.6±2.lb 6.6±0.IOb 299.61±28b 414±40b

0: Roob

Cowpea 3.2±0.12. 20.9±0.4S. 6.9±U.218 5.53±0.13. 5.3t ±0.13. 5.7±0.14. 11.7±0.268 6S.3±6.42. 30.4±0.SS. 39.93:1:1.02 5311±t93. 9227±2278

Maize 0.91±0.05b 11.3±0.25b 1.0±0.03b O.97:1:0.02b 0.62±0.02b 1.8±O.27b 1.1 ±O.t3b 3.3±0.49b 2.74±O.29b 0.70±0.09 499±123b 662±94b

C: Whole plllnt

Cowpea 4.3±0.14. 27.6±0.42. 6.4:1:0.1111 16.5±0.2811 5.1:1:0.118 3.5±0.0711 14.3±0.24. 74.9±4.3. 72.7±3.S. 62.S±0.S2. 2851 ±998 4S7t±tt4.

Maize 1.6±O.56b 14.2±0.27b 1.7±0.03b I.S±0.04b O.7±O.07b 1.1 ±0.14b 4.4±0.ttb 33.0±1.5b 27.7X1.2b S.I±O.IOb t345±72.5b 1799±77b
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CHAPTERS

EFFECT OF EXOGENOUS P SUPPLY AND CROPPING SYSTEM ON MINERAL

PARTITIONING IN NODULATED COWPEA (VIGNA UNGUICULATA L. WALP.) AND

MAIZE (ZEA M4YS L.).
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5.1 Introduction

Mixed culture (or intercropping) of legumes and cereals is an old practice in tropical agriculture

that dates back to ancient civilization. As a result, considerable research has been conducted on

this system. Many of these past studies have, however, centred on various aspects, including

inter-specific competition for water and nutrients, pest control, N contribution by nodulated

legumes, plant growth, grain yield, and yield advantage of the component crop species involved,

usually measured as land equivalent ratios (Wahua 1983; Chang and Shibles 1985a&b; Ofori and

Stem, 1986&1987; Buerkert et al. 2001; Carsky 2003). Later studies of intercropping have

compared the uptake of single or few selected mineral nutrients in mixed culture with

monoculture (Craig et al., 1981; Burton et al., 1983; Gardner and Boundy, 1983). Recent studies

have, however, started to focus on belowground interaction between component plant species. It

has, for example, been shown that in mixed cultures involving legumes and cereals, the growth of

the latter is greatly enhanced by the former (Kahm et al. 1999; Cu et al., 2005) either from

transfer of fixed-N to the non-legume (Eaglesham et al. 1981), or mobilisation of insoluble

minerals by organic acids secreted by legume (Ae et aI., 1990; Dakora and Phillips 2002).

Conversely, the uptake of Fe by the legume in a maize/groundnut intercrop was enhanced by the

cereal partner, especially when their roots were closely intermingled (Zhang et al., 2004).

Although studies on mineral nutrition of plants have been well documented (Marschner, 1995),

these have either been limited to a few single minerals or conducted in monoculture. No study

has so far evaluated and compared plant uptake and partitioning of all the major and minor

nutrient elements in mixed cultures involving nodulated legumes and cereals. Yet plant ecologists

and agronomists tend to work with these nutrients in mixed plant stands in natural ecosystems, or

as intercropped material in agricultural systems. Detailed studies are currently lacking on the

uptake profile, tissue accumulation, and the nutrient allocation to plant organs in relation to
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cropping systems (i.e. monoculture vs. mixed culture), and/or exogenous nutrient supply. As a

result, we do not have a proper understanding of how nutrient uptake rates are affected by

planting pattern and/or the exogenous supply of minerals. More information is, therefore, needed

on nutrient uptake and partitioning to organs of plants growing in complex mixed cultures and

supplied with external minerals nutrients.

This study assesses the effect of exogenous P supply and cropping system on the accumulation

and partitioning of both major and minor nutrients to organs of nodulated cowpea and maize in

sole and mixed cultures.

5.2 Materials and Methods

5.2.1 Experimental site

Field experiments were conducted under irrigation at the Agricultural Research Council

Nietvoorbij site (330 54' S, 180 14' E) in Stellenbosch, South Africa, during the 2003 (Year I)

and 2004 (Year 2) summer seasons at two different locations within Nietvoorbij. The site

description is outlined in chapter 2 section 2.2. I.

2.2 Experimental design and treatments

The experimental treatments consisted of three levels (0, 40, and 80 kg P.ha·1
) of triple

superphosphate [46% P, 13.5% Ca, 1.5% S, 0.0007% Cu, 0.008% Zn, 0.021% Mn, 0.053% Band

0.0009% Mo (Cherney, 2003; FAS, 2005)] and 4 cropping systems (namely, monoculture,

maize/cowpea inter-row, maize/cowpea intra-row, and maize/cowpea intra-hole planting). The

experimental layout, crop varieties used and other cultural practices are described in chapter 2

section 2.2.2.
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5.2.3 Plant harvest and sample preparation

At 60 d after planting, cowpea and maize plants were sampled for nutrient analysis. The

procedure followed is described in chapter 4 section 4.3.2.

5.2.4 Determination of soil chemical properties

The determination of soil pH, soil organic carbon, soil organic matter (SOM), S, P, K, Na, Ca,

Mg, Cu, Zn, Mn, Fe, and Al were extracted from soil following the procedures outlined in

chapter 3 in sections 3.2.5 and 3.2.6.

5.2.5 Measurement of mineral nutrients in plant organs

The amount of macronutrients (P, K, Ca, Mg, and Na) and micronutrients (Cu, Zn, Mn, Fe, AI,

B) in plant samples were determined as described in chapter 4 section 4.2.5. The amount of

nutrients in each plant part was determined by multiplying the dry weight by the corresponding

elemental concentration and expressed as g (macronutrient) or flg.planr l (micronutrient). The

total amount of each nutrient per plant was obtained by adding the values of all organs or plant

parts.

5.2.6 Statistical analysis

A 2-factorial design (2-way ANOVA) was used to statistically analyse for mineral uptake in plant

organs. However, a one-way ANOVA was used to compare nutrient uptake in the legume and

cereaL The analysis was done using the software of STATISTICA program 1997. Fisher's least
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significant difference was used to compare significant treatment means at P :0: 0.05 (Steel and

Torrie, 1980).

5.3 Results

5.3.1 Effects ofP supply on nutrient content of shoots, roots and whole plants of cowpea

and maize

Relative to control, exogenous P supply to cowpea significantly increased its shoot content of P

only in Year I (Table 5.1), whereas in Year 2 the amounts ofP, K, Mg, Ca, S, Na, Zn, Mn, B, Fe

and AI were all significantly increased in cowpea shoots (Table 5.2). Maize shoots also showed

increased amounts of P, K, Mg, Na, Cu, Zn, Mn and Al with external P supply in Year I (Table

5.1), while in Year 2 only P, S, Zn and Mn were significantly increased (Table 5.2).

The application ofP to plants also increased the content ofP, Ca and S in cowpea roots in Year I,

while with maize, only P was significantly increased in roots (Table 5.1). Supplying P in Year 2

also increased root content ofP, K, Mg, Ca, S, Na and Mn in cowpea and only P in maize relative

to zero-P control (Table 5.2).

At whole-plant level, the contents of P, K, Mg, Cu and Zn were significantly increased by P

application to maize in Year I, while only P and K were increased in cowpea (Table 5.1). In

Year 2, however, the contents of P, K, Mg, Ca, S, Na, Zn, Mn, B, Fe and Al all rose in cowpea,

while only P, Sand Mn were increased in maize with P application (Table 5.2).
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5.3.2 Effects of exogenous P supply and cropping system on the nutrient content of pods

and nodules in cowpea

Applying P to cowpea plants significantly increased nodule content of only P and S in Year 1

(data not shown), while in Year 2 the amounts of P, K, Mg, Ca, S, Na, Cu and Mn in nodules

were all increased (Table 5.3).

The nutrient content of cowpea pods were more altered with P supply in Year 2 compared to

Year 1. For example, while only Ca was increased in pods in Year I (data not shown), P, K, Mg,

Ca, S, Na, Cu, Zn, Mn and B were all significantly increased with P supply (Table 5.3).

The effect of each separate cropping system on nutrient content of nodules were assessed and

found to be more clearly defined in Year 2 than in Year 1. As shown in Table 5.3, the nodule

content of P, K, Mg, Ca, S, Na, Cu, Mn, B and Fe were significantly decreased in intercropped

cowpea relative to those in monoculture. However, the amounts of these nutrients in nodules of

intra-hole cowpea was also significantly lower compared to the other intercropping systems

(Table 5.3).

With pods, only Cu was significantly decreased by cropping system in Year I (data not shown).

In Year 2, however, pod content of P, K, Mg, Ca, S, Na, Cu, Zn, Mn, B and Fe were all

significantly decreased in mixed culture relative to monoculture. As with nodules, the amounts of

nutrients in pods were significantly lower in the intra-hole cowpea compared with the other

intercropping systems (Table 5.3).
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5.3.3 Effect of cropping system on the nutrient content of shoots, roots and whole plants of

cowpea and maize

Separating the effects of the individual components of the cropping system for each species

revealed significant differences in the nutrient content of plant organs. The shoot levels of P, Zn

and Mn in Year I were significantly decreased in cowpea from mixed culture relative to

monoculture (data not shown). In Year 2, the shoot content ofP, K, Mg, Ca, S, Na, Cu, Zn, Mo,

B, Fe and Al were all reduced in mixed culture compared with monocultured cowpea (Table 5.4).

But again, the nutrient levels were also significantly lower in intra-hole cowpea, relative to the

other intercrop treatments (Table 5.4).

Except for S, which showed a significantly decreased content in maize shoots with intercropping,

the other nutrients were not affected in both Year I (data not shown) and Year 2 (Table 5.4).

Cowpea roots showed no changes in nutrient content with intercropping in Year I (data not

shown). However, in Year 2 the amounts of P, K, Mg, Ca, S, Na, Zn and B in roots were

significantly decreased when grown in mixed culture relative to monoculture (Table 5.4). As

observed previously the intra-hole cowpea showed the lowest content of all nutrient elements

relative to the other cropping systems.

With maize, however, there was no effect of cropping system on root content of nutrients in both

planting seasons, except for Year 2, where root Na was significantly lower in intra-hole plants

compared with the other planting systems (Table 5.4).

Whole-plant content of P, Zn and Mo in cowpea were significantly decreased when intercropped

than monocropped in Year I (Table 4). In Year 2, whole-plant content of P, K, Mg, Ca, S, Na,
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Cu, Zn, Mn, B, Fe and Al were significantly decreased in mixed culture relative to the

monoculture (Table 5.4), with intra-hole cowpea exhibiting the lowest nutrient content (Table

5.4). At whole-plant level, monocultured maize plants showed significantly greater S content

relative to those in mixed culture (data not shown).

5.3.4 Species effect on nutrient content of shoots, roots and whole plants of cowpea and

maize

A one-way ANOVA analysis was done to compare nutrient content of organs as well as whole

plants of the two test species (cowpea and maize). Except for Ca, S, and B which showed greater

levels in cowpea shoots than maize shoots, the amounts of the remaining minerals (i.e. P, K, Mg,

Na, Cu, Zn, Mn, Fe and AI) were all consistently greater in maize shoots than in cowpea shoots

(Table 5.5). With roots, however, all the nutrients studied were significantly greater in cereal

relative to legume (Table 5.5). Whole-plant contents of Ca, S, B (in Year I and 2) and Cu (in

only Year 2) were again greater in cowpea than maize, while the contents ofP, K, Mg, Na, Zn,

Mu, Fe and Al were all lower in the legume relative to the cereal (Table 5.5).

5.3.5 Interactive effects of applied P and cropping system on nntrient content of pods,

shoots, and whole cowpea plants

There was a significant interactive effect between applied P and cropping system on the nutrient

content of pods, shoots and whole cowpea plants. Applying exogenous P at 0, 40 or 80 kg.ha- I

altered the pod content of P, K, Mg, Na, Cu, Zn, shoot levels of P, Ca, S, and Zn, as well as

whole-plant content of P, Ca, S, and Zn (Figures 5.1 and 5.2). Whether at 0, 40 or 80 P.ha- I
, the

monocultured cowpea plants were always significantly greater in nutrient content relative to

those in mixed cultures (Figure 5.1 and 5.2). In all instances, where 40 kg P.ha·1 was applied,

inter-row cowpea plants also consistently showed significantly greater nutrient content compared
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to their intra-hole counterparts (Figure 5.1 and 5.2). Furthermore, in all cases involving the

application of 80 P.ha·!, to plants, the nutrient contents were not significantly different for the

mixed cultures (i.e. inter-row, intra-row and intra-hole systems).

5.4 Discussion

Applying exogenous P to cowpea and maize altered organ content of various mineral nutrients.

Irrespective ofthe plant part concerned, nutrient accumulation in cowpea was more affected than

maize, just as plant response to P in Year 2 was also more pronounced than in Year 1. The

differences in response between Year 1 and Year 2 is site-related. As shown in Table 3.1

(Chapter 3), the concentration of endogenous P in the bulk soil of the field used in Year 1 was

4.5-fold greater than that of the soil used in Year 2. As a result, alteration in rhizosphere nutrient

concentrations as well as tissue accumulation with P supply was reduced in Year I relative to

Year 2 (Tables 5.1; 5.2; and 5.3). Thus, the significantly greater levels of P, K, Mg, Ca, S, Na,

Zn, Cu, Mu, B, Fe and Al in shoots, pods, nodules and roots of cowpea with exogenous P supply

in Year 2 stemmed from the low endogenous soil P of the sites used, an effect which manifested

in significantly increased mineral content at whole-plant level (Reinbott and Blevins, 1991; 1994

&1997; Li et al., 2004b; Tables 5.1; 5.2 arid 5.3). This was in contrast tomaize which showed

limited response to the provision of external P.

Perhaps the most intriguing aspect of this study was the observation that cropping system altered

nutrient partitioning to organs of cowpea. Although less marked in Year 1 relative to Year 2,

intercropping was found to decrease the tissue content of both major and minor elements in all

organs of cowpea when compared to sole cropping. The decrease in mineral content ofplant parts

was more dramatic with intra-row and intra-hole planting. Even at whole-plant level, the level of

minerals in tissues was significantly decreased by the intercropping of maize with cowpea,
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especially where the legume and cereal were co-planted in one hole (Table 5.4). The data in Fig

5.1 and 5.2 shows that, in all instances, the arnouts ofP, K, Mg, Na, Cu and Zn as well as P, Ca,

S and Zn in shoots and whole plants were significantly reduced with intercropping relative to

monoculture at all rates of P application. Although the intercropping treatments were not

significantly different between themselves at zero and 80 kg P.ha-I in respect of the specific

nutrients, at 40 kg P.ha- I the levels of these nutrients in pods, shoots· and whole plants were

consistently lower in cowpea from intra-hole planting relative to inter-row or sole culture (Figs.

5.1 and 5.2).

These changes in mineral content of plant organs could have implications in the dietary use of

cowpea leaves as vegetables in Africa. Farmers in the tropics, including Africa, grow their crops

as mixtures. So the finding that intercropping can reduce the level of mineral nutrients in leaves

and shoots of vegetable crops such as cowpea calls for detailed studies on the effect of mixed

cropping on the food quality of crop plants. However, the decrease in mineral content of cowpea

with intercropping could also have positive effects on ecosystem functioning, especially where

farmers remove crop residues from the field. The decreased content of mineral nutrients in

residues of intercropped cowpea implies that the complete removal of such a crop at harvest

where intensive cultivation is practiced could potentially reduce nutrient supply to subsequent

crops relative to monoculture where the legume accumulated greater amounts of soil nutrients.

A comparison of cowpea with maize revealed large species differences in nutrient accumulation

by organs and whole plants (Table 5.5). Except for Ca, S and B, which showed consistently

higher levels in shoots, roots and whole plants ofcowpea, the tissue content ofP, K, Mg, Na, Cu,

Zn, Mn, Fe and Al were all greater in maize relative to cowpea (Table 5.5), suggesting that the

cereal is more likely to exhaust the soil of mineral nutrients relative to the legume (Dalal, 1974).
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However, when the plant densities in monocultures and nutrient content per plant (Table 5.6)

were used to estimate the level of nutrient mining by the two species on a per-hectare basis, the

cowpea was found to deplete more soil nutrients than the maize because of its greater plant

density (Table 5.6). Thus, the production of legumes in monocultures (as practised by

commercial farmers), is more likely to exhaust soil nutrients than sole cropped cereals. However,

when cowpea is intercropped with maize as done in traditional systems, the nutrient depletion by

this legume is significantly reduced (Table 5.7).

The provision of external nutrients as fertilisers to cropping systems as shown in this study also

appears to promote greater nutrient uptake and accumulation in tissues, with the result that

removal of crop residues at harvest could lead to nutrient mining and the creation of an

unsustainable cultural system. However, the cropping system had no effect on nutrient

accumulation in maize, except for S (Table 5.8). The findings obtained here clearly suggest the

need for further experimentation on the effects of mixed cultures on the nutrient quality of food

grain and leafy vegetables as well as on nutrient balance of the cropping system.
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Table 5.1. Effect of P application on the amount of mineral elements in shoots, roots and whole plants of nodulated cowpea and maize planted in 2003
(Year I). Valucs followcd by dissimilar lellersin the same column (bold type) are significant at P < 0.05.
Treatment P K Mg CR S N. Cu Zn Mn B Fe AI

n.-.-.-uu.......--...____....___•.n._____u ....__....~:.!.Kplflnfl--.---nn..nu_.u_____n .._______• __ • __....___ ..____................__.....__ •• ___n ____...................pg,planr l ...____ • __..__...n __..__...___•••••.. • ..• __ • ___....__....

Sl/007S

Cow pea (Shoot + Podll)

PO 79.7±7.2b 342.1 ±28.5a 60.5±5,2a 297.2 ±25.1 a 44.5±3.7a 9.7±1.0a 209±18a 1055±104. 697±74a 855±69a 5843±605a

P40 97.2±10,2ab 372.2 ;l;28.8a 70.7±7.2a 359.0::l:38.5a 51.3±5.3a 10.0±0.9a 226:1:23a 1159:1:156a 709±94a 945±94a 6726±753a

P80 103.2±9.3. 412.3 ±36.2. 70.7±6.3. 348.3 ±29.2. 53.9±4.1, 10.8±1.0. 238±24. 1236±127. 841 ±88. 982±88. 8121±1469.

Maize

PO 2IV.5±27.Jb 1611 ±151b 179.6±18.1b 256, B±20.4a 27.9±3.la 28.1±1.4b 417±38b 1500±356b 1698±174b 405±398 8464±668b

P40 209.6±19.0b 1629±125b 176.0±l4.5b 271.1±19.9. 29.2±2.5a 27.4±1.1b .!i86±141ab 2208±298b 1558±164b 431 ±JJ. 8182±795b

P80 298.4 ±24.4a 208~±171a 22~.~±16.3H 302.0±19.1a 34.3±2.6a 32.8±t.~a 813±155a 3268±357a 2078±1828 500±31a 10766±836a

ROOTS

CowpeH (Nodule + Itoot)

1'0 6.2±O.5b 54,2:1:5, la 9,6±0.9a 14.5±1.4b 9.HO.8b 5.0±OAa 57.8:1:5.8a 127.7±13.7. 59.5±6,8a 115±12,la 10255±1271.

P40 7.3:1:0.8Itb 56.3±5.9a IO.5±1.3a 15.4±1.6b. 11.9±1.5ab 5A:l:0,7a 49.1±6.1a lJ2.2±20.6. 59.3±7.3, 134±24.9. 9125±995.

!'80 8.8:1:1.28 70.6±9.6a ]],2±1.5a 19.2:1::2.8" 14.4:1:2.0" 6.3:1::0.8a 55.7±1O,1a 141.1 ±24.2a 59.3:1:9.9a 147±29.7a 11222±t953a

M81ze

PO 11.0±l.Ib 120.9±I1.3a 12,2±Q,~.a 21.7±2.1. 5.7:1:Q.5a 25.Q:l:3.9a 229.8±27.9u 217.6±25.1, 309±35a 93±11a 45JJ5±383 I.

NO 15.2:1:t.:'i" 125.1 ±ll9a 12.6:1:0,90 23.9±2,3a 6.3±0.6a 24.5±5.6a 207.8±15,5a 193.8±16.3. 298±28a 96±7a 45932±2719a

P8D 17.0:1:1.90 120.7±17.0. 12.7±1.6a 19.9±2.9a 5.8:1:0.6a 20.9±3Aa 2241 ±28.0. 233.6±23.3a 299±41a 91±13a 47636±6753.

WI/OLE PLANT

Cow pelt

PO 85.9±7.lb 396.3 ±28.5. 70.1 ±5.2. 311.7 ±25.3. 53.7±3.8b 147±1.1. 267±17.6. 118J±103. 757±74. 970±71, 16098 ±1365.

P40 t04.,5:1:IO.511b 428.5 ±29.3a 8L2±7.4a 374,5±38,7u 63.2:1:6.0ab 15A±1.2a 275±23.0a 1291±161a 769±95a I079±99a 15851:1:1297a

P8D 112.1:1:9.30 482.9:1:35,9a 81.9:1:6.2£1 367,5±29,6a 68.4:1:4.78 17,2±IAa 294±22.8a 1377±129a 900±89a 1130±99a 19343±2339a

Maize

PO 112.5±17.3b 1731.1±151.0b 191.9±18.0b 278.5 ±20.2. 315±10. 53,0±4.9a 657±49.8b 2717±364.7b 2008±172.0. 498±38.6. 53799±3807.

NO 214.7±19.0b 1753.8 ±114.0b 188.6±14.4b 295.0±19.9. 355±25. 52.0±6.1, 794±141.4b 240H304.1b 1855±1646, 527±Jl.5, 5411 J±256 I,
P80 315.3±13.7. 1205.3 ±171.8. 138.HI6.2. 322.0±18.1. 40.1±24. 53.7±3.2a I037± 160.6. 3501±353.7. 2377±1774. 592±Jl.0. 58402±6682,
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Table 5.2. Effect of P application on the amount of mineral elements in shoots, roots and whole plants of nodulated cowpea and maize planted in 2004
(Year 2). Values followed by dissimilar letters in the same column (bold type) are significant at P < 0.05.
Treatmellt r K Mg Ca S N, Cu Zn Mo B Fe AI

n .....n ...~n.._n.... _.__................n m8. pi ant" I ..._•••__.h...........___n • • __ ~__n.___.... • __ ........__ .....__•••d .........___••••••_____......__ •• ___...__..______pg, PIan r1"'''_00 • ......._uu..................__ ._._. __ • ___.......

SI/OaTS

Cowpca (Shoot + Pod)

PO !'i7.4±12.4b 473.0±97.8b 69.7±1O.7b 339.3±46.2b 60.0±7.6b 16.3'2.6b 250.7±45,28 1218±157b 1J15±164b 1133.176b 5122±734b 6478±958b

NO 114.6±13.08 746.8±103.211 110.9±10.711 585.6 ±67.3a 89.3±7.5a 26.9±3.58 354.3±50.58 1515±2068 2084±2930 1791±2128 7625±9018 9818,!,1282a

1'80 125.7'22.7. 743.0±146.78 117.1.18.4. 531.4±95.58 96.2±18.28 23.4±4.48 334.5'70.5. 1566±3538 2184±3430 1646.270. 6662±10028 8J07±1128a

Mlllze

PO 9.5±16b 906±120a 126±158 134*20a 33Mb 24±4a 178±23a 2287.233b 1800'210b 348±44a 14938:1::3098a 20773±4515a

P40 172±208 1229±135a 174±20a 171 ±17a 33±68 31 ±4a 223±20a 3163±3638 2398±31611 473±48a 15615±2191a 20204±30978

1'80 1,57±218 1184±13la 170±23a 168±22a 64*158 27*4a 223±24a 3158*4168 3173.397. 467*52n 21296±4720a 32018±84758

ROOTS

Cowpell (Nodule + Root)

PO 2.6±0.3b 22.3±2.7b 7.,5:i:L2b 5.S±0.7b 4.9±0.5b 5.4±0.5b 12,9::1:1.6a 82.0:l::12.8a 31.2'3.0b 44,8±5.5a 6221±917a 100391143a

P40 4.8:i::0.511 29.2±2.98 10.1 :i::1.08 8.4±0.88 7.9±0.88 7.9±0.6u 16.6± 1.6a 85.2:1:13.7a 41.7±3.6a 58,2±6.3n 7912:i::921a 13872.164S.

P80 5.1±0.711 30.2:i::3.711 9.6±1.1lI 7.6±0.88 8.0±0.98 8.2±0.78 15.6:i::1.8a 90.8±16.1a 42.8:1:.5.0a 53.3:1:6.4a 7296±1146a 11957±1247a

M8ize

PO 8.2±1.3b 124.3 ±20,2a 11.6±1.9a 9.9'1.2b 6,0±0.8a 21.3±4.7a 18.0:l:7.7a 35.4'11.5. 43.0'18.2. 13.0±5.6a 9776±4754a 13534'6663a

P40 15.1 ±1.78 160.2±17,5a 14.7±I.4a 13.1±1.I8 8.7±0.9a 21.5±2.6n 19.9±5.9a 69.7:1:27.5a 43.7'9.2a 12.1 ±J.3, 8479.2497a 10925:1:2944a

PSO 12.7:1::1.08 149.8±9.7a 14.4±1.5a 13.4±1.0a 8.7:1::0.7a 19.5:1::2.4a 15.7±2.58 52.5±8.2a 47.9:1:8.3a 1O.4± 1.8a 7611'1539, 9930±1878a

WI10L& PLANT

Cowpeu

PO 60.13b 495'100b 77.1Jb 345±47b 65.8b 22.3b 264.47a 1300'158b 1346'165b 1178±180b 11343'1442b 16518'1496b

P40 1t9:±138 776±1068 121,11h 594,1688 97±811 35±48 371±52a 1600±211a 2l25±2948 1849±217a 15536±1634a 23690,124548

PSO 131 ±23a 773±1491t 127±19a S39±96ll 104±19a 34±5a 350±72a 1657±3638 2227:1::347a 1699±275n 13958:1::2033a 20264 ±2190a

Maize

PO I03.17b 1031 ±137a 131±17a 143±21a 39.4b 45±7a 196±28a 2322±240a 1843'219b 361 :1:48a 24714:1::5636a 34307±8266a

P40 187.2ta 1390±140, 189'20, 184.18. 62±6a 5J±5a 24J±23, 323J±360. 2642'315. 485'50, 24094'2956, 31130'3727.

PSO 170±218 1JJJ±132, 185'22. 181'22. 72.:158 47:1:4a 239'23, 3210.414. 3221'395. 477'52. 28967'4274a 4194S.7S32a
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Table 5.3. Effect ofP supply and cropping system on the amount of mineral elements in nodules and pods of cowpea planted in 2003 (Year 1) and 2004
(Year 2). Values followed by dissimilar letters in the same column (bold type) are significant at P:'O 0.05. ns = not significant. The effects of P supply and
cropping systems on uptake of some mineral elements in nodules and pods were not significant in Year 1 and 2.
Treatment P K Mg Ca S Na ClI Zn Mn B re

ww_nn_n nu n __n nn_mg,plant.' __ __.". .._n.. _ •• .u__n .._n__ • __ un_nn..n .. • __~lg.plaqt·'- n_nn n nn_·__ • __ • __ __

YCllr 2: Effects of P on nodules

1'0 O.J8±O.07b 2.9±O.6b O.9±O.2b O.7±O.2b O.50±O.09b O.09±O.02b 1.6±O.Jb 12.2±3,2a 4.0±0.8b 4.1 ±0,9a 1133±2298

1'40 O.76±O.t211 4.3±0.70 1.4±0.211 1.3±0.20 1.11 ±0.230 0.16±0.020 2.5±0.4o 16.7.1:4,8a 6.0±0.911 6.0±I,Oa 1646±275a

1'80 0.89±0.2311 4.6±1.10 1.4±O,Ja 1.0±O.2H 1.04±0.2111 0.15±0.038 2.3±0.60 11.8±3.0a 5.2±1.011 4.9±I,Oa 1470±381a

YCllr 2: Efrects of cropping system on nodulell

1.3±0.211 0.21±0.0311 3.5±0.68

1.1 ±0.3.b 0.15±0.02I1b 2.4±0.5b

0.7±O.lbc 0.11 ±0.02b 1.6±0.3e

0.3 ±O.le 0.06±0.Ole 0.8±0.2d

4,6±0.508 158.3±18,Ou 711.2±74,6u 342.1 ±35.911

2.8±0.3Ib n.0±8.3b 370.9±27.lb 248.0±25.8b

2.1±0.4Ibc 68.2±13.9bc 261.6l:4t.2bc 181.4±35.0be

1.7:l:0.30c 52.1±7.6c 214.1 ±30.0c 13L6±21.7c

Mono cowpea 1.11 ±0.248 6.I±t.Oa 2.11±0.3a 1.6±0.38

Inter-row cowpea 0.69±0.12b 4.6±0.911b 1.5±0.3ub 1.2±0.211b

Intrn- row eowpen 0.57±0.09b 3.3±0.6b t.1±0.2b 0.9±O.lb

Intra - hole cowpea O.26±1I.0Se 1.4±O.4e 0.4±0. le 0.4±0.tc

Venr 2: Effeels ofP on pods

PO 23.8±3.8b 88.4±12.lb 18.2±2.3b 26.5±3.5b

1'40 45.2±5.2" 137.S ±16.58 29.8±3.511 47.7±7.h

1'80 45.8±8.48 t 33.4 ±23.511 29.1 ±5.011 40.0±7.1o

Year 2: Effeds orcropp/ng llystem on pods

Mono cowpea 67.3±8.78 202.6 ±22.4a 42.3±4.6a 64,0±6.S"

1nler-row cowpea 37.5±4.3b 120.1 ±I 1.3b 26.3±2.7b 37.4±5.0b

Inlra- row cowpca 27,3±4.7bc 87.3±16.3bc 19.2±J.7be 29.2±7.7bc

Intra - hole cowpea 20,9±3,lc 69.3±10,2e 15,t±2.4c 21.6±3.3c

12.2±1.6b

17.4±2.21t

15.5±2.611

24.4±2.58

14.8±1.3b

11.6±2.3c

9.3±1.4c
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2.0±0.26b 71.0±8.7b

3.3±0.398 106.5±13.ta

3.1±0.54" IOO.5±19.7a

17.6±3.4a 7.4±1.08

17.7:1:6.9a 6.1±l.lb

11.7:1:3.6a 4.~±0.Se

7.8.:1:2.3a 2.J±0.6d

319.8±38.9b 177.9±22.0b

441.0:1:63.58 252.4±31.48

407.5:1:79.98 247.0±39.4.

7.7±t.1a 22877±3368

6.0±1.3b 1737±343.b

4.2±0.8e 1101 ±223b

2.2±0.6d 523±J.53c

180.4±20.9b 65J±127.

268.5±34,6n 842±llla

236.5±41.9. 730±130.

378.4±39.511 1318±147.

228.4±21.3b 727±77b

171.2±33.6be 519±93bc

135.8±t9.4e 403±56c



Table 5.4. Effect of cropping system on the amounts of mineral elements in shoots roots and whole plant of nodulated cowpea and maize planted in 2003
(Year I) and 2004 (Year 2). Values followed by dissimilar letters in the same column (bold type) are significant at P:S 0.05. nd = not determined. The
effects of cropping system on cowpea and maize shoots, and roots for some mineral elements uptake were not significant in Year I. The effects of
cropping system on whole plant uptake of mineral elements in maize were not significant in Year I.

p K Mg c. S N. cu Zn Mn B Fe AI

Trealmenl u.___._.__ u _______._nnu•••_uh........__mg,g D~ ,A • I ____ u .......____..__....__n .......

_•••__•••__••_____________________________...._. ______••_••'-}.lg,g OM· 1-------_._-----

YCl1r 2: Efrects or cropping system on cowpca shoot.'l (Shoot + Pc,d)

Mono cowpea 180.6 ±26.411 1170.7±167.3. 163.5:r 19.4a 810.5±106.la 139.2±18.611 36.7±4.7" 585±75a 2712±32!iia 2641 ±376lt 2471 H03lt 10472±69811 12450±1 11311

Inler-tow cowpea 93.3 ±11.4b 651.6±72.6b 99.6±8.Jb 47J.4±49.4b 77.0±6.lb 23.9±2.7b 296±27b 1J34±104b 2208±331b 1521±145b 6822±966b g890±1423b

Intra- row cowpca 67.0±9.9bc 429.7±89.0bc 7t.9±9.9bc 347.8±55.0bc 60.6±6.4bc 16.9±3.5bc 204±40bc 914±129bc 1450±214b, 11l6±205b, 4586±493b, 6186±75Jbc

Intra - hole cowpea 56.1 ±7.5c 363.0 ±65.3c 62.0±8.9c 310.1 ±43.5c 50.6±6.9c 13.9±2.9c 168±23c 773±102c 1145±22Jc 985±146c J998±8J2c 5276±tt91c

Year 2: Effect! of cropping !y!tem on maize shoob

Mono maize 152.8 ±25.4. 1214.1±145.7. 186.6±26,2a 182.8±29.1. 7J.9±19Aa 36.5 ±6.0a 242±29a 3165±470a 2720±440a 502±65a 19202 ±6319a 27157±11328a

Inter-row maize 136.5 ±26.3a 1024.5±186.7. 148.1 ±27.4a 148.8±24.8a 40.4±6.93b 24.2±4.1a 172±23a 2783±532. 237J±430a 377±62a 13764±1827. 19067±3037a

Inlra- row maize 144.1 ±25.6. 1123.1 ±153.0. 147.0±20,3a 146.1 ±20.2a 42.1 ±5.7b 24.6±3,Ja 211±29a 286J±311. 2266±318. 409±55a 2049J±4369. 27996±6291.

Intra - hole maize 131.6±20,Ja 1064.0±129.5. 145.5±16,8a 152.5±18.8. 43.0±4.4b 24.9±3.7a 207±21a 2666±324. 2736±410a 429±44a 15674±2154. 23106±3763.

Year 2: Effecb of cropping !ystem on cowpea roob (Nodules +Roots)

Mono cowpea 6.4±0.911 38.9±4.01l 12.6±1.Jn 10.1±1.01l 9.6±1.01l 9.6±0.811 21.J±2.2. 111.3±14.8. 50, I±4.8a 75.26.5" 11145±1191a 16262±1795a

Inter-row cowpea 4.1 ±0.5b 28.4±3.3b 9.9 ±1.4b 7.6±0.9b 7.6±1.0b 7.6±0.8b 15.5±1.8a 87.1±20.2b 43.2±5,Oa 53.77.lb 7458±990a 12508±1659a

Intra- row cowpeo 3.5±OAbc 23.4±2.8bc 7.9±O.9bc 6.1 ±O.6bc 5.9±0.6bc 6.2±O.6bc 12.2±1.2a 70.3±16.0b 32,2±J.2a 42.65.Jbc 5439±77la 9814±1045a

Intra - hate cowpeo 2.7±O.3c 18.2 ±1.5c 5.8±O.5c 4.8±0.4, 4.7±O.5c 5.2±O.5c II.\±I.I. 75.4±11.7b 28.8±3.5a 37.03.6' 4529±542. 9241±1078.

Yenr 2: Effecb of cropping system on mnlze roots

Mono maize 12.0±1.9a 148.9±2I.5a 13.9:1-,:.00 12.1 ±\.4. 7,9±1,2a 21.2±3.511 20.4±7.6a 46.5±13.2. 46,6±12.5a 13.2±43. 9501 ±3337. 12728±4178.

Inter-row maize 11.7±1.8. 129.2±14.7. 143±23. 12.2±U. 7,3±0,9a 23.3±5.311 14,2±3,9a 42.0±10.6. 40.0±11.7. 10.5±3.2. 767J±2369. 9485±2669a

Intra- row maize 114 ±2.0a 156.2±22.3. 13.4±1.8. 12.2±1.6. 8.6±1.2a 20.9±3.5Ilb t9.3±5.5a 78.2±35.6. 43.8±93. 11.0±2.8. 7365±i954. 9565±2249.

Intra - hote maize lO.9±1.2a 144,6±18.4a 12.7±1.5a 12.1 ±1.0a 7.4±0.7a 17.6±3.2b 17.4±8.9a 43.4±13,3a 49,Q±22.4a 12,7±6,8a IOO29±5997a 14074±8523a

Yellr I: Effecb of cropping system on whole cowpell plllnt

Mono cowpea 121.1 ±12.3. 487.5±43.5. 860±8.2. 401.6±45.9. 67.8±6.0. 16.2±U. 320.9±30.2. 1554±194. 1006±138. 1151±114. 1805J±1836. nd

Inter-row cowpea I01.0:1:8.7Ilb 445.0±27.9a 80,6±5.6a 369.6±22.5a 62,0±4,8a 15J±1.2a 278,8±17.4a 1294±t06ltb 812±591lb 1068±75a 15569±1604a

Intra- tow cowpea 93.2±8.8I1b 434.5±33.9a 76.7±7.0a 329.5±30.9a 65.3 :1:6.5a 16.7 ±1.5a 268.2±18,6a t 185±125nb 729±711lb 1047±92a 17181±2150a

Intra - hole cowpea 88.0±11.5b 3767±38.2. 67.7±8.2. 3041 ±412. 52.0 ±5.5a 14.7±1.7a 246.8±26.4. 1102±155b 688±97b 972±134. I7587±2536.

Year 2: Errect~ or cropping system on whole cowpell plllnt

Mono cowpea 187±27. 1210±170. 176±201l 821±1071l 149±1911 46±58 606±761l 282J±3J2. 2691 ±378. 2546±309. 21617:1:1.594a 28712±1884.

Inter-row cowpea 97±12b 680±75b 109±9b 481 ±50b 85±7b 32±3b 311 ±28b 1421±1l8b 2251±333b 1574±150b 14280±1645b 21398±2604b

Intra· toW cowpea 71 ±lOb' 4.!i3±91bc 80±1tbc 354±55b' 67±7bc 2J±4b, 216±41bc 984±134b, 1482±216b, 1159±209b, 10026±1133b, 16001±1436b,

Intra - hole cowpea 59±8c 383±66c 683"9c 31.!i±44c .55±7c 19±3c 180±24c 848±101, 1174±225, 1022±149, 8527.:1:1150c 14517±1790,
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Table 5.5. Species differences in the amount of mineral elements in shoots, roots and whole plants of nodulated cowpea and maize planted in 2003 (Year
1) and 2004 (Year 2). Values followed by dissimilar letters in the same column (bold type) are significant at P < 0.05. nd = not determined

p K Mg Ca S N. Cu Zn Mn B Fe AI

Trealmen/ M __........................u ..........____...mg.planr l.......------..--.................___.......______ u ....

••___••••__•••__ ._••••••_______••___••____•__."••____ •-------~tg-pJanrJ-_.- ___--._---__ ---•••-•••••-••-.--.------_••_-_••_-_._•••

Yellr 1

A: Shoot!

Cowpea (Shoot + Pod) 9J.4 ±5.Jb 375.6±18.2b 67.J±J.6b 334.9±t8.2a 49.9±2,6n 10.2±0.5b 224.5±12.5b 1150.1±74.7b 749.J±49.Jb 927±4811 68975±90b nd

Maize 228.6±10.7a 176J.2 ±85.9. 189.4±7.911 279.8 ±IJ.9b JO.J±1.7b 29.9±1.6A 608.9±7J.2a 2658.4±201.7. 1778.1±IOJ.J. 445±20b 9137±466a

8: Roots

Cowpea (Nodule + Root) 7.4±O.5b 39.9±4.0b 10.:±0.61 b 15.9±O.9b 11.4 ±O.69n 5..!'i±O.3b 54.2±4.3b IJJ.7±II.Jb 59.4±4.6b t32±13a I0200±836b

Maize 14.7±0.9. 122.2±8.la 12.5±0.67. 21.9±1.4a 5.9±0.Jb 2J.5±2.5' 220.6±IJ.9. 215.0±12.6. JOI.8±19.9. 9J±6b 46JOI ±2687.

C: Whole plallt

Cowpea 100.8±5.5b 435.4±19.9b 77.5±J.9b J50.8 ± 18.5a 6t.3±3.1a 15.6±0.71b 278.7±12.lb 128J.7±76.Jb 808.6±49.9b t060±52a 17098±!006b

Maize
243.3±11.0a 1885.4±89.7a 20t. 3±8.h 301.6±14.7b J6.2±1.8b S3.4±3.4a 829.'s±75.2a 2873.4±204.6a 2079.9±I02.0a 5J9±21b 55438±2662a

X!lli
A: Shoot.!l 99.2±10.4b 654.3 ±69.2b 99.3 ±8.4b 485.,5±43.8a 81.8±7.311 22.9±2.lb 313.2±32.6a 1433.1±144.6b 1860.9±166.6b 1523±132n 6469±,523b 8201±687b

Cowpea (Shoot + Pod) 141.2±11.9. 1106.4±75.8n 156.8±11.4a 157.5±11.6b 49.9±5.6b 27.6±2.3a 208.0±IJ.lb 2869.2±204.8. 252J.8±197.0a 429±29b 1728J±20 19. 24JJ2±JJ85.

Maize

8: Roots

Cowpea (Nodule + Root) 4.2±O.4b 27.2±1.9b 9.1 ±0.64b 7.2±0.5b 6,9±O,48a 7.2±0.41 b 15.1±1.0. 86.0±8.1a 38.6±2Aa 52±4a 7143±574a 11956±80Ja

Maize 11.9±O.9a 144.8±9.'sa tJ.6±O.94a t2.L±O.7a 7.8±OA9a 20.7±1.91t 17.8±JJa 52.5±10.Jb 44.9±7.2a 11±2b 8642±1826a 11463±2464a

c: Whole plant

Cowpea 10J.4±1O.7b 681.5±70.7b 108.J±8.8b 492.6±44.2a 88.8±7.6a 30.0±2.'sb 328.2±33.3a 1519.1±148.1b 1899.4±168.lb 1,S7,S±937a 1J612±1004b 20157±125Jb

Mai2'.e 153.2±t2.4a 1251.2 ±80.61l 170.4±11.7a 169.7±1I.8b 57.7±5.7b 48.3±3.2a 225.8±14.4b 2921.8±204.7a 2568.7±197.5a 441±29b 25925±2520a 35795±39648
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Table 5.6. Effect of cropping system on the amount of mineral elements mined by sole cowpea and maize planted in 2003 (Year 1) and 2004 (Year 2).
Values followed by dissimilar letters in the same column (bold type) are significant at P < 0.05. nd = not determined.
Treatment P K Mg Ca 5 Na Cu Zn Mn

Ytaf 1: Effects of cropping ~y~tern 011 Mmounts of mineral elements mined by the two species (mg.plllnr l) for n1nc:roelcment.'l and (J.lg.plllnr l ) for mlcroelemcllt5

Mono cowpeu t2U ±12.3b 487.5±43.5b 86.0±8.2b 401.6±45.9H 67.8 ±6.011 16.2±1.3b 320.9±30.2b 1554±194b t006±138b

Mono maize 231.2±20.38 1867.0±139.0a 193.9±12.5a 293.8±1~i.5b 36.0±2.6h 5t.3±5.4a 752.9±103.98 2576*300.28 1943±129.90

B

1151 ±11411

!ii2!ii.9±32. t b

Fe

180!ii3±1836b

60081 ±7265a

nd

AI

Venf I: Effects of cropphlg system 011 amounts of mineral elements taken up by the two species (kg/hll)

Mono cowpeu 20.2±2.0" 81.2±7.3b 14.3±1.4a 66.9±7.6a 1t.3±1.011

Mono maize t2.8±l.Ib IlIl.7±7.7" to.8±O.7b 16.3±O.9b 2.0±1I.15h

2.70±O.22a

2.8±O.30a

O.053±O.005a

O.042±O.006b

0.26±O.032.

0.14±0.017b

O.17±O.023n

0.ll'0.007b

O.19±0.OI9a

O.029±0.0018b

),OI±O.3ta

3.3±OAOa

Mono cowpca

Mono mnii:e

Year 2: Effeeh of cropping system on amounts of mineral elcmenh takcn up by thc two species (mg.phlnr l
) for macroelementll and (Ilg.planr l

) for mlcroelementll

187±27a 1210±170b 176±20b 821 ±107a 149±19a 46±5b 606±76a 2823±332b 2691 ±378a

165±26a 1363±150n 200±26a 19!ii±29b 82±19b 58±6a 262±31b 3211466a 2767437a

2546±309a

51!ii±66b

21617±1594b 28712±1884b

287026380. 3988611131.

Year 2: Errecb ofcropplllg system ollllmounh ofmlnernl clementn taken up by the two species (kg/ha)

4.79±O.31a

2.2±1l.l,2b

3.60±O.27a

1.6±0.35b

O.41±O.051a

0.029±0.0037b

O.45±O.06311

0.15±O.024b

0.47:;4:0.05511

0.18±0.026b

7.7±O.87a 0.101±0.013a

3.2±0.34b 0.OI5±0.OOI7b

24.8±3.2a

4.6 ±1.07b

136.8±17.8a

10.8±1.6b

29.4±3.48

11.1±1.4b
--------------'-----'------'--------'-----'----'-'-----"-'---'-'-=-'-----"-'=----'-'-'-=---=-=-=------'=-:.:::=...

201.6±28.311

75.7±8.3b

31.2±4.5a

9.2±1.4b

Mono cowpea

Mono maiz.e
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,
Tahh,: ~_7_ Effect of P supply and cropping system on the "mount ofmincrnl elements mined by cowpca plnnled in 2003 (Yenr I) and 2004 (Yenr 2). Values followed by dissil11ilnr letters in the Slime column (bold type) arc significant at P S 0.05. nd = not
detcnnined

Treatment I' K c. s N. ell z, B AI

_···__••• • .. • ..•• h kg, 110.1 --_ ..

VtllT I: Effects of P on .molln" of miner"J elements

1'0

1'40

1'80

8.6±1,4b

IO.H2.01l

11.6±2.la

38.H.!I.2b

44.0::l:7.3"b

49.3.:1::8.411

6.9±1.00

8.2:1:1.40

8.4±1,40

31,7H.20

39.0:.1:7.50

36.7:1:6.10

~.J :l:0.8h

6.4:1:1.111

6.9:1:1.111

1.44:1:0,2111

1.49:.1:0,220

1,68:1:0,2511

0.027:1:0,004n

0.028::1:.0,005a

0.030:1:0.0050

0.12:.1:0.0200

0,14:1:0.0300

0,14:1:0.0260

0.08:.1:0.01611

0,08:1:0.0180

0,09:1:0.0181\

0.10:l:0.01411

0.11:1:0.01911

0, [1:1:0.01911

1.61:1:0.250

1.48:1:0.1811

1.92:1:0.3611

'd

YeRr I: Errects 01 cropping syolelll 011 anloun., minerol elements

Muno cowpeo

Inler-row cowpea

Inlrn- row cowpen

Intrn - hole cowpen

20.2:1:2.00

II.HLOb

~.2±0.~e

4.9:1:0.6e

81.H7.Ja

49.4±J.lb

24.1 ±1.9c

20.9:l:1.lc

14.J±1.49

9.0:l:0.6b

4,J:l:0.4e

3.8:l:0..!!c

66.9:.1:7.611

41.1:.I:2.5b

IS.Hl:7e

16.9:.I:2.3e

11.3:1:1.011

6.9:.I:0.~b

J,6±0.4c

2.9:1:0.3c

2.70:1:0.2211

l.70:.l:0.13b

0.93:1:0.08e

0.82:1:0.09c

0.OS3::1:.0.00!la

0.031 ::I:.O.002h

0.01HO.OOlc

0.014:1:0,00Ie

0.16:1:0,032u

O.I4:l:O.Ol2b

0.07±0,007c

0.06:1:0.00ge

0.17:1:0.02311

0.09:1:0.007b

0.04:l:0.004e

O.04±O.OO!le

0.19:1:0.01911

0.12:1:0.008b

0.06:1:.0.00Se

0.0!l:l:0.OU7c

3.0l:l:0.3111

1.7HO.18b

0.9HO.l2e

0.98:1:0.141'

Venr 2: Errect, or P on IImounb ufminerlll elemenb

PO

P40

I'SO

7.H1.3e

I3.H2.8b

16.H4.6n

~7.7:l:17.6b

87.HI9.7.

97.7±28.411

8.8:1:2.2b

I3.H2.611

1~.H3,911

38.7±9.2b

6!I.Z±I4.0a

66.7±1S.81l

7.J:l:1.7b

10,H1.9a

12,9:1::3.711

2,4:l:0.!l4b

J.8:1:0.77a

4,0±0.9911

0.030:l:0.009b

0.043:1:0.010a

0.04S::I:.0,01411

0,IHO.034b

0.18::I:.0.04Jllb t

0.22:1:0.06811

0.I!I:l:0.03Ib

0,22:1:0.04711

0.26:1:0.06SI1

0.13:.1:0.03Jb

0,20:1:0.04311

0,21 :i:O.OSSa

1.30:l:0.29b 1.80::l::0.3~b

1.72:1:0.3311 2.!I9:l:0.!I0a

1.6.5:1:0.4111 2.2~::I:.0.4911

Veltr 2: Effects ufUllpplng ,y,lenl on amuunts of mineral element'

Vellr I: Effects of P on Amounts of mIneral elements (e1lunl plnnt density)

PO 14.J±L2b 66.1 ±4.8b 11.7:.1:0.90

Venr I: Errtet, of croPlllng system un amounts of mlntrlll elements (ellUlll 1IIIInt density)

Mono cowpeo 20.2:.1:2.00 81.2::1:.7.311 14.H:I.411 66.9:l:7.6n

Vellr 2: Ufecls of P on amounl, of mIneral element, (equlll plllllt dcndty)

PO IO.0±2.lb 82.HI6.7b 12,9:1:1.9b

Mono cowpen

Inter-row cowpea

[nlra· row cowpen

lnlrn - hole cowpca

NO

I'SO

Inter-row cowpen

Intra- row cowpeo

[nttn - hole cowpca

1'40

P80

31.2:l:BII

10.8:l:I.Jb

3.9*0.6c

3.3±0.4c

17.4:.1:1.711

18.7±UII

16.8:1:I.~nb

1!l.!l:l:Ub

14.7±1.9b

19.9:1:2.18

21.8:i:3.9a

201.6%28.30

7s.6:1:8.4b

2~.H!l.lc

21.H3.7e

7l.4:l:4.911b

SO.~:.I:6.08

74.2 :l:4.6Itb

72.4:I:!l.7b

62,8:.1:6.4e

129.H17.611

128.9:1:24.911

29.4±J.41l

12.2±1.0b

4.4:.1:0.6c

3.8:l:0.~e

[3,H1.20

13.7:.1:1.00

13.4:1:0,911

12.8±l.20

11.3:1:1.40

10.HI.9a

21.1 ±J.211

136.8:1:17,88

!l3.H~.6b

19.7:1:3.le

17.Hl.4e

51.9:l:4.211

62,4 :l:6.411

61.2:1:4.911

61.6:1:3.711

R9±5.[1I

~0,7±6.911

!l7.H:7.8h

99.0:l:1l.31l

89.8:1:16.01l

24.8:l:3.21l

9.4:l:0.8b

3.7:1:Q,4e

3.1 :1:0.4

9.0:l:0.64b

10.HO.99u

11.4:l:0.78u

11.3:l: 1.00u

10.3±0.80u

[0.9:1:1.09a

8.7:1:0,910

10.8:l:1.3b

16.2:1:1.311

17.4:1:3.111

7.7:l:0.87n

3,~:.I:0.36b

1.3:.1:0.22£

1.1±0.18e

2.3:l:0.[8a

2,6::1:.0.190

2,9:l:0.230

2,7:l:0,22a

2,6:1:0,20a

2.8:1::0,25a

2.5::1:.0.2811

3,6:1:0.!lOh

~.8±'O.67a

S,6±0.8JII

0.IOl:l:0.OI3a

0.OJ!l±0.003b

0.012 :1:.0.002£

0.0 I0:.1:0.00 le

0,045:.1:0,0038

0.046:1:0,00411

0.049:1:0,0048

0.0~J::I:.0.00511

0,046:1:0.0030

0,045:1:0.00311

0.041 :.1:0,00411

0.044:i:0.008h

0.061:l:0.00911

0.OS8:.1:0.0 11R

0.47:l:0,0~Sn

0.16±0.013b

0.0!l::l:.O.007c

0.OS:l:0.006e

0.20:1:0.0 [7n

0,22::1:.0.0278

0.23::1:.0.0228

0.26:1:.0,03211

0.22:1:0.018I1b

0.20:1:0.021 b

0.18:l:Q.026b

0.21:1:0.026h

0.27:1:.0.03SIl

0.28:.1:0.06011

0.4!1:l:0.063n

0.2~:I:0.037b

0.08::1:.0.012£

0.07:1:0.013c

0.13::1:.0.0[28

0.13::I:.0.016n

0.15:l:0.015n

0.17:1:0.02311

0,14±0.010ub

0.I2:1:0.0I2b

0.II:1:0.016b

0.12:1:0.028b

0.3HO.0491l

0.37:1:0,OS8n

0.41:1:0.0~11I

0.17:l:0.017b

0.06::l:.0.012c

0.06::l:.0.008e

0.16::1:.0.01211

0,1S±0.017n

0,19±0,01711

0.[9:1:0,01911

0.18:.1:0.0 [3u

0.17::1:.0.01511

0, [6:1:0.02211

0.20:l:0.0JOb

0.31 :l:0.0361l

0.28:1:0.046/&

3.60:.1:0,27a 4.79:1:0.3111

U9:1:0.ISb 2.3S::I:.0.29b

0.!I6:1:0.06e 0.89:1:0.081'

0.47:1:0.06e 0.81:1:0.10e

2.68:1:0.238

2,64:1:.0.2211

3,22:1:0.3911

3.01:1:0.3[0

2.'9:1:0.2711

2,86:1:0.3611

2.93::1::0,4211

1,89.:l:0.24b 2.7!1±O.2!lh

2,.59:1:0.2711 3.9S:l:0.4ln

2.33:1:0.34n 3.38:1:0.36a

Venr 2: Errects urcrol.,lIng sy,tem on nmollnls ofmlnernl element' (eqlllll ptnnt density)

MOJlo cowpen 31.2±4.!ln 201.6:1:28.3a 29.4:i:3.411 136.8:1:17.811

2.38:l:0.27b 3.~7:1:0.43b

t.67:1:0.19c 2.67:.1:0.24c

1.41:1:0.1ge 2.41:1:0.30c

Inter·row cowpeo

11Ilra- row COWPCII

lnlrll - hole cowpell

16.H2.0b

11.8:l:1.7e

9.8:1:I.Jc

113.3:1:t2.6b

7~.~:l:1!l.2c

63.HI1.0c

18.HI.~b

13.3:1:1.81,:

1t.3:I:!..5c

80.2±8.3b

~9.0:l:9.2c

!l2.~:l:7.3c

24.8:1:3.21l

14.1 :l:1.2b

ILl::l:.l.lc

9.2 :l:1,2e

7.7:l:0.87H

!l.HO.!l4h

3.9:1:0.67£

3.1:I:O.!l4e

91

0.101:.1:0.01311

0.0!l2:1:0.00:lib

0.036:1:0.007c

0.030::l:.0.004e

0.47 :l:0.OS~i11

0.24±0.010b

0.16:1:0.022c

0.14:l:0.017e

0.4!l:i:0.06311

0.38:1:.0.0!lSb

0.2S:.I:0.OJ6e

0.10:l:0.038e

0.42:1:0.0Sla

0.16±0.02!lb

0.19:1:0,03~e

0.17:1:0.02!lc

3.60:l:0.27a 4.79:1:0.JIIl



Table 5.8. Effects of P supply and cropping system on the amount of mineral elements mined by maize planted in 2003 (Year I) and 2004 (Year 2).
Values followed by dissimilar letters in the same column (bold type) for are significant at P < 0.05. nd = not determined.
Treatment P K Mg Ca S Na Cu Zn Mn B Fe AI

_ .. _ _ u.__.u•• UUh.._.. _.h~.----..-- n ••--.. __ __ un kg,ha· I __ __ h.nnnn _n.._u UhU••__n_.n

Year 1: Effect! of P on amount! of mineral element!

PO 12.4 '1.5b 96.2±8.4b 10.7±1.0b 15.5:1:1.1 a 1.9.0.17b 2.9:1:0.27a 0.037±0.003b 0.15'0.020b O.II'O.OIOb 0.028'0.0021 b 3.0:1:0.2111 nd

P40 12.5± 1.1 b 97.4±6.9b 10.5'0.8b 16.4 ±1.1 a 2.0.0.14b 2.9:1:0.34a 0.044±0.008b 0.13±0.017b O.10±O.OIl9b O.029±O.OO19b 3.0±0.14a

P80 •7.5>1.3. 122.5:1:9.68 13.2±0.9. 17.9.1.0• 2.2.0.13. 3.0:l:0.18a 0.058'0.009. 0.19'0.020. 0.13±0.010. 0.033±0.00 18. l2±OJ7.

Year I: Effects of cropping system on amounb of mineral elements

Mono maize 12.8±l.Ia 103.7±7.711 1O.8±O,7u 16.3 :l:0,9a 2.0±0.15a 2,8±0.30a 0.042:1:0,0060 0.14±0.017a t 0.11 ±0.007a 0.029±0,00 18a 3,3±0.40a

Inter-row maIze \4.9±1.8a \09.4'10.7. 12.5±\ .33 17,\±L4a 2.Q±Q.l7a 3.0'0.\9. 0.040'0004. 0.\6'0023. 0.\\'0.0\3. 0.01\ ±0.0024. 3.0'0.23.

Intra- row maize 13.5±1.6a 102.0±9.la 11.2±1.0a 16.3±l.3a 2.0±0.15a 3.3±0.30a 0.048'0.010. 0.15>0.020. 0,12±0,0IOa 0,029±0.0020a 2.7±0,18a

Intra - hole maize 15.2±2.la I06.5±13.3a I [.4±1.33 16.6:f::l,6a 21.0.23. 2.6±0.40a 0.055'0.012. 0.19'0.030. 0.13±0.015. 0.030'00030. l2±03J.

Vear 2: Effects of r on Itlllounts of mineral elements

PO 5.7±1.0b 57.3±7.6b 7.6±O.9b 8.0±1.2a 2.2±O.25b 2.5±0.38a 0.011±0,0016a 0.13±0.013b 0.10'0.012b 0.OlO±0.0027b 1.4±0.3Ia 1,9±0.46a

NO 10.4±1.2a 77.2±7.Sa 10.5±1.1n 1O.2:I::I.Oa 3.4±O.33Mb 2.9±0.29a 0014'00013. 0.IS±0.020M 0.15±0.OtSn 0.027±0.0028b 1.3±0.16a 1.7±O.21a

P80 9.4±t.21t 74.1 ±7.411 10.3.1.2. 10.1 H2. 4.0'0.81. 2.6±0.23. 0.013±0.0011 0.18'0.023. 0.18'0.022. 0.027±0.0029. 1.6'0.24. 2.3±0.448

Yellr 2: Effecb of cropping system 011 AlIIounts of mineral elements

Mono maize 9.2±1.4a 75,7±8.3a 11. [ :I: l.4a la.8±1.6a 4.6±1.078 3.2±0.34a 0.015±0.0017. 0.IS:l:0.026a 015>0.024. 0.029'00037. 1.6±0.35a 2,2±0.62a

Inler-row maize 8.2±1.5a 64.1.11.0. 9.0±1.6a 8.9±1.4a 2.6.0.40b 2.6±0.35a 0.010'0.0014. O. 16>0.010. a,13±0,024n a.022±o.0036n 1,2:1:0, [Sa L6±O.ISa

[ntra- row maize 8.7±1.5a 71.1±9.1a 8.9±l.2a 8.8±1.1a 2.8'0.33b 2.5:1:0.33a O.013±0.OaI7a 0.16'0.017. 0,13±0,018a O,023±O.0031a 1.5:1:0.23a 2, I±O,33a

Intra - hole maize 7,9±1.2a 67. [:l::8.0a 8.8±1.0a 9.1±l.la 2.8±O.27b 2.4±0.37a 0.012::1:0.0015a 0,15::1:0,018a 0,15±0.023a 0,025±0.OO27a 1.4±a.36a 2.1 ::I:O,54a
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CHAPTER 6

CHANGES IN lil~ VALUE AND N NUTRITION IN NODULATED COWPEA (VIGNA

UNGUICULATA L. WALP.) AND MAIZE (ZEA M4YSL.) PLANTS SUPPLIED WITH P IN

SOLE AND MIXED CULTURES.
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6.1 Introduction

Symbiotic N-fixing systems contribute significant amounts of N to cropping systems. The

rhizobia-legume symbioses can fix Nz at rates of 50-300 kg N/ha/year (Dakora and Keya, 1997).

As a a result, the component species of mixed cultures involving symbiotic legumes and cereals

can increase the availability of nutrients to the other species. For example, some studies have

shown that the symbiotically-fixed N from the legume may be transferred to the non-legume

partner (GilIer et al., 1991; Freyand Schiiepp, 1993; Elgersma et al., 2000; H0gh-Jensen and

Schjoerring, 2000; Chu et al., 2004). Conversely, the cereal can also make other nutrients more

available to the legume through the activity of root exudate molecules such as phytosiderephores

(Dakora and Phillips, 2002).

Although available evidence suggests that some factors such as crop species, planting patterns,

and crop densities can affect biological Nz fixation (Tothill, 1985; Fujita et aI., 1990), few data

exist to confirm this view. In farmers' field, planting systems such as intra-row and intra-hole

cropping are widely used, yet few detailed studies exist which have addressed the effects of these

cropping systems on mineral nutrition in Nz fixation of symbiotic legumes. Although there is

evidence that intercropping can reduce growth of the symbiotic legume via the overshadowing

effects of the cereal partner (WilIey and Osiru, 1972; Willey, 1979; Mead and Willey, 1980;

Horwith, 1985), it is still unclear whether this is genetically pre-determined for the species or

only a phenotypic trait. Although a number of studies have been done on cowpea/maize

intercropping, these have largely involved the use of inbred lines, whose response is likely to

differ from that oflandraces.
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This study assesses the effects of exogenous P supply and cropping system on plant grov.1h and

Nz fixation in cowpea intercropped with maize in the Western Cape Province of South Africa.

6.2 Materials and Methods

6.2.1 Experimental site

Field experiments were conducted under irrigation at the Agricultural Research Council

Nietvoorbij site (33" 54' S, 18" 14' E) in Stellenbosch, South Africa, during the 2003 and 2004

summer seasons at two different locations within Nietvoorbij. The site description is outlined

in chapter 2 section 2.2. I.

6.2.2 Experimental design and treatments

The experimental treatments consisted of three levels (0, 40, and 80 kg P.ha· l
) of triple

superphosphate [46% P, 13.5% Ca, 1.5% S, 0.0007% Cu, 0.008% Zn, 0.021 % Mn, 0.053% Band

0.0009% Mo (Cherney, 2003; FAS, 2005)] and four cropping systems (namely, monoculture,

maize/cowpea inter-row, maize/cowpea intra-row, and maize/cowpea intra-hole cropping), which

were used in both 2003 and 2004. The experimental layout, the crop varieties used and other

cultural practices used are described in chapter 2 section 2.2.2.

6.2.3 Characterisation of selected soil chemical properties .

The pH of soil was measured in 0.01 M CaCh solution using a 1:2.5 soil-to-solution ratio.

Extractable P was determined by citric acid method as described by Dyer (1894) and modified by

the Division of Chemical Services (DCS, 1956) and Du Plessis and Burger (1964). A 20 g air­

dried soil sample was extracted in 200 mL of I % citric acid, heated to 80 QC, shaken for 2 min at

10-min intervals over a total period of I h and filtered. A 50 mL aliquot was heated to dryness on

a water bath, digested with 5 mL of concentrated HCl and HN03, evaporated to dryness on a
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water bath, and 5 mL of concentrated HN03 and 20 mL of de-ionised water added. The mixture

was heated to dissolve the dry residue, and the sample filtered. Measurement of P was then done

directly by direct aspiration on a calibrated simultaneous ICP spectrophotometer (IRIS/AP HR

DUO Thermo Electron Corporation, Franklin, Massachusettes, USA).

6.2.4 Measurement of soil N

Soil samples were analysed for total N concentrations by a commercial laboratory (BemLab, De

Beers RD, Somerset West, South Africa), using a LECO-nitrogen analyser (LECO Corporation,

St Joseph, MI, USA) with Spectrascan standards (Drol:iak, Norway) as described by McGeehan

and Naylor (1988).

6.2.5 Plant harvest and sample preparation

At 60 d after planting, cowpea and maize plants were sampled for nutrient analysis. The

procedure followed is described in chapter 4 section 4.3.2.

6.2.6 Analysis of lil~ and estimation of plant dependence on Nz fixation

The ratio of 1~;I4N and the concentrations of N in plant organs were measured using a Carlo

Erba NA 1500 elemental analyser (Fisons Instruments SpA, Strada Rivoltana, Italy) coupled to a

Finnigan MAT 252 mass spectrometer (Finnigan MAT Gmbh, Bremen, German) via a Conflo II

open-split device.
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The l~ natural abundance technique was used to estimate the legume dependence on Nz fixation

as follows:

% N derived from fixation = /)l~ Reference plant - /)l~ Legume) X 100
/)'''N (Reference plant) - B (I)

Where B is the /)l~ value of the legume organ relying entirely on Nz fixation for its N nutrition.

B values used for cowpea in this study were 1.759 %0 for shoot, 0.94 %0 for roots, and 1.4713 %0

for pods. Maize was used as a reference plant. The amount of N per organ was estimated as

product of% N and dry mass of the organ.

6.2.7 Statistical analysis

A 2-factorial design (2-way ANOVA) was used to analyse for plant growth and symbiotic

perfonnance. The analysis was done using the software of STATlSTICA program 1997. Fisher's

least significant difference was used to compare significant treatment means at P ~ 0.05 (Steel

and Torrie, 1980).

6.3 Results

6.3.1 Soil chemical properties at planting

The soil pH measured before establishing the experiments in Year I and 2 was 6.3. Available P

was 40 and 8.8 mg.kg- l in Year I and 2 respectively, whereas total N concentration in the soil

was 9.0 and 13.7% g.kg- l for Year 1 and 2 respectively.
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6.3.2 Effects ofP supply and mixed plant culture on growth of cowpea and maize

Exogenous supply of P to cowpea plants numerically, but not significantly, increased growth of

all organs and whole plants in Year I (Table 6.1). However, in Year 2, shoots, pods, roots,

nodules and whole-plants of cowpea were significantly increased with exogenous P application at

both 40 kg P.ha·1 and 80 kg P.ha·l relative to zero-P control (Table 6.1). Applying mineral P to

maize also significantly increased growth of shoots and whole plants in both Year I and 2

relative to zero-P control (Table 6.1). The dry matter yield of organs and whole plants of cowpea

was numerically, but not significantly, decreased in mixed culture relative to monoculture in Year

I. However, in Year 2, biomass of shoots, pods, roots, nodules and whole plants were markedly

decreased in mixed culture relative to monoculture (Table 6.1). However, with maize, plant

growth was not affected by planting pattern in both Years (Table 6.1). At harvest, it was found

that applying 40 or 80 kg P.ha·1 significantly increased cowpea grain yields by 59-65% in 2003

and 44-55% in 2004. With maize, the increases in grain yield were 20-37% in 2003 and 48-55%

in 2004 relative to zero-P control. In both cropping seasons, the number of pod-bearing peduncles

per plant, the number of pods per plant, the number of seeds per pod, and seed yield per cowpea

plant were significantly increased with the application of exogenous P. In contrast, these

parameters were all significantly depressed by mixed culture relative to mono culture cowpea.

Intercropping maize wiLll cowpea produced higher total yields per unit land area than the sole.

crop counterpart.

6.3.3 Effect of P supply and cropping system on N concentration in organs of nodulated

cowpea and maize

The application of P to cowpea had no effect on N concentrations in organs except for nodules

where supplying P significantly increased % N of cowpea nodules in Year I (Table 6.2). External

supply of P also had no effect on N concentration in maize organs.
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The cropping system showed a significant effect on the N concentration of only cowpea roots and

maize shoots in Year 2. Intra-hole cowpea roots showed significantly higher N concentrations

relative to monoculture and inter-row planted cowpea (Table 6.2). Shoot N concentration in

maize was significantly more increased in intra-hole plants relative to monoculture (Table 6.2).

6.3.4 Effect of P supply and cropping system on aIsN values in orgaus of uodulated cowpea

and maize

As shown in Table 6.3, supplying P to cowpea plants significantly decreased the 1iI~ of shoots,

roots, pods and whole plants in Year 2, and to a lesser extent in Year I. The application of P also

decreased the 1il~ values of maize roots in the two years of experimentation, leading to a

significantly lowered 1il~ at the whole-plant level (Table 6.3).

The croppmg system also affected the 1i1~ of maize and cowpea organs. Relative to

monoculture, intercropping decreased the 1il~ of shoots, roots, pods, nodules and whole plants

of cowpea in Year 2, and only in shoots and pods in Year I (Table 6.3). Similarly, shoots, roots

and whole plants of maize showed significantly decreased 1i1~ when grown in mixed culture

compared with monoculture.

6.3.5 Effect of P supply and cropping system on percent of nitrogen derived from

atmosphere (Ndfa) in organs of nodulated cowpea

Applying P to symbiotic cowpea significantly increased the % N derived from fixation in

virtually all organs and at whole plant level in that of legume in the two years of experimentation

(Table 6.4). Cropping system similarly altered the % Ndfa in various organs of cowpea. In both

Year I and 2, significantly more N was derived from fixation in intercropped cowpea plants as
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compared to monocultures, with intra-hole cowpea showing the highest dependency on symbiotic

fixation for its N nutrition (Table 6.4).

6.3.6 Effect of P supply and cropping system on nitrogen content of organs of cowpea and

maize

Plant total N in cowpea increased significantly with P supply as a result of higher N levels in

nodules in Year I, as well as elevated N content of shoots, roots and nodules in Year 2 (Table

6.5). Whole-plant N also increased in maize with P supply due to greater shoot N accumulation.

Although cropping system showed insignificant effect in Year I, the N levels in shoots, roots,

pods and nodules were significantly decreased by intercropping relative to monoculture (Table

6.5). As a result, whole-plant N content was markedly reduced in cowpea plants grown in mixed

cultures (Table 6.5). With maize, however, there was no effect of intercropping on total N of

organs or whole plants (Table 6.5).

6.3.7 Effect ofP supply and cropping system on amounts of Nz fixation in cowpea

Providing external P to cowpea increased Nz fixation and accumulation of fixed N in this species.

P application increased the amount of fixed-N in shoots, pods and/or roots of cowpea, leading to

significantly increased amount at the whole-plant level (Table 6.6). Measurements ofNz fixation,

expressed on per-hectare basis, were also markedly greater with external P supply relative to

control, irrespective of the plant density (Table 6.6).

Although there was no effect of cropping system in Year I, fixed-N levels were significantly

lower in the intercropping treatments relative to monoculture for all cowpea organs (Table 6.6).

As a result, the measured values of Nz fixation were similarly decreased by intercropping,

irrespective of whether the cowpea densities were different or equalised (Table 6.6).
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6.4 Discussion

Effects of P and cropping system on plant growth

In Africa, the most limiting mineral nutrients to increased crop production are N and P. Although

the former can be obtained cheaply from the legume symbioses with root-nodule bacteria, the

latter is exhaustible (as rock phosphate), and its deficiency negatively affects N yield from the

legume-rhizobia symbiosis. Understanding P- use efficiency in cropping systems involving

legumes and cereals has prospects for overcoming production constraints posed by Nand P.

Assessing the response of maize and cowpea to exogenous P supply showed no changes to

cowpea growth in Year I, although with maize there was a significant increase in shoot and

whole-plant growth. Because the endogenous soil P at the site of Year 2 experiment was 4.5-fold

lower than that of Year I (see Table 3.1), whole-plant growth and that of all organs except roots

were significantly increased by external P application in both cowpea and maize (Table 6.1).

The response obtained here for legume and cereal growth in soils with low endogenous P, but not

at higher P concentration, is consistent with reports by (Dakora, 1984; Israel, 1987; Chang and

Shibles, 1985b; Ssali and Keya, 1986; Pereira and Bliss, 1987; Giller et al., 1998; Ndakidemi et

aI., 1998; Buerkert et aI., 2001; Tang et al., 2001; Carsky, 2003; Jensen et al., 2003) who showed.

that increasing external supply increased organ development and overall plant growth.

Effects ofP on cowpea nodule function and metabolism in maize

The external supply of P to nodulated legumes is known to improve symbiotic performance and

N2 fIXation in these species (Robson et al., 1981; Jacobsen, 1985; Singleton et al., 1985; Israel,

1987). In this study, the application of P to maize and cowpea in the sole and mixed culture had

no effect on the N concentration of organs in either species, except for % nodule-N which rose
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with P supply in Year 1. However, the ol'N values of cowpea organs and whole plants were

significantly decreased with exogenous P supply in Years I and 2 (Table 6.3), clearly indicating

P related enhancement of Nz fixation. Interestingly, the (i1'N values of maize roots and whole

plants were also significantly reduced by P application, in a manner similar to the legume. Such a

decrease in ol'N of tissues could either stem from mycorrhizal transfer of fixed-N from the root

zone to the cereal or direct rhizosphere imports of secreted fixed-N by vigorous growing maize

roots.

In general, the lower ol'N values, the greater the N derived from fixation (Shearer and Kohl,

1986). As expected, the lowering of Ol~ in shoots, pods, roots and whole plants of cowpea

resulted in significantly greater proportion of % N derived from fixation in those organs in Years

I and 2 (Table 6.4). This increase in Ndfa with P supply was reflected as a rise in total plant N,

especially in Year 2 where mineral P provision to a soil low in endogenous P (Table 3. I) resulted

in markedly greater total N of shoots, roots, nodules and whole plants (Tables 6.5). Shoot and

whole-plant N was similarly increased in Year I and 2 with P supply, possibly as a result of

improved acquisition by mycorrhizal activity or a well developed root system from enhanced P

nutrition (Bianciotto and Bonfante, 2002; Rengel and Marschner, 2005).

The 815N Ndfa and total N values truly reflect nodule function as fixed-N levels in organs were

found to closely mirror those of the various symbiotic traits. As reported by Israel (1987), Nz

fixation in nodules increased with provision of exogenous P to cowpea plants (Table 6.6).

Whether measured on the basis of the different cowpea densities used in the field or on an

equalised density basis, Nz fixation was markedly increased by P supply to cowpea plants (Table

6.6).

104



Effects of cropping system on cowpea nodule function and metabolism in maize

The Ol~ values of cowpea shoots, pods, roots, nodules and whole plants were also decreased by

intercropping when compared to those of monoculture, clearly suggesting greater nodule activity

(Shearer and Kohl, 1986). As a result, the % Ndfa in these cowpea organs was significantly

higher with intercropping relative to sole culture (Table 6.4). Interestingly, the magnitude of this

increase in % Ndfa from intercropping was also greater in Year 2 relative to Year I, possibly due

to differences in endogenous soil P levels. However, total plant N was found to decrease in

cowpea with intercropping relative to monocropping (Table 6.5), a true reflection of the decrease

in whole-plant biomass with intercropping (Table 6.1),

As a result of the observed decrease in total legume N with intercropping, fixed-N per organ or

whole plant was also significantly reduced by intercropping compared to sole culture (Table 6.6).

Consequently, the contribution of cowpea to N economy of the cropping system was also

decreased by mixed culture relative to monoculture (Table 6.6). Irrespective of whether the fixed­

N measurements were adjusted, or not, the differences in cowpea density used in each cropping

system, there was still a marked variation in the levels of Nz fixation. This clearly suggests that

the smaller amount of N-fixed with intercropping was not merely due to differences in plant

numbers, but rather to the effect of intercropping on plant function.

Although the levels of N-fixed may be low with intercropping, the values obtained in this study

are comparable to those of other studies where legumes where intercropped with cereals (WilIey

and Osiru, 1972; Willey, 1979; Mead and Willey, 1980; Horwith, 1985). The unadjusted data

shown in Table 6.6 for fixed-N in intercropped cowpea are probably close to the amounts

obtained in farmers' fields, where cowpea is sparsely cropped with maize or sorghum.
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Table 6.1 Effect of P supply and cropping system on dry matter yield of organs and whole plants of maize and cowpea planted
in 2003 (Year 1) and 2004 (Year 2). Values followed by dissimilar letters in the same column (bold type)differ significantly at
P < 0.05. NB: Total shoot mass in cowpea = Shoot weight + pod weight; Total root mass in cowpea = root weight + nodule weight.

Plant dry matter (g.planr')

Total shoot Total root
mass mass

Pods Cowpea
nodules

Whole plant Total shoot
mass

Total root
mass

Pods Cowpea Whole plant
nodules

M •••••~._. ._•• ._._. •••••_. __••••• Year \ ... ... ••.__.. .•..••..••...__ ...•---.• 0 •••••---•••• - ••••---.----•• Year 2------·_----_····_--····_······--_·_--------------

A: Cowpea

r level ... (kg P.hll"l)

PO

NO

P80

Cropping system

Mono cowpea

Inler-row cowpea

Intra- row cowpea

Intra - hole cowpea

0: Maize

P levels (kg P.ha-1)

PO

NO

P80

Cropping llystelll

Mono maize

IntcNoW maize

Intra- row maize

Intra - hole maize

12.1±I,OJa I.7±O.I% 4.2±O.J4a O.J6±O,06a 13.8±1.0Ia 13.2±2.30b 1.0±0.lOb B.I±1.06b 0.25±0.04b 14.3±2.40b

13.4±1.28a 1,8±0.20a 4.7±0.45a 0.40±0.04a 15.2±1.3la 20.9±2.50a Ui±0.14a 12.5±1.47a O.43±O.07a 1:2.4±2.6011

14.3±l.25a 2.1 ±0.27a 5,0±0.44a 0.43 ±0.05a 16.3±1.26a 20.4 ±3.60a 1.4±0.14a 11.7±2.128 0.43±0.06a 21.8±J.70n

14.6±i.54. 1.8±0.15. 5.1 ±0.53. 04J±0.05' 16.5±1.550 31.2±4.00. 1.7±0.14. 18.2±1.91. 0.52±0.06_ 33.0±4.101I

13.9±1.I4_ 1.7±0.18a 4.7±0.39a 0.36±0,04a 156±1.27, IB.2±1.60b 1.4±0.16b 10.9±1.0Bb O.47±O.OBb 19.6±1.BOb

12.9±1.22a 2.1 ±0,35a 4,5±0.43a 0.43 ±0.08a 15,0±1,32a 12.5±2.IOc 1.1:±0.lIc 7.6±1.42c 0.32±0.O!tc 13.6±2.20c

11.6±1 ,55a 1.8±0.27a 4,1 ±0.54a 0.37±0.06a 13.4±1.70a 10.8 ±1.70c 0.9±0.lOc 6.3±1.0Ic O.16±O.04d 11.7±t.80c

64.6±5.62b 16.6±1.66a 81.1 ±S.53b 54.1 ±6,90b 11.1 ±1.77a 6S,2±B.60b

65.4±4.B6b 16.7 ±1.04, B2.1±4.70b 72.4±7.9011 137±1.16. B6.1 ±B.20_

81.8±5,37a 17.1 ±2.73a 98.9±6.17u 70.2±9.408 13.8±0.85a 84.0±9.00"

70.2±4.62. 18.9±J.25. B9.1 ±6.29. 82.0±1240. 13.5 ±i.60. 955±12.20,

74.J±7.19. 15.5±0.94. 898±7.72a 57.3±9.60. 12.1±1.43_ 69.4±10.50.

619±6.30. 15.J± l.4i. 83.2±7.08. 60.6±7,80a 13.2±1.67. 13.8±8.60.

69.9±7.79a 17,6±2.473 87.4±9.31a 62.4±6.90a 12,6±1.59a 75.0±8,20a
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Table 6.2 Effect of P supply and cropping system on N concentration in organs and whole plants of nodulated cowpea and
maize sown in 2003 (Year 1) and 2004 Year 2). Values followed by dissimilar lellers in the same column (bold type) are
significant at P < 0.05.

Shoots Roots Pods Nodules Whole Plant Shoots RoolS Whole Plant

.---.•...__..__ h.···.·.·.·.·__·······COWpea --······••··- .•...............•...__.•.•__ •·•·..·---···········..········Maize----········--···---.-"---

¥tar I: Effect of I' 011 % N In cowpca and maize

PO 2.6005a 0.77±0.060 3.5 ±0.06a 4.8±0.18b 2,9±0.05a 0.93±0.05a 009±0.03a 0.50±O.O3.

NO 2.5±0.07a 0.77;1:0.06a 3.6±0.06a 5.2±O.20nb 3.0±0.068 0,93±0,05a 0.09±0.02a 0.50±0,03a

pga 2.6±0,050 O,75±O.07a 3.4:1,0.080 5.4±0.1411 3.1 ±0,068 1.04±0.070 O,09±O,04u 0.55±0.04a

Year I: Efrect of cropping lIntern on % N in cowpca and maize

Sole cowpca 2.6±007. 0.79±006. 3.4±0.07a 5.2±0.22. 3.0±0.07a o88±0.05. 0.07±0.03. 0.48±0.03b

Inter-row cowpca 2.S±O.07a 0.70±0.09a 3.6'0.1 I. 5.1'0.18. 3,01:0.07a 0.B9:1:0,05a GG9±0.G2. O.49±O.03ab

Intra· row cowpe8 2,5:1:0.07a 0.73:1:0.06u 3.4::1:0,048 5.4::1:0.230 3.0:l:0,07a 1.06:1:0.07a 0.13:1:0.06n 0.61::1:0.05a

Intra - hole cowpea 2,6=0.05n 0,83:1:0,07a 3.5:!:G.08a 4.9:i:0,2In 3.0:i:0.07a 1.03:i:0.06a 0.07:1:0.02a 0.56:1:0.030

Yenr 2: Erreef or r on % N In cowpea and mnlze

PO 1.9±008. 0.96±0.04. 3.J±0.12. 3.4±0.22a 2.4±007a 1.04±0.04. 0.57±0.03. 080±0.03a

P40 2.0.:1:0.070 0.97:1:0.020 3.0:l:0.13u 3.4::1:0.34a 2.4:1:0.100 1.04:1:0.040. 0,62::1:0,05a 0.85±0.04a

P80 2.0:l:0.07a 0.97±0.03. 3.0::1:0.118 3.5:1:0.32a 2.4±0.08a 1.06±0.03a 0.57±0.03. 0.80:l:0,03a

YeRr 1: Effect ur nopplng system on % N In cuwpea and ml\lze

Sole cowpea 1,9±0.098 O.93::1:0.03b 3.1±0.15a 3,O:l:O.28a 2.3±O,08b O.90:l:0.04b 0.54::1:0.03a O.70:l:0.02b

[llteHow cowpe8 1.9:1:0,098 0.91 ±0.03b 3.0±O.14a 3.3:1:0,368 2.3:1:0.09b 1.04±O.04ab 0.54:1:0,03n O.80:l:0.03I1b

Intra- row cowpea 2.0:l:0,08a 0.99±0.038b 3.2±0.12a 3.3±O.36a 2.4±0.10.b 1.I0±0.048 0.61 ±0.06. 0.85±0.048

Intra - hole cowpea 2.1 ±0.08a 1.05±0.038 3.2±0.188 4.1±0.31a 2.fdO.0911 1.15±0.02. 0.65±0.05a 0.90±0.03.
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Table 6.3 Effect ofP supply and cropping system on 15 15N values (%0) of organs and whole plants of nodulated cowpea
and maize sown in 2003 (Year 1) and 2004 Year 2). Values followed by dissimilar letters in the same column (bold type)
are significant at P < 0.05.
Treatment Shoots Roots Pods Nodules Whole plant

·~·~-_···· __••••__•••••__········,-·Cowpea-._••_ --------------.-.----

Shoots Roots Whole plant

.•............····--.--•.------.···········Maizc---···----..--...---

Yent I: Effect of r 5upply on li '~N of nodulHted COWpCIl snd maize

PO 1.7:1:0.140 6.4±0.23a 2.6±0.12a 12.0:l:0.28a 3.6:1:0.093 2.9±O.32a 8.0:i:O.1811 5,5:1:0.20a

P40 1.4 :1:0.270 6.4±0.303 2.4±0.12a 11.8±O.30a 3.4:1:0.18a 2.8±0.178 7.~±O.12b 5.2:1:0.098

P80 O.75'0.26b 6.3±0.240 2.3:1:0,17a 11.7±0.34a 3.1 :1:0.158 2.6'0.18. 7.6±0.llb 5.1 ±O. 128

Year I: Effect or cropping system 011('; 15N of nodulAted cowpen And maize

Sole cowpca 1.9:1:0.2011 6.4±0.27a 2.8±0.16a 11.8±0.3Ia 3.7±0,17a 3.3<0.31. 7.1'0.13. 5.5'0.17.

lnler-row cowpea 1.5.:1:0.11ab 6.4.:1:0.34'" 1.1±O.\7b \ \.8±0.37a 3.4±0.16a 2.2<\l.15b 1,S±.0,24a 5.0±0.19a

Intra- row cowpen 1.1'0.29b 6.4 ±0.27a 2.3±0.llb 12.1±0,26a 3,]±0.16a 2.7±0.2Iab 7.6±0.19a 5,2.:1:0.17a

Intra - hole cowpen O.60.:l:0.30c 6,2±0.32a 2.5±O.Hiab 11.6±0.45a ].1±0.16a 2.9±O.22ab 7.8±0.15a 5.]±0,16n

Yellf 2: [freet of P supply on aISN of nodulated COWpCH and rtHlizc

PO 1.1'0.12. 4.4±0.035a 1.5±0.IOa 10.1'0.35. 2.3<0.076. 4, I±0,25a 6.6±0.30. 5.4<0.24.

NO 1.0±0.14u 4.2±0.016b 1.4±0.138 10.2±0.34a 2.2±0.0888 ].8.:1:0.34a 5.4:i:O.30b 4.6.:1:0.24b

P80 0.7HO.17b 4.1±0.OI9c 1.2±0.15b 9.7±0.3Ia 2.0'0.100b 3,3±0.43a 4.5:100.12c 3.9±0.23c

VeRr 2: [ffect of cropping system on S I~N of nodulated Ctlwpca "nd nl"lze

Sole cowpea 1.7<0.13. 4.3<0.047. I.HO.11o 10.5'0.33. 2.6±0.0698 4.8'0.29. 5.9±0.4la 5.3<0.31.

Inter-row cowpea 0.97'0.13b 4.3±0.0478 1.5'0.14b 10.5'0.41. 2.2±0.086b 3.6'0.43b 5.8±0.39a 4.7.:1:0.31I1b

Intra- row cowpcn O.68±0.lQbc 4.3±0.0438 I.UO.lObc 9.6±0.J4ab 2.0±0.070c J.8±0.3Rab 5.I±O.J4b 4.5±0.28b

Intra - hole cowpea O.53±O.08c 4.20.039b O.97±O.09c 9.3<0.36b 1.9±O.052e 2.HO.31b 5.HO.38b 4.0'0.29b

108



Table 6.4 Effect of P supply and cropping system on % N derived from fixation (Ndfa) in
organs and whole plants of nodulated cowpea sown in 2003 (Year 1) and 2004 Year 2).
Values followed by dissimilar letters in the same column (bold type) are significant at P < 0.05.

Shools Roots Pods Whole plant

Year I: Errect of P !upply on % Ndfa

PO 72:1:2.31: 18;1:2.9a ~6:t:1.9b 48::l:1.3b

P40 74±3.5hc 19±3.8a 60±2,01l .51 ±2.5ah

P80 81±2.4" 19::1:3.la 61 ±2.811 54±2.28

Year 1: Effect of cropping system on % Ndra

Sole cowpca 68±3.3c 18 ±3.5a 53±2.7b 46±2.5b

Inler-row cowpea 73±3.2bc 18:l:4,Ja 62±2.811 51 ±2.4l1b

Intra- row cowpen i8±3.4Ilb 18±3.4a 62±2.0a 53i2.lnb

Intra - hole cowpea 82±2.4a 21;1:4.1a 59±2.511 54±2.311

Venr 2: Effect of P ,upply on % Ndra

PO 83±1.9b 38±O.49b 77±1.5h 66±1.2b

NO 84±2.3b 41 ;1:0.2211 78±2.lb 68±1.4b

P80 88±2.68 43±0.2711 81±2.311 70±1.611

Year 2: Effect of cropping system 011 % Ndra

Sole cowpeo. 74±2.lb 39±U.6"b 71 ±1.7b "l±1.lb

Inter-row cowpca 85±2.tab 40±O.65Ilb 77±2.2ah 67±1.3Hb

Inlra- row cowpea 89±('511 40±O.60nb 82±t.5a 71 ±l.1n

Intra - hole cowpea 92±1.211 42::1:0,548 85±t.4a 7J±O.8a
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Table 6.5 Effect ofP supply and cropping system on total N (mg.planr1
) in organs and whole plants of cowpea and maize sown

in 2003 (Year 1) and 2004 Year 2). Values followed by dissimilar letters in the same column (bold type) are significant at P < 0.05.
Treatment Shoots Roots PQOS Nodules Whole plant Shoot Root Whole plant

········.·····.···---·.····.····.·---·····----·····.·Cowpea-----··---··-··---··---··--·······---············_._--- ··-·-----····-··-------·---····Maize·--··--·----····-- ------.--- .

Year I: Effect orr !upply on N content orcowpea and maize

PO 197.2±18.00 10.3±l.2a 153.9±13.4a 16.2±2,4b 377.6±30.1b 59J.O±44.5b 13.5±3.4a 606.5±44.4b

P40 221.4'216. 12.1±\.9a 158.9'15.7. 19.7±2.1ab 412.1'36.6b 748.1±57.2" 15.8±3.8a 763.9:1:57.18

P8D 246.9:1:24.40 9.3±0.98 167.6*18.1a 23.6±3.08 447.4±39.31t 657.6±59.8Bb IS,9±5,2a 673.4±59.9ab

Year 1: Errect of cropping .!lY!ltem on N content of cow pea and maize

Sole cowpca 236.5.30.2. 10.7::1::0.8(1 186.0.14.0. 22.3 ±3.1 a 455.5<418. 6022<41.2. 10.9<4.1. 613,1±40.9a

Inter-row cowpea 232.1'22.9. 8,7±0,8a 170.4.13.2. 17.7±2.3a 429.0::1::34.08 655,8±74.18 13.5::1::3.0a 669.3::1::72.8a

Intra- row cowpea 222.9::1::21.4a 11.5±2.5a 139.1 ::1::15,83 22.3 ±3.5a 395.7<310. 691.9±48.2a 22,5:1::7.3a 714.4±47.6a

Intra - hole cowpea 195.9±26.18 11.2±1.7a 145.1 ±25,Oa 17.0'2.9. 369.2050.3. 715.0'85.7. 13.2H3. 728.3<87.0.

Year 2: Effect of P supply on N content of cowpea and maize

PO 91.2019.3b 7.!'i±0.7h 2786<44.0. 8.9<1.9b 386.U64.Db 498.H70.6b 9.8±3.50 508.1'70.4b

P40 162.6±21.2a 9.9±0.8a 390.3 ::I::56,8a 13.2±2.211 576.1'74.3. 640.6::1::64.4ab 1O.9±1.8a 651.4'64.3.b

P80 180.8'34.3. 9.2±0.7ao 340,8::1::63,7(1 14.1::1::2.411 544.8<91.3. 699.8<84.6. 14.7±5.8a 714.4:183.311

Year 2: Effect of cropping system on N content of cow pea and maize

Sole cowpea 249.2±43.5a Jt.3±1.1a 567.9±70.la 13.7±2.611 844.1±1t2.2a 722.20123.0. 9.8±4, la 731.9::1::122.la

Inter-row cowpea 140.8'11.6b 8.HO.1b 324.0'27.1b 14.7:1:2.7a 487.8<41.4b 477.4.61.7. 10.2±2.3a 487.6<62.4.

Intra~ row cowpea 93.7<12.4b 1.50Mb 256.6<61.1 b 1O.8'2.2.b 368.7<13.4b 619.7079.7. 18.8078. 638.4<788.

Intra - hole cowpca 95.7±19.5b 8.HO.8b 197.H30.7b 7.1 nOb 308.H43.2b 632,3*64.3a 8.4±1.7a 640.7±63.6a
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Table 6.6 Effect of P supply and eropping system on fixed-N in organs and whole plants of cowpea
sown in 2003 (Year 1) and 2004 Year 7.). Values followed by dissimilar letters in the same column
(bold type) are significant at P < 0.05.

Trl'lIhnrnt Shoots Roo:s Pods Whole plant
N fixed (different N fixed (equal

plant densities) plant densities)
______________________ kg N. ha· I••••••••••••••••_ ••

231.7±21.3b 22.4±3.4b 38.6±3.6b

259.3±25.7. b 25.6±4.2.b 43.H4.3.b,
302.1±27.6. 29,6±4.511 50.3±4.6n

260.3±27.0a 43.4±4,5n 43.4±4.Sa

283.9±29.6a 31.3±3.3b 47.3±4.9.

263.4±27.7. 14.6±1.5' 43.9±4.6'

249.9±35.8, 13.9±2.0, 41.6±6.0.

293.BO.2b 32.9±8.9b 48.9±8.4b

435,654.7. 46,O±9.8n il.6±9.1a

416.367.211 49.9±13.411 69.4±11,2a

595.787.0n 99.3±14.5a 99.3::1:14.511

371.431.3b 41.3±3.3b 61.9±5.2b

298.759.3b' t6.6±3.3c 49.8±9.9b

26J.038.6c 14.5±2.tc 43.56.4b

86,8±9,Oa

94.6±9.2.

99,9±9.6a

99,9±IO.4a

106.8±9.3.

852±9.5.

83.l±12.6,

215.4±35.7b

298.6 ±43.1 It

261.8 ±43.90

406.1 ±55.1 n

249.H21.7b

21O.8±49.6b

168.4 ±26.8c

2.0±O.S2a

1.7 iO.51 a

2.0±0.44,

2.1±0.41.

1.7±0.28.

2.2 ±0.43,

2.0±0.47a

2.9±0.29b

4.1 ±O.35a

3.9± 0.29a

4.6±0.4ia

3.4±0.J1b

3.J ±{t.28c

3.3±0.32b

112.9±15.7b

150.7:1:.25.70

_____________________________RIg. Pla nt.1 •••••__• ••

Year I: Effect of P supply on nxtd-N

PO 143.HI4.7b

P40 162.6±18.4.b

P8D 200.2 ±20.98

Yellr I: fmI'd of cropping system on fixcd-N

Solccowpea 158.4±19.4a

Inter-row cowpea 175.4 ±23.40

Intra- row cowpea 176.3 ±20,90

Intra - hole cowpea 164.6±25.0u

Vent 2: Effect of fl supply 011 fixed-N-

PO 74.9±15.lc

NO
P80

Year 2: Effect of cropping system on fixed-N
Sole cowpea 185.0±34.lo

Inler-toW cowpea J18.8±14.6b

lntra-rowcowpen 84.9±ll.7b

Intra - hole cowpea 89.2±18.7b
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CHAPTER 7

EFFECT OF EXOGENOUS P SUPPLY AND CROPPING SYSTEM ON ACID AND

ALKALINE PHOSPHATASE ACTIVITY AND MICROBIAL B10MASS IN THE

RHIZOSPHERE OF NODULATED COWPEA (VIGNA UNGUICULATA L. WALP.) AND

MAIZE (ZEA MAYS L.).
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7.1 Introduction

Rhizosphere functioning is affected by many biological processes, such as enzyme activity,

microbial numbers, root border cells, and mineral nutrient concentrations. Soil enzymes such as

acid and alkaline phosphatases are important in the cycling of P and could be good indicators of

soil fertility (Dick and Tabatai 1992; Eivazi and Tabatai 1997; Dick et al., 2000). The

phosphatases are a group of enzymes responsible for the cleavage of P from organic esters to

release inorganic P needed for both plants and microbes. There are two types of phosphatases:

acid phosphatase usually produced by plant roots and alkaline phosphatase released by microbes.

Phosphatases play an important role in the regeneration of inorganic P in P-limited soils through

the breakdown of organic Pesters (Chrost, 1991). The level of their activity in the rhizosphere

can differ with crop species (Izaguirre-Mayoral and Carballo, 2002) and crop management

strategies (Patra et al., 1990; Staddon et al., 1998; Wright and Reddy; 200 I).

Soil microbial biomass is a measure of the size of microbial population in the soil and therefore

plays an important role in soil processes (Dalal, 1989; Alvarez and Alvarez, 2000). Microbial

biomass in soil could also serve as a major indicator characterising soil health (Nanniperi et al.,

1990; Sparling and Ross, 1993). In agriculture, in particular, the interaction between soil

microbes and plants plays a significant role in nutrient cycling in the ecosystem (Wahua, 1984;

Wiehe and Hiiflich, 1995; Hiiflich et aI., 2000). As with the phosphatases, microbial biomass in

the rhizosphere of plants can differ from species to species. As a result, nutrient management

practices such as intercropping and crop rotation can alter soil biological activity through the

addition of organic C that serves as an energy source for microbial growth and metabolism

(Vaughan and Malkolm, 1985; Alvey et al., 2003). However, whether the supply of mineral
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nutrients or cropping system do affect microbial activity and microbial biomass remains to be

determined. However, changes in environmental factors such as soil moisture, soil temperature

and C inputs from root exudate components (e.g. mucilage and root border cells) have been

shown to alter the level of soil biological activity including phosphatase activity and soil

microbial biomass (Ross, 1987; Insam et al., 1989). A number of studies have revealed increases

in microbial biomass with external supply of minerals (Bolton et al., 1985; Goyal et al., 1993;

Hoflich et al., 2000), although others have shown the opposite effect (Biederbeck et al., 1984;

McAndrew and Malhi 1992; Ladd et al., 1994).

The aim of this study was i) to examine the effects of exogenous P supply and cropping system

on acid and alkaline phosphatase activity in the rhizosphere of cowpea and maize, and ii) to

assess the effect of P supply and cropping system on the size of soil microbial biomass in the

rhizosphere of cowpea and maize.

7.2 Material and methods

7.2.1 Experimental site

Field experiments were conducted under irrigation at the Agricultural Research Council

Nietvoorbij site (33 0 54' S, 180 14' E) in Stellenbosch, South Africa, during the 2003 and

2004 summer seasons at two different locations within Nietvoorbij. The site characteristics

were described in detail in chapter 2 section 2.2.1.

7.2.2 Experimental design

The experimental treatments consisted of three levels (0, 40, and 80 kg P.ha'l) of triple

superphosphate [46% P, 13.5% Ca, 1.5% S, 0.0007% Cu, 0.008% Zn, 0.021% Mn, 0.053% Band

0.0009% Mo (Cherney, 2003; FAS, 2005)] and 4 planting patterns (namely, monoculture,

maize/cowpea inter-row, maize/cowpea intra-row, and maize/cowpea intra-hole planting). The
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experimental design and layout, and other cultural practices are well described In chapter 2

section 2.2.2

7.2.3 Collection and preparation of rhizosphere soil

At 60 d after planting, "rhizosphere soil", defined as soil rich in roots and/or adhering to the roots

and influenced by root activity, was collected from around maize and cowpea plants for enzyme

and microbial biomass analysis. The collection procedure is outlided in chapter 3 section 3.2.4.

Collected rhizosphere soil sample was shaken into a labeled plastic bag and stored at 4°C until

they were analysed for soil microbial biomass C and acid and alkaline phosphatase activities.

7.2.4 Determination of microbial biomass

The dry weight of each soil sample was first determined. A sub-sample of soil from each plot was

analysed for moisture content by means of oven-drying at lorc for 24 h. The microbial biomass

carbon was determined using the substrate-induced respiration technique of West and Sparling

(1986) with modifications. Two duplicate rhizosphere soil samples were taken from each plot,

and 5 g of the moist field soil placed in 50 mL centrifuge tubes equipped with gas tight lids and

fitted with rubber septa for gas sampling. The soil in each tube was then mixed thoroughly with

10 mL of glucose solution. Dissolved glucose was used rather than solid glucose in order to

provide proper mixing of glucose with the soil. The tubes were then capped and shaken

horizontally at 22°C for 4 h. Ten minutes after sealing the tubes, the initial headspace CO2

concentration was measured at time zero (To) by injecting 5 mL lab air into the tube, and then

pull out 5 mL air from the tube. The headspace CO2 concentrations were then measured at I, 2

and 4 h after the To time point by sampling 5 mL of air from the tube with a syringe and then

measuring the CO2 concentrations using gas chromatography (CG). The time that the gas sample

was taken was recorded. The slope of the line relating to CO2 concentration to time was
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calculated. The microbial biomass C was calculated as described by Anderson and Domsch

(1978):

y = 40.04x + 0.37 (I)

Where y = biomass C (mg 100 g soir\ x = the respiration rate [mL CO2• (100 g soilyl.h-lj, and

0.37 as correction factor for non-respiring microbial populations.

7.2.5 Determination of acid and alkaline phosphatase activity

Alkaline and acid phosphatase activities were determined according to the protocol developed by

Tabatai (1982). The p-nitrophenyl phosphate tetrahyrate was used in the colorimetric assay of

alkaline and acid phosphatase. The p-nitrophenyl phosphate tetrahyrate was dissolved in acetate

buffer initially adjusted to pH 6.5 with O.lM HCl for acid phosphate and to pH 11.0 with O.IM

NaOH for alkaline phosphate. For each enzyme activity, one g of wet soil samples (in duplicate)

was added into a flask and treated separately with 4 mL of the pH adjusted solution above. For

each soil sample controls were also included. Samples were mixed thoroughly and incubated at

37°C for 1 h. At the end of incubation, enzyme activity was stopped by addition of I mL of 0.5 M

Na OH and 4 mL of0.5 M CaCh. The sample was mixed and filtered through a folded Whatman

# 2 filter paper. The supematant was transferred to tubes and measured at 420 nm. Absorbance of

filtrates were compared with p-nitrophenol standards bound with phosphate. To account for non­

enzymatic substrate hydrolysis, values for control were subtracted from sample replicates. The

enzyme activities were expressed on dry weight basis as fig p-nitrophenol.g· l soil dry wt.h-l.
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7.2.6 Statistical analysis

A 2-factorial design (2-way ANOVA) involving P and cropping system was used to statistically

analyse microbial biomass C and phosphatase enzyme activities in the rhizosphere soil of cowpea

and maize separately. The analysis was done using the software of STATISTICA program 1997.

Fisher's least significant difference was used to compare treatment means at P ~ 0.05 level of

significance (Steel and Torrie, 1980).

7.3 Results

7.3.1 Effect of P supply and cropping system on acid and alkaline phosphatase activity in

the rhizosphere of cowpea and maize

Applying exogenous P to the cropping system decreased the alkaline phosphatase activity in the

rhizosphere soil ofcowpea and maize in Year I (Fig 7.1 A, B). The acid phosphatase activity was,

however, not significant for both species in Year I (data not shown).

In Year2, the provision ofP significantly decreased both acid and alkaline phosphatase activity

in the rhizosphere of both cowpea and maize especially at the 80 kg P.ha-1 (Fig 7.1C, D, E and F).

In Year I, the cropping system had no effect on the acid and alkaline phosphatase activity in the

rbizosphere of either cowpea or maize (data not shown). In Year 2 however, acid phosphatase

activity in the rhizosphere of cowpea was significantly increased by mixed culture (especially

with intra-hole planting) relative to monoculture (Fig 7.2A). Alkaline phosphatase activity was

also significantly higher in the rhizosphere of the inter-row planted cowpea relative to

monoculture (Fig 7.2B).
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7.3.2 Effect of P supply and cropping system on microbial biomass in the rhizosphere of

cowpea and maize

The application of P did not alter microbial biomass in the rhizosphere of either cowpea or maize

in Year 1 (Table 7.1). In Year 2, however, microbial biomass was significantly increased by P

supply in the rhizosphere of both cowpea and maize (Table 7.1). This increase in microbial

biomass was further confirmed by the elevated level of microbial respired CO2 in the rhizosphere

of maize in Year 2 (Table 7.2).

In the two years of experimentation, microbial biomass in the rhizosphere of both cowpea and

maize was significantly increased by intra-hole planting relative to monoculture and other

cropping systems (Table 7.1). The data for Year 2 were similar in pattern, with intra-hole

planting again showing significantly increased microbial biomass compared to sole cropping

(Table 7.1). As a result of these increases in microbial biomass, the level of microbially-respired

CO2 was also greater in the rhizosphere of intra-hole planted cowpea compared to other

treatments (Table 7.2).

7.4 Discussion

In this study, supplying cowpea and maize with exogenous P as triple superphosphate altered acid

and alkaline phosphatase activity. Whether because of the relatively high endogenous soil P

concentration in Year 1 experimental site (40.0±3.3 mg P.kg-1 for Year 1 vs. 8.8±O.8 mg P.kg·1

for Year 2), soil acid phosphatase activity in the rhizosphere of cowpea and maize was unaffected

by exogeneous P supply in Year I (data not shown). However, soil alkaline phosphatase activity

was significantly decreased by external supply of inorganic P (Fig 7.IA, B). In Year 2, however,
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both acid and alkaline phosphatase activities were significantly decreased in the rhizosphere soils

ofcowpea and maize with increasing P supply (Fig 7.1C, D, E and F). Because phosphatases are

implicated in the acquisition of P in low-P soils, their activity generally decreases with P

sufficiency (Duff et al., 1994; Yadav and Tarafdar, 2001; Yun and Kaeppler, 2001). The results

obtained here with exogenous P supply are therefore consistent with the findings of previous

studies (Duffet al., 1994; Yadav and Tarafdar, 2001; Yun and Kaeppler, 2001).

Unlike maize, the activity of acid and alkaline phosphatase in the rhizosphere soil of cowpea was

affected by the cropping system, though not in Year I possibly due to the relatively high

endogenous soil P concentration. Relative to monoculture, intercropping significantly increased

the rhizosphere activity of these enzymes, with intra-hole planting exhibiting a markedly large

increase in acid phosphatase activity when compared to sole culture (Fig 7.2A, B). The acid

phosphatase activity in the rhizosphere soil of cowpea was generally higher than that of maize, a

finding consistent with the results of other intercropping studies involving legumes and cereals

(Li et al., 2004). This greater acid phosphatase activity in the rhizosphere soil of the legume

compared to cereal has been interpreted in other studies to mean that legume facilitates P

availability for uptake by the cereal partner in the cropping system (Horst and Waschkies, 1987;

Ae !!t al., 1990; Kahm et a!., 1999; El Dessoug et al., 2003; Li et al., 2004). This is because

rhizosphere with higher phosphatase activity have greater potential to utilise organic P than that

with low activity, although it is debated elsewhere that acid phosphatase may not be a major

mechanism for P acquisition in low-P environments (Yun and Kaeppler, 2001).

The phosphatases occurring in the rhizosphere could be of microbial origin, although they are

generally attributed to plant. Thus, microtlora in the rhizosphere also play a major role in nutrient

availability to plants, which in turn modifies the rhizosphere microbial community. In this study,
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microbial biomass, defined as the living component of the soil organic matter pool that is

responsible for organic matter decomposition and nutrient turnover (Sparling and Ross 1993),

was altered by external P supply in Year 2, but not in Year I, possibly because of the relatively

good nutrient status of the soil used in the first year of experimentation. Because of the low

endogenous P of the soil used in Year 2, supplying mineral P seemed to promote microbial

growth and biomass in Year 2 (Table 7.1), which led to increase of C02 from microbes (Table

7.2).

The cropping system also affected the microbial biomass in rhizosphere soil. In both Year I and

2, intra-hole planting of cowpea and maize significantly increased microbial biomass relative to

monocropping of either plant species (Table 7.1). As a result, microbial release of respired CO2

was also markedly greater when cowpea and maize were co-planted in one hole (Table 7.2). It

would seem that microbial biomass is likely to increase where intercropped partners share close

root proximity or exhibit intermingling of their roots. A study by Wahua (1984) found that

rhizosphere bacterial counts increased with intercropping and was greater in intra-row than inter­

row planting. Because legumes and cereals release root exudates with different chemical profiles

into the rhizosphere, intercropping and/or crop rotations are likely to cause significant shifts in

rhizosphere microbial communities and hence microbial biomass (Alvey et al., 2003).

In conclusion, the data obtained in this study clearly show that careful management of mixed

plant cultures supplemented with moderate mineral inputs can optimise soil "health" and produce

sustainable yields.
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Table 7, I. Effects ofi' supply and cropping system on microbial biomass C from the rhizosphere soil ofcowpea and maize planted in 2003 (Year I) and 2004
(Year 2). Values followed by dissimilar letters in the same column (bold type) are significant at P < 0,05

Treatment Microbial biomass C (mg. 100g1OM')

Cow pea 03 Maize03 Cowpea 04 Mnize04

Effect of r microbial blomau C

PO 425.0:l:2.9a 421.3 :k2.8a 442.H4.~b 439.0±J.7b

P40 426.7±3.61:1 423.2±3,9a 451.7:1:6.78 444.2±6,Jab

P80 427,9±4,59 425.9:1:4.4a 459.6:1:6.4a 453.5±5.68

Effect of cropping system 011 mlcrublal blumns! C

Mono 421.5±J.6b 4t~.4 ;2.~b 4J~.H4.6b 4J~.H6.~b

Inter-row 422.HJ.lb 419.6;J.Ob 449.9;/;:6.9ab 4J9.4M.~b

Intra- row 424.H2.7b 4211.H2.lb 4~2.H8.II.b 440.1*3.8b

Intra - hole 438.2±5.411 438.2:1:5.48 467.6:1:5.58 467.6:1:5.511
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Table 7,2. Effects of P supply and cropping system on the amount afeO! respired from the rhizosphcre soil ofcowpea planted in 2003 (Year t) and 2004
(Year 2). Values followed by dissimilar letters in the same column (bold type) Ilrc significant at P:::; 0,05. ns = not significant. The effects ofP supply and
cropping systems on uptake ofsome nutrients in nodules and pods were not significant in Year 1 and 2,

185,64± 6,78. 202.96± 1364. 238,20±5,98,

19l.t0±9.28a 230.51± 19.36. 269.19±11.40b

19%57±9.61a 257.14± 18.38a 311.9:1:1:: 12.6411

183AI±7,32, 187.37± 13.24b 26832± 17,76

I92A2±872, 229.27± 19.72.b 268, 15± II'AO

195,59±612. 235.93± 23.07.b 275,71± 14,83

195,66± 1556, 268.24± 20.35. 280.24± 15,79

149.90±8.88b

155.53± 7.68b

19S.66± 1S.S6n

[ntcHow cowpea

Intra- row cowpea

Intra - hole cowpea

Yellr 1: Effects of cropping system on microbial respiration

Monocowpea t47.86±10.2Ib

Treatment Microbial respiration (~llnoI.COUg soW I 11"1)

Cowpea 03 Maizc03 Cowpea 04 Maiz.e04
-----------'''-''''-'-'-'-:.-
YCllt 1: Effech of r on microbial rC5pirlllion

PO 157,77± 8,27.

P4Q I 62,79:l: 10.258

P80 166.\5:1::\2.9011
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Figure 7, I ,Effects of P supply on the activity of acid and alkaline phosphatase in the rhizosphere soil ofcowpea and maize planted in 2003 (Year I) and 2004 (Year 2). A ~

alkaline phosphatase in cowpea rhizosphere in Year I; B = alkaline phosphatase in maize rhizosphere in Year I; C = acid phosphatase in cowpea rhizosphere in Year 2; D =
alkaline phosphatase in cowpea rhizosphere in Year 2; E = alkaline phosphatase in maize rhizosphere in Year 2; F = alkaline phosphatase in maize rhizosphere in Year 2.
Vertical lines on bars represent the standard error of mean, For each enzyme different letters on bars indicate significantly different means at P ~ 0.05. ns = not significant.
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CHAPTER 8

GENERAL DISCUSSION
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General Discussion

In the global agriculture, N and P are the most limiting mineral nutrients to plant growth and crop

production world wide, including Africa (Vance 2001). Results from my 2-year study have

shown that the provision of moderate P inputs to low P soil increased plant growth and grain

yields of cowpea and maize. This increase in productivity was due to enhanced uptake of P and

other mineral nutrients leading to improved symbiotic function and increased nitrogen nutrition

of both the legume and cereal. In Africa where rock phosphate is abundant, moderate use of this

natural resource is therefore likely to boost crop yields in farmers' fields.However, studies with

rock phosphate would have to be undertaken before any exploitation for increasing agricultural

yield.

Furthermore, as shown in this study, in a well managed legume/cereal cropping system, P

supplementation could improve the production system through organic matter accumulation in

the soil and C sequestration. With the increasing C02 concentration in the atmosphere,

increased legume cultivation in cropping systems could increase crop yields and sequester C

with greater economic returns to farmers.

There were strong species differences in nutrient uptake and accumulation by cowpea and

maize in this study. At normal plant density monocropping of cowpea showed greater

depletion of nutrients from the soil because of its higher plant population relative to maize.

This implies that commercial production of cowpea is more likely to deplete the soil of

nutrients than maize. However, in traditional African agriculture where intercropping IS

practiced with very low legume densities, nutrient mining would be expected to be minimal.
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The observed changes in mineral content of cowpea organs in this study could have implications

in the dietary use of cowpea leaves as vegetables in Africa. Fanners in the tropics, including

Africa, grow their crops as mixtures. More specifically, the finding that intercropping can reduce

the level of mineral nutrients in leaves and shoots of vegetable crops such as cowpea calls for

detailed studies on the effect of mixed cropping on the food quality of crop plants. However, the

decrease in mineral content of cowpea with intercropping could also have positive effects on

ecosystem functioning, especially where farmers remove crop residues from the field. The

decreased content of mineral nutrients in residues of intercropped cowpea implies that the

complete removal of such a crop at harvest where intensive cultivation is practiced could

potentially reduce nutrient supply to subsequent crops relative to monoculture where the legume

accumulated greater amounts of soil nutrients.

A comparison of cowpea with maize revealed large species differences in nutrient accumulation

by organs and whole plants. Nutrient levels were generally greater in maize than cowpea,

suggesting that the cereal is more likely to exhaust the soil of mineral nutrients than the legume.

However, when the plant densities in monocultures and nutrient content per plant were used to

estimate the level of nutrient mining by the two species on a per-hectare basis, the cowpea was

found to deplete more soil nutrients than the maize because of its greater plant density. This

implies that the production of legumes in monocultures, as commonly practiced by commercial

fanners, is more likely to exhaust soil nutrients than sole cropped cereals. However, when

cowpea is intercropped with maize as done in traditional systems, the nutrient depletion by this

legume is likely to be minimal. With the high level of soil degradation in Africa, agricultural

practices that reduce soil nutrient depletion would be desirable. The data of this study suggest

that intercropping of cowpea with maize or other cereals would be a preferred cropping system

for sustainable yields.
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Although in this study Nz fixation was depressed by intercopping, the actual amounts ofN-fixed

ranged from 14-32 kg N ha,l in Year 1 to 15-41 kg N ha,l in Year 2 in intercropped cowpea with

a very low plant density. Such amounts of N-fixed, though small, would be useful to resource­

poor farmers who cannot afford expensive N fertilizers. So, despite the smaller amount of

biological N that may be produced by legumes in mixed cultures, legumes remain important in

cropping systems because of their contribution to sustainability of the cultural systems, Besides

fixed-N, legumes can also make other mineral nutrients more available to cereal partners and vice

versa,

In conclusion, intercropping of legumes with cereals is an "old science", But with new tools and

techniques, more data could be generated on belowground processes that would advance our

understanding of plant-plant and plant-nutrient interactions in the rhizosphere with potential for

increasing crop yields.

128



References

Ae N, Arihara l, Okada K. 1990. Phosphorus uptake by pigeon pea and its role in cropping
systems of the Indian subcontinent. Science 248: 477- 480.

Ahmed S. Evans Hl. 1960. Cobalt: a micronutrient element for the growth of soybeans under
symbiotic conditions. Soil Science 90: 205-210.

Alvarez CR, Alvarez R. 2000. Short-term effects of tillage systems on active soil microbial
biomass. Biology and Fertility ofSoils 31: 157-161.

Alvey S, Yang CH, Buerkert D, Crowley DE. 2003. CereaUlegume rotation effects on
rhizosphere bacterial community structure in west African soils. Biology and Fertility ofSoils 37:
73-82.

Anderson Al, Spencer D. 1950. SuIfur in nitrogen metabolism of legumes and non-legumes.
Aust. J. Sci. Res. B 3: 431- 430.

Anderson lPE, Domsch KH. 1978. A physiological method for the quantitative measurement of
microbial biomass in soils. Soil Biology and Biochemistry 10: 215-221.

Aon MA, Colaneri AC. 2001. Temporal and spatial evolution of enzymatic actIVIties and
physico-chemical properties in an agricultural soil. Applied Soil Ecology 18: 255-270.

Asafu-Agyei IN, Ahenkora K, Banful B, Ennin-Kwabiah S. 1997. Sustaining food production in
Ghana: In 'The role of cereal-legume based cropping systems'. In: Bezunch T, Emechebe AM,
Sedago l, Quedraogo M. (eds.) Semi-Arid Food Grain Research and Development Agency of the
Scientific, Technical and Research Commision of OAU, Quagadougou, Burkina Faso. pp. 409­
416.

Ayisi KK, Nkgapele RJ, Dakora FD. 2000. Nodule formation and function in six varieties of
cowpea (Vigna unguiculata L. Walp.) grown in a nitrogen rich soil in South Africa. Symbiosis
28: 17-31.

Baldwin lC, Karthikeyan AS, Raghothama KG. 2001. LEPS2, a phosphorus starvation-induced
novel acid phosphatase from tomato. Plant Physiology 125: 728-737

Baligar YC, Grunes DL, Belesky DP, Clark R, 200 I. Mineral composition of forage legumes as
influenced by aluminum. Journal ofPlant Nutrition 24: 215-227.

Bariola PA, Howard Cl, Taylor CB, Yerburg MT, laglan YD, Green Pl, 1994. The Arabidopsis
ribonuclease gene RNSI is tightly controlled in response to phosphate limitation. Plant Journal 6:
673-685.

129



Barrow NJ. 1987. The effect ofphosphate on Zn sorption by a soil. Journal o/Soil Science 38:
453-459.

Beyers CPDL, Coetzer FJ. 1971. Effect of concentration, pH and time on the properties of di­
ammonium EDTA as a multiple soil extractant. Agrochemophysica 3: 49-54.

Bianciotto, V. and Bonfante, P. 2002. Arbuscular mycorrhizal fungi: A specialised niche for
rhizospheric and endocellular bacteria. Antonie van Leeuwenhoek 81: 365-371.

Biederbeck VO, Campbell C, Zentner RP. 1984. Effect of crop rotation and fertilization on some
biological properties of a loam in southwestern Saskatchewan. Canadian Journal 0/Soil Science
64: 355-367.

Bolan NS, White RE, Hedley MJ. 1990. A review of the use of phosphate rocks as fertilizers for
direct application in Australia and New Zealand. Australian Journal 0/Experimental Agriculture
30: 297-313.

Bolton H. ElIiot LF, Papendick RI, Bezdicek DF. 1985. Soil microbial biomass and selected soil
enzyme activities: effect offertilization and cropping practices. Soil Biology and Biochemistry
17: 297-302.

Brady N. 1990. The Nature and Properties of Soils, Tenth Edition. Macmillan Pub!. Co., New
York, 621 pp.

Braum SM, Helmke PA. 1995. White lupin utilizes soil phosphorus that IS unavailable to
soybean. Plant and Soil 176: 95-100.

Brink GE Fairbrother TE. 1992. Forage quality and morphological components of diverse clovers
during primary spring growth. Crop Science 32: 1043-1048.

Brookes PC, Powlson DS, Jenkinson DS. 1984. Phosphorus in the soil microbial biomass. Soil
Biology and Biochemistry 16:169-175.

Bryan G, Hopking B, 1992. Plant utilization of iron solubilized by oat phytosiderophore. Journal
o/Plant Nutrition 15: 1599-1612.

Buerkert A, Bationo A, Piepho HP. 2001. Efficient phosphorus application strategies for
increased crop production in sub-Saharan West Africa. Field Crops Research 72,1-15.

130



Buresh RJ, Smithson PC, Hellums DT. 1997. Building soil phosphorus capital in Africa. In: RJ.
Buresh RJ. Sanchez PA, Calhoun F. (eds.). Replenishing Soil Fertility in Africa, SSSA Special
Publication 5i, American Society of Agronomy and Soil Science Society of America, Madison,
Wl. pp. 111-149.

Burton JW, Brim CA, Rawlings JO. 1983. Performance of non-nodulating and nodulating
soybean isolines in mixed culture with nodulating cultivars. Crop Science 23: 469-473.

Cakmak I, Marschner H. 1986. Mechanism ofphosphorus-induced Zn dependance in cotton. Zn
depending enhanced uptake rate of phosphorus. Physiological Plantarum 68: 483-490.

Carroll and Longergan JF. 1968. The relevance of solution culture studies to the absorption of
zinc from soils, Proceedings ofthe Nineth international Congress on Soil Science Transactions,
vol. 11 Bucharest. pp. 191-202.

Carsky RJ. 2003. Response of cowpea and soybean to P and K on terre de barre soils in southern
Benin. Agriculture, Ecosystems and Environment 100: 241-249.

Chang JF, Shibles RM. 1985a. An analysis of competition between intercropped cowpea and
maize 1. Soil N and P levels and their relationships with dry matter and seed productivity. Field
Crops Research 12: 133-143.

Chang JF, Shibles RM. 1985b. An analysis of competition between intercropped cowpea and
maize 11. The effect of fertilization and population density. Field Crops Research 12: 145-152.

Chen Y, Shi J, Tian G, Zheng S, Lin Q. 2004. Fe deficiency induces Cu uptake and accumulation
in Commelina communis. Plant Science 166: 1371-1377.

Cheng Y, Howieson JG, O'Hara GW, Watkin ELl, Souche G, JaiIlard B, Hinsinger P. 2004.
Proton release by roots of Medicago murex and Medicago sativa growing in acidic conditions,
and implication for rhizosphere pH changes and nodulation at low pH. Soil Biology and
Biochemistry 36: 1357-1365.

Chemey JH (ed.) 2003 Comell guide for integrated field crop management-2004, # 125RFC
Comell Coop. Ext, Cornell Univ, Ithiaca, N.Y.

Christensen NW, Jackson TL. 1981. Potential for phosphorus toxicity in zinc-stressed corn and
potatoe. Soil Science Society ofAmerican Journal 45: 904-909.

Chrost R. 1991. Environmental control of the synthesis and activity of aquatic microbial
ectoenzymes. In: Chrost RJ (ed.) Microbial enzymes in aquatic environments. Springer-Verlag,
New York pp 29-59.

131



Chu GX, Shen QR, Cao JL. 2004. Nitrogen fixation and transfer from peanut to rice cultivated in
aerobic soil in an intercropping system and its effect on soil N fertility. Plant and Soil 263: 17-27

Ciarelli DM, Furlani AMC, Dechen AR Lima M. 1998. Genetic variation among maize
genotypes for phosphorus-uptake and phosphorus-use efficiency in nutrient solution. Journal of
Plant Nutrition 21: 2219-2229.

Cline G, Rhodes D, Felker P. 1986. Micronutrient, phosphorus and pH influence on growth and
leaf tissue nutrient levels of Prosopis alba and Prosopis glandulosa. Forest Ecology and
Management 16: 81-92.

Cochran, VL, Schlentner SF. 1995. Intercropped oat and faba bean in Alaska: Dry matter
production, dinitrogen fixation, nitrogen transfer, and nitrogen fertiliser response. Agronomy
Journal 87: 420-424.

Connolly J, Goma HC, Rahim K. 2001. The information content of indicators in intercropping
research. Agriculture Ecosystems and Environment 87: 191-207.

Craig LA, Wiebold WJ, McIntosh MS. 1981. Nitrogen fixation rates of alfalfa in mixture with
grasses. Agronomy Journal 73: 996-998

Crew TE, Peoples MB. 2004. Legume versus fertilizer source of nitrogen: ecological tradeoffs
and human needs. Agriculture, Ecosystem and Environment 102: 279-297.

Cu SIT, Hutson J, Schuller K A. 2005. Mixed culture ofwheat (Triticum aestivum L.) with white
lupin (Lupinus albus L.) improves the growth and phosphorus nutrition of the wheat. Plant and
SoiI272: 143-151.

Dakora FD. 1984. Nodulation and nitrogen fixation by groundnut in amended and unammended
field soils in Ghana. In: Ssali H, Keya SO (eds) Proceedings of the First Conference of the
African Association for biological Nitrogen Fixation (AABNf) held in Nairobi, Kenya, 23-27
July 1984. The Nairobi Rhizobium Microbiological Resourse Centre. pp 324-339.

Dakora FD, Keya SO. 1997. Contribution of legume nitrogen fixation to sustainable agriculture
in Sub-Saharan Africa. Soil Biology and Biochemistry 29: 809-817.

Dakora FD, PhiIlips D. 2002. Root exudates as mediators of mineral acquisition in low-nutrient
environments. Plant and Soil 245: 35-47.

132



Dakora FD, Spriggs A, Nyemba RC, Chimphango 5MB. 2000. Host-plant factors in the
adaptation of indigenous African legumes to low pH soils. In: Pedrosa FO, Hungria M, Yates
MG, Newton WE. (eds.) Nitrogen Fixation from molecules to Crop Productivity. Dordrecht, The
Netherlands: Kluwer Academic Publishers, 579-580.

Dakora FD. 2003. Defining new roles for plant and rhizobial molecules in sole and mixed plant
cultures involving symiotic legumes. New Phytologist 158: 39-49

Dalal RC. 1974. Effects of intercropping maize with pigeon peas on grain yield and nutrient
uptake. Experimental Agriculture 10: 219-224

Dalal RD. 1989. Long term effects of no tillage, crop residue, and nitrogen application on
properties ofa vertisol. Soil Science Society ofAmerica Journal 53: 1511-1515

Dapaah HK, Asafu-Agyei IN, Ennin SA, Yamoah C. 2003. Yield stability of cassava, maize,
soya bean and cowpea intercrops. Journal ofAgricultural Science 140: 73-82.

Daram P, Brunner S, Rausch C, Steiner C, Amrhein N, Bucher M. 1999. Pht2;1 encodes a low
affinity phosphate transporter from Arabidopsis. Plant Cell 11 : 2153-2166.

Degenhardt J, Larsen PB, Howell SH, Kochian LV. 1998. Aluminium resistance in the Arabidopsis
mutant alr-I 04 is caused by an aluminium-induced increase in pH. Plant Physiology 117: 19-27.

del Pozo JC, AlIona I, Rubio V, Leyva A, de la Peiia A, Aragoncillo C, paz-Ares J. 1999. A type
5 acid phosphatase gene from Arabidopsis thaliana is induced by phosphate starvation and by
some other types ofphosphate mobilisingloxidative stress conditions. Plant Journal 19: 579-589

Deng, S.P.; Tabatabai, M.A. 1996. Effect oftillage and residue management on enzyme activities
in soils: II. Glycosidases. Biology and Fertility ofSoils 22:208-213.

Dick WA, Tabatai MA. 1992. Significance and potential uses of soil enzymes; In: Metting Jr., FB
(ed.) Soil Microbial Ecology, Matcel Dekker, New York, NY USA, pp. 95-127.

Dick WA, Cheng L, and Wang P. 2000. Soil acid and alkaline phosphatase activity as pH
adjustment indicators. Soil Biology and Biochemistry 32: 1915-1919.

Dick RP. 1997. Soil enzyme activities as integrative indicators of soil health. In: Pankhurst, CE,
Doube BM, Gupta VVSR. (eds.) Biological Indicators ofSoil Health. CAB International, p.121­
156.

Dick RP, Rasmussen PE, Kerle EA. 1988. Influence oflong-term residue management on soil
enzyme activities in relation to soil chemical properties of a wheat-fallow system. Biology and
Fertility ofSoils 6:159-164.

Dick RP, Sandor JA, Eash NS. 1994. Soil enzyme activities after 1500 years of terrace
agriculture in the Colca Valley, Peru. Agriculture. Ecosystem and Environment 50: 123- I31.

133



Dick WA. 1984. Influence oflong-tenn tillage and crop rotation combinations on soil enzyme
activities. Soil Science Society ofAmerica Journal 48:569- 574.

Dinkelaker B, Hengeler C, Marschner H. 1995. Distribution and function ofproteoid roots and
other root clusters. Botanica Acta 108: 183-200.

Dinkelaker B, Romheld V, Marschner H. 1989. Citric acid excretion and precipitation of calcium
citrate in the rhizosphere ofwhite lupin (Lupinus albus L.) Plant Cell and Environment 12: 285­
292.

Division of Chemical Services 1956 Analytical methods. Division of Chemical Services,
Department ofAgriculture, Pretoria

Du Plessis SF, Burger ROT. 1964. A comparison ofchemical extraction methods for the evaluation
ofphosphate availability of top soils. South African Journal ofAgriculture Science 8: II 13.

Dubach M, RusselIe MP. 1994. Forage legume roots and nodules and their role in nitrogen
transfer. Agronomy Journal 86: 259-266.

Duff SMG, Sarath G, Plaxton Wc. 1994. The role of acid phosphatases in plant phosphorus
metabolism. Physiological Plantarum 90: 791-800.

Dyer B. 1894. On the analytical detenninations ofprobably available "mineral plant-food in soil" J.
Chem. Soc. 65: 115.

Eaglesham ARJ, Ayanaba A, Ranga Rao V, Eskew DL. 1981. Improving the nitrogen nutrition of
maize by intercropping with cowpea. Soil Biology and Biochememistry 13: 169-171.

Eivazi, F and Tabatai MA 1997. Phosphatase in soils. Soil Biology and Biochemistry 9: 167-172.

El Dessougi H, zu Dreeele A, Claassen N. 2003. Growth and phosphorus uptake of maize
cultivated alone, in mixed culture with other crops or after incorporation of their residues.
Journal ofPlant Nutrition and Soil Science 166: 254-261.

Elgersma A, Schlepers H, Nassiri M. 200 Interactions between perennial ryegrass (Lolium
perenne L.) and white clover (Trifolium repens L.) under contrasting nitrogen availability:
productivity, seasonal patterns of species composition, N2 fixation, N transfer and N recovery.
Plant and Soil 221: 281-299.

Evans J, Mcneill AM, Unkovich MJ, FettelI NA, Heenan DP. 2001. Net nitrogen balances for
cool-season grain legume crops and contributions to wheat nitrogen uptake: a review. Australian
Journal ofExperimental Agriculture 41: 347-359.

134



Fageria NK. 2004. Dry matter yield and shoot nutrient concentrations of upland rice, common
bean, corn, and soybean grown in rotation on an oxisol. Communication in Soil Science and Plant
Analysis 35: 961-974.

FAS, 2005 Fertilizer Statistics, 1999-2000. The Fertilizer Association oflndia, New Delhi.

Fawusi MOA, Wanki SBC, Nangju D. 1982. Plant density effects on growth, yield, leaf area
index, and light transmission in intercropped maize and Vigna unguiculata (L.) Walp. in Nigeria.
Journal ofAgricultural Science 99,19-23.

Fertilizer Society of South Africa, 1974 Manual of Soil Analysis Methods. FSSA Publication no
37.

Fleming GA. 1963. Distribution of major and trace elements in in some common pasture species.
Journal ofScience Food Agriculture 14: 203-208.

Frey B, SchUepp H. 1993. A role of vesicular-arbuscular (VA) mycorrhizal fungi in facilitating
interplant nitrogen transfer. Soil Biology and Biochemistry 25: 651-658.

Fujita K, Ogata S, Matsumoto K, Masuda T, Godfred K, Ofosu-Budu KG, Kuwata K. 1990.
Nitrogen transfer and dry matter production in soybean and sorghum mixed cropping system at
different population densities. Soil Science and Plant Nutrition 36: 233-241 .

. Gahoonia TS, Ali 0, Sarker A, Rahman MM, Erskine W. 2005. Root traits, nutrient uptake,
multi-location grain yield and benefit-cost ratio of two lentil (Lens culinaris, Medikus.) varieties.
Plant and Soil 272: 153-161.

Gardner WK, Boundy KA. 1983. The acquisition of phosphorus by Lupinus albus L IV. The
effect of interplanting wheat and white lupin on the growth and mineral composition of the two
species. Plant and Soil 70: 391-402.

Gates CT, Wilson JR. 1974 The interaction of nitrogen and phosphorus on the growth, nutrient
status and nodulation ofStylosanthes humilis H.B.K. (townsville stylo) Plant and Soil 41:325 ­
333

George TS, Gregory PJ, Robinson JS, Buresh RJ. 2002. Changes in phosphorus concentrations
and pH in the rhizosphere of some agroforestry and crop species. Plant and Soil 246: 65-73.

Gianquinto G, Abu-Rayyan A, Tola LD, Piccotino D, Pezzarossa B. 2000. Interaction effects of
phosphorus and zinc on photosynthesis, growth and yield of dwarf bean growlh in two
environments. Plant andSoil 220: 219-228.

135



Gilbert GA, Knight JD, Vance CP, Allan DL. 1999. Acid phosphatase activity in phosphorus­
deficient white lupin roots. Plant, Cell and Environment 22: 801-810.

Giller KE, Ormsher 1, Awah F 1991. Nitrogen transfer from Phaseolus bean to intercropped
maize measured using 15N-enrichment and 15N-isotope dilution methods. In: Dommergues YR,
Krupa SV. (eds.) Soil Microorganisms and Plants. Elsevier, Amsterdam pp 163-203.

Giller KE, Cadisch G. 1995. Future benefits from biological nitrogen fixation: an ecological
approach to agriculture. Plant and Soil 174: 255-277.

Giller KE, Amijee F, Brodrick Sl, Edje OT. 1998. Environmental constraints to nodulation
and nitrogen fixation of Phaseolus vulgaris L in Tanzania H. Response to N and P fertilizers
and inoculation with Rhizobium. African Crop Science Journal 6: 171-178.

Giron HC. 1973. Comparison between dry ashing and wet digestion in the preparation of plant
materials for atomic absorption analysis. Atomic Absorption Newsletter 12: 28-29.

Gladstones lS, Loneragan IF. 1967. Mineral elements in temperate crop and pasture plants: I.
Zinc. Australian Journal ofAgricultural Research 18: 427-446.

Goldstein AH. 1992. Phosphate starvation inducible enzymes and proteins in higher plants. In: lL
Wray lL. (cd.) Society for Experimental Biology Seminar Series 49: Inducible Plant Proteins.
Cambridge University Press, Cambridge, pp 25-44.

Goyal S, Mishra MM. Dhankar SS, Kapoor KK, Batra R. 1993. Microbial biomass turnover and
enzyme activities following application of farm yard manure to field soils with and without
previous long-term application. Biology and Fertility ofSoils 15: 60-64.

Graham lH, Leonard RT, Menge lA. 1981. Membrane mediated decrease in root exudation
responsible for phosphorus inhibition of vesicular-arbuscular mycorrhiza formation. Plant
Physiology 68: 548-552.

Gregory Pl Hinsinger P. 1999. New approaches to studying chemical and physical changes in the
rhizosphere: an overview. Plant and Soil 211: 1-9. •

Gross CF, lung GA. 1978. Magnesium, Ca, and K concentrations in temperate-origin forage
species as affected by temperature and Mg fertilization. Agronomy Journal 70 : 397-403.

Grusak MA, Pearson IN, Marentes E 1999. The physiology of micronutrient homeostasis in field
crops Field Crops Research 60: 41-56.

136



Guan SY. 1989. Studies on the factors influencing soil enzyme activities: I. Effects of organic
manures on soil enzyme activities and N and P transformations. Acta Pedologica Sinica 26: 72 ­
78.

Gupta VVSR, Germida 11. 1988. Distribution of microbial biomass and its activity in different
soil aggregate size classes as affected by cultivation. Soil Biology and Biochememistry 20: 777­
786.

Handreck KA. 1991. Interactions between iron and phosphorus in the nutrition of Banksia
ericifolia 1.f var ericifolia (Proteaceae) in soil-less potting media Australian Journal ofBotany
39: 373 -384.

Haran S, Logendra S, Seskar M, Bratanova M, Raskin I. 2000. Characterization of Arabidopsis
acid phosphatase promoter and regulation of acid phosphatase expression. Plant Physiology 124:
615-626.

Hardason G, Atkins G. 2003. Optimizing biological N2 fixation by legumes in farming systems.
Plant and Soil 252: 41-54.

Hart A L, Halligan G and Haslemore R M 198 I Analysis of the response of pasture legumes to
phosphorus in controlled environment. New Zealand Journal ofAgriculture Research 24: 197­
201.

Hauggaard-Nielsen H, Jensen ES. 2005. Facilitative root interactions in intercrops. Plant and Soil
274: 237-250.

Hayes JE, Richardson AE, Simpson RJ. 1999. Phytase and acid phosphatase activities and
extracts from roots of temperate pasture grass and legume seedlings. Australian Journal ofPlant
Physiology 26: 80 I -809.

Heichel GH. 1987. Legume nitrogen: Symbiotic fixation and recovery by subsequent crops. In:
Helsel ZR. (ed.) Energy in Plant Nutrition and Pest Control. Elsevier Sci. Pub!.. Amsterdam pp
63-80.

Henriet J, van-Ek GA, Blade SF, Singh BB. 1977. Quantitative assessment of traditional
cropping systems in the Sudan savanna of northem Nigeria. I.Rapid survey ofprevalent cropping
systems. Sameru Journal ofAgricultural Research 14: 37-45.

Hinsinger P, Gilkes RJ. 1996. Mobilization ofphosphate from phosphate rock and alumina­
sorbed phosphate by roots ofryegrass and clover as related to rhizosphere pH. European Journal
ofSoil Science 47: 533-544.

Hinsinger P, Plassard C, Tang C, Jaillard B. 2003. Origins of root-mediated pH changes in the
rhizosphere and their responses to environmental constraints: A review. Plant and Soil 248: 43­
59.

137



Hoffland E, van den Boogaard R, Nelemans, lA, Findenegg GR. 1992. Biosynthesis and root
exudation of citric and malic acid in phosphate starved rape plants. New Phytologist 122: 675­
680.

Hoffland E, Findenegg GR, Nelemans lA. 1989. Solubilization of rock phosphate by rape. II.
Local root exudation oforganic acids as a response to P-starvation . Plant and Soil 113: 161-165.

Hoflich G, Tauschke M, Kiihn G, Rogasik l. 2000. Influence of agricultural crops and
fertilization on microbial activity and microorganisms in the rhizosphere. Journal ofAgronomy
and Crop Science 184: 49-54.

Hogh-lensen H, Schjoerring lK. 2000. Below-ground nitrogen transfer between different
grassland species: Direct quantification by 1~. Plant and Soil 227: I7I -183.

Hopkins BG, Jolley VD, Brown lC. 1992. Plant utilization of iron solubilized by oat
phytosiderophore. Journal ofPlant Nutrition 15: 1612-1620.

Horst BG, Waschkies C. 1987. Phosphorus nutrition of spring wheat in mixed culture with white
lupin (Lupinus albus 1..). ZeitschriftJilr Pjlanzernahrung und Bodenkunde 150: 1-8.

Horwith B. 1984. A role for intercropping in modem agriculture. BioScience 35: 286-291.

Huffman EO. 1962. Reaction of phosphate in soils: recent research by TVA. Proceeding 71. The
Fertilizer Society, London.

Insam H, Parkinson D, Domsch KH. 1989. Influence of macroclimate on soil microbial biomass.
Soil Biology and Biochemistry 21: 21 1-221.

Israel DW. 1987.lnvestigation of the role of phosphorus in symbiotic dinitrogen fixation; Plant
Physiology 84: 835-840.

Izaguirre-Mayoral ML, Flares S, Carballo O. 2002. Determination of acid phosphatase and
dehydrogenase activities in the rhizosphere of nodulated legume species native to two contrasting
savannas in Venezuela. Biology and Fertiiity ofSoils 35: 470-472.

lzaurralde RC, luma NG, McGilI WB. 1990. Crop and nitrogen yield of barley and barley-field
pea intercrop in cryoboreal-subhumid central Alberta. Agronomy Journal 82: 295-301.

lzaurralde RC, McGiII WB, luma NG. 1992. Nitrogen fixation efficiency, interspecies N transfer,
and root growth in barley-field pea intercrop on a Black Chemozemic soil. Biology and Fertility
ofSoils 13:11-16.

138



Jackson ML. 1967. Soil chemical analysis. Prentice Hall of India Private Limited, New Delhi,
498 pp.

Jacobsen 1. 1985. The role of phosphorus in nitrogen fixation by young pea plants (Pisum
sativum) Physiologia Plantarom 64: 190-196.

Jarrell WM, Beverly RB. 1981. The dilution effect In plant nutrition studies. Advances in
Agronomy34: 197-224.

Jarvis SC, Robson AD. 1983. The effect of nitrogen nutrition of plants on the development of
acidity in western Australian soils. Effects with subterranean clover grown under leaching
conditions. Australian Journal ofAgriculture Research 34: 341-353.

Jensen JR, Bernhard RH, Hansen S, McDonagh J, M0berg JP, Nielsen NE, Nordbo E. 2003.
Productivity in maize based cropping systems under various soil-water-nutrient management
strategies in a semi-arid, alfisol environment in East Africa. Agricultural Water Management 59:
217-237.

Jones DL, Darrah PR. 1995. Influx and efflux of organic acids across the root-soil interface of
Zea mays L. and its implications in rhizosphere C flow and mineral nutrition. Plant and Soil 173:
103-109.

Jordan D, Kremer RJ. 1994. Potential use of soil microbial activity as an indicator of soil quality.
In: Pankhurst CE, Doube BM, Gupta VVSR, Grace PR. (eds.): Soil biota: management in
sustainable farming systems, CSIRO Australia. pp 245-249.

Jose S, GiIIespie AR, Seifert JR, Mengel DB, Pope PE. 2000. Defining competition vectors in
temperate alley cropping system in the mid-western USA. 3. Competition for nitrogen and litter
decompetition dynamics. Agroforestry Systems 48: 61-77.

Juma NG, 1zaurralde RC, Robertson JA, McGiII WB. 1997. Crop yield and soil organic matter
trends over 60 years in a Typic Cryoboralf at Breton, Alberta. In: Paul, EA, Paustian K, Elliott
ET, Cole CV. (eds.) Soil Organic Matter in Temperate Agroecosystems. Long-term Experiments
in North America. CRC Press, Boca Ratan. pp 273-28 I.

139



Kai M, Takazumi K, Adachi H, Wasaki J, Shinano T, Osaki M.2002. Cloning and
characterisation offour phosphate transporter cDNAs in tobacco. Plant Science 163: 837-846.

Kamh M, Horst WJ, Amer F, Mostafa H, Maier P. 1999. Mobilization of soil and fertilizer
phosphate by cover crops. Plant and Soil 211: 19-27.

Kamprath EJ. 1967. Residual effects of large applications of phosphorus on high fixing soils.
Agronomy Joumal59: 25-27.

Kanchikerimath M,Singh D. 200 I. Soil organic matter and biological properties after 26 years of
maize - wheat - cowpea cropping as affected by manure and fertilization in a Cambisol in
semiarid region ofIndia. Agriculture, Ecosystems and Environment 86: 155-162.

Karthikeyan AS, Varadarajan DK, Mukatira UT, Panio D'Urzo M, Damsz B, Raghothama KG.
2002. Regulated expression ofArabidopsis transporters. Plant Physiology 130: 221-233.

Kochian LV, Pence NS, Letham DLD, Pineros MA, Magalhaes JV, Hoekenga OA, Garvin DF.
2002. Mechanisms of metal resistance in plants: aluminum and heavy metals. Plant and Soil 247:
109-119.

Koide R, Mooney HA. 1987. Revegetation of serpentine substrates: response to phosphate
application. Environment Management 11: 563-567.

Kubota J. 1983. Copper status of United States soils and forage plants. Agronomy Journal 75:
913-918.

Ladd IN, Amato M, Li-Kai Z, Schultz JE, 1994. Differential effects of rotation, plant residue and
nitrogen fertilizer on microbial biomass and organic C in an Australian alfisoI. Soil Biology and
Biochemistry 26: 821-831.

Lambers H, Juniper D, Cawthray GR, Veneklaass EJ, Martinez F. 2002. The pattern of
carboxylate exudation in Banksia grandis (Proteaceae) is affected by the form of phosphate
added to the soil. Plant and Soil 238: 111-122.

Lawson TL, Kang BT. 1990. Yield of maize and cowpea in an alley cropping system in relation
to available light. Agricultural and Forest Meteorology 52: 347-350.

Li D, Zhu H, Liu K, Liu X, Leggewie G, Udvardi M, Wang D. 2002. Purple acid phosphatases of
Arabidopsis thaliana. J Bioi Chem 277: 27772-2778 I.

Li L, Tang C, Rengel Z, Zhang FS. 2004b. Calcium, magnesium and microelement uptake as
affected by phosphorus sources and interspecific root interactions between wheat and chickpea.
Plant and Soil 261: 29-37.

Li L, Zhang FS, Li XL, Christie P, Sun JH, Yang SC, Tang C. 2003b. Interspecific facilitation of
nutrient uptake by intercropped maize and faba bean. Nutrient Cycling in Agroecosystems 68: 61­
71.

140

...



Li L, Tang C, Rengel Z, Zhang FS. 2003a. Chickpea facilitates phosphorus uptake by
intercropped wheat from an organic phosphorus source. Plant and Soil 248: 297-303.

Li MG, Osaki M, Rao IM, Tadano T. 1997. Secretion of phytase from the roots of several plant
species under phosphorus conditions. Plant and Soil 195: 161-169.

Li L, Yang SC, Li XL, Zhang FS, Christie P. 1999. Interspecific complementary and competitive
interactions between intercropped maize and faba bean. Plant and Soil. 212: 105-114.

Li SM, Li L, Zhang FS, Tang C. 2004a. Acid Phosphatase Role in Chickpea/Maize Intercropping.
Annals ofBotany.94: 297-303.

Li WX, Li L, Sun JH, Zhang FS, Christie P. 2003c. Effects of nitrogen and phosphorus fertilizers
and intercropping on uptake of nitrogen and phosphorus by wheat, maize and faba bean. Journal
ofPlant Nutrition 26: 629-642.

Lindsay WL, Frazier AW, Stephenson HF. 1962. Identification of the reaction products from
phosphate fertilizers in soils. Soil Science Society ofAmerican Proceedings 26: 446-452.

Liptone DS, Blanchar RW, Blevins DG. 1987. Citrate, malate and succinate concentartion in
exudates of from P-sufficient and P-stressed Medicago sativa L. seedlings. Plant Physiology 85:
315-317.

Loneragan JF, Grove TS, Robson AD, Snowball K. 1979. Phosphorus toxicity as a factor in
zinc-phosphorus interaction in plants. Soil Science Society ofAmerican Journal 43: 966-972.

MaJF, Hiradate S, Matsumoto H. 1998. High aluminium resistance in buckwheat. I! Oxalic acid
detoxifies aluminium internally. Plant Physiology 117: 753-759.

Marschner H. 1995. Mineral Nutrition of Higher Plants, Second Edition. Academic Press, London.
889 pp.

Maser P, Thornine S, Schroeder 11, Ward JM, Hirschi K, Sze H, Talke IN, Amtmann A, Maathuis
FJ, Sanders D. 2001. Phylogenetic relationships within cation transporter families ofArabidopsis.
Plant Physiology 126: 1646-1667.

Maurya PR, Lal R. 1981. Effects ofdifferent mulch materials on soil properties and on the root
growth and yield of maize (Zea mays) and cowpea (Vigna unguiculata). Field Crops Research
33: 45-33.

141



McAndrew DW, Mahli ss. 1992. Long-term N fertilization of a solonetzic soil: effects on
chemical and biological properties. Soil Biology and Biochemistry 24: 619-623.

McCrimmon IN. 2002. Macronutrient and micronutrient concentrations of seeded Bermuda
grasses. Communication in Soil Science and Plant Analysis 33: 2339-2758.

McGeehan SL, Naylor VV. 1988. Automated Instrumental analyses of carbon and N in plant and
soil samples. Communication in Soil Science and Plant Analysis 19: 493-505.

McLaughlin MR, Fairbrother TE, Rowe DE. 2004. Forage yield and nutrient uptake of warm­
season annual grasses in a swine effluent spray field. Agronomy Journal 96: 1516-1522.

McLay CDA, Barton L, Tang C. 1997. Acidification potential of ten grain legume species grown
in nutrient solution. Australian Journal ofAgriculture Research 48: 1025-1032.

Mclntyre BD, Riha Sl, Ong CK. 1997. Competition for water in a hedge-intercrop system.
Field Crops Research 52: 151-160.

Mead R, Willey RW. 1980. The concept of a 'Land Equivalent Ratio" and advantages in yields
from intercropping. Experimental Agriculture 16: 217-228.

Miller SS, Liu l, Allan DL, Menzhuber Cl, Fedorova M, Vance CP. 2001. Molecular control of
acid phosphatase secretion into the rhizosphere of proteoid roots from phosphorus-stressed white
lupin. Plant Physiology 127: 594-606.

Minson D 1990. Forage in ruminant nutrition. Academic Press, San Diego CA.

Moore lM, Klose S, Tabatai MA. 2000. Soil microbial biomass carbon and nitrogen as affected
by cropping systems. Biology and Fertility ofSoils 31: 200-210.

Morris RA, Garrity DP. 1993. Resource capture and utilization in intercropping: non-nitrogen
nutrients. Field Crops Research 34: 319-334.

Mpairwe DR, Sabiiti EN,Ummuna NN, Tegegne A, Osuji P. 2002. Effect of intercropping cereal
crops with forage legumes and source ofnutrients on cereal grain yield and fodder dry matter
yields. African Crop Science Journal 10: 81-97.

Muchhal US, Pardo lM, Raghothama KG. 1996. Phosphate transporters from the higher plant
Arabidopsis thaliana. Proceedings ofNational Academy ofScience USA 93: 10519-10523.

Mudge SR, Rae AL, DiatIoff E, Smith FW. 2002. Expression analysis suggests novel roles for
members ofPhtl family ofphosphate transporters in Arabidopsis. Plant Journal 31: 341-353.

142



Muleba N 1999 Effects of cowpea, crotalaria and sorghum crops and phosphorus fertilizers on
maize productivity in semi-arid West Africa. Journal ofAgricultural Science 132: 61-70.

Muofhe ML, Dakora FD. 2000. Modification of rhizosphere pH by the symbiotic legume
Aspalathus linearis growing in a sandy acidic soil. Australian Journal ofPlant Physiology 27: 1169­
1173.

Myaka FA. 1995. Effect of time of planting and planting pattern of different cowpea cultivars on
yield of intercropped cowpea and maize in tropical sub-humid environment Tropical Science 35,
274-279.

Nakas lP, Gould WO, Klein DA. 1987. Origin and expression of phosphatase activity in a semi­
arid grassland soil. Soil Biology and Biochemistry 19: 13-18.

Nannipieri P, Grego S, Ceccanti B. 1990. Ecological significance ofthe biological activity in soil.
Soil Biology and Biochemistry 6:293-355.

Ndakidemi PA, Nyaky AS, Mkuchu M, Woomer Plo 1998. Fertilization and inoculation of
Phaseolus vulgaris in Arusha, Tanzania In: Dakora FD (ed.) The Proceeding of eight
Congress of the African Association for Biological Nitrogen Fixation, 23-27 November, 1998.
University of Cape Town, South Africa. pp 166-167.

Nel Pc. 1975. Mixed cropping of lupines and winter cereals. 4. Seeds yield and quality under
field conditions. Journal ofAgricultural Science 8: 219-237.

Neumann G, Massonneau A, Lang1ade N, Dinke1aker B, Hengeler C, Romheld V, Martinoia E.
2000. Physiological aspects of cluster root function and development in phosphorus-deficient
white lupin (Lupinus albus L.) Annals ofBotany 85: 909-919.

Neumann G, Massonneau A, Martinoia E, Rornheld V. 1999. Physiological adaptations to
phosphorus deficiency during proteoid root development in whife lupin. Planta 208: 373-382.

Ofori F, Stem WR. 1987a. Cereal-Legume intercropping systems. Advances in Agronomy 41: 41­
90.

Ofori F, Stem WR. 1987b. The combined effects of nitrogen fertilizer and density of the legume
component on production efficiency in a maize/cowpea intercrop system. Field Crops Research
16: 43-52.

Ofori F, Stem WR. 1986. Maize/cowpea intercrop system: Effect of nitrogen fertilizer on
productivity and efficiency. Field Crops Research 14: 247-261.

Olasantan FO. 1988. Intercropping of cassava (Manihot esculenta) with maize or cowpea under
different row arrangements. Field Crops Research 19: 41-50.

143



Olufemi 0, Pitan R, Odebiyi lA. 200 I. The effect of intercropping with maize on the level of
infestation and damage by pod-sucking bugs in cowpea. Crop Protection 20: 367-372.

Ong CK, Black CR, Marshal FM, Corlet lE. 1996. Principals of resource capture and utilization
of light and water In: Ong CK and Huxley P (eds.), Tree-Crop Interactions: A Physiological
Approach. CAB International. Wallingford, UK pp73-158.

Ownby OR, Galvan KA, Lydy Ml. 2005. Lead and Zinc bioavailability to Eisenia fetida after
phosphorus amendment to repository soils. Environmental Pollution 136: 315-321.

Patra DD, Brookes PC, Coleman K, Jenkinson OS. 1990. Seasonal changes of soil microbial
biomass in an arable and a grassland soil which have been under uniform management for many
years. Soil Biology and Biochemistry 8: 249-253.

Pederson GA, Brink GE Fairbrother TE. 2002. Nutrient uptake in plant parts of sixteen forage
fertilized with poultry litter: nitrogen, phosphorus, potassium, copper, and zinc. Agronomy
Journal 94: 895-904.

Peoples ME, Giller KE, Herridge OF, Vessey lK. 2002. Limitations to biological nitrogen
fixation as a renewable source for nitrogen for agriculture. In: Finan T., O'Brian M, Layzell 0,
Vessey K, Newton W. (eds.), Nitrogen Fixation: Global Perspective. CAB International, UK
pp356-360.

Peter G, Runge-Metzger A. 1994. Monocropping, intercropping or crop rotation? An economic
case study from the West African Guinea savannah with special reference to risk. Agricultural
Systems 45: 123-143.

Pomper KW, Grusak M 200 Calcium uptake and whole-plant water use influence pod calcium
concentration in snap bean plants. Journal ofAmerican Society ofHorticulture Science 129: 890­
895.

Pereira PAA, Bliss FA. 1987. Nitrogen fixation and plant growth of common beans
(Phaseolus vulgaris L) at different levels of phosphorus availability. Plant and Soil 104: 79­
84.

Rao MR, Mathuva MN. 2000. Legumes for improving maize yields and income in semi-arid
Kenya. Agriculture, Ecosystem and Environment 78: 123-137.

Rao TP, Yano K, lijima M, Yamauchi A, Tatsumi l. 2002. Regulation of rhizosphere by
photosynthetic activity in cowpea (Vigna unguiculata L. Walp) seedlings. Annals ofBotany 89:
213-220.

Rao TP, Yano K, Yamauchi A, Tatsurni J. 2000. Rhizosphere pH changes induced by exposure
of shoot to light. Plant Production Science 3: 101-107.

144



Raven JA, Franco AA, de Jesus EL, Jacob-Neto J. 1990. H+ extrusion and organic-acid
synthesis in N2-fixing symbioses involving vascular plants. New Phytologist 114: 369-389.

Reddy KC, Visser PL, Klaij MC, Renard C. 1994. The effects of sole and traditional
intercropping of millet and cowpea on soil and crop productivity. Experimental Agriculture 30:
83-88.

Reinbott TM, Blevins DG. 1991. Phosphate interaction with uptake and leaf concentration of
magnesium, calcium, and potassium in winter wheat seedlings. Agronomy Journal 83: 1043­
1046.

Reinbott TM, Blevins DG. 1994. Phosphorus and temperature effects on magnesium calcium,
and potassium in wheat and tall fescue leaves. Agronomy Journal 86: 523-529.

Reinbott TM, Blevins DG. 1997. Phosphorus and magnesium fertilization interaction with soil
phosphorus level: tall fescue yield and mineral element content. J. Prod. Agric. 10: 260-265.

Rengel Z, Marschner P. 2005. Nutrient availability and management in the rhizosphere:
exploiting genotypic differences. New Phytologist 168: 305 -312.

Ridder N de, Keulen H van. 1990. Some aspects of the role of organic matter in sustainable
intensified arable farming systems in the West-African semi-arid tropics (SAT). Fertilizer
Research 29: 299.

Robson AD, O'Hara GW, Abbott LK. 1981. Invo1vment of phosphorus in nitrogen fixation by
subterranean clover (Trifolium subterraneum L.) Australian Journal ofPlant Physiology 8: 427­
436.

Rodec~p KD, Tingey DT, Lee EU 1994. Iron nutrition influence on cadmium accumulation by ,.
Arabidopsis thaliana (L). Heynh. Journal ofEnvironmental Quality 23: 239-246.

Roelofs RFR, Rengel Z, Cawthray GR, Dixon KW, Lambers H. 2001. Exudation of carboxylates
in Australian Proteaceae: chemical composition. Plant Cell and Environment 24: 891-903.

Romheld V. 1991. The role of phytosiderophores in acquisition of iron and other micronutrients
in graminaceous species. An ecological approach. Plant and Soil 130: 27-134.

145



Romheld V, Marschner H. 1986. Mobilization of iron in rhizosphere of different plant species.
In: PBH Tinker and A Lailchl (eds). Advances in Plant Nutrition, Volume 2 Pp. 155-204.

Ross Dl. 1987. Soil microbial biomass estimated by the fumigation-incubation procedure:
seasonal fluctuation and influence of soil moisture content. Soil Biology and Biochemistry 19:
397-404.

Russell DW. 1973. Soil condition and plant growth. New York, NY, USA: Longman Group Ltd.

Sa TM, Israel DW. 1991 Energy. status and functioning of phosphorus-deficient soybean
nodules. Plant Physiology 97: 928-935.

Same BI, Robson AD, Abbott LK. 1983. Phosphorus, soluble carbohydrates and
endomycorrhizal infection. Soil Biology and Biochemistry 15: 593-597.

Sanchez PA. 2002. Soil fertility and hunger in Africa. Science 295: 2019-2020.

Sanchez P A, Uehara G. 1980. Management consideration for acid soils with higher phosphorus
fixation capacity. In: Khasawneh FE, Sample EC, Kamprath El (eds.) The Role of Phosphorus in
Agriculture. American Society ofAgronomy. Madison, WI, pp 471-514.

Sas L, Rengel Z, Tang C. 200 I. Excess cation uptake, and extrusion of protons and organic acid
anions by Lupinus albus under phosphorus deficiency. Plant Science 160: 1191-1198.

Scarisbrick DH, Wilkes lM, Kempson R. 1977. The effect of varying plant population density on
the seed yield of navy bean (Phaseolus vulgaris) in south-east England. Journal ofAgricultural
Science 88: 567-577.

Schroth G, Kolbe D, Balle P, Zech W. 1995. Searching for criteria for the selection of efficient
tree species for fallow improvement, with special reference to carbon and nitrogen. Fertilizer
Research 42: 297-314.

Schubert S, Schubert E, Mengel K. 1990. Effect oflow pH ofthe root medium on proton release,
growth, and nutrient uptake of field beans (Viciafaba). Plant and Soil 124: 239-244.

Shearer G, Kohl DH. 1986. N2 fixation in field settings: estimates based on natural '''N
abundance. Australian Journal ofPlant Physiology 13: 699-756.

Silwana T, Lucas EO. 2002. The effect of planting combinations and weeding on the growth and
yield of component crops of maizelbean and maize/pumpkin intercrops. Journal ofAgriculture
Science 138: 193-200.

146



Singh BB, Ajeigbe HA, Tarawali SA, Fernandez-Rivera S, Abubakar M. 2003. Improving the
production and utilization of cowpea as food and fodder. Field Crops Research 28: 169-177.

Singh JP, Karamanos RE, Stewart JWB. 1988. The mechanism of phosphorus induced Zn
deficiency in beans (Phaseolus vulgaris L.). Canadian Journal ofSoil Science 68: 345-358.

Singleton PW, Abdel-Magid HM, Tavares JW. 1985. Effect of phosphorus on effectiveness of
strains ofRhizobiumjaponicum. Soil Science Society ofAmerican Journal 49: 613-616.

Skovgiird H, Pats P. 1999. Reduction of stem borer damage by intercropping maize with cowpea.
Agriculture, Ecosystems and Environment 62: 13-19.

Smaling EMA, Nandwa SM, Jansen BH. 1997. Soil Fertility in Africa is at stake. In: Buresh PJ,
Sanchez PA, Calhoun FG. (eds.) 'Replenishing Soil Fertility in Africa'. (Soil Science Society of
America and America Society ofAgronomy, Madison, Wl). pp.47-79.

Smith WH 1976. Character and significance of forest tree root exudates. Ecology 57: 324-331.

Soil Classification Working Group, 1991. Soil classification: A Taxonomic System for South
Africa. Mem. Natural Agric. Resources for SA. No IS.

Sparling GP, Ross DJ, 1993. Biochemical methods to estimate soil microbial biomass: current
developments and applications. In: Mulongoy K, Merckx R. (eds.) Soil organic matter dynamics
and sustainability of tropical agriculture. Wiley-Sayce, Leuven, Belgium, ppl 7-2 I

Ssali S, Keya SO. 1986. The effects ofphosphorus and nitrogen fertilizer level on nodulation,
growth and dinitrogen fixation ofthree bean cultivars. Tropical Agriculture (Trinidad) 63: 105­
109.

Staddon WJ: Duchesne LC, Trevors JT~ 1998. Acid phosphatase, alkaline phosphatase and
arylsulfatase activities in soil from a jack pine (Pinus banksiana Lamb.) ecosystem after clear­
cutting, prescribed burning and scarification. Biology and Fertility ofSoils 27: 1-4.

Steel RGD, Torrie JH. 1980. Principles and procedures of statistics: A biometrical approach,
2nd ed. McGraw-Hill, New York.

Stem WR. 1993. Nitrogen fixation and transfer in intercrop systems. Field Crops Research 34:
335-356.

Tabatai MA. 1982. Soil enzymes. In: Page AL, Miller RH, Keener DR. (eds.). Methods of Soil
Analysis, vol 2: chemical and microbiological properties. (Agronomy monograph no 9, 2nd

edition ASA-SSSA, Madison, Wis. pp 903-947.

Takkar PN, Mann MS, Bansal RL, Radhawa NS, Singh H. 1976. Yield and uptake response of
corn to zinc as influenced by phosphorus fertilization. Agronomy Journal 68: 942-946.

147



Tang C, Hinsinger P, Drevon JJ, Jaillard B. 2001. Phosphorus deficiency impairs early nodule
functioning and enhances proton release in roots ofMedicago truncatula L. Annals ofBotany 88:
131-138.

Tang C, McLay CDA, Barton L. 1998. A comparison of proton excretion of twelve pasture
legumes grown in nutrient solution. Australian Journal ofExperimental Agriculture 37: 563-570.

Tarafdar JC, Jungk A. 1987. Phosphatase activity in the rhizosphere and its relation to the
depletion of soil organic phosphorus. Biology and Fertility ofSoils 3: 199-204.

Tariah NM, Wahua TAT. 1985. Effects of component populations on yields and land equivalent
ratios of intercropped maize and cowpea. Field Crops Research 12: 81-89.

Tothill JC. 1985. The role of legumes in farming systems of sub-Saharan Africa. In: Haque I,
Jutsi S, Neate PJH. (eds.), Potentials offorage legumes in farming systems of sub-Saharan
Africa ILCA, Addis Ababa, Ethiopia. ppI62-185.

Trierweiler JF, Lindsay WL. 1969. EDTA-Ammonium carbonate soil test for zinc. Soil Science
Society ofAmerican Proceedings 33: 49-54.

Uriyo AP, Mongi HO, Chowdhury MS, Singh BR, Semoka JMR. 1979. Introductory Soil
Science. Tanzania Publishing House, Dar es Salaam. 232pp.

van-Ek GA, Henriet J, Blade SF, Singh BB. 1977. Quantitative assessment of traditional
cropping systems in the Sudan savanna of northern Nigeria. 11 Management and productivity of
major cropping systems. Sameru Journal ofAgricultural Research 14: 77-60.

Vance CP. 2001. Symbiotic nitrogen fixation and phosphorus acquisition. Plant nutrition in a
world of declining renewable resources. Plant Physiology 127: 390-397.

Vance CP, Uhde-Stone C, Allan DL. 2003. Phosphorus acquisition and use: critical adaptations
by plants for securing a non-renewable resource. New Phythologist 157: 423-447.

Vandermer ill. 1989. The ecology of intercropping. Cambridge: Cambridge University Press.

Vanlauwe B, Diels J, Sanginga N, Merckx R. 1997. Residue quality and decomposition: an
unsteady relationship. In: Cadisch G, Giller K. (eds.) Plant Litter Quality and Decomposition.
CAB International, Wallingford.

148



Vaughan D, Malcom RE. 1985. Soil organic matter and biological activity. Nijhoff Junk,
Dordrecht.

Versaw WK, Harrison MJ. 2002. A chloroplast phosphate transporter, PHT2; 1, influences
allocation of phosphate within the plant and phosphate-starvation responses. Plant Cell 14: 1751­
1766.

Vizzotto G, Pinton R Bomben C, Cesco S, Varanini Z, Guglielmo C. 1999. Iron reduction in iron
stressed plant of Acatinidia deliciosa genotypes: involvement of PMFE (III) chelate reductase
and W -ATPase activity. Journal ofPlant Nutrition 22: 479-488,

Wahua TAT. 1983. Nutrient uptake by intercropped maize and cowpea and a concept of nutrient
supplementation index (NSI). Experimental Agriculture 1: 263-275.

Wahua TAT. 1984. Rhizosphere bacterial counts for intercropped maize (Zea mays L.) cowpea
(Vigna unguiculata L.) and 'egusi' melon (Colosynthis vulgaris L.). Field Crops Research 8:
371-379.

Walker TS, Bais HP, Grotewold E, Vivanco JM. 2003. Root exudation and rhizosphere biology.
Plant Physiology 132: 44-51.

Watiki JM, Fukai S, Banda JA, Keating BA. 1993. Radiation interception and growth of
maizelcowpea intercrop as affected by maize plant density and cowpea cultivar. Field Crops
Research, 35: 123-133.

Welch RM, Norvell WA, Schaefer SC, Shaff JE, Kochian LV. 1993. Induction of iron (III) and
copper (II) reduction in pea roots by Fe and Cu status: does the root-cell plasmalemma Fe (III)­
chelate reductase perform a general role in regulation cation uptake. Planta 190: 555-561.

West AW, Spading GP. 1986. Modification to the substrate-induced respiration method to permit
measurement of microbial biomass in soils of differing water contents. Journal of
Microbiological Methods 5: 177-189.

Wiehe W, Hoflich G. 1995. Survival of plant growth promoting rhizosphere bacteria in the
rhizosphere of different crops and migration to non-inoculated plants Qnder field conditions in
north-east Germany. Microbiological Research 150: 201-206. -

WilIey RW. 1979. Intercropping - its importance and research needs. Part I Competition and
yield advantages. Field Crops Abstracts 32: 1-10.

WilIey RW, Osiru DSO. 1972. Studies on mixtures of maize and beans (Phaseolus vulgaris) with
particular reference to plant population. Journal ofAgricultural Science 79: 519-529.

Willey RW. 1990. Resource uses in intercropping systems. Agricultural Water Management 17:
215-231.

Wilson ID, Newman El. 1987. Competition between upland grasses: root and shoot competition
between Deschampsiajlexuosa and Festuca ovina. Acta Decol Decal Gener 8: 501-509.

149



Wright AL, Reddy KR. 2001. Phosphorus loading effects on extracellular enzyme activity in
Everglades wetland soils. Soil Science Society ofAmerican Journal. 65: 588-595.

Yadav RS, Tarafdar lC. 2001. Influence of organic and inorganic phosphorus supply on the
maximum secretion of acid phosphatase by plants. Biology and Fertility ofSoils 34: 140-143.

Yost RS, Kamprath El, Lobato E, Naderman GC. 1979. Phosphorus response of corn on an
oxisol as influenced by rates and timing. Soil Science Society ofAmerican Journal 43: 338-343.

Yun Sl, Kaeppler SM. 2001. Induction of maize acid phosphatase activities under phosphorus
starvation. Plant and Soil 237: 109-115.

Zhang F, Shen J, Li L, Liu X. 2004. An overview of rhizosphere processes related with plant
nutrition in major systems in China. Plant and Soil 260: 89-99.

Zhang FS, Li L. 2003. Using competitive and facilitative interactions in intercropping systems
enhances crop productivity and nutrient-use efficiency. Plant and Soil 248: 305-312.

Zhang FS, Li L, Sun lH. 2003 .00 interspecific interactions reduce phosphorus fertilizer rates in
the faba bean/maize intercropping In Proceedings of 2nd International Symposium on Phosphorus
Dynamics in the Soil-Plant Continuum. 21-26 September 2003. Perth, Western Australia, pp 184­
185.

Zang FS, Li L, Sun JH. 2001. Contribution ofabove- and below-ground interactions to
intercropping In Horst et aL (eds). Plant Nutrition - Food Security and Sustainability ofAgro­
ecosystems. Kluwer Academic Publishers, Doirdrecht, pp 979-980.

Zhu VG, Smith SE, Smith FA. 2001. Zinc (Zn)-phosphorus ep) Interactions in Two Cultivars of
Spring Wheat (Triticum aestivum L.) differing in P Uptake Efficiency. Annals ofBotany 88: 941­
945.

Zhu VG, Smith FA, Smith SE. 2002. Phosphorus efficiencies and their effects on Zn, Cu, and Mo
nutrition of different barley (Hordeum vulgare) cultivars grown in sand culture Australian
Journal ofAgricultural Research 53: 21 1- 216.

150


	Title page
	Declaration
	Dedication
	Abstract
	Table of contents
	Acknowledgements
	Chapter 1: General introduction and literature review
	Chapter 2: Yield components of nodulated cowpea and maize plants grown with exogenous p in different cropping systems
	Chapter 3: Alteration in plant-available nutrient concentrations in the rhizosphere of nodulated cowpea
	Chapter 4: Tissue concentration of mineral nutrients in nodulated cowpea
	Chapter 5: Effect of exogenous P supply and cropping system on mineral partitioning in nodulated cowpea and maize
	Chapter 6: Changes in value and N nutrition in nodulated cowpea and maize plants supplied with P in sole and mixed cultures
	Chapter 7: Effect of exogenous P supply and cropping system on acid and alkaline phosphatase activity and microbial biomass in the rhizosphere of nodulated cowpea and maize
	Chapter 8: General discussion
	References

