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Abstract

The availability of P from rock phosphate (RP) is often too low to demonstrate an immediate impact on cereal production. Legumes may

improve the immediate availability of P from RP and eventually bene®t subsequent maize crops. The ability of Mucuna pruriens (L.) var

utilis (Wright) Burck and Lablab purpureus L. to use P from RP and the changes in selected plant and symbiotic properties and in the soil

available P and particulate organic matter (POM) pool as affected by the addition of RP were measured for a set of soils on a representative

toposequence (`plateau', `slope' and `valley' ®eld) in the Northern Guinea savanna zone of Nigeria. At 18 weeks after planting (WAP),

Mucuna accumulated signi®cantly more N and P in the total biomass in the plots treated with RP compared to the plots without RP addition

on all ®elds. Nitrogen accumulation of Mucuna reached 175, 177 and 164 kg N ha21 in the treatments with RP on the `plateau', `slope' and

`valley' ®elds, respectively. Phosphorus accumulation of Mucuna was highest at 18 WAP in all sites and reached 10, 14 and 10 kg P ha21 in

the treatments with RP on the `plateau', `slope' and `valley' ®elds, respectively. Lablab accumulated signi®cantly more N and P at 18 WAP

only on the `plateau' ®eld, but some of the potential differences in N or P accumulation may have been masked by various pests especially

affecting Lablab. A highly signi®cant negative correlation was observed between the aboveground biomass at 16 WAP and the nematode

population. The addition of RP signi®cantly increased arbuscular mycorrhizal fungi (AMF) infection of the Mucuna (from 24 to 33%) and

Lablab roots (from 15 to 28%) to a similar extent in all ®elds. This increased AMF infection was most likely caused by speci®c processes in

the rhizosphere of the legumes as AMF infection of the maize roots (8%) was not affected by RP addition. Increases in nodule numbers and

fresh weight were site- and species-speci®c and highest for the `plateau' and `slope' ®elds. The number of nodules increased on average from

8 to 19 (3 plants)21 and from 7 to 30 (3 plants)21 for Mucuna and Lablab, respectively, after RP addition. Although nearly all the

aboveground legume biomass had disappeared from the soil surface at 51 WAP, both the Olsen-P status and POM N concentration were

increased by the presence of legumes. Mucuna signi®cantly enhanced the Olsen-P content of the soil after RP addition compared to the

Lablab or maize treatments on the `plateau' and `valley' ®elds. Due to the relatively high initial Olsen-P content of the `slope' ®eld

(14 mg kg21), differences between treatments were not signi®cant. The N concentration of the POM pool was signi®cantly higher under

legumes than under maize on the `slope' and `valley' ®elds, and indicates incorporation of part of the legume biomass in the POM pool. The

addition of RP to herbaceous legumes was observed to lead to site- and species-speci®c changes in the tripartite legume±rhizobium±

mycorrhizal fungus, driven by processes taking place in the rhizosphere of the legumes, and in the soil available P pool. A cereal following

these herbaceous legumes could bene®t from this improvement in soil fertility status. q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ironically, while the West-African region has enough

phosphate rock (RP) deposits to be self-suf®cient in the

production of P fertilizers (Roy and McClellan, 1986), a

large proportion of the soils in the region is de®cient in P

(Jones and Wild, 1975; Bationo et al., 1986). As even high-

quality RP has a relatively low solubility compared to solu-

ble phosphate fertilizers, immediate effects of applied RP on

maize yield on non-acid soils are very often not visible.

Consequently, extension services are reluctant to recom-

mend and farmers hesitant to utilize RP directly. Bationo

et al. (1986) stated that apart from the Tilemsi RP from
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Mali, the West-African rocks tested have little or no poten-

tial for direct application.

Because most of the traditionally available techniques to

increase the solubility of P from RP, such as thermal altera-

tion or partial acidulation, require substantial capital invest-

ments, alternative hypotheses have been proposed to

increase the availability of P from RP. One such hypothesis

is that certain herbaceous or grain legumes are able to utilize

P from RP due to rhizosphere processes enhancing the P

availability. Maize following such legumes could then bene-

®t from P mineralized from the legume residues or from an

improvement of the availability of P from certain soil P

fractions. De Swart and Van Diest (1987) showed that Puer-

aria javanica was able to mobilize RP after addition of a

small quantity of triple super phosphate (TSP) which trig-

gered nodulation, N2 ®xation and consequently soil acidi®-

cation. Kamh et al. (1999) showed that Lupinus albus

excreted citrate in the rhizosphere and depleted the stable

residual P fraction in comparison to the bulk soil. While

Mucuna pruriens and Lablab purpureus are herbaceous

legume species having a large potential for incorporation

in the cropping systems in the moist savanna of West-

Africa, information on their ability to utilize P from RP is

scarce. M. pruriens has been introduced to the farmer

community by the extension services in the derived savanna

zone of Benin Republic with remarkable success (HoundeÂ-

kon and Gogan, 1996). Sanginga et al. (1996a) showed that

in the derived savanna zone, Mucuna could accumulate up

to 313 kg N ha21 either as a sole crop or 166 kg N ha21

when intercropped with maize in 12 weeks time. Sanginga

et al. (1996b) reported that Lablab purpureus had a

high N2-®xing capability and could also adapt to low-

P soils in the Northern Guinea savanna of West-Africa.

The ability to utilize P from RP may also show an

intra-speci®c variability, as Ankomah et al. (1995)

observed varietal differences in uptake of P from

Gafsa RP for cowpea.

Besides providing a following crop with available P

through P mineralization of the legume residues, enhanced

P availability may also stimulate N2 ®xation and subsequent

N availability to a following crop. Sanginga et al. (1996a)

found that application of P increased the nodule number and

weight of seven of the 10 leguminous species, tested in soil

from the Northern Guinea savanna of Nigeria. In the same

report, it was shown that while Lablab could ®x the optimal

amount of N under low soil P conditions, Mucuna depended

strongly on the application of P for optimum N ®xation.

Vanlauwe et al. (1998) demonstrated that most of the N

applied as organic matter appeared in the particulate organic

matter (POM) pool during the earlier stages of decomposi-

tion and moved to the smaller particle size soil organic

matter fractions towards the later stages of decomposition.

Soil types in the Northern Guinea savanna generally vary

in relation to the landscape. A typical toposequence consists

of shallow and/or gravelly soil (Plinthosols or soils with a

petroferric phase) on the inter¯uve crests, deeper soils

(Luvisols or Lixisols) on the valley slopes and hydro-

morphic soils (Gleysols and Fluvisols or soils with gleyic

properties) near the valley bottoms (DelaureÂ, 1998, soil

names according to FAO, 1991). The gravel in the crest

soils often contains a signi®cant amount of Fe and/or Mn

nodules which have been shown to have a strong tendency

to adsorb P (Tiessen et al., 1991). As the cited characteris-

tics of each soil type may have signi®cant consequences for

crop production, any evaluation of an improved technique

for soil fertility regeneration needs to take into account this

variability. Although the relatively infertile crest soils are

less frequently used for crop production than the more

fertile slope and valley bottom soils, the increase in popula-

tion density and pressure on currently used land resources is

leading to an increased use of crest soils for agriculture

(DelaureÂ, 1998).

The objectives of this paper are: (i) to quantify the ability

of Mucuna pruriens and Lablab purpureus to use P from
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Fig. 1. Biweekly (bars) and cumulative (solid line) rainfall data in 1997 and early 1998 and legume biomass sampling dates. The `W' symbol refers to the

planting date, the ` £ ' symbols refer to the biomass sampling dates, and the ` 1 ' symbols refers to the soil sampling dates. `WAP' means `weeks after

planting'.



phosphate rock (RP) for a set of soils on a representative

toposequence in the Northern Guinea savanna zone; (ii) to

assess the impact of RP addition on selected plant and

symbiotic properties; and (iii) to quantify changes in the

soil available P status and soil organic matter quality after

planting legumes with or without addition of RP.

2. Materials and methods

2.1. Site characteristics, trial establishment and sampling

scheme

Three ®elds were established in Kasuwan Magani, a

village in the Northern Guinea savanna zone of Nigeria.

The rainy season is unimodal and usually lasts from April

till October. Total rainfall was 1645 mm in 1997 (Fig. 1),

which exceeded the 30-year average amount of 1309 mm.

Pro®le pits were dug in the vicinity of the ®elds to classify

the soils (FAO, 1991).

A ®rst ®eld (referred to as the `plateau' ®eld) was estab-

lished on the inter¯uve crest on a Ferric Acrisol with a

petroferric phase (FAO, 1991) or an Epiferri-Endoleptic

Acrisol (Chromic) (FAO, ISRIC, ISSS, 1998). The topsoil

contained an important amount of gravel in the form of

quartz and Fe or Mn nodules. A petroferric layer occurred

already at 56 cm depth (Table 1). The ®eld was left fallow

between 1992 and 1994. Different annual (white and black

seeded Mucuna, Lablab, Crotolaria ochroleuca) and peren-

nial (Centrosema brasilianum, Cajanus cajan, Centrosema

pascuorum, Chamaecrista rotundifolia) legumes were

planted in 1994, fertilized with 7 kg P ha21 as single super

phosphate (SSP). The annual legumes were followed by

unfertilized maize in 1995 and 1996, while the perennial

legumes were followed by maize in 1996. Both 1995 and

1996 maize yields were below 1 ton grains ha21 and in

1996, differences between treatments were not signi®cant

(Carsky et al., unpublished data).

A second ®eld (referred to as the `slope' ®eld) was estab-

lished on the more fertile valley slope between the crest and

the valley bottom on a Haplic Lixisol with a petroferric

phase (FAO, 1991) or a Chromi-Endoleptic Lixisol (FAO,

ISRIC, ISSS, 1998). The petroferric layer occurred deeper

in the pro®le (83 cm) compared to the `plateau' ®eld (Table

1). Before 1995, the ®eld was used mainly to grow fertilized

sorghum and cowpea. Several legumes (cowpea, Mucuna,

Lablab) were planted in 1995 and followed by maize in

1996. In 1995, all plots received 18 kg SSP-P ha21, while

no fertilizers were applied to the maize in 1996. In 1996,

maize grain yields following Mucuna or Lablab were signif-

icantly higher than grain yields following cowpea or natural

fallow (Carsky, 2000).

A third ®eld (referred to as the `valley' ®eld) was estab-

lished near the valley bottom on a Gleyic Lixisol (FAO,

1991) or a Profondi-Endogleyic Lixisol (FAO, ISRIC,

ISSS, 1998). The gleyic properties below 49 cm indicate a

relatively high groundwater table (Table 1). Before 1995,

the ®eld was used to grow sorghum and cowpea and some-

times maize or groundnut. Several legumes were planted in

1995 and followed by maize in 1996. In 1996, the plots were

split and three rates of N fertilizer (0, 30 and 60 kg N ha21)

were applied to the maize. No P fertilizers were applied to

the legumes or the maize. Only N application signi®cantly

affected maize grain yields in 1996 (Carsky et al., 1999).

Because of the absence of differences in P management

within one ®eld, the absence of residual effects on the

Olsen-P content of the soils sampled before trial establish-

ment (results not shown), and the low yields of preceding
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Table 1

Selected soil properties of the `plateau', `slope' and `valley' ®elds in Kasuwan Magani

Field soil layer (depth) Organic

C (g kg21)

Total N

(g kg21)

pH(H2O) pH(KCl) ECEC

(cmolc kg21)

Gravel

(g kg21)

Sand

(g kg21 ®ne earth)

Silt

(g kg21 ®ne earth)

Clay

(g kg21 ®ne earth)

Plateau ®eld

Ap (0±9 cm) 11.3 0.80 5.4 4.2 4.1 130 355 398 247

Btc (9±21 cm) 4.4 0.37 5.3 4.0 4.7 310 304 290 406

Bt (21±56 cm) 2.9 0.29 5.2 3.9 4.6 90 236 312 452

Bm (.56 cm) Petroferric layera

Slope ®eld

Ap (0±7 cm) 8.5 0.65 5.8 4.6 4.0 10 538 276 186

AB (7±29 cm) 2.5 0.26 5.5 4.6 4.1 10 306 238 456

Bt1 (29±55 cm) 1.8 0.20 5.8 4.9 3.6 10 261 203 536

Bt2 (55±83 cm) 1.5 0.18 5.9 5.2 4.5 40 271 275 454

Bms (.83 cm) Petroferric layera

Valley ®eld

Ap (0±9 cm) 7.3 0.58 6.2 5.1 3.5 10 448 385 167

Bt1 (9±33 cm) 2.8 0.29 5.5 4.2 2.7 10 220 314 466

Bt2 (33±49 cm) 1.5 0.20 5.4 4.4 6.7 20 228 318 454

Btr1 (49±95 cm) 1.1 0.15 5.6 4.5 6.2 100 269 261 470

Btr2 (.95 cm) 0.8 0.12 6.4 4.6 6.8 20 241 328 431



maize and/or the absence of effects of legumes preceding

the maize, the plots of all ®elds were re-randomized in 1997

and the following seven treatments were imposed: white-

seeded Mucuna pruriens and white-seeded Lablab purpur-

eus with and without RP addition at a rate of 90 kg P ha21,

maize (hybrid Oba Super 2) supplied with RP, maize

supplied with 30 kg P ha21 as TSP, and maize without P

addition. No N fertilizer was applied to the maize. The RP

was collected from the Hahotoe mine in Togo, was sieved

through 0.15 mm before application, and had a P content of

17%. The `plateau' ®eld had three replicates and a plot size

of 4.5 (6 rows) by 10 m, the `slope' ®eld four replicates and

a plot size of 3.75 (5 rows) by 6 m and the `valley' ®eld four

replicates and a plot size of 4.5 (6 rows) by 9 m. A compo-

site soil sample (1 sample per row, taken diagonally across

the plot) was taken in each plot from the ridges (0±10 cm)

and the furrows (0±20 cm) before planting (3±5 June 1997)

(Fig. 1). The P fertilizers were applied in the old furrows,

and the ®eld was re-ridged by splitting the old ridges and

covering the old furrows. The legumes and maize were

planted on the new ridges at a density of 25 by 75 cm

between 14 and 18 June 1997. The maize was thinned to

1 plant per pocket and the legumes to 2 plants per pocket on

9 July 1997. None of the legumes was inoculated. The ®elds

were weeded three times (early-mid July, early-mid August,

early-mid September). At 6, 12, 18, 24, 30 and 36 weeks

after planting (WAP) (Fig. 1), the legume standing biomass

(including the pods in the Mucuna treatments) and surface

litter was sampled with a quadrat (0.75 by 0.75 m), placed

randomly on one row, 0.5 m away from the end of the row.

Maize grain and stover yield was determined between 13

and 14 October 1997 and the Mucuna seed yield in Decem-

ber 1997. Although by that time the Lablab had formed

pods, the pods were empty or contained low quality seeds,

so no attempt was made to determine the Lablab seed yield.

The yield determinations were carried out on the net plot (3

by 7 m for the `plateau' ®eld, 2.25 by 3 m for the `slope'

®eld, 3 by 6 m for the `valley' ®eld).). During the dry season

(between October 1997 and April 1998), efforts were made

to prevent livestock from entering the ®eld and wind from

carrying away dried legume biomass. On 30 December

1997, ®re entered the `valley' ®eld and burnt the dried

Mucuna standing biomass and surface litter, while the

Lablab biomass was not seriously affected. Between 21

and 26 June 1998, a composite soil sample (1 sample per

row, taken diagonally across the plot) was taken in each plot

from the ridges (0±10 cm) and the furrows (0±10 cm).

At 16 WAP, the above and belowground biomass of three

legume plants, growing in the second row, 1 m away from

the end of the row, was measured. The complete root

systems were dug out and kept cool pending arrival in the

laboratory. A soil sample was taken between 0 and 15 cm

for arbuscular mycorrhizal fungi (AMF) spore quanti®ca-

tion. Upon arrival in the laboratory, all nodules were

collected and a 1 g subsample of the fresh root material

was taken for determination of the AMF infection rate.

Another 5 g subsample of the fresh root material was

taken for nematode counting.

2.2. Chemical, microbiological and faunal analyses

The soil sampled from the different soil layers of the

pro®le pits was analyzed for organic C (Amato, 1983),

total N, pH(H2O), pH(KCl), ECEC, gravel content and

texture (IITA, 1982). The soil P sorption isotherms were

determined on composite soil samples taken between 0±

10 and 10±30 cm, bulked from all plots (1 sample per

layer per ®eld), and sieved through 4 mm after air-drying.

Thirty milliliters of a set of standard solutions containing

between 15 and 400 ppm KH2PO4-P was added to 3 g dry

soil. The soils were shaken on a reciprocal shaker (ampli-

tude 4.5 cm, 144 rpm) for 2 h before determination of the

orthophosphate in solution with the method of Murphy and

Riley (1962). Addition of the soil fraction .4 mm did not

affect the sorption isotherms signi®cantly (data not shown).

The legume biomass samples taken at 6, 12, 18, 24, 30

and 36 WAP and the Mucuna seeds were dried (658C),

weighed, ground to pass 0.5 mm, and analyzed for total N

and P (IITA, 1982).

The leaf and root samples taken at 16 WAP were dried

(658C) and weighed. The nodules were counted and

weighed freshly. The nodule color was determined follow-

ing the method described by Somasegaran and Hoben

(1994). The AMF were stained following the hot staining

procedure of Kormanik and McGraw (1982) and counted

with the modi®ed grid line intersection method (40 £ ) of

Giovanetti and Mosse (1980). The AMF spores were

extracted from 100 g of soil following the sucrose ¯otation

technique (Tommerup, 1992) and counted with the micro-

scope (40 £ ). The nematodes were extracted using the

Baermann funnel technique (Whitehead and Hemming,

1965) and their total number counted under the microscope

(40 £ ).

The soils taken on the ridge in June 1997 and on the ridge

and in the furrow in June 1998 were analyzed for Olsen-P

(Okalebo et al., 1993) after sieving the soil through 4 mm.

The POM content was determined on the samples taken in

June 1998 (Vanlauwe et al., 1998). The total N content of

the organic fractions larger than 0.25 mm (O250) and

between 0.25 and 0.053 mm (O53) were measured with

the Kjeldahl method.

2.3. Statistical methods

The measurements were subjected to ANOVA with the

MIXED procedure of the SAS system (SAS, 1992). `Treat-

ment' and `®eld' were considered as ®xed effects while

`replicate within ®eld' was considered as a random effect.

Mean separation was done with the PDIFF option of the

LSMEANS statement (SAS, 1992). The nematode popula-

tion counts were log-transformed before statistical analysis.

The CORR procedure (SAS, 1985) was used to carry out the

correlation analysis on the microbiological parameters.

B. Vanlauwe et al. / Soil Biology & Biochemistry 32 (2000) 2063±20772066



3. Results

3.1. Phosphorus sorption characteristics of the `plateau',

`slope' and `valley' ®elds

The 0±10 and 10±30 cm layers of the `plateau' ®eld

showed the highest P sorption, while sorption was lowest

for the `slope' ®eld (Fig. 2). For all ®elds and both top soil

layers, P sorption was low, as the addition of 25 and 40 mg

P kg21 led to soil solution P concentrations exceeding

0.1 ppm, for the 0±10 and 10±30 cm soil layers, respec-

tively (Fig. 2).

3.2. Legume biomass, and N and P content in time

The total biomass production (standing biomass and

surface litter) of Mucuna peaked at 18 WAP (between

6468 and 6948 kg ha21, irrespective of RP addition) in all

®elds and remained constant up to 36 WAP (Fig. 3). The

biomass production of Lablab peaked at 24 WAP for the

`plateau' (3478 kg ha21, irrespective of RP addition), at 18

WAP for the `slope' ®eld (3092 kg ha21), and at 12 WAP

for the `valley' ®eld (1239 kg ha21), respectively, and did

not decrease signi®cantly up to 36 WAP (Fig. 3). Mucuna

and especially Lablab, grown on the `slope' and `valley'

®elds were affected by bacterial and viral diseases, respec-

tively, while no disease symptoms were observed on the

`plateau' ®eld. Mucuna and Lablab produced signi®cantly

more biomass after RP addition (28 and 113%, respectively)

between 18 and 30 WAP on the `plateau' ®eld (Fig. 3a). The

impact of RP on total biomass production was not signi®-

cant for both the other ®elds (Fig. 3b and c). Between 18 and

36 WAP, Mucuna produced signi®cantly more biomass than

Lablab on all ®elds, irrespective of RP addition. At the soil

sampling in June 1998 (51 WAP), nearly all aboveground

biomass had disappeared from the soil surface in all ®elds.

The total dry matter production of both legumes was signif-

icantly higher on the `slope' ®eld than on both other ®elds,

at 12 WAP and between 12 and 18 WAP, respectively

(Table 2).

Total N accumulation of Mucuna was highest at 18 WAP

in all sites (between 139 and 160 kg N ha21, irrespective of

RP addition) (Fig. 4). The total N accumulated in the

Mucuna biomass dropped signi®cantly after 18 WAP on

all ®elds. The total N accumulation of Lablab remained

constant after 18 WAP on the `plateau' ®eld (69 and

37 kg N ha21 with and without P, respectively) and on the

`valley' ®eld (36 kg N ha21, on average), while on the

`slope' ®eld, total N accumulation decreased signi®cantly

between 18 and 36 WAP from 86 to 37 kg N ha21 (Fig. 4).

Mucuna accumulated more N in the total biomass in the

plots treated with RP compared to the plots without RP

addition at 18 WAP on the `plateau' ®eld (46%), at 12

and 18 WAP on the `slope' ®eld (32%) and at 18 WAP on

the `valley' ®eld (45%) (Fig. 4). The addition of RP signi®-

cantly increased the N total accumulation of Lablab only

between 18 and 30 WAP on the `plateau' ®eld (118%) (Fig.

4a). Between 12 and 36 WAP, Mucuna accumulated more N

than Lablab on all ®elds, irrespective of RP addition,

although between 24 and 36 WAP, the differences were

not always signi®cant at the 5% level for the `plateau'

®eld. The total N accumulation of both legumes was signif-

icantly higher on the `slope' ®eld than on both other ®elds,

at 12 WAP and between 12 and 18 WAP, respectively

(Table 2).

Total P accumulation of Mucuna was highest at 18 WAP

in all sites (between 8 and 12 kg P ha21, irrespective of RP

addition) (Fig. 5). The total P accumulated in the Mucuna

biomass dropped signi®cantly after 18 WAP on all ®elds.

The total amount of P accumulated in the Lablab biomass

remained constant after 12 WAP in the plots without RP

addition on the `plateau' ®eld (1.4 kg P ha21) and in the

treatments with and without RP on the `valley' ®eld

(2.2 kg P ha21, on average) (Fig. 5a and c). In the plots

treated with RP on the `plateau' ®eld and on the `slope'

®eld, total P accumulation decreased signi®cantly between

18 and 36 WAP from 5.9 to 2.2 kg P ha21 and from 10.7 to

3.5 kg P ha21, respectively (Fig. 5a and b). Mucuna accu-

mulated more P in the total biomass in the plots treated with

RP compared to the plots without RP addition at 12 and 18

WAP on the `plateau' (78%) and `slope' ®elds (38%), and at

18 WAP on the `valley' ®eld (92%) (Fig. 5). The addition of

RP signi®cantly increased the total P accumulation of

Lablab only between 18 and 30 WAP on the `plateau'

®eld (269%) (Fig. 5). On the `slope' and `valley' ®elds,

Mucuna accumulated more P than Lablab at 18 WAP in

the presence of RP, while on the `plateau' ®eld, this was

true both in the presence and absence of RP. At later

dates, P accumulation by Mucuna was signi®cantly

higher than P accumulation by Lablab, only on the

`slope' ®eld, both in presence and absence of RP.

Legumes growing on the `slope' ®eld accumulated

signi®cantly more P compared to both other ®elds

between 12 and 36 WAP (Table 2).
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Fig. 2. Sorption curves for the 0±10 and 10±30 cm soil layers of the

plateau, slope and valley ®elds. Soils were sampled before trial establish-

ment and sieved through 4 mm.



3.3. Soil biological parameters

Mucuna root biomass was signi®cantly higher in the

treatment with RP addition on the `plateau' ®eld, compared

with the treatment without P addition, while similar obser-

vations were made for the Lablab root biomass on the

`plateau' and `valley' ®elds (Fig. 6a). Both legumes

contained a higher number of nodules after addition of RP

in the `slope' ®eld (Fig. 6b). On the `plateau' ®eld, only the

Mucuna contained a signi®cantly higher number of nodules

after RP addition, while on the `valley' ®eld, nodule

numbers were not signi®cantly affected by RP addition.

The total fresh weight of the nodules was higher after RP

addition only for the Mucuna plants on the `plateau' and

`slope' ®eld (Fig. 6c). The Mucuna nodules were heavier

after the addition of RP only on the `plateau' ®eld (Fig. 6d).

All nodules were active and the color of the nodules was not

affected by treatment or site (data not shown). The roots of

both legumes showed a higher AMF infection rate after the

addition of RP in all ®elds, although the difference was not

signi®cant at the 5% level for the Mucuna on the `slope'

®eld (Fig. 6e). The soil contained signi®cantly more spores

after the addition of RP under both legumes on the `plateau'

®eld and under Mucuna on the `slope' ®eld (Fig. 6f). The

maize roots showed a lower level of AMF infection and the

infection rate was not affected signi®cantly by RP addition

or site (7.8 ^ 3.2%, on average).

The total number of nodules on the Mucuna plants was

similar for all sites, both in the absence or presence of RP

(Fig. 6b). The Lablab plants contained more nodules on the

`slope' ®eld, compared to both other ®elds, only in the

presence of RP. The total nodule weight of Mucuna was

signi®cantly higher on the `slope' than on both other ®elds,

for the treatments with and without RP, while the nodule

weight of Lablab was not signi®cantly different between

sites (Fig. 6c). For all treatments with or without RP addi-

tion, the mycorrhizal infection rate was similar for the three

sites (Fig. 6e). The total number of nematodes was signi®-

cantly higher under Lablab [39 (2 g roots)21] than under

Mucuna [12 (2 g roots)21] and not signi®cantly affected

by the addition of RP nor site.

The aboveground biomass at 16 WAP was highly signif-

icantly positively correlated with the number of nodules, the

total nodule fresh weight and the AMF spore content of the

soil (Table 3). A highly signi®cant negative correlation was

observed with the nematode population. The belowground

biomass of the legumes was positively correlated with the

AMF infection rate and negatively with the nematode popu-

lation. A highly signi®cant positive correlation was

observed between the number of nodules and the soil

AMF spore count, while the latter was negatively correlated

with the nematode population (Table 3).

3.4. Mucuna seed production

The Mucuna plants produced signi®cantly more seed

after addition of RP on the `plateau' ®eld, while the reverse

trend was observed on the `slope' ®eld (Fig. 7). Mucuna

seed production was not affected by RP addition on the
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Fig. 3. Total biomass accumulation in the standing biomass and the surface

litter of the Mucuna and Lablab as affected by the addition of phosphate

rock (`RP') for the `plateau', `slope' and `valley' ®elds at the different

sampling times. The left error bars indicate the standard errors of the

difference (SED) between sampling times for one treatment, the right

error bars indicate the SED between treatments at one sampling time.



`valley' ®eld (Fig. 7). The Mucuna seeds had an average N

and P content of 4.11 and 0.33%, respectively.

3.5. Maize grain and stover production

The maize grain and stover production was not signi®-

cantly different between sites and P-sources and were very

low as no fertilizer-N was applied (310 kg grains ha21 and

1199 kg stover ha21, on average).

3.6. Olsen-P content and POM fractionation

On the `plateau' ®eld, the Olsen-P content of the furrow

soil under Lablab and of both the ridge and furrow soil

under Mucuna was signi®cantly higher after the addition

of RP (Table 4). In the `slope' ®eld, addition of RP did

not affect the Olsen-P content under both legumes. In the

`valley' ®eld, the Olsen-P content of the ridge soil and

furrow was signi®cantly higher after the addition of RP

only under Mucuna (Table 4). In the maize treatment, the

Olsen-P content of the ridge soil was signi®cantly higher

after RP addition only in the `valley' ®eld, while the furrow

Olsen-P content was not affected by RP addition in any of

the ®elds. The difference in Olsen-P content of the ridges

between the treatments that received and the treatments that

did not receive RP, averaged over the `plateau' and `valley'

®elds, was signi®cantly higher for the Mucuna

(1.67 mg kg21) than for the Lablab (0.50 mg kg21) and

maize (0.90 mg kg21) treatments.

The total dry matter and N content of the O250, O53, and

POM fractions did not vary signi®cantly between sites or

treatments (37, 48 and 85 mg N kg21, respectively). The N

concentration of the O250 material was signi®cantly higher

in the Mucuna than in Lablab treatments for the `slope' and

the `valley' ®elds (Table 5). The O250 fraction had a signif-

icantly higher N concentration in the legume treatments

than in the maize treatment for the same ®elds. Differences

between treatments were not signi®cant for the `plateau'

®eld. The N concentration of the O53 and the POM fractions

was signi®cantly higher in the legume treatments than in the

maize treatment on the `slope' and `valley' ®elds. Differ-

ences in N concentration of the O53 and POM fractions

between legume species were not detected. On the `plateau'

®eld, no differences in N concentration of the O53 and POM

fractions were detected (Table 5).

4. Discussion

Mucuna signi®cantly enhanced the release of P from RP

in view of the higher increase in Olsen-P content of the soil

after RP addition in the Mucuna treatment compared to the

Lablab or maize treatments on the `plateau' and `valley'

®elds. Due to the relatively high initial Olsen-P content of
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Table 2

Total (standing biomass and surface litter) legume biomass dry matter, N content and P content, averaged over the different treatments (Mucuna and Lablab

with and without addition of RP) for the different sites and sampling times (LSMEANS) (different SED were used for the comparisons between ®elds as the

`plateau' ®eld had three replicates while the other two ®elds had four replicates)

Time after legume planting (weeks)

6 12 18 24 30 36

Total biomass dry matter (kg ha21)

`Plateau' ®eld 319 2123 4346 4777 4936 4831

`Slope' ®eld 619 2770 4779 4499 4873 4406

`Valley' ®eld 343 1885 4259 4081 NAa NA

SEDa (`plateau' vs `slope' or `valley' ®eld): 438

SED (`slope' vs `valley' ®eld): 405

Total biomass N content (kg ha21)

`Plateau' ®eld 8.8 57.7 96.9 74.1 67.8 66.2

`Slope' ®eld 13.0 77.3 122.9 79.1 75.2 59.4

`Valley' ®eld 9.2 47.6 88.8 57.5 NAa NA

SED (`plateau' vs `slope' or `valley' ®eld): 7.9

SED (`slope' vs `valley' ®eld): 7.3

Total biomass P content (kg ha21)

`Plateau' ®eld 0.8 3.5 6.0 3.0 2.7 2.7

`Slope' ®eld 2.0 9.0 11.5 6.4 6.2 5.4

`Valley' ®eld 0.6 3.0 5.2 2.7 NAa NA

SED (`plateau' vs `slope' or `valley' ®eld): 0.8

SED (`slope' vs `valley' ®eld): 0.7

a `NA' and `SED' refer to `Not Available' (due to damage by ®re) and `Standard Error of the Difference'.



the `slope' ®eld, changes in Olsen-P content caused by RP

addition could not be detected. On the `plateau' and `valley'

®elds, Mucuna had earlier accumulated an additional 4.3 kg

P ha21 after RP addition at 18 WAP. As this extra P accu-

mulation was similar for both ®elds, the improvement of the

soil P status under Mucuna were most likely mediated by

processes taking place in the Mucuna rhizosphere rather

than by speci®c characteristics of the bulk soil. In the latter
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Fig. 4. Total N accumulation in the standing biomass and the surface litter

of the Mucuna and Lablab as affected by the addition of phosphate rock

(`RP') for the `plateau', `slope' and `valley' ®elds at the different sampling

times. The left error bars indicate the SED between sampling times for one

treatment, the right error bars indicate the SED between treatments at one

sampling time.

Fig. 5. Total P accumulation in the standing biomass and the surface litter of

the Mucuna and Lablab as affected by the addition of phosphate rock (`RP')

for the `plateau', `slope' and `valley' ®elds at the different sampling times.

The left error bars indicate the SED between sampling times for one treat-

ment, the right error bars indicate the SED between treatments at one

sampling time.



case, one would expect a larger availability of P from RP in

the `plateau' ®eld than in the `valley' ®eld, in view of its

lower pH (5.4 vs 6.2).

The addition of RP led to signi®cant site- and species-

dependent changes in the tripartite legume±rhizobium±

mycorrhizal fungi. Firstly, the addition of RP increased

AMF infection of the Mucuna and Lablab roots to a similar

extent in all ®elds. As RP did not change the AMF infection

rate of maize roots, this increase must also be related to

processes taking place in the rhizosphere of the studied
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Fig. 6. Root biomass and microbiological properties of the Mucuna (`muc') and Lablab (`lab') treatments of the `plateau', `slope' and `valley' ®elds as affected

by the addition of RP at 16 WAP. The left error bar is the SED to compare treatments between and within the `slope' and `valley' ®elds, the middle error bar

the SED to compare treatments between the `plateau' and `slope' or `valley' ®elds and the right error bar the SED to compare treatments within the `plateau'

®eld. `NA' indicates `Not Applicable'.



legumes. Kamh et al. (1999) found that L. albus depleted the

stable P fraction in the rhizosphere where citrate and other

organic anions were produced. Although Abbott and

Robson (1984) demonstrated that high levels of P fertilizer

decreased the proportion of root length of subterranean

clover colonized by AMF fungi, Bolan et al. (1984)

observed that insuf®cient P can restrict mycorrhizal devel-

opment. The availability of P derived from the RP may be

enhanced in the rhizosphere of the legumes, thus stimulating

the colonization of the roots by AMF. Most likely, the

release of P from RP is not substantial enough to suppress

AMF colonization, contrary to what can be observed after

B. Vanlauwe et al. / Soil Biology & Biochemistry 32 (2000) 2063±20772072

Fig. 6. (continued)
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addition of soluble P fertilizers. These processes appear to

be mediated by the legume species rather than by the indi-

genous mycorrhiza population, as AMF infection was

higher for Mucuna compared to Lablab Ð both in the

absence or presence of rock phosphate-while `site' had no

impact on the observed AMF colonization.

Secondly, while RP addition increased AMF infection

similarly for all sites, the in¯uence of RP addition on nodu-

lation was site- and species-speci®c. The number and fresh

weight of the nodules of Mucuna and Lablab increased after

RP addition on the `plateau' and `slope' ®elds, but not on the

`valley' ®eld, while increases in nodule weight were higher

for Mucuna than for Lablab on the `plateau' and `slope'

®elds. Not all nodulating strains appear to have a tight

symbiotic relationship with the AMF, as on the `valley'

®eld, the increase in AMF infection after RP addition is

not followed by enhanced nodulation. Furthermore, the

number and composition of the indigenous rhizobia popula-

tions may vary with position on the toposequence. Ahmad

and Ng (1981) observed a gradient in the number of viable

rhizobia within an experimental trial. Although in our study,

AMF appear to have stimulated nodulation in the presence

of a suf®cient amount of speci®c rhizobia, Sanginga et al.

(1999) observed that inoculation with rhizobia stimulated

the AMF infection rate of soybean.

In the absence of RP additions, AMF infection of the

Mucuna and Lablab roots was remarkably similar in the

three ®elds and exceeded AMF infection of the maize

roots. The studied legumes appeared to be more dependent

on AMF than maize, and Mucuna more so than Lablab.

Nwoko and Sanginga (1999) similarly observed that

white-seeded Mucuna was more dependent on mycorrhiza

for P acquisition compared to Lablab. As both the number

and the weight of the nodules differed widely between sites

in the absence of RP, this increased AMF infection is most

likely caused by mechanisms speci®c to the rhizosphere of

leguminous species, rather than by Rhizobium-mediated

processes. Such possible mechanisms could be linked to

the quality and quantity of root exudates and eventual altera-

tions in the rhizosphere microbial populations which may

positively affect spore germination or mycelia growth

(Linderman, 1992). Vierheilig et al. (1998) reported that
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Fig. 7. Mucuna seed production as affected by the addition of RP for the

`plateau', `slope' and `valley' ®elds. The bars indicate SED between treat-

ments within site.

Table 4

Olsen-P contents in the ridge (0±10 cm) and furrows (0±10 cm) of the

different treatments on the `plateau', `slope' and `valley' ®elds after the

legumes and maize (sampled in June 1998). The `maize 1 TSP' treatment

was excluded from the statistical analysis. Values are in mg Olsen-P kg21

and were corrected for gravel (.4 mm) content

`Plateau' ®eld `Slope' ®eld `Valley' ®eld

Ridge Furrow Ridge Furrow Ridge Furrow

June 1997 (before legume planting)

2.5 NAa 14.1 NA 2.9 NA

June 1998 (after legumes)

Mucuna 1 RPa 3.1 3.0 10.3 9.2 3.9 5.5

Mucuna-RP 1.4 1.1 8.7 9.7 2.3 2.7

Lablab 1 RP 3.2 3.5 9.3 9.2 3.1 2.9

Lablab-RP 2.4 1.4 9.5 9.0 2.8 2.5

Maize 1 RP 3.1 2.2 11.7 10.5 4.3 3.2

Maize 1 TSPa 14.1 3.2 25.6 7.1 25.4 4.0

Maize-P 2.3 2.0 11.9 9.8 3.4 2.4

SEDa 0.5 0.4 1.1 1.0 0.4 0.7

a `NA', `RP', `TSP' and `SED' indicate `Not Available', `Phosphate

Rock', `Triple Super Phosphate' and `Standard Error of the Difference',

respectively.

Table 5

N concentration of the soil organic matter pool larger than 0.25 mm

(`O250'), between 0.25 and 0.053 mm (`O53') and larger than 0.053 mm

(`POM') for the Mucuna, Lablab and maize treatments on the `plateau',

`slope' and `valley' ®elds (NS, (*), * and *** indicate non-signi®cance, and

signi®cance at the 10, 5 and 0.1%, respectively)

N concentration of soil organic matter pools (%)

`Plateau' ®eld `Slope' ®eld `Valley' ®eld

O250

Mucuna 1.90 1.74 1.83

Lablab 1.90 1.55 1.64

Maize-P 1.72 1.44 1.29

Minimal SED(site)a 0.10 0.07 0.07

Legumes vs maize 0.18(*) 0.20* 0.44***

O53

Mucuna 1.81 1.70 1.61

Lablab 1.76 1.69 1.55

Maize-P 1.82 1.54 1.43

Minimal SED(site) 0.08 0.06 0.06

Legumes vs maize 20.04NS 0.15* 0.15*

POM

Mucuna 1.84 1.72 1.69

Lablab 1.82 1.62 1.59

Maize-P 1.78 1.50 1.36

Minimal SED(site) 0.06 0.06 0.06

Legumes vs maize 0.05NS 0.17* 0.27***

a The minimal SED is given, the SED differs for different comparisons

depending on the number of observations included for each treatment.



water soluble exudates of tomato and bean roots greatly

stimulated arbuscular mycorrhizal hyphal growth. The

legume rhizosphere appears not only to stimulate AMF

infection, but also to enhance P solubilization from RP in

its turn leading to enhanced AMF infection.

Although addition of RP stimulated nodulation and/or

AMF infection, this enhanced soil microbiological activity

was not always translated in an improved N and P accumu-

lation in the aboveground biomass. First, the symbiotic

properties were measured only at one moment. A time-

course study investigating relationships between AMF

infection, nodulation and biomass accumulation would

help to clarify the dynamics of the symbiotic properties

considered. Secondly, the occurrence of pests visibly

affected legume growth, especially on the `slope' and

`valley' ®eld, and more so for Lablab than for Mucuna.

Also, root diseases caused, e.g. by nematodes, may have

reduced biomass production in view of the negative correla-

tion between biomass production and nematode content.

Earlier work in the same benchmark zone revealed that

herbaceous legumes were affected by 17 genera of fungi,

2 genera of bacteria and 21 genera of nematodes (S Killani,

personal communication). In this work, Lablab roots

contained signi®cantly more nematodes than Mucuna

roots, as previously observed by Ibewiro (1998).

On the `plateau' ®eld, where the legumes were not visibly

affected by pests and diseases, RP addition resulted in a

higher biomass and N and P accumulation around 18

WAP. Similar observations could be made for Mucuna on

both the other ®elds. Legume P accumulation re¯ected the P

status of the different ®elds, as on the `slope' ®eld (Olsen-P

content of 14.1 mg kg21) legume P accumulation exceeds

the P contained in the legume biomass on the `plateau' and

`valley' ®elds (Olsen-P contents of 2.5 and 2.9 mg kg21,

respectively). Legume N accumulation was also signi®-

cantly higher on the `slope' ®eld, compared to the other

®elds, but the differences were relatively low compared to

the differences in P accumulation, as the N2 ®xation proper-

ties were not always bene®ting from the improvement in P

status in the legume rhizosphere, as demonstrated above.

Moreover, even if in the absence of pests and diseases no

signi®cant differences in N or P accumulation were

observed Ð Linderman (1992) stated that all the compo-

nents of the tripartite system must function optimally for

maximum plant growth to occur Ðthe improvement in

nodulation and/or AMF infection caused by RP addition

may change the soil P status and bene®t cereals follow-

ing the legume. This hypothesis is addressed in an asso-

ciated paper in which the N and P accumulation in a

following maize crop is discussed (Vanlauwe et al.,

2000).

Although in certain ®elds and for certain species differ-

ences between N and P accumulation after RP addition were

observed, these differences disappeared towards the end of

the observational period (30±36 WAP). Moreover, nearly

all legume residues had disappeared from the soil surface at

the time the subsequent maize crop was planted. Carsky et al.

(1998) estimated the rate of disappearance of Mucuna mulch

during the dry season to be about 1000 kg ha21 month21, even

if the mulch is protected from ®re and livestock. Other possible

loss mechanisms are removal of the biomass by Harmattan

winds or decomposition following the ®rst rains after the dry

season. It is essential to determine the fate of the N and P

released from the standing biomass and surface litter, as

these nutrients should bene®t a following cereal, if the

legumes are grown merely for soil fertility restoration rather

than for supplying food to man or livestock. As the RP was

applied only under the ridges, the signi®cant increase in Olsen-

P content of the furrow after RP addition on the `plateau' ®eld

for both legumes and on the `valley' ®eld for Mucuna indicates

that part of the Olsen-P must be derived from the legume

biomass, as only these same treatments showed a signi®cant

increase in P accumulation after RP addition. On the `valley'

®eld the-unforeseen-burning of the Mucuna residues must

have reduced losses of legume-derived P beyond the experi-

mental plots through processes removing biomass from the

plots (e.g. removal by wind), as con®rmed by the high differ-

ences in Olsen-P content between the treatments with and

without RP addition. Any P released from the legumes upon

decomposition may also have entered other soil P pools than

the Olsen-P fraction and still bene®t subsequent cereal crops.

Although differences in total N content of the POM pool could

not be detected, the N concentration of the O250 and POM

pools was signi®cantly higher in the legume treatments

compared to the maize treatment in all ®elds, and in the

`slope' and `valley' ®elds, respectively. This indicates that

part of the N in these pools was derived from the legume

material, which surely had a higher N concentration in its

aboveground biomass than maize. These changes in N

concentration may in¯uence the availability of N

derived from this pool and affect growth of a subse-

quent maize crop.

Although under certain conditions rapidly growing

herbaceous legumes are needed, e.g. for the suppression

of the obnoxious Imperata cylindrica weeds (HoundeÂkon

and Gogan, 1996), one could argue whether herbaceous

legumes are the best technology if the main concern is

soil fertility restoration. Dual purpose grain legumes, produ-

cing beans as well as fodder or biomass to leave on the soil

surface, may do an equally good job and provide additional

and immediately appreciable bene®ts, which is paramount

for farmers to adapt a technology, if pressure on land is high.

It may be useful to test these species and accessions for their

ability to enhance the release of P from RP as observed with

Mucuna.

5. Conclusions

Addition of RP was shown to enhance biomass produc-

tion and N and P accumulation of Mucuna and Lablab on

the `plateau' ®eld and Mucuna on the `valley' ®eld. The
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legumes did not react to RP addition on the `slope' ®eld, in

view of its high initial Olsen-P content. Although differ-

ences in biomass production and N and P accumulation

were most clearly visible at 18 WAP, these differences disap-

peared towards the end of the experimental period at 36 WAP.

Nevertheless, the legumes had positively affected the soil N

status in terms of increases in the POM N concentration and

the soil P status in terms of increases in Olsen-P content.

The addition of RP led to signi®cant site- and species-

dependent changes in the tripartite legume±rhizobium±

mycorrhizal fungus. While AMF infection was enhanced

similarly in all sites, changes in nodulation parameters

were site- and species speci®c. The stimulation of symbiotic

properties was shown to be caused most likely by processes

taking place in the rhizosphere of the legumes.

While addition of RP may enhance biomass production of

inedible herbaceous legumes, these effects are only mean-

ingful when a subsequent crop bene®ts from improvements

in the soil N and P status. The studied cropping system also

needs to be socio-economically evaluated. Assessment of

the ability of dual-purpose grain legumes to access RP-P

would enable to include a species yielding economic

goods in the cropping system.
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