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Abstract In Malawi, N and P deficiencies have

been identified as major soil fertility constraints to

maize (Zea mays, hybrid NSCM 41) productivity. In

this study, we evaluated the effect of three rates of N

and P fertilizers on maize performance in monocul-

ture and maize intercropped with the nitrogen fixing

legume gliricidia (Gliricidia sepium) in replicated

field trials run for four years (2002/03-2005/06

seasons) at Makoka, in southern Malawi. Significant

season-to-season variation was found in stand loss,

ears per plant, stover yield, grain yield and thousand

kernel weight (TKW), which was related to distribu-

tion of rainfall received during the growing season.

All variables were significantly higher in the

gliricidia/maize intercrop compared with monocul-

ture maize. During the four consecutive cropping

seasons, grain yields of maize increased by 343% (i.e.

from 0.94 tons ha�1 in unfertilized sole maize to

4.17 tons ha�1 in gliricidia/maize intercropping).

Optimum synergistic effect on grain yield (38%

increase over unfertilized gliricidia/maize) was

obtained when half recommended N and P rates

were combined with gliricidia indicating interspecific

facilitation. Response surface modelling showed that

the optimum combination of factors for maximum

grain yield (4.2 t ha-1) in monoculture maize was

80 kg N ha-1, 31 kg P ha-1 and 917 mm seasonal

rainfall. In the gliricidia/maize intercrop, the station-

ary point had no unique maximum. Ridge analysis

revealed that the estimated ridge of maximum grain

yield (5.7 t ha-1) in the intercrop is when 69 kg N

ha-1, 37 kg P ha-1 is applied and a seasonal rainfall of

977 mm is received. The total P uptake in the

intercrop (14.3 kg ha-1) was significantly higher than

that in maize monoculture (6.6 kg ha-1). P uptake was

significantly (P = 0.008) influenced by P fertilizer

rate. Therefore, we conclude that combining inor-

ganic N and P fertilizers with organic inputs from

gliricidia has positive and synergistic effects on

maize productivity in southern Malawi.
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Introduction

Sub-Saharan Africa is the only region in the world

where food production per-capita has declined over
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the last 25 years, and is the only continent facing

massive food security problems. Central to this

widespread hunger and malnutrition situation is the

critical question of Africa’s deteriorating soils, and

this has been widely recognized as a major factor

affecting productivity of smallholder farms (Sanchez

et al. 1997; Sanchez 2002; Smaling et al. 1997). Most

maize production in the developing countries is done

under low N and P conditions because of low N status

of tropical soils, low N use efficiency of maize in

drought-prone environments, limited availability of

fertilizer, and low purchasing power of smallholder

farmers (Monneveux et al. 2005). Even where soils

contain quite large stocks of total P, the availability

for plants of these stocks is low (Nwoke et al. 2004),

due to complex dynamics involving both chemical

and biological processes and the long-term effects of

sorption and desorption processes (Sanchez et al.

1997). In Malawi, N deficiency has been identified as

a major problem in maize production, except in rift

valley floor areas. Phosphorus deficiency is also

widespread in the country affecting both cereals and

legumes (Wendt and Jones 1997). Wendt and Jones

(1997) evaluated the extent of P deficiency in maize

producing regions in Malawi and found that about

47% of the farms are low to medium in soil P. In

Malawi, annual nutrient loses of 40 kg N ha�1 and

66 kg N ha�1 have been reported (Smaling et al.

1997). The financial losses are about US$ 350 million

worth of nutrients through erosion each year. This is

estimated to lead to a gross annual loss in income of

US$6.6–19.0 million (3% of agricultural GDP) in

Malawi (Bojo 1996).

Integrated soil fertility management is widely

believed to improve nutrient supply to crops

(Vanlauwe and Giller 2006). The use of legumes to

supply N has been promoted to overcome soil fertility

constraints, but without adequate P this strategy can

have only limited success. Some species of legumes

do not only fix atmospheric N, but also improve

availability of P, and this increases crop yields

(Snapp and Silim 2002). It is well known that some

plant species, especially perennial legumes, can

utilize relatively non-labile fractions of P by modi-

fying the chemistry of their rhizosphere by, for

example, excreting protons or organic acids, which

solubilize fixed P, making it available for uptake

(Hauggaard-Nielsen and Jensen 2005). The legumes

can also increase N fertilizer use efficiency. For

example, studies in Malawi indicate that green

manure can enhance fertilizer use efficiency in

maize-based systems from 35% to 70% (Kamanga

et al. 2001).

Since the 1990s, researchers at the World Agro-

forestry Centre have been investigating the potential

of using tree legumes for soil fertility improvement

and increasing maize yields in Malawi. One of the

options that were found to be most suitable for

smallholder farmers in Malawi is the intercropping

of maize with perennial legumes such as glirici-

dia, Gliricidia sepium (Jacq.) Walp (Akinnifesi

et al. 2006; Chirwa et al. 2003; Ikerra et al. 1999;

Makumba 2003). This system allows concurrent

cultivation during the seasons and fallowing during

off-seasons for as much as 20 years without having to

replant the trees. This system also eliminates the

‘‘hedge effect’’ indicated as a constraint to the

hedgerow intercropping (Cooper et al. 1996).

Research conducted in the region in Malawi, Zambia

and Zimbabwe also shows that gliricidia produces

rich foliage biomass that is easily decomposed as

green manure (Akinnifesi et al. 2006; Mafongoya

et al. 2006; Makumba et al. 2005) readily used by

cereal companion crops. The root system of gliricidia

is compatible with maize as only 10% of its root is

located in the top (0–20 cm) soil layer where most

maize roots are concentrated (Akinnifesi et al. 2004).

Gliricidia/maize intercropping also conserves soil

water during the dry season (Chirwa et al. 2006),

increases activity of soil biota (Sileshi and

Mafongoya 2006) and reduces termite damage on

maize crop (Sileshi et al. 2005). Therefore, it is being

widely promoted in southern and eastern Africa.

However, no systematic studies have been con-

ducted to evaluate the synergy between applied N and

P and organic inputs from gliricidia/maize intercrop-

ping on crop productivity in southern Africa.

Although the P capital is still relatively high in the

soil, the annual service flows or desorption rates are

very small (Mweta et al. in press) and the maize crop

has shown P deficiency after nine years of continuous

cultivation (Akinnifesi et al. 2006). Therefore, the

current study aims at assessing the response of maize

production to a renewed annual application of

inorganic N and P fertilizer after ten years of

continuous cultivation without P in a gliricidia

intercropping system. Specifically, the objective of

this study is to determine the interactions and additive
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effects of combined use of inorganic N and P

fertilizers, and organic inputs from gliricidia inter-

cropping on maize yield and yield components in

southern Malawi.

Materials and methods

Site description

This study is part of a long-term experiment estab-

lished in 1991 at Makoka Agricultural Research

Station in southern Malawi (158300 S, 358150 E;

altitude 1030 m a.s.l.). The rainfall is unimodal; most

of which occurs between November and April. The

total annual rainfall ranges from 560 to 1,600 mm,

with a 30-year mean of 1,024 mm (Makoka Research

Station, unpublished data). The cropping (wet) season

extends from October to April.

The soil at the experimental site is Ferric Lixisol

(FAO/UNESCO) with 46% sand, 46% clay and 8%

silt. The chemical characteristics of the topsoil (0–

20 cm) were determined at establishment of the

experiment (start of 1991/92), after nine years (start

of 2000/01) and 12 years (start of 2003/04). N was the

most limiting nutrient at the site (Ikerra et al. 1999).

The initial reports had shown that P was not critical

in the soils of the experimental site (Ikerra et al. 1999).

The initial trial involving P application was discontin-

ued in 1993/94 as P had no significant effect on maize

yields. However, field observations indicated that P

deficiency is emerging after ten years of continuous

cultivation without soil amendment (Akinnifesi et al.

2006) and the P stocks were also predicted to deplete

rapidly, especially in the sole maize plot (Makumba

2003). Hence, this second study comparing three levels

of N and P fertilizer was initiated at the beginning of

2002/03 cropping season after 11 consecutive cropping

seasons without P amendment.

Treatments and experimental design

The original experiment consisted of a factorial

combination of two cropping systems (maize mono-

culture and gliricidia/maize intercropping), three

rates of N and P (0, 25 and 50% of recommended

92 kg N ha�1 and 0, 50 and 100% of recommended

40 kg P ha�1 for hybrid maize growing in Malawi)

applied as Calcium Ammonium Nitrate (CAN) and

Triple Superphosphate (TSP), respectively. The treat-

ments were arranged in randomized complete block

design with three replicates. In the intercrop, Gliric-

idia sepium ex Retalhaleu from Guatemala was

planted in view of its superior growth compared to

other provenances in Malawi and elsewhere in

Southern Africa (Ngulube 1994). Gliricidia was

planted in the furrows (Fig. 1) with a spacing of

90 cm within rows and 150 cm between rows

(7,400 trees ha-1). In this case the dispersed spacing

has no hedge. In order to minimize tree root

encroachment into adjacent plots or outside the plot

area, iron sheets were vertically installed to 1 m depth

around each plot to help eliminate below-ground

interference between plots. Plots measured

6.75 · 5.1 m, separated by 1-m wide path. The trees

were cut back in September 1992 to the height of

0.30 m. Since then, the re-sprouts from the tree

stumps were pruned at the height of 0.30 m three

times during each cropping season depending on the

coppice re-growth (Fig. 1). During each cropping

season, leaves and twigs were incorporated in the soil

the same day they were pruned. Biomass incorpora-

tion was done by splitting the ridges open, burying

the prunings to a depth of 15 cm and reconstituting

the ridges during each season. The amount of

nutrients applied averaged 298 kg N ha-1 yr�1,

21 kg P ha�1 and 170 kg K ha�1. At approximately

20% N use efficiency (Makumba et al. 2005;

Akinnifesi et al. 2006), the N contributed by gliricidia

to maize in the trial is equivalent to approximately

60 kg N ha�1 of inorganic fertilizer.

Hybrid maize, NSCM 41, was planted two weeks

after incorporation of prunings every cropping season

on ridges (of 25 cm height) at a spacing of 0.30 m

within rows and 0.75 m between rows (Fig. 1). The

same plant population in both the monoculture maize

and intercrop was maintained at 44,000 plants ha�1.

Two weeks after emergence, the maize seedlings

were thinned to one plant per planting hill to maintain

a population of 44,000 maize plants ha-1 in all the

plots. Weeding was done twice by hand during the

cropping season as this is the traditional farming

practice.

In the study reported here, the N fertilizer (CAN)

was applied at the rate of 0, 46 and 92 kg N ha�1 at

4 weeks after planting during four years (2002/03,

2003/04, 2004/05 and 2005/06 seasons). Similarly,

the P fertilizer (TSP) was annually applied at the rate
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of 0, 20 and 40 kg P ha�1. These N and P fertilizer

rates correspond to 0, 50% and 100% of the national

N and P fertilizer recommendations, respectively.

Fertilizer was applied to the maize crop only.

Potassium was not applied because the initial soil

analysis showed high levels of this nutrient at the site.

The national fertilizer recommendation also did not

include K fertilizer up to the time of this experiment.

Sampling procedure and analysis

In each plot, topsoil was randomly collected and

bulked from ten points, using the Edelman soil augers.

Sub-samples were processed and analyzed for pH

(H20), organic C, extractable P and exchangeable Ca,

Mg and K, following routine procedures described by

Anderson and Ingram (1993) and exchangeable cations

were determined using 1N Ammonium Acetate.

Maize was harvested from the central 5.25 · 4.2 m

area of plots in late April of each year, and stover and

grain biomass and thousand kernel weight data were

recorded for each treatment combination. Maize was

harvested by cutting all the stover at the base just

above the soil surface in the net plot and was weighed

and recorded. A sample of stover was taken and dried

in an oven at 708C for 48 h to determine dry matter

content and was used to correct the weight of dry-

matter yield of stover. The maize cobs were weighed

before shelling and the grain yield was weighed after

shelling and recorded. Samples of grain was collected

and dried in an oven at 708C for 48 h to determine the

dry matter content. The dried plant materials (stover

and grain) were finely ground and analyzed for total P

and N after H2SO4/H2O2 digestion. N and P present

in grain and stover was calculated as the product of

its dry-matter yield and P content. Total N and P

uptake reported is the sum of the amounts present in

the stover and grain.

Statistical analysis

The statistical analysis was conducted in two steps.

The first step was a global analysis where data

from the monoculture maize and gliricidia/maize

Fig. 1 A schematic

representation of gliricidia

and maize spatial

arrangement and pruning

height of trees in a

gliricidia/maize intercrop
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intercropping were combined. The second step

involved analyzing the monoculture and intercrop-

ping data separately. Since maize plant survival data

deviated from the normal distribution assumption, the

data were subjected to a generalized linear model

(GLM) assuming either Poisson or negative binomial

(NBD) error distribution of missing plants. The

GENMOD procedure of the SAS system (SAS

2003) was used to estimate parameters. The Schwarz

Bayessian information criterion (SBC) was used to

compare the Poisson and NBD models. Based on the

‘‘smaller the better’’ criterion, the NBD was chosen

as the better model. The data on number of ears per

plant, stover and grain yield, and grain size (thousand

kernel weight) were log-transformed and linear

mixed model (LMM) analysis was performed using

the MIXED procedure of the SAS system. This

procedure was preferred to ANOVA and the general

linear model (GLM) procedures because it provides a

more flexible specification of the covariance matrix

of the error, and allows for both correlation and

heterogeneous variances (Littell et al. 1998). To

accommodate year to year intra-plot variations, all

data were subjected to repeated measures analysis

(Littell et al. 1998).

Percent change (increase/decrease) in grain yield

and thousand kernel weight in each treatment com-

bination relative to the recommended practice was

computed as:

% YD ¼
Yi� Y100

Y100

� �
100

Where %YD is the percent change, Yi is the average

yield in the ith treatment combination and Y100 is the

average yield in the maize monoculture plots that

received the recommended N and P fertilizer rates.

To determine which levels of N and P fertilizers

optimize grain yield (y) response, a quadratic

response surface of the following form was fitted:

y ¼ a þ b 1 Rþ b 2 Nþ b 3 Pþ b 4 R2

þ b 5 N2þ b 6 P2þ b 7 RNþ b 8 RP

þ b 9 NPþ e

Where a is the intercept, b1, b2, and b3 are param-

eters of the linear effects, b4, b5, and b6 are param-

eters of quadratic effects, b7, b8, and b9 are cross

products effects. R is the total rainfall received during

the growing season (December–March); N and P

represent N and P fertilizer rates, and e is the error

term. Since initial analysis including rainfall as a

covariate yielded a significant effect, its linear,

quadratic and cross product effects were included in

the model. As the canonical analysis did not have a

unique optimum in the estimated surface of the

intercrop data, ridge analysis was also conducted to

compute the ridge of maximum response. The

RSREG and G3D procedures of the SAS system

were used for parameter estimation and creating

surface plots, respectively.

Results

Rainfall and soil properties at the site

The rainfall received during the 2002/03 and 2004/05

cropping seasons was below-average (Fig. 2). The

rainfall received during 2003/04 and 2005/06 was

above the 30-year average.

Soil pH showed a slight increase after nine years

of gliricidia/maize intercropping compared to the

baseline (Table 1). After 12 years of cropping, pH

was lower in both intercrop and monoculture com-

pared with the baseline. Soil organic carbon increased

in the gliricidia/maize intercrop, while in monocul-

ture maize there was a slight decrease compared to

the baseline. After 12 years of continuous cultivation

in the gliricidia/maize intercrop, soil organic carbon

increased by 31.8% over the baseline, while there was

a 25% decrease in monoculture maize. The exchange-

able cations Ca and Mg showed a slight decrease

after 12 years. Although positive K and P balances

were recorded after 12 years, the P in the gliricidia/

maize intercrop was significantly lower than in maize

monoculture. On the other hand, K was significantly

higher in gliricidia/maize intercrop than in maize

monoculture (Table 1).

Maize plant survival

On average 4.9% of the maize stand was lost in the

monoculture maize plot while in the gliricidia/maize

intercrop the loss was slightly higher (5.8%). Stand

loss data fitted the negative binomial distribu-

tion (SCB = �6220) better than the Poisson
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(SBC = �5790) indicating that stand loss is not

random. Stand loss showed significant year to year

variations in both monoculture and intercropping

(Table 2). In 2002/03 and 2005/06 the intercrop had

higher stand loss than monoculture maize, while in

2003/04 monoculture maize had higher stand loss.

Higher stand losses were recorded during the 2002/03

and 2004/05 cropping season. In both years there was

a dry spell in February-March (Fig. 2). During the

first year of applying P fertilizer in 2002/03 crop

season neither N nor P fertilizer had a significant

effect on stand loss. In the monoculture plots N

fertilizer rate had a significant influence, while the

effects of N and P were not significant in the

intercrop (Table 2). During the 2004/05 cropping

season, stand loss was significantly (P = 0.002)

higher in monoculture maize without N fertilizer.

Stand loss was generally smaller in plots that

received the full recommended rate of nitrogen

(100% N) compared to the 0 and 50% N rate across

P rates in the monoculture maize.

Number of ears per plant

The number of ears per plant in gliricidia/maize

intercropping was higher, and showed a strikingly

low year to year variation compared to monoculture

maize (Fig. 3). There was a significant variation in
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Table 1 Some soil properties of the topsoil (0–20 cm) at the site at the beginning of the experimental (1991/92 baseline), after

9 years (start of 2000/01 season) and 12 years (start of 2003/04) in the different treatments

Cropping system N rate

(%)

P rate

(%)

pH

(CaCl2)

pH

(H2O)

Organic C

(g kg�1)

Cations (c molc/kg) Olsen P

(mg kg�1)
Mg Ca K

Baselinea Mean – 5.9 8.8 1.6 4.4 0.3 26.0

After 9 yearsb 0 – – 5.9 8.2 1.0 3.6 0.13 24.0

Monoculture maize 25 – – 5.8 7.6 0.8 4.1 0.11 20.0

50 – – 5.8 7.0 1.1 4 0.16 21.0

Mean – 5.8 7.6 1.0 3.9 0.10 21.7

After 9 yearsb 0 – – 6.0 9.1 2.4 4.5 0.54 36.0

Gliricidia/maize 25 – – 6.1 8.9 2.3 4.3 0.37 31.0

Intercrop 50 – – 6.1 8.9 2.1 4.3 0.52 33.0

Mean – 6.1 9.0 2.3 4.4 0.50 33.3

LSD 0.05 System NS 0.81 0.37 NS 0.13 6.45

LSD 0.05 N rate NS NS 0.45 NS 0.16 NS

After 12 yearsc 0 0 4.8 6.0 4.3 1.4 3.5 0.47 26.2

Monoculture maize 0 50 4.8 6.2 6.0 1.3 3.5 0.42 36.6

0 100 4.7 5.9 6.3 1.3 3.41 0.46 44.7

50 0 4.5 5.7 6.7 1.4 3.7 0.49 25.5

50 50 4.5 5.8 7.2 1.4 3.6 0.43 31.0

50 100 4.4 6.0 7.0 1.4 3.7 0.36 37.8

100 0 4.5 5.7 8.2 1.4 3.4 0.36 24.6

100 50 4.6 5.7 5.5 1.3 3.1 0.28 35.8

100 100 4.6 5.9 7.9 1.3 3.2 0.28 37.2

Mean 4.6 5.9 6.6 1.3 3.5 0.40 33.3

After 12 yearsc 0 0 5.4 6.3 6.6 1.4 3.9 0.74 22.1

Gliricidia/maize 0 50 5.2 6.3 13.3 1.4 3.9 0.81 38.6

Intercrop 0 100 5.1 6.2 10.2 1.4 3.9 0.69 40.9

50 0 5.1 6.1 14.2 1.4 4.1 0.91 26.0

50 50 4.9 6.1 11.2 1.4 4.1 0.78 29.7

50 100 4.9 6.3 16.9 1.4 3.9 0.86 33.1

100 0 5.1 6.1 10.0 1.3 3.8 0.81 25.9

100 50 5.1 5.9 10.1 1.4 3.7 0.77 28.7

100 100 5.1 5.9 11.6 1.4 3.7 0.55 30.8

Mean 5.1 5.9 11.6 1.4 3.9 0.79 30.6

LSD (0.05) System (S) 0.06 NS 0.32 0.04 0.16 0.06 1.98

LSD (0.05) N rate 0.07 NS NS 0.04 NS 0.07 2.42

LSD (0.05) P rate NS NS NS NS NS 0.07 NS

LSD (0.05) S · N NS NS 0.56 NS NS NS NS

LSD (0.05) S · P NS NS NS NS NS NS NS

LSD (0.05) N · P NS NS NS NS NS NS NS

a Baseline was sampled and bulked at field establishment in October 1991 (1991/92 season);
b Soil sample taken from each plot after 9 years at planting;
c Soil sample taken from each plot after 12 years

NS = not significant
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the number of ears per plant with cropping system,

year, N fertilizer rate and the cropping system by N

interaction (Table 2). Neither the main effect of P

fertilizer nor its interaction with other treatments was

significant. When data from cropping systems were

analyzed separately, the number of ears varied

significantly with N rate only in monoculture maize.

The number of ears per plant when averaged over

years, N and P fertilizer rates was significantly

(P < 0.001) higher in the intercrop compared with

monoculture maize.

Maize stover yield

The stover yield recorded in the intercrop (5.3 t ha�1)

was significantly higher than that in monoculture

maize (3.5 t ha�1) when averaged over years, N and P

rates. Stover yields varied with year, N fertilizer rate

and the first order interaction between cropping

system and N fertilizer rate (Table 2). Stover yields

were lower in all treatments during the 2003/04 and

2005/06 cropping season (Fig. 3), which were

exceptionally wet (Fig. 2). When data from cropping

systems were analyzed separately, N fertilizer signif-

icantly increased stover yield in maize monoculture,

while it did not have a significant effect in the

intercrop. Averaged over cropping systems and P

fertilizer rates, the highest stover yield (5.0 t ha�1)

was recorded in plots that received the recommended

N fertilizer, while the lowest (4.3 t ha�1) was

recorded in those that did not receive N fertilization.

Stover yield did not significantly vary with P

fertilizer rate.

Maize grain yield

During the four consecutive cropping seasons

(Fig. 4), maize grain increased by 343%; from

0.94 tons ha-1 in unfertilized sole maize to

4.17 tons ha-1 in gliricidia/maize intercropping.

Regardless of fertilization, grain yield was higher in

the gliricidia/maize intercropping (4.7 t ha-1) than in

monoculture maize (2.6 t ha-1) when averaged

over the four cropping seasons. In the monoculture

maize, the highest grain yield (3.8 t ha-1) was found

in plots that received the recommended N and P

fertilizers while the lowest (0.9 t ha-1) was recorded

where no N and P was applied. On the other hand in

the gliricidia intercropping, plots that received 100%

N + 50% P gave the highest grain yield (5.8 t ha-1),

while those that received no N and P amendment

yielded 4.2 t ha-1. The yield recorded in the gliricidia

intercropping without inorganic N and P amendment

was 39% (%YD) higher than in monoculture plots that

Table 2 Statistical significance (Pr > F) of effects of cropping

practice (CP), nitrogen (N) and phosphorus (P) fertilizer rates

on stand loss per plot, number of ears per plant, stover and

grain yield, percent change in grain yield (%YD) and thousand

kernel weight (TKW) of maize recorded during four years

(2002–2006) in southern Malawi

Cropping practice Effects Stand loss Ears per plant Stover biomass Grain biomass %YD TKW

Combined Year <0.001 <0.001 <0.001 0.0378 <0.001 <0.001

CP 0.581 <0.001 <0.001 <0.001 <0.001 <0.001

N 0.115 <0.001 <0.001 <0.001 <0.001 <0.001

P 0.272 0.136 0.212 0.052 0.162 0.005

P · N 0.390 0.423 0.124 0.001 0.001 0.122

CP · N 0.226 <0.001 0.002 <0.001 0.001 <0.001

CP · P 0.552 0.527 0.787 0.271 0.421 0.214

CP · N · P 0.770 0.600 0.550 0.721 0.737 0.766

Monoculture Year <0.001 <0.001 <0.001 0.414 0.005 <0.001

N 0.039 <0.001 <0.001 <0.001 <0.001 <0.001

P 0.588 0.259 0.663 0.095 0.027 0.014

P · N 0.917 0.430 0.202 0.064 0.030 0.312

Intercrop Year <0.001 <0.001 <0.001 0.133 <0.001 <0.001

N 0.849 0.581 0.763 <0.001 0.002 <0.001

P 0.371 0.378 0.116 0.250 0.559 0.172

P · N 0.181 0.834 0.333 0.020 0.003 0.388
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received the full recommended rates of N and P.

When the gliricidia intercropping plots were

amended with 50% N and 100% P, the respective

yield increase was 79%. However, amending the

intercrop plots with 100% N in combination with 50

or 100% P rates resulted in yield increase (%YD) of

50 and 44% over the recommended practice, respec-

tively (Fig. 5). When the gliricidia/maize intercrop

plots were amended with 50% N combined with 0, 50

and 100% P, there was a 14, 38 and 18% increase in

grain yield, respectively, over the unfertilized plots.

In addition, the respective increases over the unfer-

tilized gliricidia/maize intercrop were 27, 22 and 24%

when the intercrop plots were amended with 100% N

combined with 0, 50 and 100% P fertilizer rates.

Grain yield varied significantly with cropping system,

year, N and P fertilizer rates, the first order interac-

tion between cropping system and N fertilizer, and N

and P fertilizer rates (Table 2). The year to year grain

yield variation (Fig. 4) followed a pattern similar to

the stover yield (Fig. 3). Grain yield also showed

significant correlation with stover yield (r = 0.66;

P < 0.0001).

In the response surface model of grain yields,

seasonal rainfall, N and P fertilizer rates explained

a significant (P < 0.001) part of the variation in

grain yield only in monoculture (r2 = 0.60). In the

gliricidia intercropping, the explained variation

was low (r2 = 0.17) although the coefficient of

variation (30.7%) was lower than that recorded for the

monoculture maize (40.3%). Both the linear and qua-

dratic effects were significant in maize monoculture,
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Fig. 3 Variation in the number of ears per plant and stover

yield (t ha-1) of maize with cropping system, year and N and P

fertilizer rates at Makoka, southern Malawi. Y1, Y2, Y3 and

Y4 are the cropping seasons 2002/03, 2003/04, 2004/05 and

2005/06, respectively. Vertical bars represent standard error of

differences between P fertilizer rates
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while only the linear effect was significant in the

gliricidia intercropping (Table 3). The cross product

terms were not significant in both cropping systems.

In both cropping systems, N had a significant

(P < 0.001) overall effect, while rainfall had marginal

effect in the gliricidia intercropping. Canonical anal-

ysis of the results indicated existence of a hill with a

stationary point of maximum grain yield (4.2 t ha-1) in

monoculture maize (Fig. 6). The theoretical maximum

grain yield was found in the following combination:

80 kg N ha�1, 31 kg P ha-1 and 917 mm seasonal

rainfall. On the other hand, in the gliricidia intercrop-

ping, the stationary point had no unique maximum

(Fig. 6). According to the ridge analysis, the theoret-

ical maximum grain yield of 5.7 t ha-1 can be obtained

when 69 kg N ha-1 and 37 kg P ha-1 is applied and the

seasonal rainfall is 977 mm.

Thousand kernel weight (TKW)

The TKW was generally higher in the gliricidia/

maize intercropping (367.8) compared with mono-

culture maize (309.9). This variable also varied

significantly with year, N and P fertilizer rates, and

the first order interaction between cropping system

and N fertilizer (Table 2; Fig. 4). The year to year

variation was slightly different from grain yield

although the correlation between grain yield and

TKW was significant (r = 0.64, P < 0.001). In all

treatment combinations the lowest TKW was re-

corded in the 2004/05 cropping season, which had a

dry spell in February–March. Within monoculture

maize, there was 17.7% reduction in TKW under

0%N fertilization compared with the recommended

practice (Fig. 5). On the other hand there was 7.4%
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Fig. 4 Variation in grain yield (t ha-1) and thousand kernel

weight (TKW) of maize with cropping system, year and N and

P fertilizer rates at Makoka, southern Malawi. Y1, Y2, Y3 and

Y4 are the cropping seasons 2002/03, 2003/04, 2004/05 and

2005/06, respectively. Vertical bars represent standard error of

differences between P fertilizer rates
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increase (%YD) in the intercrop. Variation in kernel

weight with P fertilizer rate was highest in the 50% N

fertilizer rate in monoculture. In monoculture maize,

TKW was increased by 10.5% in the 100% P

fertilizer rate compared with the no P fertilizer.

Across the P fertilizer rates, the highest kernel weight

was recorded in the maize monoculture plots that

received the full recommended rate of N and the

lowest was in plots that did not receive N fertilizer.

P and N uptake by maize

The total P uptake in the gliricidia/maize intercrop

(14.3 kg ha-1) was significantly (P < 0.001) higher

than that in maize monoculture (6.6 kg ha-1). P uptake

significantly (P = 0.008) increased with P fertilizer

rate. Neither the main effect of N rate nor the first and

second order interaction between cropping system, N

and P rates had significant effects on P uptake. When

averaged over cropping practices and N rates, P

uptake was highest (11.9 kg ha�1) in plots that

received 100% P rate and lowest (9.4 kg ha�1) in

those that received no P fertilizer (Fig. 5). The N

uptake in gliricidia/maize intercrop (60.3 kg ha�1)

was significantly higher (P < 0.001) than that in

maize monoculture (31.7 kg ha-1). N uptake also

significantly (P < 0.001) increased with N and P

fertilizer rate (Fig. 5). The highest N uptake

(114.3 kg ha-1) was recorded in the gliricidia/maize

intercrop amended with 100% of the recommended N
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rate, while the lowest (11.7 kg ha-1) was recorded in

unfertilized monoculture maize.

Discussion

Intercropping systems are known to be characterized

by interactions between component crop species,

which may influence survival, growth or fitness of

one or both species (Vandermeer, 1989). In the

present study, stand loss (an indication of survival)

fitted the negative binomial distribution indicating

that survival is non-random. Non-random distribution

of event counts is often related to treatment-specific

or other covariates. Among the treatments, N fertil-

izer application in monoculture appeared to have

significant influence on stand loss. Limited N avail-

ability during relatively dry years, for example in

2002/03 could have increased termite damage. In a

similar experiment in Zambia Sileshi et al. (2005)

have established that termites cause stand loss in

maize in years of sub-optimal rainfall.

This study has clearly demonstrated that the

productivity of maize at the study site is signifi-

cantly higher in gliricidia/maize intercropping than

in monoculture. Grain yield was up to three times

higher in the intercrop compared to monoculture

maize without fertilizer confirming earlier reports

(Akinnifesi et al. 2006). The year to year variation

in the measured variables (Figs. 3, 4) within each

cropping system could be explained in terms of total

rainfall and its distribution during the growing

season (Fig. 2), its effects on nutrient leaching,

uptake and assimilation by the crop. For example,

grain yield was lower (except in the 100% N rates)

during the 2003/04 and 2005/06 crop seasons.

Compared to plots that received zero or 50% of

the recommended N, those that received 100% N

rate did not experience yield reduction in 2005/06.

This suggest that yield reduction in years with

excessive rainfall might be due to N leaching that

was probably off-set by extra N in sole maize plots

that received 100% N rate and in the gliricidia

intercropped plots.

Table 3 Parameter estimates of the response surface model

Cropping system Parameters Estimates Significance

(P > t) of

parameters

Significance (P > F)

of linear, quadratic

and cross products

Monoculture a (intercept) �2.332 0.322

b1 (R) 0.007 0.148 <0.001

b2 (N) 0.080 <0.001

b3 (P) 0.019 0.574

b4 (R2) �0.00003 0.117 <0.001

b5 (N2) �0.001 <0.001

b6 (P2) �0.0005 0.343

b7 (RN) �0.0001 0.450 0.844

b8 (RP) 0.00001 0.623

b9 (NP) �0.00001 0.956

Intercrop a 0.192 0.933

b1 (R) 0.008 0.066 <0.001

b2 (N) 0.034 0.018

b3 (P) �0.012 0.724

b4 (R2) �0.00001 0.045 0.065

b5 (N2) �0.0002 0.098

b6 (P2) 0.004 0.466

b7 (RN) �0.00001 0.508 0.902

b8 (RP) 0.0 0.774

b9 (NP) 0.0 0.814
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Although TKW within a genotype is positively

associated with agronomic yield (Baril 1992), the

year to year variation observed in TKW and grain

yield in this study slightly differed. Unlike grain

yield, TKW was lower during the 2004/05, which

experienced a dry spell in February-April. Dry

conditions are known to hamper N uptake, assimila-

tion and translocation. In comparison with optimal

conditions, there was an average reduction of 17% in

TKW under low N conditions, which was close to the

23% reduction reported by Monneveux et al. (2005).

Inorganic N and P fertilizer influenced maize

performance differently in monoculture and the

gliricidia intercropping. P and N uptake significantly

increased with inorganic N and P fertilization (Fig. 5)

indicating increased availability of these nutrients in

the gliricidia/maize intercrop. This may be ascribed

to decomposition of gliricidia biomass resulting in

the formation of organic forms of soil P (Sanchez

et al. 1997). The reduction in soil extractable P in

gliricidia intercropping at 12 years after cropping

compared to monoculture (Table 1) was attributed to

large amount of P harvested in maize biomass in the

previous seasons under gliricidia intercropping

(Akinnifesi et al. 2006; Fig. 4). The extra P in

monoculture is, therefore, due to P sparing effect in

the poorly performing maize with low P uptake

(Fig. 5).

The observed lack of difference in stand loss

between the sole maize and gliricidia/maize inter-

cropping, and the increased maize productivity in the

intercropping (without inorganic N and P fertilizer)

relative to the recommended practice could be

explained in terms of interspecific facilitation in

nutrient availability (Hauggaard-Nielsen and Jensen

2005; Li et al. 2002, 2003; Zhang and Li 2003).

Nitrogen uptake has also been reported to be higher

in the gliricidia intercrop than in maize monoculture

in the trial (Ikerra et al. 1999). This has been due to

mineralization of the green leaf manure, which

increased pre-season soil mineral N content (Ikerra

et al. 1999).

Hauggaard-Nielsen and Jensen (2005) discussed

several examples of facilitative interactions in inter-

cropping agro-ecosystems. Effects of tree or shrub

legumes on P availability that qualify as facilitation

have been widely reported (Gardner and Boundy

1983; Ae et al. 1990; Li et al. 2002, 2003). According

to Gardner and Boundy (1983) white lupin could

increase P uptake by intercropping with wheat.

Similarly, Ae et al. (1990) showed that pigeon pea

could increase P uptake by associated sorghum. Li

et al. (2003) reported increased P uptake by maize in

a maize/faba bean intercropping due to increased P

mobilization by faba bean from otherwise unavail-

able sources. Similarly, mobilization of organic P by

chickpea has been shown to increase P uptake by

wheat in intercropping (Li et al. 2002).

The lack of significant P effect on maize grain

and yield related variables in gliricidia/maize inter-

cropping (Table 2, Figs. 3–4) could be due to

maintenance of a positive P balance. P levels have

not changed drastically over the 12 years of

continuous cropping (Table 1). In eastern Zambia,

positive P balances were recorded over eight years

in maize planted in a gliricidia coppicing fallow trial
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(Mafongoya et al. 2006). The green leaf manure

from gliricidia added an average of 17–21 kg P ha�1

per year in this trial (Akinnifesi et al. 2006), which

was higher than the 4.5 kg P ha�1 annually reported

in Zambia (Sileshi and Mafongoya 2006).

In the gliricidia/maize intercropping, possible

mechanisms of interspecific facilitation in terms of

P availability could be due to (1) soil phosphorus that

was mobilized by gliricidia through nutrient recy-

cling and root turnover may have been made

available to the maize crop; (2) gliricidia could also

have increased P availability through the secretion of

organic acids and increased mycorrhizal populations

in the soil (Sanchez et al. 1997; Mafongoya et al.

2006). According to Deguchi et al. (2005) coloniza-

tion of maize roots by arbuscular mycorrhizal was

higher with a living mulch of white clover than with

conventional cultivation, and this enhanced P uptake

by maize.

The interspecific facilitation in terms of N avail-

ability may be explained as follows: (1) the nitrogen

that was fixed by gliricidia may have been released to

maize through pruning and incorporation, and (2) the

ability of gliricidia to intercept N beyond the maize

rooting depth, and additional N released from root

turnover for the use of maize. The increase in soil

organic carbon could also explain the greater avail-

ability of both P and N. Finally, the competitive-

recovery principle (Zhang and Li 2003) may apply

here, which states that interspecific interaction

increases growth, nutrient uptake and yield of dom-

inant species (maize with aggressive nutrient use) in

an intercrop situation, but decreases nutrient uptake

of the subordinate species (gliricidia in this case

because of pruning) until the dominant crop is

harvested. This interspecific competition and facili-

tation principle is applicable to gliricidia and maize

simultaneously growing during the short maize

intercropping season with gliricidia remaining per-

manent and maximising nutrient acquisition during

the off-seasons.

It is concluded that the productivity of maize was

superior in gliricidia/maize intercropping than in

monoculture during the four years, and amending the

soils with small amounts of inorganic N and P

fertilizers can have an additive and synergistic effect

in the intercropping system. In the monoculture

maize, N fertilization without corresponding applica-

tion of P did not improve maize grain yield. It is also

concluded that application of P is important for maize

production after long years of continuous cropping

and optimum maize performance can be obtained

using full P and half N fertilizer rates in gliricidia/

maize intercropping. The study agrees with the

conclusion by Sanchez et al. (1997) that combination

of P fertilizers and organic inputs can replenish soil

nutrient stocks in Africa and restore service flows

approaching original levels. However, excessive

rainfall and drought were two major limiting factors

that could influence productivity in both systems. It is

important to focus on range of options that combine

the use of P with gliricidia intercropping as well as

exploring ways of improving water management in

dry years.
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