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EXTENDED ABSTRACT

Declining soil fertility continues to be one of the most important challenges in Malawi’s
crop production systems, with nitrogen considered as the most limiting nutrient element.
However, food legume crops such as pigeon pea (PP) and cowpea (CP) are popular
amongst smallholder farmers as they contribute to food security and protein nutrition,
source of income to farmers and contribute to soil fertility improvement through
biological nitrogen fixation (BNF). They are grown in various cropping systems such as
sole cropping, legume-cereal and legume-legume or “doubled-up” intercrops. However,
information on BNF, crop productivity, vesicular arbuscular mycorrhizal (VAM) fungal
colonisation and contributions of the pigeon pea-cowpea intercrop to subsequent maize
(MZ) yields and grain quality is scanty. Therefore, a study to address the aforementioned
information gaps was conducted in the 2013/14 and 2014/15 cropping seasons on the
Chromic Luvisols of Lilongwe and Dowa districts of Central Malawi. Specific study sites
were at the Lilongwe University of Agriculture and Natural Resources (LUANAR),
Department of Crop and Soil Sciences Research Farm (14° 11’ S, 33° 46’ E) and at
Nachisaka Extension Planning Area (EPA) (13° 37’ S, 33° 56’ E) in Lilongwe and Dowa
districts, respectively. The study was aimed at optimizing pigeon pea and cowpea
intercropping practices for increased yields of subsequent maize in rotation. Specifically,
it included evaluation of the extent of nodulation and BNF by the PP and CP and their
productivity in sole cropping, legume-legume and legume-cereal intercropping systems.
Additionally, the VAM fungal colonisation of the PP and CP-based systems and
rotational maize, and its contribution to the BNF and crop growth was also assessed.
Furthermore, N mineralization patterns in the legume-based system plots with residues

retained and the rotational maize plant N uptake were assessed. Finally, maize grain and



total dry matter (TDM) vyields, harvest index percentages (HI %), grain crude protein
contents and nitrogen use efficiencies (NUE) in the subsequent season were evaluated.
In the first cropping season (2013/14), the experiment was arranged in the randomized
complete block design (RCBD) whereby pigeon pea, cowpea and maize were grown as
sole crops, legume-cereal and legume-legume intercrops. The split plot design was used
in the second cropping season to grow maize in an integrated soil fertility management
(ISFM) approach in which the legume-based systems with residues retained in their plots
were the main plots and the 0, 45, 90 and 120 kg ha™ N fertilizer applications formed the
sub-plots. Results showed significant effects of the cropping systems on the performance
of the PP, CP and MZ crops. Nodulation was significantly increased (P < 0.05) under sole
cropping. Sole cropped PP nodule dry weights were significantly higher (P < 0.05) by
25% and 48% than those of PP in intercrops with CP and MZ, respectively, in the
Lilongwe site. Similarly, the nodule dry weights were also significantly higher (P < 0.05)
by 25% and 46% compared with those in PP in intercrops with CP and MZ, respectively,
in the Dowa site. Significant differences in PP nodule numbers were noted for Dowa,
with only slight differences in Lilongwe site. Furthermore, sole cropped CP produced
significantly higher (P < 0.05) nodule dry weights by 38% and 36% than that in CP in an
intercrop with PP or MZ, respectively, in the Lilongwe site. Similarly, intercropping
systems decreased the percentage of nitrogen derived from the air (%Ngss) and the total
amount of N, fixed by each of the two legume species. The highest amount of biologically
fixed N or N, fixed (92.9 kg ha™®), which was significantly higher (P < 0.05) than that by
the PP under both the PP-CP and PP-MZ intercrops by 31% and 36%, respectively, was
noted in the Dowa site. However, a comparison of the overall cropping system BNF
contribution per unit area showed the combined amount of biologically fixed N (82.9 kg
ha™) from the two component legume crops in the PP-CP “doubled-up” was comparable

to that by the sole cropped PP, at the Dowa site. Furthermore, the PP-CP doubled up BNF



at Dowa was significantly higher (P < 0.05) than the amounts of N, fixed by the sole
cropped CP (62.5 kg N ha™), pigeon pea in the PP-MZ intercrop (59.9 kg N ha*) or CP in
the CP-MZ intercrop (13.1 kg N ha™). However, a different trend was noted at the
Lilongwe site. Although the biologically fixed N (85.7 kg ha™) by the sole cropped
pigeon pea was similarly the highest, the combined amount of N, fixed (57.4 kg N ha™)
by the PP and CP in the pigeon pea-cowpea “doubled-up” was significantly lower than
that by the sole pigeon pea, by 33%. From this study it was concluded that both legume-
legume and legume-cereal intercropping reduces nodulation and BNF per plant but the
overall amount of nitrogen fixed per unit area by the PP-CP “doubled up” can be
comparable to that by the sole cropped PP depending on environmental conditions.
Similar to the BNF, grain and TDM vyields per plant and HI%, were also decreased by the
intercropping systems. However, the productivity by all the intercropping combinations
(PP+MZ, PP+CP and MZ+CP) was higher than under sole cropping as they all resulted in
LERs of greater than one and positive monetary advantage index (MAI) values.
The PP+MZ intercrop showed to be the most beneficial in terms of both yields and
monetary gains as it produced highest LERs and MAI values at both sites of Lilongwe
and Dowa. Furthermore, the partial LERS, relative N and P yields showed maize to be the
most resilient when intercropped with either PP or CP whereas cowpea was the most
suppressed when intercropped with either PP or MZ. Additionally, the VAM fungal
colonisation was not affected by the PP and CP-based cropping systems such as sole
cropping, legume-cereal and legume-legume intercrops. However, a weak positive
relationship was noted between VAM fungal colonisation and yields, P uptake or BNF.
Furthermore, all the legume-based cropping systems led to significant increases of the
VAM fungal colonisation of the subsequent maize roots by ranges of 39 to 50% and 15 to
36% in the Lilongwe and Dowa sites, respectively, which showed potential of the PP and

CP based systems in influencing the P uptake enhancing VAM associations. Furthermore,



interactive effect of the legume residues and inorganic fertilizer led to higher maize grain
yields by a range of 30% under treatment that was previously CP+MZ intercrop (1689 kg
ha™) to 59% under treatment that was previously sole cropped CP (2864 kg ha) at 0 kg
N ha™* fertilizer application than the treatment that was previously sole cropped MZ (1178
kg ha®), in the Lilongwe site. Similarly, at the highest rate of N application, 120 kg N ha”
! treatments that were previously legume-based produced higher grain yields than the
treatment that was previously sole cropped MZ (3277 kg ha™) by a range of 28% under
treatment that was previously CP+MZ intercrop (4525 kg ha™) to 42% under treatment
that was previously sole cropped CP (5665 kg N ha™), at the Lilongwe site. A similar
trend was observed at the Dowa site. Furthermore, from this study it was shown that
mixing high quality pigeon pea and cowpea with the low quality maize residues increased
mineralization rates, N uptake, and nitrogen use efficiency by the maize grown after the
legumes in rotation, with implications on vyields. In addition, increasing inorganic N
application increased maize grain crude protein content in both study sites, which
indicates increased grain quality. Therefore, it was concluded that for smallholder farmers
on the Chromic Luvisols of Lilongwe and Dowa districts, central Malawi, an ISFM
approach involving PP and CP, either as sole crops, legume-legume or legume-cereal
intercrops can substantially increase rotational maize yields, both quantitatively and

qualitatively with the implication on reducing the investment costs of inorganic fertilizers.
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CHAPTER ONE

1.0 GENERAL INTRODUCTION

1.1 Soil Fertility Challenges and their Interventions in Sub-Saharan Africa

Soil degradation is one of the main challenges that affect agricultural production in many
countries of tropical and subtropical regions, with an estimated 65% of arable land
already damaged in Sub-Saharan Africa, leading to low productivity (FAO, 2001,
The Montpeller Panel, 2014). Lal (1997) noted that soil degradation is essentially the
decline in soil quality or reduction in its productivity and environmental regulatory
capacity. Soil degradation is characterized by nutrient depletion, soil erosion, compaction,
accumulation of harmful components through salinisation, acidification and other
processes, and soil organic matter reduction (The Montpeller Panel, 2014; Lal, 2015;
Singh and Ryan, 2015; Zigore et al., 2015). Earlier studies show that countries most
affected include Kenya, Malawi, Burundi, Ethiopia, Lesotho and Rwanda (Henao and
Baante, 1999). Furthermore, on average, the sub-Saharan Africa lose 22 kg N, 2.5 kg P
and 15 kg K per hectare annually (Stoorvogel and Smaling, 1990). The loss of nutrients in
sub-Saharan Africa soils is due factors such as erosion, reduced fallows and under-

replenishment of nutrients (FAO, 2001).

The degradation and low soil productivity are exacerbated by a number of factors
including low inherent soil fertility that is characterized by low CECs and generally low
in N and P and poor soil management practices (Bationo et al., 2012). Additionally,
increasing human population pressures result in reduced fallows and lead to nutrient
mining (Drechel et al., 2001; Ndakidemi et al., 2006). Furthermore, Tully et al. (2015)
emphasized that the main cause of soil degradation leading to poor soil health for Sub-

Saharan African countries is the expansion and intensification of agriculture to feed the



growing human populations. The consequence of degrading soils and poor soil health is
the high prevalence of food and nutrition insecurity (Singh and Ryan, 2015), and
inefficiencies in the returns to inputs such as fertilizers, seed and labour and management
in smallholder farms in Sub-Saharan Africa (Sanchez, 2002; Mekuria et al., 2002;

Bationo et al., 2004).

Many interventions and possible solutions have been proposed to tackle the challenge of
low soil fertility and crop productivity, including use of inorganic fertilizers, organic
resources such as farm-yard manures and composts, agroforestry, green manures and
integration of legumes in cropping systems. Adoption of most of these practices faces
various challenges, including biophysical or technological, socio-economic and policy
issues (Ajayi et al., 2007; Sanginga and Woomer, 2009). The use of inorganic fertilizers
faces the challenge of low financial power by most of the smallholder farmers to purchase
these fertilizers (Alliance for Green Revolution in Africa, AGRA, 2014). Challenges
associated with the use of organic resources such as composts, crop residues, livestock
and farm-yard manure include low quality (Palm et al., 1997), bulkiness, low availability
of livestock to produce manure and competing priorities on where and how to use crop
residues, whether for managing soil or feeding livestock (Ajayi et al., 2007; Giller et al.,

2009; Rusinamodzi et al., 2015).

However, the increasing population pressures and environmental deterioration has led to
emphasis on the quest for sustainable agriculture intensification (SAI) that recognizes the
need for enhanced agricultural productivity while ensuring the protection of the
ecosystems and improvement in their resilience (Vanlauwe et al., 2014; Lampkin et al.,
2015). Furthermore, Vanlauwe et al. (2015) recommends integrated soil fertility

management (ISFM) as a good approach to achieving the SAI whereby agronomic



efficiency, use of the right germplasm and adaptation to the local conditions are
considered while combining inorganic and organic plant nutrient resources for soil

fertility improvement.

For the case of Malawi, challenges of human population pressures are high, for instance,
the fact that on average, a farming household has less than a hectare of land (Ricker-
Gilbert et al., 2014) and nutrient depletion from the soils is prominent in derailing
agricultural production. Smaling et al. (1997) reported estimates of around 40 kg N ha™,
6.6 kg P ha™ and 33.2 kg K ha™ annual losses from Malawi soils while Munthali et al.
(2007) reported that N is the major challenge for plant growth, with P, S, B and Zn also
becoming challenges as well, depending on location. The use of inorganic fertilizers is
often beyond the reach of most smallholder farmers because of their high prices (African
Development Bank (ADB), 2011). The government of Malawi has advocated favourable
policies for reducing soil fertility challenges, for instance, through the implementation of
the farm input subsidies over the years, which has shown small but statistically significant
improvements of maize yields (Ricker-Gilbert et al., 2014). However, in recent years, the
policy of fertilizer subsidies has faced the challenge of rising fertilizer costs on the

international markets (Dorward and Chirwa, 2011) and this threatens its sustainability.

Therefore, an ISFM approach can be ideal as it helps to reduce the burden of high costs of
inorganic fertilizers while combined with organic resources. The integration of food grain
legumes in various cropping systems is popular among Malawi’s smallholder farmers as
it offers multiple benefits including food and nutrition security, increased income and soil
fertility improvement through biological nitrogen fixation (BNF) (Kerr et al., 2007; Phiri

et al., 2012).



1.2 The BNF and Legume-Rhizobium Symbiosis

Biological nitrogen fixation is a biochemical process by which the inert dinitrogen (Ny)
gas of the atmosphere is converted to reactive N, ammonia (NH3) in the presence of a
biological catalyst, nitrogenase (Brady and Weil, 2008; Sylvia et al., 2005). Nitrogenase
is commonly produced by certain prokaryotic species referred to as diazotrophs
(Giller, 2001; Santi et al., 2013). The common diazotrophs include several species of
symbiotic Rhizobium, actinomycetes and cyanobacteria, and free living prokaryotes such
as Azospirillum, Herbaspirillum and Azotobacter (Sylvia et al., 2005; Brady and Weil,
2008; Santi et al., 2013). It should be noted that the term Rhizobium is retained
historically but it represents a number of microbial groups, with current information
indicating more than 10 genera that include Allorhizobium, Bradyrhizobium,
Mesorhizobium, Rhizobium, Sinorhizobium (Ensifer), Azorhizobium, Burkholderia,
Phyllobacterium, Microvirga, Ochrobacterium, Methylobacterium and Shinella

(Weir, 2016).

The most efficient nitrogen fixing processes take place in symbiotic or mutualistic
relationship with plants. The common mutualistic relationship is the association between
rhizobia and roots of legume plants where N, is converted to NHj3 in the plant nodules.
The NHj3 produced in this interaction benefits the plant as it is taken up and assimilated
into amino acids and proteins while the Rhizobium microsymbiont benefits from the
protected environment and the supply of photosynthates (Sylvia et al., 2005). Significant
amounts of N (see Section 1.5) are fixed in these relationships between Rhizobium and
roots of legumes (Giller, 2001; Havlin et al., 2005; Sylvia et al., 2005; Brady and Weuil,

2008).



1.3 The Biochemistry of the Biological Nitrogen Fixation Process
This section elucidates the biochemical process of nitrogen fixation. Reaction (i) is a
summary of a series of reactions that take place during biological nitrogen fixation

according to Giller (2001):

N, + 8H" + 8¢ + 16ATP — 2NH3 + H, + 16ADP + 16P; .. ... . ...

The ATP generated from respiration (oxidative degradation of sugars and related
molecules) in the plant is used as the source of energy for the cleavage and reduction of
N, into ammonia (NH3) (Brady and Weil, 2008). The reaction depends on the catalytic
activity of nitrogenase. Usually, nitrogenase in rhizobia exists as a complex containing
two protein components (Giller, 2001; Sylvia et al., 2005; Nelson and Cox, 2008).
Component one contains the active site where N, is actually reduced and is known as the
molybdenum iron (MoFe) protein or dinitrogenase, whereas component two provides
electrons to component one for N, reduction and is known as the Fe protein or
dinitrogenase reductase (Giller, 2001; Sylvia et al., 2005, Cheng, 2008).
Figure 1.1 illustrates the biochemical process of nitrogen fixation as catalysed nitrogenase

components.
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Figure 1.1: The biochemical process of nitrogen fixation as catalysed by nitrogenase

components.

Nitrogenase activity integrates with the normal metabolism with that of a plant by
diverting reducing equivalents, electrons, to the ferrodoxin or flavodoxin that donates
electrons to the Fe protein (Taiz and Zeiger, 2006). Firstly, the Fe protein is reduced by
electrons donated by ferrodoxin (electron donors) (Giller, 2001). The reduced Fe protein
binds two molecules of magnesium adenosine triphosphate (MgATP) and reduces MoFe
protein (transfering electrons) (Giller, 2001; Cheng, 2008). For each electron transfer
from Fe protein to FeMo protein, there is an accompanying hydrolysis of two bound
MgATP molecules to give two MgADP molecules. The involvement of ATP molecules in
the process provides the energy for breaking the triple bond of N, and allows the
hydrogen atoms to combine with the N atoms. The MoFe protein donates two electrons

that are accompanied by two hydrogen atoms per cycle to N, to produce NH=NH.



In two further cycles of this process (each requiring electrons donated by ferrodoxin),
HN=NH is reduced to H,N-NH, and this in turn is reduced to 2NH3 (Giller, 2001).
It should be noted that for every N fixation reaction eight electrons are transferred, out of
these six are needed to reduce N, to two molecules of NH3; and the remaining two to
produce one molecule of H, (Nelson and Cox, 2008). Each electron transfer is
accompanied by hydrolysis of two molecules of ATP, hence 16ATP molecules

hydrolyzed to 16 ADP and 16P; molecules in the process (Giller, 2001; Cheng, 2008).

1.4 Factors that Affect the Rate of Biological Nitrogen Fixation In Grain Legumes

The rate of nitrogen fixation is affected by a number of factors, including temperature,
moisture, soil reaction, available nitrogen, presence of effective rhizobial stains,
availability of various essential plant nutrients, cropping systems, tillage practices and the
influence of vesicular arbuscular mycorrhizal (VAM) (Giller, 2001; Sylvia et al., 2005;
Havlin et al., 2005; Brady and Weil, 2008; Makoi and Ndakidemi, 2009; Mohammadi et

al., 2012).

Temperature affects nitrogen fixation through its effect on the survival and metabolic
activities of rhizobia as high temperatures denature proteins including enzymes
(Coyne, 1999) and very low temperatures lead to loss of microbial membrane function
and reduced affinity for substrates (Nedwell, 1999). Extreme temperatures also affect
nodulation by reducing signal exchange between the symbiotic partners, thus, preventing
root hair infection, bacteroid differentiation within the nodules, and the activity of
nitrogenase (Mohammadi et al., 2012; Lebrazi and Benbrahim, 2014). Somasegaran and
Hoben (1994) reported 25 to 30°C as the optimum temperature for most rhizobial strains
but recent studies show a lot of variations, with many studies reporting between 20 and

35°C as rhizobial favourable temperature range (Mohammadi et al., 2012; Gundale et al.,



2012; Abd-Alla et al., 2014). However, various strains are adapted differently in different
environments. For instance, Pinto et al. (1998) reported varied capacities of rhizobia in
tolerating heat at temperatures in the range of 35 to 39°C. In other studies, over 90% of
cowpea rhizobia isolated from the Sahelian Savanna of Niger were reported to grow at
40°C (Abd-Alla et al., 2014). The variations in microbial tolerance to different ranges of
temperatures are attributed to genetic differences whereby strains that tolerate very high
temperatures and very low temperatures possess heat shock genes and cold shock genes,
respectively (Nedwell, 1999; Cavicchioli et al., 2001; Rodrigues et al., 2006).
These genes enable the tolerant microbial strains to produce heat stable and cold stable
proteins in hot and cold environments, respectively, and thereby enabling them to carry

out their metabolic processes normally (Coyne, 1999).

Plant nutrients may affect nitrogen fixation both negatively and positively. Mohammadi
et al. (2012) reported a negative exponential relationship between N fertilizer rate and
N2-fixation. Excess nitrate in the soil can reduce nitrogenase activity (Havlin et al.,
2005). This is because nitrogenase is a depressible enzyme in that its production is
inhibited by the presence of the product (Sylvia et al., 2005). However, Tong-Min and
Israel (1991) reported reduced nitrogen fixation in soybean due to P deficiency that
affected the activity of nitrogenase within the root nodules. On the other hand, Azziz et
al. (2016) reported increase in BNF in soybean with addition of P fertilizer on the low P
Fluvic Luvisols of Ghana. Nitrogen fixation increased by 60% in red kidney beans due to

the addition of sulphur (S) in S deficient soils of Michigan (Janssen and Vitosh, 1974).

The presence or absence of effective rhizobia also affects BNF. Some indigenous
rhizobial strains are more competitive than introduced strains while they are only

infective but produce less effective nodules, and this acts as a barrier to the more effective



strains (Mulongoy, 1992). In a study that elucidated a high degree of genetic diversity
among strains of rhizobia, only a small fraction was shown to be symbiotically effective
on their host plants (Bala and Giller, 2001). This was attributed to differences in
compatibility between the host and the rhizobia. Furthermore, the presence of effective
rhizobial strains is to some extent influenced by environmental factors, with extreme
values of soil pH, moisture levels and salinity affecting their survival negatively (Vriezen
et al., 2007; Abd-Alla et al., 2014). Dry and saline environments reduce the survival of
microorganisms by leading to cytoplasm shrinkage, damage to membranes and ribosome
structure, and decreased growth (Abd-Alla et al., 2014). A number of studies have shown
reduction in nitrogenase activity, nodule numbers and BNF due to salt stress and dry
conditions (Abd-Alla et al., 1998; Shereen et al., 1998). It should be noted that dry
conditions due to dry spells or drought are becoming more frequent in some areas due to
climate variability. However, some reports suggest that climate change may have some
positive effects on BNF. With well adapted drought resistant microsymbionts, the carbon
dioxide (CO,) accumulation in the atmosphere may lead to increased photosynthetic rate
that has a positive influence on the nitrogen fixing symbiosis (Rao, 2014). On the one
hand, reported optimum pH range for rhizobia is 6.0 to 7.0 (Somasegaran and Hoben,
1994). On the other hand, extreme soil reaction levels affect nitrogenase activity though
some rhizobial strains have shown good adaptation at pH of 4.5 and others at pH of 11.5

(Abd-Alla et al., 2014).

Furthermore, a number of studies show that legume varieties, tillage practices, cropping
systems and vesicular arbuscular mycorrhizal (VAM) fungi influence nodulation and
BNF. Different varieties have different genetic potential as to how much nitrogen they
can biologically fix. For instance, high biomass producing and long duration pigeon pea
varieties are known to be more efficient in biological nitrogen fixation than the short

duration varieties (Rao and Dart, 1987). On the other hand, research shows that reduced
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tillage and residue retention have a positive influence on nodulation and BNF. In a study
done in Kenya, Kihara et al. (2011) reported increased nodule numbers, nodule dry
weights and percent of nitrogen derived from the air (%Ngs,) in soybean under reduced
tillage with residue retention as compared to results in conventional tillage without
residue retention. Montanez (2002) noted that reduced tillage lead to periodic decrease in
N mineralization and increase in its immobilization, which in return reduces amount of
available N and this eventually boosts biological nitrogen fixation. Reviews on the effects
of cropping systems and VAM fungi on BNF are included in sections 1.6 and 1.10,

respectively.

1.5 Significance of Legumes in Alleviating Soil Fertility Problems in Sub-Saharan

Africa

Legume crops have the advantage in obtaining nitrogen (N) through biological nitrogen
fixation (Giller, 2001). Biological N, fixation involves the reduction of the inert
dinitrogen gas (N2) into ammonia (NHs3) in the presence of the enzyme nitrogenase
(Brady and Weil, 2008). The process of BNF contributes to the increase of nitrogen in the
soil and improves soil fertility. Ojiem et al. (2007) and Nyemba and Dakora (2010)
reported a BNF range of 33 to 124 kg N ha™ by groundnuts, whereas Egbe et al. (2007)
and Njira et al. (2012) reported a BNF range of 20 to 124 kg N ha™ by pigeon pea from
studies done in sub-Saharan Africa. Benefits of legume N, fixation include soil fertility
improvement (mainly through legume plant residues left after harvesting), savings on
fertilizer costs and extra cash income from sale of crop surpluses and improved protein

nutrition (Mpepereki, 2003; Sanginga and Woomer, 2009).

Adoption of legume N fixation technologies in crop production is important because in
the first place, decline in soil fertility is a big problem in parts of Sub-Saharan Africa.

It is considered as a widespread limitation in growth and yield improvement in many
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maize based-cropping and farming systems throughout East and Southern Africa (Buresh

et al., 1997; Mekuria et al., 2004).

Soil fertility can be improved through the use of mineral fertilizers. However, their use by
resource-poor farmers is limited by the prohibitive high prices which are often beyond the
reach by these farmers, resulting in the chronic food insecurity in Africa (Druilhe and
Barreiro-Hurle, 2012). Palm et al. (1997) suggested that solutions to smallholder farmers’
soil fertility problems may be obtained through strategic combination of organic
resources, particularly from N, fixing legumes, with small amounts of mineral fertilizers,

that is adoption of integrated soil fertility management (ISFM).

1.6 Legume-cereal and Legume-Legume Cropping Systems

In Malawi, legumes are commonly grown as sole crops and intercrops with cereals such
as maize (International Crops Research Institute for Semi-Arid Tropics,
ICRISAT/Ministry of Agriculture and Irrigation, MAI, 2000). However, other farmers
also grow legumes in intercrops with other legumes, for instance pigeon pea with
groundnuts and this is commonly referred to as ‘“doubled-up” legume technology
(ICRISAT/MAI, 2000). Farmers in Kasungu district, central Malawi, ranked highly the
doubled-up legume technology of pigeon pea and groundnuts, citing food security and
soil fertility benefits as reasons (Phiri et al., 2012). Research shows that growth and total
N, fixed by the legume in an intercrop depends on complementarities between the crops
for optimizing resources such as nutrients from the soil, moisture and light (Giller, 2001).
For instance the slow growth of pigeon pea offers little competition to other crops and
does not affect yields of some cereals such as maize (Giller, 2001). However, a number of
contrasting results have been obtained on BNF and productivity of various intercropping

systems. Ghosh et al. (2007) reported pigeon pea/groundnuts as the most beneficial
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intercrop in terms of resource use while Ghosh et al. (2006) reported competition for soil
N in a pigeon pea/soybean intercrop, which was attributed to the growing habits of the
two crops. Furthermore, in a study done in Malawi, Mhango (2011) reported 44% lower
N balance in a pigeon pea-groundnut intercrop whereas Njira et al. (2012) reported
suppression of pigeon pea BNF in an intercrop with soybean. While there are a number of
studies in other cropping systems, very few studies have been done to evaluate BNF in

legume/legume intercrops, specifically the pigeon pea-cowpea intercrop.

1.7 Cowpea and Pigeon Pea Cropping Systems as Used in Malawi

Cowpea is one of the most important food legumes in the semi-arid tropics. It is known to
resist heat stress and to tolerate droughts (Hall, 2004). It is a multifunctional crop that is
important for human food, animal feed, income from sales and soil fertility improvement
through biological nitrogen fixation in its symbiotic association with Bradyrhizobium spp
(Timko and Singh, 2008). In Malawi, cowpea is grown both as a sole crop or an intercrop
with other crops especially maize (Ministry of Agriculture and Food Security, MOAFS,
2012). Literature shows that not much research has been done on estimating its BNF

quantities when it is grown in different cropping systems.

Pigeon pea is a multipurpose drought tolerant legume crop that provides resource poor
farmers with many benefits including protein rich grain, fuel, fodder, fencing material,
improved soil fertility and control of erosion (Siambi et al., 1992). In Southern Malawi,
where it is mostly grown, it is commonly intercropped with maize (Kamanga, 2002), but
in recent years pigeon pea is also grown in other parts of the country. It can also be
intercropped with other crops including legumes such as groundnuts and soybean
(ICRISAT/MAI, 2000; Kanyama-Phiri et al., 2000; Mhango et al., 2012; Njira et al.,

2012).
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1.8 The fate of N, Fixed by the Legume-Rhizobium Association

Biological reduction of atmospheric N, to ammonia (NH3) (N, fixation) provides about
65% of the biosphere available N (Mokhele et al., 2012). Most of the ammonia is
contributed by legume-rhizobia symbioses, which is initiated by the infection of legume
hosts, resulting in the formation of root nodules where the N fixation process takes place
(Lodwig et al., 2003). It should be noted that nitrogen from other sources such as
fertilizers and organic N also dissociate into NH," and NO3’, which eventually, are also
taken up by plants. The most usual fate of biologically fixed N (NH3) is assimilation by
the plant because it is contained in the plant nodules (Serraj, 2004). Plants make use of N
for biosynthesis, when it is in a more reduced state (McCashin, 2000), for instance NH,".
Hence, after plant uptake, two enzymes are involved in converting NOs to NH,".
These are nitrate reductase (NR) that catalyzes the conversion of NO3™ to nitrite (NO3)
commonly in the cytosol of the leaves, and nitrite reductase (NiR) that catalyzes the
conversion of NO; to NH;", mostly after translocation of NO, into the
plastids/chloroplasts. It should be noted that nitrate reduction also takes place in the roots
which commonly depends on electron carriers such as nicotinamide adenine dinucleotide
(NADH) and ferrodoxin (Fd) in the process as electron donors (Taiz and Zeiger, 2006).
The two equations (ii) and (iii) below summarize the reduction processes of NO3™ to NH,"

(McCashin, 2000; Taiz and Zeiger, 2006).
NR ..
NO3 + NADH + H* +2e™ — NO; + NAD* + H,0 .....oooiiiiiiiiin (i)

NiR
NO; + 6Fd (Fe?*) + 8H* + 6e~ — NH} + 6Fd (Fe3*) + 2H,0............... (iii)
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The two enzymes are inducible, meaning that the presence of NOj3 will induce the
synthesis of NR whereas the presence of NO, will induce the synthesis of NiR
(McCashin, 2000). Once formed, NH," can be incorporated into carbon compounds by
reacting with the amino acid glutamate (glutamic acid) to form glutamine (GLN).

This reaction is catalyzed by an enzyme called glutamine synthetase (GS) (equation iv).

GS
Glutamate + NH + ATP — Glutamine+ ADP+ P, .......................... (iv)

In another step, one molecule of glutamine from the first step is then used by glutamine-
2-oxoglutarate-amino-transferase (GOGAT or glutamate synthase) to aminate one
molecule of 2-oxoglutaric acid, a product of the Kreb’s cycle. The net effect of the
process is the generation of two molecules of glutamate (equation v) (Giller, 2001; Taiz
and Zeiger, 2006). One molecule continues with the cycle whereas the other is used in the

formation of other amino acids and proteins (Giller, 2001).

GOGAT
Glutamine + 2-oxoglutarate + NADH + H* —— 2 glutamate + NAD* ......... (v)

The other fates of fixed N predominate after a plant finishes its life cycle and dies and
these follow various processes such as decomposition, mineralization (aminization and
ammonification), and nitrification in the soil (Brady and Weil, 2008). Ammonification
converts organic N in residues into NHj3 that becomes susceptible to volatilization, or
protonation to NH," that in turn is also easily nitrified to NOs in aerobic conditions
(Brady and Weil, 2008; Havlin et al., 2005). Nitrate also has a number of fates, either to
be taken up by growing plants or lost through leaching or denitrification (Sylvia et al.,

2005; Paul, 2007).
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1.9 Mineralization Patterns of Crop Residues
Egbe et al. (2007) and Svubure et al. (2010) reported superior performance of subsequent
maize yields following incorporation of crop residues of food grain legumes, namely
pigeon pea, groundnuts, soybean, bambara groundnut and common bean as compared to
maize following incorporation of maize crop residues or fallow systems. Residue quality
as determined by N, lignin and polyphenol contents is one of the factors that affect the
rate of nutrient release and availability for plant uptake (Sanginga and Woomer, 2009).
Palm et al. (2001) assigned organic resources into basic categories depending on N, lignin
and polyphenol contents and made the following recommendations:
(@) High quality organic resources having N > 2.5%, lignin < 15% and polyphenols <
4% should be incorporated directly.
(b) Organic resources having N > 2.5%, lignin > 15% and polyphenols > 4% should
be mixed with organic fertilizer or high quality residues.
(c) Organic resources having N < 2.5% and lignin < 15% should be mixed with
fertilizer or added to compost.
(d) Lowest quality organic resources having N <2.5% and lignin > 15% should be

applied to the soil surface as mulch for erosion and water control.

Research involving mixtures of same quantities of pigeon pea roots plus 2.5 t ha™* maize
stover and pigeon pea roots with 5 t ha™ maize stover led to 15 and 35% immobilization
of N respectively in Malawi (Makumba and Akinifesi, 2008). In another study Gentile et
al. (2009) in Kenya, reported an early season N release of 22 kg N ha™ from tithonia leafy
biomass with 120 kg N ha™ inorganic N application and an immobilization of 34 kg N ha’
! from maize stover with 120 kg N ha™ inorganic N application. However, quantitative
information on mineralization patterns of crop residues from legume/legume and

legume/cereal intercrops is scanty.
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1.10 Vesicular Arbuscular Mycorrhizae Contributions to Plant Nutrition as
Influenced by Legume-Based Cropping Systems

Mycorrhiza is a mutualistic association between roots of plant and certain species of
fungi. The most common mycorrhizal fungal group reported in over 80% of plant species
is referred to as vesicular arbuscular mycorrhizae (VAM) or arbuscular mycorrhiza (AM)
(Brundrett, 2004). Mycorrhiza is an adaptive symbiosis that allows the fungi to get energy
from the plant’s photosynthates while providing a number of benefits to the plant,
including enhancement of uptake of P and other nutrients (N, K, Zn) by increasing the
root surface area, and producing enzymes and organic acids that solubilise the mineral
nutrients (Bolan, 1991; Sylvia et al., 2005; Brady and Weil, 2008). Marschner and Dell
(1994) reported that VAM can account for 80%, 25% and 10% of a plant’s P, N and K
uptake, respectively. Furthermore VAM fungal colonisation is also reported to protect
some plants from effects of heavy metals by reducing their uptake (Borie et al., 2002;
Singh, 2012). It also increases water uptake, and protect plants from some pathogens and

weeds (Makoi and Ndakidemi, 2009).

Furthermore, some studies show that VAM fungal colonisation enhances BNF through
synergistic or additive interactions with rhizobial species. The tripartite symbiotic
relationship involving the plant, rhizobia and mycorrhizal fungi has been reported to be
beneficial to the BNF process as it enhances soil P uptake, since increasing P levels are
associated with increased BNF (Liu et al., 2000; Makoi and Ndakidemi, 2009; Lupayi et
al., 2011; Fageria, 2012). Abd-Alla et al. (2014b), in a study in a slightly alkaline to
alkaline (pH 7.5 — 8.7) soil in Egypt, reported a synergistic interaction between VAM
fungi and Rhizobium leguminosarum bv. viciae that led to increase in number and mass of
nodules, nitrogenase activity, leghaemoglobin content of nodules, amount of N fixed and
dry matter yields of faba bean (Vicia faba). Furthermore, the VAM fungi and Rhizobium

leguminosarum bv. viciae synergistic interaction boosted the VAM fungal colonisation
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from 40% to 87% over the control as the alkalinity level increased (Abd-Alla et al.,
2014b). It should be noted that depending on environmental conditions, microbial strains
and legume species under study the tripartite symbiosis or interactions of VAM fungi,
rhizobia and plant lead to contrasting results. Co-inoculation of common bean (Phaseolus
vulgaris) with VAM fungi and Rhizobium led to lower nodule counts and dry weights
compared to inoculation with Rhizobium alone (Ballesteros-Almanza et al., 2010). In this
study the negative effects by the tripartite symbiosis were attributed to competition for
photosynthates under the drought tress conditions in which the experiment was conducted

(Ballesteros-Almanza et al., 2010).

Mycorrhizae proliferation is affected by a number of factors including cropping and
rotational systems, and nutrient levels such as of P in the soil. Bagayoko et al. (2000) in
Niger observed native vesicular arbuscular mycorrhia colonization of 27% on pearl millet
roots in a monoculture system and 45% colonization when millet followed cowpea in
rotation, with direct positive correlation to grain yield. Lekberg et al. (2008) in Zimbabwe
reported 45% and 40% maize mycorrhizal colonization after lablab and pigeon pea,
respectively, which were slightly higher than mycorrhizal colonization after maize.
Furthermore, positive correlations were reported between shoot dry weight of maize and
mycorrhizal colonization for maize grown after lablab, pigeon pea and maize (Lekberg et
al., 2008). Residual effects of mycorrhizal inoculation in Nigeria resulted in 41% higher
maize yield than maize yield obtained after non-mycorrhizal maize (Dania et al., 2013).
However, information on mycorrhizal colonization in a pigeon pea/cowpea intercrop by
both native and inoculated arbuscular mycorrhizal fungi and their effects on yields of

subsequent maize crop is scanty. Hence, the need to further address the research gaps.
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1.11 Justification

Nitrogen is the major limiting nutrient element in Malawi soils with respect to growth and
productivity of maize (Snapp, 1998; Makumba, 2003; Tamene et al., 2015). This poses a
serious challenge to Malawi’s smallholder farmers as the majority of them apply < 50%
of the recommended rate (92 kg N ha) of N fertilizer, due to high fertilizer costs
(African Development Bank, ADB, 2011). Legume cropping systems and crop residue
management are some of the alternative ways of improving soil fertility through the

supply of biologically fixed nitrogen (Sanginga and Woomer, 2009).

In Malawi, commonly grown legumes include cowpea (Vigna unguiculata), groundnuts
(Arachis hypogaea), pigeon pea (Cajanus cajan), common bean (Phaseolus vulgaris) and
soybean (Glycine max) (Kamanga, 2002). They are grown in different cropping systems
including sole cropping, legume-cereal intercropping, and legumes intercropped with
other legumes (legume/legume intercrops) in what is commonly known as “doubled-up”
legume technology (ICRISAT/MALI, 2000; Mhango, 2011). Ngwira et al. (2012) reported
35% higher maize grain yield following pigeon pea/groundnuts intercrop than in a
continuous maize monocropping system in Malawi. Some research has been done on sole
cropped legumes, legume/cereal intercrops and legume/legume intercrops but not much
has been done on evaluating the amounts of biologically fixed N in legume/legume
intercrops. Therefore, there is a need to evaluate the amount of biologically fixed N in
legume/legume intercrops in comparison with the amount of N, fixed in sole legume
crops and in legume/cereal intercrops. Very little has been done in evaluating BNF in
different cropping systems involving cowpea, which is widely grown in Malawi. Cowpea
is also reported to participate in symbiotic relationship with mycorrhizal fungi that
improve uptake of P and other nutrients (Bagayoko et al., 2000). However, there is no
documentation on the effect of intercrops of pigeon pea and cowpea or maize on vesicular

arbuscular mycorrhizae (VAM). Therefore, comparative quantification of BNF,
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assessment of mycorrhizae colonization and determination of the crop residue effects
from the sole cropping, legume/legume and legume/cereal intercrop systems on maize

yields is necessary for appropriate ISFM recommendations in Malawi.

1.12 Objectives
1.12.1 Overall objective
To optimize pigeon pea and cowpea intercropping practices for increased yields of

subseguent maize in rotation.

1.12.2 Specific objectives

i. To determine the effects of sole cropping and intercropping systems on biological
nitrogen fixation by pigeon pea and cowpea and their productivity.

ii. To determine N-release patterns of residues from sole cropping, legume/legume
and legume/cereal intercrop systems of pigeon pea, cowpea and maize for
synchronization with N uptake by subsequent maize crop.

iii. To determine the effects of sole cropping, legume/legume and legume/cereal
intercrop systems of pigeon pea, cowpea and maize on vesicular arbuscular
mycorrhizal fungi colonization and their implications on BNF.

iv. To determine the effects of crop residues from the different cropping systems

together with supplemental N on the yields of a subsequent maize crop.

1.13 Organization of the Dissertation

This dissertation is organized into six chapters. Chapter One covers the extended
introduction containing the background information that include the review of literature
on the status of soil fertility in sub-Saharan Africa in general and Malawi in particular.
It also covers a review on factors that affect the legume-Rhizobium symbiosis and BNF,

legume-based cropping systems and their significance in soil fertility improvement,
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mycorrhizae in maize and legume-based systems and their implications on BNF, and crop
residue mineralization patterns and their effects on sub-sequent maize yields. Finally, it

states the objectives of the study and outlines the organization of the dissertation.

Chapter Two covers effects of cropping systems on BNF; Chapter Three covers the
assessment of legume-based systems productivity while Chapter Four covers VAM
fungal colonization in the legume-based systems and on rotational maize following the
legume based systems. Chapter Five covers the mineralization patterns of different crop
residues, and the effects of integrated legume-based residual N and inorganic N on maize
yields. Finally, Chapter Six is a summary of Conclusions from all the previous chapters

and Recommendations based on results reported in this dissertation.
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CHAPTER TWO

2.0 BIOLOGICAL NITROGEN FIXATION BY PIGEON PEA AND COWPEA
GROWN IN “DOUBLED-UP” AND OTHER CROPPING SYSTEMS ON THE

LUVISOLS OF CENTRAL MALAWI

Abstract

Legumes form a very important component in Malawi’s cropping systems especially due
to their roles in food security, income generation and soil fertility improvement through
biological nitrogen fixation (BNF). They are commonly grown in various cropping
systems including sole cropping, cereal-legume intercrops and legume-legume (“‘doubled-
up”) intercrops. However, information on BNF by the pigeon pea and cowpea under
doubled-up system is scanty. Therefore, a comparative study was conducted at two sites
of Lilongwe and Dowa in the 2013/14 growing season, to quantify the amounts of
biologically fixed nitrogen in the three legume cropping systems. The experiments were
laid out in a randomized complete block design and biological nitrogen fixation was
estimated using the modified nitrogen difference method. Results showed that there were
significant differences (P < 0.05) in nodule numbers, nodule dry weights, %Ng¢, and
quantity of N, fixed per unit area due to cropping systems effects at both sites. Sole
cropped pigeon pea produced the highest N, fixed (92.9 kg N ha®) which was
significantly higher by 86%, 30%, 36% than the amounts fixed in the cowpea-maize
intercrop, sole cowpea and pigeon pea-maize intercrop, respectively, in the Dowa site.
On the other hand, the total sum of the amounts of N, fixed (82.9 kg N ha) by the
component crops in the pigeon pea-cowpea “doubled-up” was comparable to that by sole
cropped pigeon pea in the Dowa site. However, for Lilongwe site the doubled-up

cropping system total amount of biologically fixed nitrogen (57.4 kg N ha™) was
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significantly lower than that by the sole cropped pigeon pea (85.7 kg N ha™) by 33%.
The 57.4 kg N ha™ was not significantly different from the biologically fixed nitrogen by
the sole cropped cowpea and pigeon pea-maize intercrop but was significantly higher
(P < 0.05) than that by cowpea-maize intercrop (10.2 kg N ha™) by 82%. From this study
it can be noted that all three legume cropping systems can lead to substantial amounts of
biologically fixed nitrogen, but their implementation should consider both combinations

and environmental factors for specific sites.

Key words: Biological nitrogen fixation, cropping systems, legume-legume intercrop,

soil fertility.

2.1 Introduction

The quest for high agricultural productivity in many parts of the world is hampered by
many factors including climate variability, growing human populations that put more
pressure on land resources and reduced productivity of the soils (AGRA, 2014; Reynolds
et al., 2015). In Sub-Saharan Africa, the challenge of declining soil productivity is
enormous, which is also exacerbated by low economic status of most smallholder farmers
who cannot afford enough quantities of inorganic fertilizers to effectively replenish
nutrients in their farms (Druille and Barreto-Hurle, 2012; AGRA, 2014). In Malawi,
declining soil fertility, with reference to nitrogen as the major limiting nutrient for crop
growth, has been the biggest challenge in sustainably achieving optimum yields of maize,
the main staple crop of the country (Kumwenda et al., 1997; Makumba, 2003). Although
various technologies of soil management have been developed by researchers and some
practised by smallholder farmers, they face numerous challenges in many parts of
Sub-Saharan Africa, including Malawi, in terms of adoption by smallholder farmers due

to various reasons. These include transportation costs and low level of ownership of
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livestock that could produce manure (Ajayi et al., 2007) and low nutrient content of many

organic soil amendments (Palm et al., 1997).

However, legumes that are known to participate in symbiotic N, fixation are commonly
grown in many parts of Sub-Saharan Africa. In Malawi, commonly grown legumes
include common beans (Phaseolus vulgaris), cowpea (Vigna ungiculata), soybean
(Glycine max), groundnut (Arachis hypogaea) and pigeon pea (Cajanus cajan) (Mhango
et al., 2012; Ngwira et al., 2012). Snapp et al. (2014) reported that 35 to 50% of maize
plots surveyed in Malawi integrated some legumes. Legumes offer many advantages to
farmers, including increased income, protein source and soil fertility improvement
through biological nitrogen fixation (BNF). Biological nitrogen fixation is achieved
through the involvement of legumes in a mutualistic relationship with bacteria, mainly
rhizobia. Rhizobia is a generalized name but is a group that includes various genera such
as Allorrhizobium, Bradyrhizobium, Rhizobium, Sinorhizobium and Mesorhizobium
(Giller, 2001; Syvia et al., 2005; Berrada and Fikri-Benbrahim, 2014). Various amounts
of biologically fixed N have been reported from studies done in Sub-Saharan Africa,
ranging from 13 to 167 kg ha™ for pigeon pea (Giller, 2001), 33 to 124 kg ha™ for
groundnuts (Nyemba and Dakora, 2010; Mhango, 2011) and 47 to 105 kg ha™ for cowpea

(Giller, 2001).

The amounts of biologically fixed nitrogen and their subsequent contribution to soil
fertility improvement vary according to a number of factors, including available plant
nutrients such as macro- and micronutrients, soil reaction, cropping systems used and
other environmental factors (Giller, 2001; Sylvia et al., 2005; Brady and Weil, 2008;
Mohammadi et al., 2012). In Malawi, farmers grow legumes in various cropping systems,

including sole cropping, cereal-legume intercrops and legume-legume intercropping
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which is popularly known as “doubled-up” legume technology (ICRISAT/MAI, 2000;

Mhango et al., 2012).

A doubled-up legume technology is where a legume is intercropped with another legume
and this is commonly done by involving a tall legume such as pigeon pea and other
relatively short legumes such as groundnuts, soybean or cowpea (ICRISAT/MAI, 2000).
Farmers ranked doubled-up legumes as being highly beneficial, citing reasons such as
increased food security, labour saving and soil fertility improvement (Phiri et al., 2012).
However, most information on the quantities of biologically fixed N is based on sole
crops. Mhango (2011) and Njira et al. (2012) reported on biological nitrogen fixation of
doubled-ups of pigeon pea-groundnuts (42-82.8 kg ha®) and pigeon pea-soybean
(53.6 kg ha™) whereas Phiri et al. (2014) reported soil fertility improvement due to pigeon

pea-groundnut intercrop.

However, not much has been done to evaluate quantities of biologically fixed N under
doubled-ups involving most of the recent legume varieties and information on pigeon
pea-cowpea doubled-up BNF is scanty. Therefore, the objective of this study was to
assess nodulation and quantify the amount of nitrogen that is biologically fixed per unit
area by each of pigeon pea and cowpea in a doubled-up cropping system, their combined
amount of N and in comparison with N, fixed when grown as sole crops or in cereal-
legume intercrops. In this dissertation, the terms N, fixed and biologically fixed nitrogen

(N) are used interchangeably.

2.2 Materials and Methods
2.2.1 Site identification and characterization of soils of the study sites
Two sites, Lilongwe and Dowa, both in the Central region of Malawi were identified for

the study. The two sites were considered to increase the scope of identifying consistence
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and repeatability of treatment effects as recommended by Nielsen (2010). In Lilongwe
district, the experiment was conducted at the Lilongwe University of Agriculture and
Natural Resources (LUANAR) research farm (14° 11’ S, 33° 46’ E) within the Mkwinda
Extension Planning Area (EPA), specifically at Bunda, whereas in Dowa district the
experiment was conducted at Nachisaka EPA (13° 37’ S, 33° 56’ E). Rain gauges were
installed at both sites for rainfall monitoring. Soils of the two sites have been classified as

Chromic Luvisols (Typic Hapludalfs) (Chilimba et al., 2011; Mutegi et al., 2015).

Soil samples were collected using an auger from depths of 0 - 20 cm and 20 - 40 cm,
based on the simple random sampling plan, before planting and after harvesting according
to Anderson and Ingram (1993). The sampling during pre-planting involved sampling
from six points in Lilongwe and nine points in Dowa and for each of these sites soils were
pooled into depth-wise composite samples. The nine points in the Dowa site were
considered because the slope was slightly higher than that of the Lilongwe site which was
generally flat. These were air dried and analysed for various parameters namely: soil
texture by the hydrometer method (Bouyoucos, 1962), pH in water by the potentiometric
method (Thomas, 1996), total nitrogen (N%) by micro-Kjedahl method (Bremner and
Mulvaney 1982), soil extractable phosphorus (P) by Mehlich-3 method (Mehlich, 1984)
and boron using the hot water soluble method as outlined by Anderson and Ingram
(1989). Organic carbon (C) was determined using the wet oxidation method by
dichromate (Nelson and Sommers, 1982), exchangeable bases, iron (Fe), manganese (Mn)
and zinc (Zn) by Mehlich-3 method (Mehlich, 1984). Post-harvest sampling involved
sampling soils from each plot for analysis of mineral N that was used in the modified
nitrogen difference method for determination of biologically fixed N according to Peoples

et al. (1989), described in detail in Section 2.2.4.
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2.2.2 Experimental design and plot layout

The experiment was laid out in the randomized complete block design (RCBD) with three
replicates at both sites. Treatments included sole cropped cowpea, sole cropped pigeon
pea, pigeon pea-cowpea intercrop, cowpea-maize intercrop, pigeon pea-maize intercrop
and sole cropped maize. Varieties planted were the Alectra vogelii-resistant cowpea
known as Mkanakaufiti (IT99K-494-6), the medium duration pigeon pea known as
Mwayiwathu alimi (ICEAP 00557), and the Mkangala (DKC 8053) variety of maize.
The treatments were replicated three times. The plot of sole cropped maize (without
fertilizer) was included to serve the purpose of reference crop in the determination of
BNF by the modified nitrogen difference method (Peoples et al., 1989). All the maize in
the intercrops was not fertilized to avoid confounding effects on BNF through N transfer
that might occur. Furthermore, the nitrogen difference method (Sections 2.2.1 and 2.2.4)

is more reliable in low N than in higher soil N conditions (Danso et al., 1992).

The size of each treatment plot was 15 m by 7 m and included 20 ridges of 7 m long at the
spacing of 75 cm. The big plot size was used purposively in preparation for the following
season split plot design that was superimposed on these trials (described in Chapter Four
and Five). Three pigeon pea seeds were planted per planting station at 90 cm between
planting stations within the row/ridge at the ridge spacing of 75 cm in both sole and
intercrop according to MoAFS (2012). In-row intercropping was done by planting either
cowpea or maize between pigeon pea planting stations within the ridge/row according to
MOAFS (2012). In sole cowpea, two seeds were planted per planting station at a spacing
of 20 cm between planting stations along the ridge and at a distance of 75 cm between
ridges, whereas the intercropped cowpea was planted at the same distance of 20 cm,
which made three planting stations per every space between two pigeon pea planting

stations. Similar to pigeon pea, three maize seeds were planted per planting station at
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90 cm between planting stations within the row/ridge at a ridge spacing of 75 cm in both
sole and intercrop. This made the planting pattern of intercropped maize and pigeon pea
involving the planting station of pigeon pea being systematically in the middle of the

space between maize planting stations.

2.2.3 Nodulation assessment, plant sampling and analysis

Nodulation assessment was conducted both in cowpea and pigeon pea at 50% flowering
of each crop. These activities were conducted at different times as these crops grow and
reach specific growth stages at different periods. Nodulation assessment included careful
uprooting of plants, counting number of nodules, recording fresh and dry weights of
nodules and determining the effectiveness of the nodules by slicing them and checking
their internal colours. Effective nodules are identified by pink, red or brown colours while
other colours such as green, white and yellow mean non-effectiveness (Peoples et al.,
1989; Sylvia et al., 2005). Ten plants were randomly sampled from each plot of cowpea
and nodules numbers from each of these plants were recorded. The procedure of sampling
for pigeon pea plants was similar to that of sampling cowpea. However, eight plants were
sampled for pigeon pea since its plant population was lower than that of cowpea.
Furthermore, 10 nodules were randomly sampled, each nodule cut into halves to check
the internal colour for determination of effectiveness. Number of effective nodules was
expressed as the percentage of effectiveness. Fresh and dry weights were also taken from
the total number of nodules per plant. Plant samples were collected from the fields at 50%

flowering from each of the legumes and at tasseling stage for maize for analysis of % N.
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2.2.4 Determination of biological nitrogen fixation and percentage of nitrogen
derived from the atmosphere (%6Ngta)

The total N percentage determined in the plant samples was multiplied by total dry matter
yields of each crop. Biological nitrogen fixation was determined using the modified
Nitrogen-Difference method (Peoples et al., 1989). In the N-difference method N, fixed is
estimated from the difference between total plant nitrogen (N yield) of an N,-fixing
legume and a reference crop (non-Np-fixing). The modified technique is intended to
improve accuracy of measurements when a non-nodulating legume is not available and
the two plant species being used are not well matched. This is achieved by determining
the difference of post-harvest soil N in the legume and control plots (Evans and Taylor,
1987). Hence, in this study maize root system is not well matched with those of either

pigeon pea or cowpea. Therefore, the formula used was as in the following equation (vi):

Q = [Nyield (legume)-N yield (control)] + [N soil (legume)- N soil (control)]
where:

Q (kg ha™) = Quantity of the biologically fixed nitrogen

N yield [legume] (kg ha™) Nitrogen yield of a legume

N yield [control] (kg ha™) Nitrogen yield of a non-fixing plant

N soil (kg ha™) Post-harvest soil nitrogen in legume or control

plot

The percentage of nitrogen derived from the atmosphere (%Ngr) was determined as
follows:

N, fixed .
%Ndfa — Nzyield X 100 crererereeee e, (Vll)

where:
N fixed is the biologically fixed nitrogen

N yield is the total N uptake
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2.2.5 Determination of total dry matter yields

The total dry matter yields (total biomass yields) were determined on a per hectare basis
for all the crops, which are cowpea, pigeon pea and maize. A net plot of 13.5m by 4.3m
was demarcated and all the plants for a specific crop were cut at ground level for the total
above ground biomass. These were weighed for fresh weights and samples taken to the
laboratory for oven drying and determination of dry matter yields according to

Mloza-Banda (1994).

2.2.6 Statistical and data analysis

All the obtained data were subjected to analysis of variance (ANOVA) using Genstat 15"
edition statistical package based on the statistical model presented in equation (viii).
Consideration of plant population of cowpea was made, as it was planted with different
populations in the sole and intercropped systems. This was achieved by determination of
parameters that needed cowpea plant population on per plant basis and where possible
covariate analyses were applied according to Gomez and Gomez (1984). Means were

separated using the least significant difference test (LSD) at 5% level of significance.

Yij=p+pj +1i+&
Where:
Yij = measured variable from the i™ treatment group in the j™ block,
p = overall mean
7; = the effect of the i" treatment
B; = the effect of the " block

&; = random error from the i" group in the j" block
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2.3 Results

2.3.1 Rainfall amounts at the two study sites in the 2013/14 cropping season

Figure 2.1 shows the amount of rainfall at the two study sites. Results show the highest
monthly rainfall in the months of January and February for Lilongwe and Dowa,
respectively. Lilongwe site received higher total amount of rainfall (1205 mm) than the
Dowa site (758 mm). However, the total amounts of rainfall at both sites are within the
required rainfall amount ranges for the crops that were planted in this study, based on
MOoAFS (2012). Rainfall distribution was favourable at both sites especially for cowpea
and maize as it was moderately high in the month of February when these two crops were

podding and tasseling, respectively.
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Figure 2.1: Rainfall amounts for Lilongwe and Dowa sites in the 2013/14 cropping

season
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2.3.2 Soil properties of the Lilongwe and Dowa study sites

Results of soil properties for the two study sites are shown in Table 2.1 whereas criteria
for rating and critical values or ranges are presented in Appendix 1. The topsoil mean
values indicated moderately acid for Lilongwe and slightly acid for Dowa site whereas
the subsoils of both sites were slightly acidic with the same mean value (Table 2.1).
Dowa soil had high organic matter for both top and subsoil whereas Lilongwe showed
low organic matter for both depth ranges (Table 2.1). Total N was low at both sites
compared with its critical value (Appendix 1) but available P (Mehlich-3 P) was
moderately high in the topsoil and medium in the subsoil for Dowa as compared to its
critical value (Appendix 1). On the other hand, Lilongwe site soils showed high available
P in both depth ranges. Exchangeable Mg was medium for both sites and depths. Both
sites showed medium and high exchangeable Ca in the top and subsoil, respectively.
Furthermore, exchangeable K was above the critical values at both sites. The Zn values
were much higher for the Dowa soil by 79% and 77% than the Lilongwe soil in the
topsoil and subsoils, respectively, but values in both sites were higher than its critical
value (Appendix 1). Soil textural classes for the topsoil of both sites were sandy clay

loam whereas the subsoil showed clay loam for Dowa and loam for Lilongwe.
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Table 2.1: Soil properties of the Lilongwe and Dowa study sites in Malawi

Soil property Lilongwe Dowa Lilongwe Dowa
0-20cm Rating 0-20cm Rating 20-40cm Rating 20-40cm Rating
PHuwater 1:2.5 6.00 Moderately 6.20 Slightly acid 6.2 Slightly 6.2 Slightly acid
acid acid

Organic C (%) 1.10 Low 2.8 Medium 0.9 Low 2.5 Medium
SOM (%) 1.80 Low 4.7 High 1.6 Low 44 High
Total N (%) 0.05 Very low 0.14 Medium 0.05 Very low 0.10 Low
Mehlich-3 P 57 High 41 High 28 Adequate 21 Low
(mg/kg)
Mg (cmol./kg) 1.24 High 0.99 High 1.18 High 1.12 High
Ca (cmol./kg) 4.24 High 4.78 High 52 High 5.3 High
K (cmol./kg) 0.35 High 0.23 Adequate 0.22 Adequate 0.23 Adequate
Fe (mg/kg) 19.11 Adequate 19.2 Adequate 15.6 Adequate 19.0 Adequate
Zn (mg/kg) 2.56 Adequate 12.2 High 4.0 Adequate 17.4 High
Mn (mg/kg) 10.3 High 17.1 High 11.49 High 15.4 High
B (mg/kg) 0.58 Adequate 0.15 Adequate 0.08 Low 0.16 Adequate
Bulk density 1.53 - 1.45 - 1.54 - 1.52 -
(g/cm?®)
Particle size
distribution

Sand 46.4 46.7 47.6 45 -

Silt 22.7 23.3 29.1 24.4 -

Clay 30.9 30.0 23.3 30.6 -

Textural class Sand clay Sandy clay Loam Clay loam -

loam loam

NB:

hyphen ( -) = no information

Critical values/ranges and references obtained from are in Appendix 1

Ratings are according to references as presented in Appendix 1
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2.3.3 Nodulation of pigeon pea as affected by cropping system at the two study site

Table 2.2 shows that there were significant differences (p < 0.05) in pigeon pea nodule
dry weights as influenced by cropping system at both sites. Nodule dry weights were
significantly higher (p < 0.05) in sole cropped pigeon pea by 25% and 48% than that of
pigeon pea in the pigeon pea-cowpea and pigeon pea-maize intercrops, respectively, at
the Lilongwe site. Similarly, at the Dowa site, sole pigeon pea showed significantly
higher (p < 0.05) nodule dry weights by 28% and 46% than that of pigeon pea in pigeon
pea-cowpea and pigeon pea-maize intercrops, respectively. Furthermore, at the Dowa site,
nodule numbers were significantly higher (p < 0.05) in the sole cropped pigeon pea than
those of pigeon pea in the pigeon pea-maize intercrops by 31% and slightly higher than
those in the pigeon pea-cowpea intercrop. However, at the Lilongwe site, nodule numbers
were only slightly higher in the sole cropped pigeon pea than that of pigeon pea in the
pigeon pea-cowpea and pigeon pea-maize intercrops. Furthermore, no significant

differences were observed in nodule effectiveness at both study sites.

2.3.4 Nodulation of cowpea as affected by cropping system at the two study sites

The effect of cropping system on the extent of nodulation was as presented in Table 2.3.
Results show that sole cropped cowpea produced significantly (P < 0.05) higher nodule
numbers than those of cowpea in the cowpea-maize intercrop by 38%, at the Dowa site.
However, sole cropped cowpea nodule numbers were only slightly higher in the Lilongwe
site. On the other hand, significant differences were observed in cowpea nodule dry
weights in both Lilongwe and Dowa sites. Sole cowpea produced significantly higher
(P < 0.05) nodule dry weights by 38% and 36% than those of cowpea in the cowpea-
pigeon pea and cowpea-maize intercrops, respectively. No significant differences were

observed in cowpea nodule effectiveness in both sites of the study.
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Table 2.2: Pigeon pea nodule numbers, dry weights and effectiveness as affected by
cropping system at the two study sites

Parameter Cropping Site
system Lilongwe Dowa
Nodule numbers/plant PP 12 13
PP+CP 10 12
PP+MZ 9 9
LSD (0.05) 2.6 3.8
Fpr. 0.085 0.045
CV% 11.2 15.0
Nodule dry weight (mg/plant) PP 335.6 353.6
PP+CP 251.5 254.3
PP+MZ 174.7 191.9
LSD (0.05) 47.1 125.5
F pr. 0.002 0.045
CV % 8.2 20.8
Nodule effectiveness (%) PP 66.7 66.7
PP+CP 53.3 63.3
PP+MZ 56.7 63.3
LSD (0.05) 15.1 15.1
Fpr. 0.145 0.79
CV % 11.3 10.3

NB:  (i)Separation of means was based on LSD as 5% significant level; CV = coefficient of
variation; F pr. = F probability

(ii)PP = pigeon pea; CP = cowpea and MZ = maize; PP+CP = PP intercropped with CP;
PP+MZ = PP intercropped with MZ



50

Table 2.3: Cowpea nodule numbers, dry weights and effectiveness as affected by

cropping system at the two study sites

Parameter Cropping system Site
Lilongwe Dowa
Nodule numbers/plant CP 11 16
CP+PP 8 12
CP+MZ 8 10
LSD (0.05) 3.99 5.16
Fpr. 0.256 0.043
CV% 19.9 18.3
Nodule dry weight (mg/plant) CP 519.1 711.4
CP+PP 323.7 492.8
CP+MZ 330.7 419.9
LSD (0.05) 73.1 205.8
F pr. 0.003 0.037
CV % 8.2 16.8
Nodule effectiveness (%) CP 83.3 86.7
CP+PP 76.7 86.7
CP+MZ 80.0 80.0
LSD (0.05) 18.5 17.7
Fpr. 0.64 0.54
CV % 10.2 9.3

NB:  (i)Separation of means was based on the LSD at 5% significant level; CV = coefficient of
variation; F pr. = F probability

2.3.5 Biological nitrogen fixation by pigeon pea and cowpea as influenced by
cropping system at the Lilongwe and Dowa sites

2.3.5.1 Quantities of N, fixed and %Nz, by pigeon pea at Lilongwe site

The amounts of biologically fixed N by pigeon pea and cowpea on a per plant basis and
the % Ndfa, as influenced by cropping system are as presented in Table 2.4. The per plant
basis analysis was intended to see the performance of the crop as it grows in different
cropping systems whereas per hectare basis (Figure 2.2) was done specifically to show
quantities for each crop per unit area, and consideration of plant population was done by
covariate analysis on the cowpea data as it was sown in different plant populations in the
different cropping systems. Results show that there were significant differences (P < 0.05)

in biologically fixed N by the legumes as influenced by cropping system at both study
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sites (Fig. 2.2). In the Lilongwe site, sole cropped pigeon pea showed significantly higher
(P < 0.05) N fixed per plant (Table 2.4) than that by pigeon pea under both intercrops of

pigeon pea-cowpea and pigeon pea-maize by 42% and 33%, respectively.

On the other hand, N fixed per hectare by pigeon pea (Figure 2.2) was also significantly
higher (P < 0.05) in the sole pigeon pea than that by pigeon pea in the pigeon pea-cowpea
or pigeon pea-maize intercrops by 47% and 36%, respectively. However, no significant
differences were noted in the N, fixed by pigeon pea in the pigeon pea-cowpea and
pigeon pea-maize intercrops. The %Ngfr, In the Lilongwe site (Table 2.4) was
significantly higher (P < 0.05) in the sole pigeon pea by 17% and 12%, respectively, than
that by pigeon pea in the pigeon pea-cowpea and pigeon pea-maize intercrops.
Comparison of results on pigeon pea %Nz, in the pigeon pea-cowpea and pigeon pea-

maize intercrops showed no significant differences.

2.3.5.2 Quantities of N, fixed and %Nz, by pigeon pea at Dowa site

Similar to the Lilongwe site, at the Dowa site, there were significant differences
(P < 0.05) in the N fixed for both per plant (Table 2.4) and per hectare basis (Figure 2.2).
Sole cropped pigeon pea N, fixed per plant was significantly higher (P < 0.05) than that
by pigeon pea in the pigeon pea-cowpea and pigeon pea-maize intercrops by 27% and
28%, respectively. On the other hand, N, fixed per hectare was also significantly higher
(P < 0.05) in the sole cropped pigeon pea than those by pigeon pea in the pigeon pea-
cowpea and pigeon pea-maize intercrops by 31% and 36%, respectively. No significant
differences were observed in N, fixed by pigeon pea in the pigeon pea-cowpea and
pigeon pea-maize intercrops. Furthermore, sole cropped pigeon pea showed significantly
higher (P < 0.05) %Ng¢, than that by pigeon pea in the pigeon pea-cowpea and pigeon

pea-maize intercrop, by 10% and 12%, respectively. No significant differences were
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observed in %Ny, by pigeon pea in the pigeon pea-cowpea and pigeon pea-maize

intercrops.

2.3.5.3 Quantities of N2 fixed and %Ndfa by cowpea at Lilongwe site

Results of biological nitrogen fixation by cowpea indicate that there were significant

differences (P < 0.05) in N, fixed and %Ngs, as influenced by cropping system. The N,

content per plant in sole cropped cowpea (Table 2.4) was significantly higher (P < 0.05)

than that by cowpea in the intercrops with pigeon pea and maize, by 70% over each of the

intercropped cowpea. Furthermore, the %Ngs, by the sole cowpea was significantly higher

(P < 0.05) than that by cowpea in an intercrop with pigeon pea and with maize by 58%

and 61%, respectively. There were no significant differences in N, fixed per plant by

cowpea in the cowpea-pigeon pea or cowpea-maize intercrops.

Table 2.4: Pigeon pea and cowpea biological nitrogen fixation and Ndfa as affected
by cropping system at the two study sites

Crop Cropping Lilongwe site Dowa site
system N, fixed/  Ngf, (%) N fixed/ N, (%)

plant (g) plant (g)

PP PP 1.90 75.7 2.61 76.0
PP+CP 1.11 62.6 191 68.7
PP+MZ 1.27 66.6 1.89 66.7
LSD (0.05) 0.59 7.34 0.59 6.49
Fpr. 0.042 0.018 0.044 0.036
CV (%) 15.1 4.7 12.1 4.1

CP CP 0.48 69.4 0.50 68.8
CP+PP 0.14 28.7 0.27 37.3
CP+MZ 0.14 27.2 0.17 29.5
LSD 0.22 19.9 0.13 14.1
F pr. 0.021 0.007 0.005 0.003
CV (%) 38.7 21 17.9 13.8

NB:  Separation of means was based on the LSD at 5% significant level
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2.3.5.4 Quantities of N2 fixed and %oNdfa by cowpea at Dowa site

Results of N, fixed at the Dowa site show that there were significant differences
(P < 0.05) as influenced by cropping system (Table 2.4). Sole cropped cowpea produced
significantly higher (P < 0.05) plant N content by 48% and 66% than that of cowpea in an
intercrop with pigeon pea or maize. Furthermore, the %Ngs, by sole cowpea was also
significantly higher (P < 0.05) than that by cowpea in the cowpea-pigeon pea and

cowpea-maize intercrops, by 46% and 57%, respectively (Table 2.4).

2.3.6 Total biologically fixed N for the different overall cropping systems

The cropping systems included sole crops, legume-legume and cereal-legume
combinations. The legume-legume plot was the same size as others while it contained two
plant species that were biologically contributing nitrogen to the system. Therefore, this
section shows comparisons where the amount of nitrogen fixed by a doubled-up cropping
system is the summation of the N, fixed from the component crops, that is pigeon pea and
cowpea added together. Results show significant differences (P <0.05) as influenced by

cropping system (Figure 2.3-A and B).

Sole cropped pigeon pea had the highest amount of N, fixed at both study sites. At the
Dowa site, sole cropped pigeon pea produced 30%, 36% and 86% higher amounts of
biologically fixed N than those by the sole cropped cowpea, pigeon pea-maize and
cowpea-maize intercrops, respectively. Similarly, the sum of N, fixed by pigeon pea and
cowpea in the “doubled-up” system was comparable to that of the sole cropped pigeon
pea. The total sum of the amounts of N, fixed by pigeon pea-cowpea intercrop at the
Dowa site was 21, 28 and 84% more than the biologically fixed N contributed by the sole

cropped cowpea, pigeon pea-maize and cowpea-maize intercrops, respectively.
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Similarly, at the Lilongwe site, sole cropped pigeon pea produced the highest amount of
N, fixed. However, it was not significantly higher than that by sole cropped cowpea but
was significantly higher than the total sum of the amounts of N, fixed by the pigeon pea-
cowpea “doubled-up”, by 33%. On the other hand the pigeon pea-cowpea “double-up” N
fixed was not significantly different from those in the sole cropped cowpea or pigeon-pea
maize intercrop but was significantly higher (P < 0.05) than that of the cowpea-maize

intercrop, by 82%.
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A: N, fixed by pigeon pea at Lilongwe site  B: N fixed by pigeon pea at Dowa site
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Figure 2.2: Quantities of N2 biologically fixed by pigeon pea and cowpea grown in
different cropping systems.
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A: N fixed at Lilongwe site under different cropping system
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2.4 Discussion

Growth, nodulation and biological nitrogen fixation of legume plants are influenced by
many factors including soil temperature, soil reaction, essential macro- and micro-
nutrients, presence of effective microbial symbionts and cropping systems (Giller, 2001;
Mohammadi et al., 2012). In this study, cropping system effects have been consistent in
most of the parameters determined and statistical differences in nodulation and N, fixed
of both cowpea and pigeon pea have to some extent been influenced by the conditions of
the sites where these crops were grown. The significantly higher pigeon pea nodule
numbers, nodule weights, N, fixed and %Ngys, in sole cropping than in the intercrops as
observed in this study could be attributed to a number of factors such as inter-specific
competition between the two plant species for nutrients, light or moisture. Pigeon pea that
was intercropped with maize or cowpea faced competition for growth resources including
nutrients. Ghosh et al. (2006) reported reduction in relative nitrogen yields in pigeon pea
when intercropped with soybean, which was attributed to competition for N, whereas
Katayama et al. (1995) in a similar study in a shallow Alfisol in India reported reduction
in %Ngs, When pigeon pea was intercropped with various crops including cowpea. Pigeon
pea reduction in growth and N fixation as influenced by intercropping with various crops
such as maize, soybean, groundnuts or sorghum has been reported in a number of similar

studies (Egbe, 2007; Mhango, 2011; Njira et al., 2012: Egbe et al., 2015).

Long and medium duration pigeon pea varieties are known for their slow growth that
gives the crop a good quality for intercropping as it allows the companion crop to grow
and reach maturity before pigeon pea completes its life cycle. This characteristic makes it
susceptible to inter-specific competition depending on planting pattern and the type of
companion crop. In this study the companion crops, cowpea and maize, all have shorter

and faster growth habits than pigeon pea, which can offer stiff competition to pigeon pea
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in the early growth stages. Mangla et al. (2011) noted that slow growers are out-competed

when faced with inter-specific competition for nutrients such as N.

Similarly, cowpea indicated significant reduction in number of nodules, N, fixed and
%Ngra In intercrops with pigeon pea or maize which can be attributed to competition for
growth resources. Similar observations have been reported in a number of other studies.
Van Kassel and Roskoski (1998) reported stiff competition in a cowpea-maize intercrop
where the intercropped maize took twice as much N as the cowpea as compared to similar
amounts that were taken up in sole crops, whereas Makoi et al. (2008) reported reduction
in cowpea plant growth and %N in an intercrop with sorghum. However, Katayama et al.
(1995) observed no significant differences in %Ngs, by cowpea in sole cropping and in an
intercrop with pigeon pea which was attributed to the indeterminate, spreading and
climbing nature of the cowpea variety used in that experiment which gave it an advantage

in exploiting resources.

The present study has shown that the overall contribution of N per unit area by a cropping
system with consideration of both component crops in the pigeon pea-cowpea intercrop
(summing up their biologically fixed N) depended on both the system and site effects.
The Dowa site indicated comparable results in terms of N, fixed (kg N ha™) in the sole
pigeon pea and pigeon pea-cowpea doubled-up, but in the Lilongwe site the doubled-up
system showed significant reduction in the overall N, fixed. This shows some dynamics
in how cropping systems may impact the performance of the crops in different
environments. As to the sites under this study, phosphorus, which is needed much in
BNF, was above critical values in the 0 - 20 cm depth at both sites. However, N and soil
organic matter levels for Lilongwe soils were low whereas Dowa site showed medium N

level and high organic matter levels based on ratings by Landon (1991).
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High amounts of N in the soil are reported to suppress BNF through reduction of
nitrogenase activity, for instance when nitrates are perpetually in high amounts (Havlin et
al., 2005). However, small additional sources or starter amounts of N have been reported
to enhance BNF in legumes where soils are low in N (Mulongoy, 1995; Adu-Gyamfi et
al., 1997; Ahmed et al., 2014). On the other hand, in a number of studies, increase in soil
organic matter has been associated with increased BNF. Increased nodulation and BNF
due to increase in soil organic matter has been reported in soybean (Lawson et al., 1995;
Santos et al., 2011; Coskan and Dogan, 2011; Hayat et al., 2012). Similarly, in this study,
N level and the higher organic matter levels for Dowa could have contributed to the
increase in nodulation and BNF of cowpea and pigeon pea. Mangla et al. (2011) reported
reduction in the effects of inter-specific competition when N was increased to an
intercropping system of two different plant species. On the other hand, soil organic matter
has many functions in the soil including acting as a soil nutrient supply and reserve for
metabolically active microbial community, increasing water holding capacity and
enhancing chelation and bioavailability of micronutrients (Sylvia et al., 2005; Brady and
Weil, 2008; Fageria, 2012). All these factors are very important in the N, fixation
process as they enhance the healthy growth of both the legume plant and the microbial
symbionts, and this may have occurred in the present study. It should be noted that a high
coefficient of variation (38.7) was noted on the amounts of N, fixed for the Lilongwe site

and this was attributed to observed differences in nodulation across replicates.

2.5 Conclusions

From this study it can be concluded that both cropping systems and site of the study had
an influence on nodulation, %Ngs, and the total amount of N, fixed by the two legume
species in the different cropping systems. At the Dowa site, sole cropped pigeon pea
produced the highest amount of biologically fixed N (92.9 kg hal), which was
significantly higher than that by the pigeon pea in both the pigeon pea-cowpea and pigeon

pea-maize intercrops by 31% and 36%, respectively. On the other hand, comparison of
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the overall cropping system contribution per unit area, the total sum of the amounts of
biologically fixed N (82.9 kg ha™) from two component crops in the pigeon pea-cowpea
“doubled-up” was comparable to that by the sole cropped pigeon pea but was
significantly higher than the amounts of N fixed by sole cowpea (62.5 kg N ha™), pigeon
pea in the pigeon pea-maize intercrop (59.9 kg N ha™) or cowpea in the cowpea-maize
intercrop (13.1 kg N ha™). However, the trend was different at the Lilongwe site.
Although the biologically fixed N (85.7 kg ha™) by the sole cropped pigeon pea was
similarly the highest, the total sum of the amounts of N, fixed (57.4 kg N ha™) by the
component crops in the pigeon pea-cowpea “doubled-up” was significantly lower than
that by the sole pigeon pea, by 33%. In this study it was noted that competition for
resources due to type of cropping system and differences in environmental factors can be
important factors influencing the performance of legume components in legume-legume,
legume-cereal and sole cropped legume systems. Therefore, implementation of cropping
systems that integrate legumes should follow a thorough evaluation of site-specific soil

and other environmental conditions.
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CHAPTER THREE

3.0 PRODUCTIVITY OF PIGEON PEA, COWPEA AND MAIZE UNDER SOLE
CROPPING, LEGUME-LEGUME AND LEGUME-CEREAL INTERCROPS

ON THE LUVISOLS OF CENTRAL MALAWI

Abstract

A study was conducted in the Lilongwe and Dowa districts of Central Malawi to assess
the performance and productivity of pigeon pea (PP), cowpea (CP) and maize (MZ) when
grown as sole crops, legume-legume and legume-cereal intercrops. The experiment was
laid out in a randomized complete block design (RCBD). Analysis of variance for yields
was carried out on a per plant basis and the productivity was assessed by using various
competition indices including the land equivalent ratio (LER), relative dry matter yield
(RDY), relative nutrient yields and the monetary advantage index (MAI). Results showed
significantly higher (P < 0.05) grain yield per plant for the sole cropped pigeon pea and
cowpea than their intercrops, but only slight differences were observed for maize, at both
study sites. However, for overall productivity, results showed higher productivity in terms
of yields (LER>1) and monetary gains (positive MAI values) in all the intercropping
systems than sole cropping, at both study sites. Furthermore, the PP+MZ intercrop was
the most productive system in terms of yields and monetary gains as it produced the
highest LER and MAI values. The following LERs were obtained: PP+MZ (1.57), PP+CP
(1.18) and MZ+CP (1.22) for the Lilongwe site and PP+MZ (1.86), PP+CP (1.63) and
MZ+CP (1.26) for the Dowa site. The CP consistently produced lower partial LERS in
both study sites than the other component crops when intercropped with either MZ or PP.
Furthermore, CP growth was limited by both N and P in both study sites as compared to
MZ and PP, whose growth was mostly limited by N. This implied that CP was less

competitive and adaptive for the prevailing conditions. Although the study showed higher
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productivity with intercropping, it is recommended that implementation of intercropping
systems with various crop combinations should consider crop competitive interactions.
Furthermore, research needs to be done on site specific fertilizer recommendations for
various intercropping systems.

Keywords: Legume-legume intercrop, land equivalent ratio, legume-cereal intercrop,

cropping system productivity, monetary advantage index, Malawi

3.1 Introduction

Legume crops form an important part of crop production in Malawi and other Sub-
Saharan African countries. They offer a number of benefits to smallholder farmers
including soil fertility improvement through biological nitrogen fixation (BNF) and
addition of soil organic matter (Drinkwater et al., 1998). Legumes contribute to food
security and human nutrition, and are a good source of protein to resource poor farmers,
especially in areas where availability of meat is low (Giller, 2001; Kerr et al., 2007).
In Malawi, legumes that are commonly grown include common beans (Phaseolus
vulgaris), groundnuts (Arachis hypogaea), cowpea (Vigna unguiculata), pigeon pea
(Cajanus cajan), soybean (Glycine max) and Bambara groundnuts (Vigna subterranea)
among others (Kamanga 2002; Mhango et al., 2012). Legumes are commonly grown as
sole crops/monocrops and legume-cereal intercrops, and they are also intercropped with
other crops such as cassava and sweet potatoes. Some farmers intercrop legumes with
other legumes in what is commonly known as doubled-up legume technology
(ICRISAT/MAI, 2000; Mhango, 2011). Examples of doubled-up legume cropping
systems are where pigeon pea is intercropped with groundnuts or pigeon pea intercropped

with soybean (ICRISAT/MAL, 2000).
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Doubled-up legumes are important to farmers who have scarce labour or land, as they
allow them to grow more legumes with the same investment and labour. Farmers in
Malawi consistently ranked doubled-up legumes highly among organic soil fertility
options (Kanyama-Phiri et al., 2000; Phiri et al., 2012). Legumes are also rotated with
maize in which a legume crop is followed by maize in order for the maize to benefit from
the organic N left in the legume residues. Furthermore, legumes are popular among
Malawian smallholder farmers that have small pieces of land due to population pressure.
Population pressure is a common challange in Malawi, with an average of less than a

hectare per household (Ricker-Gilbert et al., 2014).

Although popular, intercropping practices have challenges such as difficulties in
mechanization, application of herbicides, interactions that lead to suppression of
component crops yields, and nutrient management. Very often cropping patterns and
densities bring challenges in yield evaluation, and therefore, competition indices such as
land equivalent ratios (LERs) and monetary advantage indices (MAIs) that measures
productivity are usually used in evaluating their performances. For the case of studies
done in the Malawi environment, positive results have been reported on LERS in maize-
pigeon pea and pigeon pea-groundnuts intercrops (Mhango, 2011; Phiri et al., 2013).
However, no comprehensive studies have been done on most of recent varieties. On the
other hand, information on productivity of the pigeon pea-cowpea doubled-up is scanty.
Therefore, the objective of this study was to evaluate and compare the productivity of the
sole cropped system, legume-cereal intercrop and doubled-up legumes involving pigeon

pea, cowpea and maize.



72

3.2 Materials And Methods

3.2.1 Description of the study sites

The study was conducted in Central Malawi, at two sites of Lilongwe and Dowa districts
in the 2013/14 cropping season. The study sites detailed information on coordinates,
rainfall and soil properties is presented in Chapter Two, Sections 2.2.1, 2.2.1 and 2.3.1,

and 2.2.1 and 2.3.2, respectively.

3.2.2 Treatment description

The treatments included sole crops, legume-legume and maize-legume intercrops as
follows: sole cropped pigeon pea, sole cropped cowpea, sole cropped maize, pigeon pea-
cowpea intercrop, pigeon pea-maize intercrop, and maize-cowpea intercrop arranged in a
randomized complete block design (RCBD). Detailed information on plot sizes, planting
patterns, spacing within and between the rows, and crop varieties used is presented in

Chapter Two Section 2.2.2.

3.2.3 Harvesting and determination of yields and harvest indices

Harvesting was done from a net plot of 13 m X 5 m which was obtained by leaving a one
metre as guard space from each side of the 15 m X 7 m gross plot. This was done as a
standard procedure (Mloza-Banda, 1994) to avoid outside interference. The different crop
species in these experiments reached maturity at different periods of the season and,
therefore, were also harvested at different periods. The first to be harvested was cowpea,

followed by maize and lastly pigeon pea.

For cowpea, harvesting involved cutting of stover at ground level to get all the above
ground biomass including all the pods which were at this period un-shattered. Then, the

above ground biomass was weighed and recorded as total above ground fresh weight or
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total biomass. The pods were unshelled and all the net plot grain was weighed and
recorded as net plot fresh weight. Then a sample of 100 seeds was taken up by following
a quartering procedure (Kanyama-Phiri, 2010, Personal Communication). The 100 seed
samples from each net plot were oven dried at 70°C for 48 hours. The moisture content of

the seed was determined by using the formula in equation (ix).

Seed moisture content (%) = WIV;INZ X100 ............. (ix)

Where:
W1 = weight of seed before oven drying

W2 = weight of seed after oven drying

The grain yield per hectare was determined at a predetermined moisture percentage of 10
by using the fresh net plot grain weight, moisture percentage from the 100 seed sample,
and plot size according to Mloza-Banda (1994). For the determination of total dry matter
yields, a one kg sample of fresh stover was taken to the laboratory for oven drying and
determination of dry matter. Then, the total dry matter yields were obtained from the
addition of the stover dry matter plus the grain yield. Similar procedures were followed in
obtaining grain and total dry matter yields for maize and pigeon pea. However, the
predetermined moisture percentages used were 12.5 for maize and 10 for pigeon pea.
Determination of yield per plant was done by dividing the yield by the crop stand count
that was taken during harvesting time. The yield per plant determination was necessary
because cowpea was planted with a lower population in the intercrop than it was done in
the sole crop. The harvest index percentages (H1%) were calculated according to Mloza-

Banda (1994) as shown in equation (x).
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) grain yield
Harvest index percentage = - X100 --eeeenee (x)
total dry matter yield

3.2.4 Assessment of productivity of the cropping systems using land equivalent
ratios, monetary advantage index, relative yield total and relative nutrient
yields indices

3.2.4.1 Land Equivalent Ratios (LERS)

Intercrop productivity was measured using land equivalent ratios (LERs). The LER is

defined as the ratio of the land size needed under sole cropping to land size needed under

intercropping at the same level of management to give an equal amount of grain yield or
economic Yyield (Willey and Osiru, 1972). It measures the effects of both beneficial and
negative interactions between the intercropped species. It is calculated by dividing
intercrop yields with yields of pure stands of each component crop and the resulting
rations are added up. In interpretation, an LER of 1.0 means that the amount of land
required for a component crop in an intercrop is the same as that required when the

component crop is grown in pure stand. On the other hand, an LER of greater than 1.0,

shows advantage with intercropping while an LER number of less than 1.0 shows a

disadvantage with intercropping. The division result for each component crop before

adding up to get an LER is referred to as a partial LER. The partial LER can indicate
which component crop is dominating or is suppressed in exploiting resources (Dhima et
al., 2007). The LER and partial LER are calculated as illustrated algebraically in equation

(xi) by Dhima et al. (2007).
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LER = LER, + LERg

............................ (xi)
Where:
YAB
LER, = —
YBA
LERy = —
Where:

A and B are crop species under sole or intercropping
Y ag is grain yield of crop A in an intercrop with crop B
Yga is grain yield of crop B in an intercrop with crop A

Y and Yg are grain yields of sole crop A and sole crop B, respectively

3.2.4.2 Monetary Advantage Index (MAI)

The MAI provides information on the economic advantage or disadvantage of the
cropping system whereby positive values show economic advantage (Dhima et al., 2007).
Furthermore, Yilmaz et al. (2008) report that the higher the MAI value the more

profitable the cropping systems. The MAI was calculated as in equation (Xii).

_(Value of combined intercrops)

MAI
LER

x (LER-1)

The crop prices for the study area were obtained from key informants such as lead
farmers, extension officers, and visitations to markets where farmers from the study sites
usually sell their produce. This information was also compared with the minimum farm
gate prices advertised by the Ministry of Agriculture, Irrigation and Water Development
(MoAIWD) of the Government of Malawi (MoAIWD, 2014) and a registered commodity

traders company “Auction Holdings Commodity Exchange (AHCX)”, advertising in the
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Malawi’s popular newspapers, “The Nation” and “The Daily Times” (AHCX, 2014).
It should be noted that all prices obtained were in Malawi kwacha currency but the data in

results section was presented as indices which are unitless.

3.2.4.3 Relative yield total, relative dry matter yield and relative nutrient yields

Relative yield total (RYT) is the degree to which various components in an ecosystem
share common resources (Tofinga, 1993). The RYT is similar to the LER but when using
the RYT what is considered is the total dry matter yield or the whole biomass instead of
only grain or economic yield as is done with the LER. As illustrated by Ghosh et al.
(2009), the formulae for relative yield totals for the PP+CP, PP+MZ and MZ+CP are as

shown in equations (Xiii) to (xv).

DMy, IDM (xiii)
RYT — pp o3 T
PP+eP = SpM SDM

pp cp

IDMpp , IDMp, .
RYT = —— 4+ —2 XIv
PP+mz = spMp, + SDMp, xiv)

IDM IDM
RYTinzecp = e + oo
SDM,,, ~ SDM,,

Where:
IDM and SDM are intercropped species and sole cropped species dry matter,
respectively, whereas pp, cp, and mz stand for pigeon pea, cowpea and maize,
respectively, in reference to the formula.
NB: The RYT values as index values are unitless.
One of the main factors affecting plant growth is the nutrients from the soil. Therefore,
the plant N uptake and P uptake as components of some major nutrients affecting plant

growth were determined and used in computing nutrient uptake indices, which are relative
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N yield (RNY) and relative P yield (RPY). These were compared with relative dry matter
yield (RDY) according to Ghosh et al. (2009). This helped to determine how these
nutrients limited the growth of the component crops in the different cropping systems but
also to determine which component crops were more resilient or adaptive than others.
These indices were determined as shown in equations (xvi) to (xviii) according to Ghosh

et al. (2009).

RDY. — intercrop dry matter yield of speciesa (xvi)
27 sole crop dry matter yield of species a
RNY. — N uptake by intercrop speciesa ... ... (xvii)
2 7 N uptake by sole crop species a
P uptake of intercrop speciesa ................... XViil
RPY, = P P sp (xviii)

P uptake of sole crop species a

Results of the computations from equations (xv) to (xviii) were interpreted according to
Ghosh et al. (2009) as follows: RDY > RNY implies N is less exploited by the
intercropped species than they do on other resources, meaning that N is limiting the
performance of the intercropped species. On the other hand RDY < RNY means N is
exploited more by the intercropped species than they are exploiting on other resources.
Therefore this indicates that N is not limiting the growth and performance of the
intercropped systems. The same interpretation applies to RPY. However RYT is
interpreted as follows: RYT > 1 but < 2 shows partial competition for resources (Tofinga,

1993).
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3.2.5 Data Analysis

Data on yields and harvest indices were subjected to analysis of variance (ANOVA) using
Genstat 15" edition based on the model as presented in Section 2.2.6. Means were
separated using the least significant difference (LSD) at P = 0.05. Furthermore, the
productivity for the different cropping systems was mostly assessed and evaluated by
using various indices such as the LER, partial LER, MAI, RYT, RDY, RNY and RPY.

It should be noted that the indices are unitless.

3.3 Results
3.3.1 Pigeon pea, cowpea and maize yields per plant and harvest indices percentages
(H1%) for the Lilongwe site

The total dry matter and grain yields per plant as influenced by cropping systems results
are presented in Table 3.1. Sole cropped PP dry matter yield was significantly higher
(P < 0.05) than that of PP in each of the PP+CP and PP+MZ intercrops by 23%.
Similarly, sole cropped PP grain yield was significantly higher (P < 0.05) than that of PP
in PP+MZ by 36% but was only slightly higher than that of PP in the PP+CP intercrop.

However, there were no significant differences in PP harvest index percentages (H1%).

Similarly, for cowpea, the sole cropped CP produced significantly higher (P < 0.05) grain
yields than that of CP in PP+CP and MZ+CP intercrops by 19% and 15%, respectively.
However, no significant differences were observed for the cowpea HI%. Furthermore, for
maize, no significant differences were observed in the yields and HI1% as influenced by
cropping systems, though MZ vyields in the MZ+CP intercrop showed slightly lower

values.
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Table 3.1: Yields and yield components of pigeon pea, cowpea and maize as affected by cropping systems at Lilongwe and

Dowa sites
Crop Cropping systems Lilongwe site Dowa site
Total dry Grain HI (%) Total dry Grain HI (%)
matter/plant yield/plant matter/plant yield/plant
@ (¢)) () (9)
Pigeon pea PP 101.8 16.5 16.1 115.5 12.4 10.7
PP+CP 77.0 11.9 15.5 95.2 11.2 11.8
PP+MZ 77.5 10.5 13.5 93.8 12.5 13.3
LSD (0.05) 19.2 4.15 6.71 18.8 3.25 4.96
F.pr 0.033 0.048 0.477 0.018 0.914 0.340
CV (%) 20.3 39.2 19.8 125 33.1 51.3
Cowpea CP 22.6 6.2 274 25.3 6.3 27.2
CP+PP 19.2 5.0 26.0 23.4 4.6 19.7
CP+MZz 21.2 5.3 25.5 21.0 4.7 22.4
LSD (.05 7.01 0.512 8.56 3.21 1.31 5.25
F.pr 0.459 0.007 0.561 0.177 0.035 0.039
CV (%) 14.7 41 14.5 6.3 11.1 10.0
Maize MZ 61.3 20.5 33.8 111.0 47.8 43.2
MZ+PP 69.6 19.0 27.4 99.0 40.7 415
MZ+CP 48.4 13.9 27.3 94.4 39.6 42.6
LSD (0.05) 44.2 145 11.3 42.4 10.2 15.19
F.pr 0.477 0.485 0.300 0.580 0.165 0.952
CV (%) 32.6 36.1 17.0 18.4 10.6 15.8

NB: Separation of means was based on LSD at 5% significant level; F. pr = F probability; CV = coefficient of variation
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3.3.2 Pigeon pea, cowpea and maize yields per plant and harvest indices percentages
(H1%) for the Dowa site
For the Dowa site, sole cropped PP total dry matter yield was significantly higher
(P < 0.05) than that of PP in PP+CP and PP+MZ intercrops by 18% and 19%,
respectively (Table 3.1). However, there were no significant differences in grain yields
and HI1%. For cowpea, sole cropped CP produced significantly higher grain yield than that
of CP in PP+CP and MZ+CP intercrops by 27% and 25%, respectively. Similarly, H1% of
sole cropped CP was significantly higher (P < 0.05) than that of CP in PP+CP by 28% but
was only slightly higher than that of CP in the MZ+CP intercrop. As for the Lilongwe
site, at the Dowa site, MZ yields were consistently lower for MZ in the MZ+CP intercrop

than in the other cropping systems. However, no significant differences were observed.

3.3.3 Intercrop productivity as measured by competition and monetary advantage
indices for Lilongwe site

3.3.3.1 Land Equivalent Ratios (LERSs) and Partial LERs for Lilongwe site

Results in Table 3.2 show the highest grain yield productivity using LERs where pigeon
pea was intercropped with maize at the Lilongwe site. The benefits of intercropping over
sole cropping were as follows: 57% by PP+MZ, 22% by MZ+CP and 18% by PP+CP
intercropping systems. To check which component crop was more competitive than the
other in exploiting resources, the partial LERs (Table 3.2) show that at the Lilogwe site,
PP was more competitive when intercropped with CP. On the other hand, maize showed
higher partial LERs when intercropped with either PP or CP, which means it was more
competitive than the partner component crops. Furthermore, in both cases of
intercropping CP with either MZ or PP, CP produced lower partial LERSs than the partner

component crops that means it was less competitive.
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3.3.3.2 Monetary Advantage Index (MAI) for Lilongwe site

Results show positive numbers (Table 3.2) that means there was an economic advantage
from all the intercropping systems. Furthermore, amongst the three intercropping systems,
Table 3.2 shows that the PP+MZ intercrop was the most beneficial as it indicated the

highest MAI value.

3.3.4 Intercrop productivity as measured by competition and monetary advantage
indices for Dowa site

3.3.4.1 Land Equivalent Ratios (LERSs) and Partial LERs for Dowa site

Similar to the Lilongwe site, Table 3.2 shows the highest grain yield productivity using
LERs where pigeon pea was intercropped with maize, also for Dowa site. The benefits of
intercropping over sole cropping were as follows: 86% by PP+MZ, 63% by PP+CP and
26% by MZ+CP intercropping systems. The partial LERs (Table 3.2) show that PP was
more competitive when intercropped with CP. However, maize showed higher partial
LERs when intercropped with either PP or CP, meaning that it was more competitive than
the partner component crops. Furthermore, in both cases, intercropping CP with either
MZ or PP produced lower partial LERs than the partner component crops, implying less

competiveness by the CP.
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Table 3.2: Land equivalent ratios (LER) and monetary advantage index (MAI)

Cropping Partial values of LERs LER MAI
system
Lilongwe Dowa Lilongwe Dowa Lilongwe Dowa
PP CP MZ PP CP MZ LER LER MAI MAI
PP+CP 0.68 0.5 NA 1.06 0.57 NA 1.18 1.63 25804 36163
intercrop
PP+MZ 0.65 NA 0.92 1.01 NA 0.85 157 1.86 53592 90756
intercrop
MZ+CP NA 0.48 0.74 NA 0.43 0.83 122 1.26 17509 34752
intercrop

NB: (i) In the above table data are presented as mean values of indices and therefore are unit-less.
(it) NA = Not applicable
(iii) LER values have the following implications: LER > 1 intercropping is advantageous compared to sole cropping;
LER < 1 intercropping is disadvantageous; LER = 1 the same piece of land is needed for the same level of productivity
(iv) MAI values have the following implications: positive values show economic advantage while negative values show

economic losses to the farmer.
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3.3.4.2 Monetary Advantage Index (MAI) for Dowa site

Similar to the Lilongwe site, Table 3.2 shows all positive numbers for MAI, which means
there was an economic advantage by all the intercropping systems also for the Dowa site.
Furthermore, PP+MZ intercrop were observed to be more beneficial to farmers as it

indicated the highest MAI value.

3.3.5 Competition for nutrient uptake in the various cropping systems for the
Lilongwe site

Results in Table 3.3 show that both intercropping combinations that involved PP (PP+CP

and PP+M2Z) indicated partial competition for resources (RYT > 1 but < 2). On the other

hand, Figure 3.1 shows that N was limiting the growth of both component crops (RDY >

RNY) but P was not a limiting factor (RDY< RPY) in the growth of PP in both the

PP+CP and PP+MZ intercrops.

Table 3.3: Relative yield totals for the different cropping systems for the Lilongwe

and Dowa sites

Crop Cropping systems Relative Yield Total (RYT)
Lilongwe Dowa

Pigeon pea PP+CP 1.26 1.38

PP+MZ 1.93 1.54

Cowpea CP+PP 1.26 1.38

CP+MZ 1.30 1.13

Maize MZ+PP 1.93 1.54

MZ+CP 1.30 1.13

NB: (i) Mean values of RYT are presented in the table above.
(ili) RYT has the following implications: RYT < 1 but > 2 means there was partial

competition for resources.
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For cowpea, Figure 3.2 shows that both N and P limited the growth of cowpea in both
PP+CP and MZ+CP intercrops (RDY > RNY and RDY > RPY), in the Lilongwe site.
However, for maize, Figurel shows that N was limiting the growth of maize in both
intercrops of MZ+PP and MZ+CP (RDY > RNY) but P was not a limiting factor

(RDY< RPY).

3.3.6 Competition for nutrient uptake in the various cropping systems for the Dowa
site
Similar to the Lilongwe site, for the Dowa site, Table 3.3 indicated partial competition for
resources (RYT > 1 but < 2) in both intercropping combinations that included PP that is
the PP + CP and PP + MZ intercrops. Furthermore, Figure 3.2 shows that nitrogen was
limiting the growth of both component crops (RDY > RNY) but P was not a limiting
factor (RDY< RPY) in the growth of PP in the PP+CP intercrop in the Dowa site.
However, P showed to be a limiting factor to PP growth in the PP+MZ intercrop

(RDY > RPY).

Similarly, as the case of the Lilongwe site, Figure 3.2 shows that both N and P limited the
growth of cowpea in both intercropping systems of PP+CP and MZ+CP (RDY > RNY
and RDY > RPY) in the Dowa site. On the other hand, for MZ, in the Dowa site, N was
limiting where maize was intercropped with CP i.e. MZ+CP but not in the MZ+PP
intercrop. Furthermore, in the Dowa site P was also limiting maize growth where it was

intercropped with CP.
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Figure 3.1: Competition for N and P uptake as illustrated by relative dry matter

NB:

yield (RDY), relative N yield (RNY) and relative P yield (RPY) for the
Lilongwe site

i) A: Pigeon pea in competition for N uptake; B: Pigeon pea in competition for P uptake;
C: Cowpea in competition for N uptake; D: Cowpea in competition for P uptake; E:
Maize in competition for N uptake; F: Maize in competition for N uptake

ii) RDY > RNY implies N is limiting growth; RDY > RPY implies P is limiting growth
(iif) The Y axis shows values of index mean values of RDY and RNY or RDY and RPY
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Figure 3.2: Competition for N and P uptake as illustrated by relative dry matter

NB:

yield (RDY), relative N yield (RNY) and relative P yield (RPY) for the

Dowa site

i) A: Pigeon pea in competition for N uptake; B: Pigeon pea in competition for P uptake;
C: Cowpea in competition for N uptake; D: Cowpea in competition for P uptake; E:
Maize in competition for N uptake; F: Maize in competition for N uptake

i1) RDY > RNY implies N is limiting growth; RDY > RPY implies P is limiting growth
(iii) The Y axis shows values of index mean values of RDY and RNY or RDY and RPY
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3.4 Discussion

Many intercropping systems are characterized by interactions between the component
crops that may affect the performance of one or both of the component crops. In this
study, performance of the cropping systems in terms crop yields, productivity, nutrient
uptake and utilization and monetary advantage were evaluated. Total dry matter and grain
yields have been consistently higher in the sole crops than in the intercrops in both pigeon
pea and cowpea for both study sites, with slight differences. This shows the effect of
competition for resources such as nutrient from the soil and sunlight. In similar studies,
Legwaila et al. (2012) and Abd El-Lateef et al. (2015) reported lower grain and dry
matter yields per plant in cowpea and maize intercrops than their sole crops. However, in
this present study, considering the LERs, the overall productivity was higher for all the
three intercrops (PP+CP, PP+MZ, MZ+CP) than that of sole crops. This is also consistent
with a number of similar studies where higher LERs have been reported. Mathews et al.
(2001) and Mhango (2011) also reported higher LERS in a pigeon pea-maize intercrop
though considering individual crop yields, sole cropping produced higher yields than
those by the same crops in an intercrop. Similarly, Yilmaz et al. (2008) reported higher
LERs in a maize-cowpea intercrops planted in different patterns. Higher LERS are mostly
attributed to higher land or resources utilization efficiency, which can also be the case in

this study.

On the other hand, individual component crops showed different performances in their
resource utilization. Partial LERs indicated that PP was more competitive than CP,
whereas MZ was more competitive than both CP and PP. On the other hand CP indicated
that it was less competitive than both the MZ and PP. This is consistent with results by

Saudy and El-Bagoury (2014) which showed in a similar study that maize was more
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dominant and cowpea was the dominated crop. This can be attributed to the MZ greater
height that shades the cowpea but also the fast growth habit that enables it to out-compete
the pigeon pea which is commonly characterized by the early slow growth. Furthermore,

Ghosh et al. (2009) noted cereals to be suppressive components in intercropping systems.

Similarly, the present study showed that there are some differences in the individual
component crops on how they take up and utilize nutrients when grown in different
cropping systems. For instance, cowpea growth was limited by both N and P in both study
sites. That is its RDY was higher than both of its RNY and RPY, which was different
from the PP and MZ situation that were mostly limited by N. This can be attributed to a
number of factors including functions of these nutrients in different crops. For instance, N
is needed in large amounts by all plants for promotion of rapid growth and other
functions. On the other hand, apart from common functions of P, it is also needed for
biological nitrogen fixation and therefore it is needed in high amount in legumes,
including cowpea and pigeon pea. However, the difference between CP and PP is that PP
can have reduced effects of the competition since it continues to grow after harvesting
other crops. Pigeon pea is also deep rooted and it exploits nutrients from even the lower
layers of the soil. Furthermore, PP root exudates are also reported to have the ability to
solubilise Al-P and Fe-P forms (Subbarao et al., 1997; Ishikawa et al., 2002).
Furthermore, Edje (2014) reported high amounts of P (56.6 mg/kg) and Fe (196.2 mg/kg)

in pigeon pea litter, which were attributed to the effect of root exudates.

Cropping systems productivity not only measures performance of the crop in terms of
yields but the other concern of farmers is in the monetary value of their intervention. The

present study showed that the PP+MZ intercrop showed the highest monetary advantage.
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This can be attributed to a number of factors including the prices offered to pigeon pea on
the market was the highest during the market season of this study. Similarly, maize was
not much affected by the competition for growth resources, which implies its yield was
relatively high. On the other hand, cowpea was the most suppressed crop in the cropping
systems and, therefore, its yield was much more reduced in such that it could not fetch

more money.

3.5 Conclusions

Intercropping systems continue to be popular among smallholder farmers in Malawi
because of the benefits they bring, such as food security and soil fertility benefits.
Therefore, it is important to continue evaluating some of the crop combinations practised
by farmers to ensure productivity. From this study, it can be concluded that all the
intercropping systems compared were more productive than sole cropping since they all
resulted in LERs of greater than one. Furthermore, they were also more productive in
terms of monetary gains as they all produced positive MAI values. Though all the
intercropping systems (PP+MZ, PP+CP and MZ+CP) have many advantages, from this
study, the PP+MZ intercrop is the most beneficial in terms of both yields and monetary
gains as it produced highest LERs and MAI values in both sites of Lilongwe and Dowa.
The study has also elucidated that maize is the most resilient crop when grown either in
PP+MZ or MZ+CP intercrops whereas cowpea is the most suppressed when intercropped
with either PP or MZ. Therefore, it can be recommended that prudent considerations
should be taken into account when planning intercropping systems as far as crop
competition for nutrients is concerned. Furthermore, studies are needed on the

intercropping systems to derive site-specific fertilizer recommendations.
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CHAPTER FOUR

4.0 ASSESSMENT OF VAM FUNGAL COLONISATION IN PIGEON PEA,
COWPEA AND MAIZE DIVERSIFIED CROPPING SYSTEMS AND MAIZE

SHORT ROTATION ON LUVISOLS OF CENTRAL MALAWI

Abstract

Mycorrhizal associations contribute to the sustainability of crop production systems
through their roles in nutrient cycling and other benefits in the soil-plant ecosystems. A
two year study was conducted on the Luvisols of the Lilongwe and Dowa districts of
Central Malawi to assess the vesicular-arbuscular mycorrhizal (VAM) colonisation levels
in pigeon pea, cowpea and maize grown in diversified legume systems (sole cropping,
legume-cereal and legume-legume intercropping), and in maize grown in short rotation as
affected by the previous cropping system and N fertilizer application. Experiments were
arranged in the randomized complete block design (RCBD) and split plot design in the
first and second years, respectively. Results showed no significant differences (p < 0.05)
in VAM fungal colonisation of roots in each crop as influenced by cropping systems in
the legume-based cropping systems. However, year two results showed that all treatments
that included legumes whether grown as a sole crop, in legume-cereal or in legume-
legume cropping systems in the previous year, had significantly higher (p < 0.05) VAM
fungal colonisation of the rotational maize crop roots by a range 39% to 50% and 19% to
47% than those in maize supplied and not supplied with N fertilizer, respectively, in a
maize-maize short rotation, in the Lilongwe site. Similarly, in the Dowa site, results
showed significantly higher (p < 0.05) VAM fungal colonisation in maize that followed

legume-based systems in rotation ranging from 15% to 36% and 28% to 40% than those
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in unfertilized and N fertilized maize, respectively, in a maize-maize short rotation.
There were no significant differences (p < 0.05) in VAM fungal colonisation in the
rotational maize due to the fertilizer N application. Furthermore, there were positive
correlations between VAM fungal colonisation and the plant P content, dry matter yield,
nodule numbers and BNF, but only showed significance for P content in maize (r = 0.659,
P < 0.02), with mostly non-significant results, that can be attributed to the relatively lower
VAM fungal colonisation percentages. From this study it can be noted that inclusion of
diversified legume systems of pigeon pea and cowpea in maize based systems can
improve the proliferation of VAM fungi in its subsequent crop. Further studies may also
help to assess the diversity of VAM fungal species and identify more adaptive ones for
inoculation studies.

Key words: Legume cropping systems, rotation, VAM fungal colonisation, vesicular-

arbuscular mycorrhiza

4.1 Introduction

The sustainable intensification of crop production calls for various approaches including
integrated soil fertility management (ISFM) (Giller et al., 2015; Lampkin et al., 2015).
It advocates agricultural productivity while ensuring the maintenance and resilience of the
ecosystems (Vanlauwe et al., 2014; Heissenhuber et al., 2015). On the other hand, soil
fertility is one of the main challenges that can continue to derail sustainable agriculture
production in many developing countries. In sub-Saharan Africa, most smallholder
farmers have limited capabilities to acquire inorganic fertilizers (Alliance for Green
Revolution in Africa, AGRA, 2014). Inclusion of legumes that improves soil fertility
through biological nitrogen fixation (BNF) and phosphorus acquisition through

mycorrhizal associations is of paramount importance.
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Mycorrhiza is a mutualistic association between roots of plants and some fungal species.
Major groups of mycorrhizae include ectomycorrhizae, endomycorrhizae, ericoid
mycorrhizae and orchid mycorrhizae (Brundrett, 2004; Sylvia et al., 2005; van der
Heijden et al., 2015). Endomycorrhizae involves root cortex penetrating fungi under a
Phlyum of Glomeromycota, associating with over 80% of plant species (Brundrett, 2004;
Wang and Qui, 2006). The most reported endomycorrhiza group is commonly referred to
as vesicular-arbuscular mycorrhiza (VAM) or arbuscular mycorrhiza (AM) because of
their morphological features, the arbuscules and vesicles, that are used for transportation
and storage of materials, respectively (Brundrett, 2004; Brady and Weil, 2008). The
mycorrhizal association is developed as a mutualistic adaptation benefiting both
symbionts. The fungal species benefits carbohydrates and habitat from the plant while
providing a number of benefits to the plant. They enhance P uptake and other nutrients by
increasing plant root surface area, and producing organic acids and phosphatase enzymes
that solubilise P (Bolan, 1991; Momayezi et al., 2015; Gastol et al., 2015). Marschner and
Dell (1994) have reported up to 80%, 25%, 10%, 25% and 60% uptake of plant P, N, K,
Zn and Cu, respectively, by external hyphae of VAM. Furthermore, some studies have
shown synergistic effects of VAM to Rhizobium-legume symbiosis that result in BNF
increase (Ahiabor et al., 2007; Lupwayi et al., 2011). This is achieved through the
VAM’s enhancement of plant P uptake, which is required in high amounts for BNF
(Brady and Weil, 2008). The VAM associations are also reported to be involved in N
transfer from legume to cereal in intercropping systems (Makoi and Ndakidemi, 2009).
Other benefits to the plant offered by the mycorrhiza include enhancement of the plant’s
water uptake that increases drought tolerance (Benhiba et al., 2015; Ortiz et al., 2015),
increasing the plant’s resistance against some soil borne pathogens (Declerk et al., 2002;
Hage-Ahmed et al., 2013) and against weed species such as striga (Othira et al., 2012).

Furthermore, mycorrhizal fungi produce glomalin, a glycoprotein that binds soil particles
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and improves the soil structure (Singh, 2012). It also binds heavy metals and improves

plant’s tolerance to their toxic effects (Singh, 2012).

The proliferation of VAM fungi in an ecosystem is affected by a number of factors. Many
studies show that VAM development usually favours low levels of P (Liu et al., 2000)
with a few exceptions where additional P increased colonisation levels (Gamage et al.
2004), slightly low pH (Kanno et al., 2006), warm temperatures and light availability
(Fageria, 2012). However, influence of farming practices and cropping systems have
shown different outcomes. Conservation practices such as conservation agriculture (CA)
have been associated with increased VAM fungal diversity in some studies (Sale et al.,
2015) and rotations with some legumes have shown increased VAM fungal colonisation
in the crop that follow (Lekberg et al., 2008). On the other hand intercrops have led to
increase while others to decrease in either VAM fungal colonization or diversity (Jefwa,

2004; Hage-Ahmed et al., 2013).

In Malawi, common crops include maize (Zea mays), common beans (Phaseolus
vulgaris), cowpea (Vigina unguiculata), pigeon pea (Cajanus cajan) and groundnuts
(Arachis hypogaea) and some agroforestry species. These crops are usually grown in
monocrops/sole crops and in intercrops. Jefwa (2004) reported the presence of VAM
species of the genera Glomus, Gigaspora, Acaulospora, Scutellaspora and Archaeospora
in a study involving sole cropping and intercropping of maize with agroforestry species of
Gliricidia sepium, Sesbania sesban and Sesbania macratha on the soils of Southern
Malawi. However, despite the importance of VAM in the cropping systems, information
on the status of VAM in the field crops such as pigeon pea and cowpea grown in sole
crops or intercropped with maize or as legume/legume intercrops on the Malawi soils is

scanty. Therefore, the aim of this study was to assess VAM fungal colonisation status in
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the cowpea, pigeon pea and maize grown as sole crops, legume-cereal and legume-
legume intercrops, and on maize grown after the legume-based systems as a short
rotation. Furthermore, it was also aimed at assessment of correlations of VAM fungal

colonisation in the intercrops and P uptake, BNF and other yield components.

4.2 Materials and Methods

4.2.1 Site description

The study was conducted in two cropping seasons (2013/14 and 2014/15) in two sites of
Central Malawi, in the districts of Lilongwe and Dowa. The experiment was conducted at
the Lilongwe University of Agriculture and Natural Resources, Bunda Campus Research
farm (14° 11’ S, 33° 46’ E) in the Lilongwe district, whereas in the Dowa district, the
experiment was conducted at the Nachisaka Extension Planning Area (EPA) (13° 37’ S,
33° 56’ E). The details for rainfall distribution are provided in Sections 2.2.1 and 2.3.1

whereas details for soil characterization are provided in Sections 2.2.1 and 2.3.2.

4.2.2 Treatment description

The assessment of VAM fungal colonisation was superimposed on a major experiment
where many other variables were tested. The first year involved planting cowpea, pigeon
pea and maize as sole crops, legume/legume and legume/cereal in-row intercrops. No
fertilizers were applied to all the first season treatments except an additional sole cropped
maize treatment that was purposively included as a control for the second season and this
received 92 kg N ha™’. Further details of first season treatment description are provided in

Section 2.2.2.

The second year (cropping season two) involved testing the residual effects of the

different cropping systems on short rotational maize yields by planting maize across all
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treatment plots. Therefore VAM fungal colonisation was also assessed on the short
rotational maize. Each type of crop residue was incorporated in a plot where that specific
crop was grown. During VAM colonisation assessment, plots of the previous season were
purposively split into two sub-plots hence the split-plot design was achieved with
previous cropping system as main factor and N fertilizer levels of 0 kg N ha™ and 23 kg N

ha™ as sub plots.

4.2.3 Assessment of VAM fungal colonisation

The process of assessing VAM fungal colonisation in plant roots involved plant sampling
to obtain the roots, clearing of roots of various pigments and staining them to make
hyphae and VAM key features, i.e. arbuscules and vesicules, visible on a compound light
microscope, and quantifying of VAM fungal colonisation of roots on a dissecting
microscope. Ten plants were sampled per plot of each treatment, uprooted, the roots cut
from the stem and gently cleaned and placed in clean plastic bottles, transported while

kept in an ice box, and ethanol added to the bottles and kept in a refrigerator at 6 °C.

The clearing and staining of roots were done using a procedure as described by
Vierheiling et al. (1998) and Cao et al. (2013) in which 10% KOH is used for clearing
root pigments at 90 °C for 90 min, blanching with alkaline 10% H,0,, acidifying with
0.2M HCI, staining with 5% blue ink in 5% acetic acid (vinegar) and lastly de-staining
with vinegar. Verification of VAM presence was done on a compound microscope (10x40
magnification) by considering features as described by Brundrett (2013). Quantification
of percent root length colonisation was done using the gridline intersect method as
described by Giovanetti and Mosse (1980). Figure 4.1 shows how the counts of root

colonisation were done as illustrated by Brundrett (2008).



100

| Horizontal lines
Start > n

R T
C LAY s
T )
Pl
s

P

WRLERE LT

Nonmycorrhizal
( j AL
/ Repeat for
E // }vertical lines 1/2
_-,.--""
Vertical 2/2 2/4 1/2 0/3 3/4 0/1 1/2 Total = 30/60 =50%
root length colonised

Source: Brundrett, 2008

Figure 4.1: The illustration of how percent root length colonised is determined using
the gridline intersect method.

NB: The diagram shows a grid lined petri dish containing root threads

4.2.4 Statistical analysis

Computation of percentages was done using Microsoft Excel computer package.
The Genstat statistical package, 15" edition, was used for determinations of correlations
and analysis of variance based on a statistical model as described in Section 2.2.6, and
separation of means using the least significant difference (LSD) at 5% level of
significance for year one data. Year two data contained multiple comparisons. Therefore,
analysis was based on the statistical model described in equation (xix), and the Tukey’s
honest significant difference (HSD) test at 5% level of significance was used for the
separation of means.

Yik=p+Bit+oj+p+ 1wt (a1 + Eijk
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Where:

Y = response variable;

u = the overall mean;

Bi = ith block effect;

o; = jth main factor (previous cropping system with residues retained) effect;
pij = ith and jth whole plot random error;

Tk = kth sub factor (different rates of N fertilizer) effect;

(o 1)k = interaction of jth main factor effect and kth sub factor effect;

&ij = the random error term for the sub plot.

4.3 Results
4.3.1 The VAM fungal colonisation in pigeon pea, cowpea and maize as influenced
by different cropping systems at the Lilongwe and Dowa sites

Table 4.1 shows results of VAM fungal colonisation in pigeon pea, cowpea and maize as
affected by different cropping systems. Results show that there were no significant
differences (p < 0.05) due to cropping system in percent root colonisation by the VAM
fungi in all the three crops. However, looking across all the crops, maize had the lowest
values of percent root length colonised by VAM fungi in both sites. On the other hand,
though not statistically analysed, all values of percent root colonisation by VAM fungi

were relatively lower at the Lilongwe site than those of the Dowa site.

4.3.2 The VAM fungal colonisation of maize roots as influenced by the previous
cropping systems and N application at the Lilongwe site
Results show that there were signification differences (p < 0.05) in percent of VAM

fungal colonisation in rotational maize roots as affected by the previous seasons’ cropping
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systems (Figure 4.2). All treatments that involved legumes (legume-based) in the previous
season, that is pigeon pea and cowpea, grown as a sole crop or as legume-cereal or a
legume-legume intercrop showed significantly higher (p < 0.05) percent colonisation of
maize roots by VAM fungi ranging from 39% (in previous PP+MZ) to 50% (in previous
sole PP) than VAM fungal colonisation in maize not supplied with N fertilizer that
followed sole maize. Similarly, the previous season legume-based systems led to
significantly higher VAM fungal colonisation, by the range of 19% (in previous PP+M2Z)
to 47% (in previous PP+CP) in maize supplied with 23 kg N ha™ that was preceded by

sole maize of the previous season.

Table 4.1: Effect of cropping system on VAM fungal colonisation on pigeon pea,

cowpea and maize at the two study sites

Crop Cropping system Lilongwe Dowa
% VAM col % VAM col
PP Sole PP 25.0 41.1
PP+CP intercrop 26.9 36.9
PP+MZ intercrop 26.1 37.4
LSD 11.6 10.1
F pr. 0.91 0.51
CV % 19.8 11.6
CP Sole CP 33.2 46.7
CP+PP intercrop 28.2 40.1
CP+MZ intercrop 25.5 41.2
LSD 11.0 20.5
F pr. 0.261 0.660
CV % 16.8 21.2
Mz Sole MZ 15.2 24.6
MZ+PP intercrop 17.3 22.6
MZ+CP intercrop 145 20.8
Sole MZ+92N 19.4 234
LSD 15.9 4.4
F pr. 0.872 0.300
CV % 47.8 9.6

NB: (i)Means were separated based on LSD at 5% significant level
(ii)CP = cowpea; MZ = maize; PP = pigeon pea; 92N = 92 kg N ha™
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The supplemental 23 kg N ha™ to the rotational maize seemed to have a slight positive
influence on VAM fungal colonisation levels though no significant differences were
obtained. It showed non-statistically different results with the pigeon pea plus maize
intercrop effects of VAM fungal colonisation on rotational maize. On the other hand, the
92 kg N ha™ applied to one control plot in the previous season did not show significant
effect on VAM fungal colonisation of rotational maize. No significant interaction was
observed between previous cropping systems and the 23 kg N ha™ applied to the
rotational maize.
@0 kg N/ha @23 kg N/ha
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Figure 4.2: VAM colonisation as influenced by previous legume-based cropping
systems and N fertilizer application for Lilongwe site
NB:  (i)Means were separated using Tukey’s HSD at 5% significant level
(ii)CP = cowpea; MZ = maize; PP = pigeon pea

Error bars stand for standard errors of the mean
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4.3.3 The VAM fungal colonisation of maize roots as influenced by the previous
cropping systems and N application at the Dowa site

Figure 4.3 shows the results for the Dowa site VAM fungal percent colonisation. Similar

to the Lilongwe site, results show that there were signification differences (p < 0.05) in

percent root colonisation as affected by the previous season cropping systems.

All treatments that involved legume-based cropping systems in the previous season
showed significantly higher (p < 0.05) percent colonisation of maize roots by VAM fungi,
ranging from 15% (in previous PP+CP to 36% (in previous PP+MZ) than VAM fungal
colonisation in the maize at zero N fertilizer application that followed previous season
sole maize. Similarly, where maize was supplied with 23 kg N per ha™, the previous
season legume-based systems led to significantly higher VAM fungal colonisation by the
range 28% (in previous sole CP) to 40% (in previous sole PP) in maize roots but the
application of N fertilizer did not significantly affect VAM fungal colonisation levels
though they showed some slight increases. In both cases there were no significant

interaction between the previous cropping system and 23 kg N ha™ fertilizer application.
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Figure 4.3: VAM colonisation of maize roots as influenced by previous legume-based
cropping systems and N fertilizer application for Dowa site

NB:  (i)Means were separated using Tukey’s HSD at 5% significant level

(ii)CP = cowpea; MZ = maize; PP = pigeon pea

Error bars stand for standard errors of the mean
4.3.4 Pearson correlations between colonisation percentage and plant tissue P

concentration, P uptake and total dry matter yields

The Pearson correlation coefficients were determined to assess the association between
the VAM fungal colonisation percentage of roots of crops in year one, and the plant tissue
P concentration, P uptake, total dry matter yields, BNF/plant, nodule number and nodule
dry weights (Data on the above-mentioned parameters are available in Chapter two,
sections 2.3.4 — 2.3.5. Results (Table 4.2) show positive correlation coefficients for all
parameters but mostly with non-significant P-values with the exception of P content in

maize which showed a significant correlation (r = 0.659, p < 0.02) and a few others with

p-values approaching significant levels (from slightly above 0.05 to 0.1).
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Table 4.2: Pearson correlations between colonisation percentages and plant tissue P
concentration, P uptake, total dry matter yields, BNF/plant, nodule

number and nodule dry weights

Crop Colonisation (%0) Lilongwe Dowa
and parameters r P-value r P-value
PP %P 0.395 0.293 0.185 0.634
P uptake 0.349 0.365 0.488 0.182
TDM 0.170 0.661 0.045 0.909
BNF 0.191 0.623 0.188 0.627
Nod. number 0.067 0.861 0.577 0.154
Nod. dry wt 0.368 0.330 0.470 0.202
CP %P 0.252 0.513 0.379 0.290
P-uptake 0.645 0.061 0.557 0.120
TDM 0.067 0.864 0.660 0.053
BNF 0.630 0.069 0.479 0.193
Nod. number 0.155 0.689 0.657 0.055
Nod. dry wt 0.438 0.238 0.650 0.058
MZ % P 0.659 0.020* 0.558 0.283
P-uptake 0.455 0.138 0.210 0.352
TDM 0.378 0.226 0.101 0.521

NB: (i) Colonisation (%) is the independent variable
(ii)* = Significant at P = 0.05; corr. r = correlation coefficient

(iii)) Number of observations (n) under PP and CP statistical analysis = 9; degree of
freedom (d.f.) = 8; n for MZ statistical analysis = 12 and d.f. = 11

(iv) Detailed tables on correlations involving the various parameters are in Appendix 2

More detailed information of the correlation matrices is available in Appendices 2A-2F.
No correlations were determined for the year two, rotational maize study because of the
possibility of many confounding factors since the rotational maize were subjected to a
number of factors such as previous season effects, addition of inorganic fertilizers and
later in their growth cycle different rates of N fertilizers, whose effects are not wholly

covered in this paper.
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4.4 Discussion

Elucidation of levels of VAM fungal colonisation in predominant cropping systems in
Malawi such as sole cropping, cereal-legume and legume-legume intercrops, can be of
importance in the development of sustainable agricultural systems. Results in this study
showed that the degree of colonisation of each crop that is pigeon pea, cowpea and maize
by VAM, was not affected by the cropping system. However, maize, compared with the
other crops, showed relatively low VAM colonisation levels. These observations show
both similarities and differences to some studies on VAM colonisation in intercropping
systems (Harinikumar et al., 1990). The non-significant differences due to cropping
systems can be attributed to the type of crop species involved in the present intercropping
study and probably the selectivity of un-explored mycorrhizal fungal species in the soils
at the study sites. In a study involving sole maize and maize intercropped with agro-
forestry species of Sesbania and Gliricidia in Southern Malawi on the frequency of
occurrence of VAM fungal species, Jefwa (2004) reported that out of the 12 VAM fungal
species identified, five species occurred mostly in the maize monocrop whereas the

remaining seven were not affected by the cropping systems.

On the other hand, Hage-Ahmed et al. (2013) reported three scenarios which showed
significant increases and decreases and non-significant differences from an intercropping
study involving tomato, where VAM fungal colonisation of tomato was increased in an
intercrop with leek, while no significant differences were observed when intercropped
with cucumber and basil, but decreased when intercropped with fennel. These
observations were attributed to differences in the establishment of symbioses as affected

by different root sizes that in turn affect their influence in the soil ecosystem, but also to
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the effect of VAM species on plant competitions. In the current study, all the three crops
are mycorrhizal as reported in many studies (Arihara and Karasawa, 2000; Ahiabor and
Hirata, 2003; Dania et al., 2013), therefore, are very unlikely to cause suppressive effects
on the intercropping partners. However, since no additional evaluation of VAM fungal
species was undertaken in this study, therefore, comprehensive evaluation of the

intensities of VAM fungal colonisation was not possible.

However, in the second season there were significantly higher colonisation levels of
maize roots by the VAM fungi as influenced by the previous season legume-based
cropping systems of sole pigeon pea, sole cowpea and their legume-legume and maize-
legume intercrops than in the maize following maize rotational system. This observation
is consistent with a number of similar studies. In a study conducted in Zimbabwe,
Lekberg et al. (2008) reported slightly higher VAM fungal colonisation in maize grown
after lablab and pigeon pea than VAM fungal colonisation in maize grown after maize
rotational system. On the other hand, Bagayoko et al. (2000), in a study done in Niger,
reported 45% native VAM fungal colonisation of pearl millet roots when pearl millet
followed cowpea in rotation whereas 27% VAM fungal colonisation was observed on
pearl millet roots when it followed another pearl millet in rotation. Arihara and Karasawa
(2000) reported increased mycorrhizal colonisation and yield components in rotational
maize after mycorrhizal crops, which were soybean, sunflower, maize and potato as
compared to maize after non-mycorrhizal crops, rape and sugar beet. On the other hand,
Lekberg et al. (2008) and Dania et al. (2013) also reported higher positive correlations of
maize yield components with VAM fungal colonisation when maize was grown after
lablab or pigeon pea. Furthermore, Njeru et al. (2014) reported increased indigenous

VAM fungal colonisation of rotational maize roots after cover crop legumes such as hairy
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vetch (Vicia villosa), common pea (Pisum sativa) and broad bean (Vicia faba) which was
attributed to the ability of some crop species to sustain VAM fungal natural communities
more than others. Furthermore, Borie et al. (2002) in a study comparing residues of a
legume (lupine) and non-legume (wheat) effects on VAM fungal proliferation reported
higher mycorrhizal fungi colonisation in treatments applied with lupine which was
attributed to the higher nutritional content in the legume residues which boosted
mycorrhizal development. Therefore, the VAM fungal sustainability and residue quality
effects of the legumes can be main factors that increased VAM fungal colonisation in the

rotational maize of the present study.

The Pearson correlation coefficients were computed to assess the associations between
the VAM fungal colonisation of pigeon pea, cowpea and maize roots, and various
parameters including plant P content and BNF, for the first season only (see Section
4.3.4). Results showed positive associations between VAM fungal colonisation of roots of
plants under study and their plant tissue P, total P uptake, total dry matter yield, BNF,
nodule numbers and nodule dry weight but mostly showed non-significant P-values,
except for phosphorus content in maize which had a significant correlation. The weak
association and non-significant correlation coefficients predominant in this study could be
a contrast to the advantages of VAM fungal colonisation as reported in many studies
(Bolan, 1991, Marschner and Dell, 1994; Dania et al., 2013). However, VAM studies lead
to a number of uncommon observations in terms of associations with plant P contents and
even effects due to available soil P which was relatively high in this study (Grant et al.,
2005; Thorne et al., 2013). Furthermore, both levels of soil P and levels of VAM
colonisation could be the reasons for observations in this study. Though, some authors

have considered 40% as high colonisation, but based on meta-analysis data of 91
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laboratory and field based studies Treseder (2012) reports that response ratio of plant
biomass and plant P concentration increase as percent root length colonised (PRLC)
increases and the benefit of PRLC become distinctly prominent if PRLC reaches 60% or
more. Therefore, the VAM root length colonisation levels that never reached 60% and
rarely exceeded 40% in this study could be the main factor contributing to the weak
positive associations observed between VAM fungal colonisation and parameters such as

plant P content, BNF and dry matter yields.

4.5 Conclusions

From this study, it can be concluded that VAM fungal colonisation was not affected by
the legume-based cropping systems such as sole cropping, cereal-legume and legume-
legume intercrops involving pigeon pea, cowpea and maize. On the other hand, all the
legume-based cropping systems showed significant positive effect on VAM fungal
colonisation of the subsequent maize grown in short rotation. Furthermore, there were
positive correlations between plant roots’ VAM fungal colonisation and the plant P
content, nodule numbers, BNF and total dry matter yields. Therefore, integrating
diversified legume-based cropping systems can be a good approach in promoting VAM
fungal proliferation that contributes to increasing plant P uptake, which also has positive
effects on BNF and crop yields. Furthermore, the increased P acquisition and BNF are
among the key components of soil health improvement for sustainable agriculture
production, in most soils of sub-Saharan Africa. Additionally, more research needs to be
done to address the interactions between cropping systems and existing VAM fungal
species, their abundance and diversity on Malawi soils. Isolation of more adapted species
for inoculant production can be another good step forward in alleviating soil health

problems.
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CHAPTER FIVE

5.0 EFFECTS OF PIGEON PEA AND COWPEA RESIDUES APPLICATION
AND MINERAL N USE ON N DYNAMICS AND YIELDS OF MAIZE ON

THE CHROMIC LUVISOLS OF CENTRAL MALAWI

Abstract

An integrated nutrient management study was conducted on the Chromic Luvisols of
Lilongwe and Dowa districts of Central Malawi. The objective of the study was to
evaluate the pigeon pea (PP) and cowpea (CP) legume-legume and legume-cereal
intercropping system residual effects when integrated with inorganic N fertilizer on N
mineralization patterns, rotational maize (MZ) N uptake, grain and other vyield
components including grain protein content (quality), and nitrogen use efficiency (NUE).
The study was arranged in a split plot design with the previous legume-based systems
(residues retained) as main plots and the 0, 45, 90 and 120 kg N ha™ inorganic N rates
contributing the subplots. Field sampled soils during the growing season consistently
showed significantly higher (P < 0.05) NO3-N in the previous Sole CP, Sole PP, PP+CP,
CP+MZ and PP+MZ intercrops by a mean of 29% in the planting week to 17% in week
11, and 19% in planting week to 14% in week 11 after planting than in the previous Sole
MZ, in the Lilongwe and Dowa sites, respectively. Nitrogen uptake by the maize was
significantly higher (P < 0.05) ranging from 38% in the previous PP+MZ intercrop to
68% in the previous Sole CP at 0 kg N ha™ and 28% in the previous PP+MZ intercrop to
48% in the previous Sole CP at 120 kg N ha™ than in the previous Sole MZ at the same
rates of fertilizer application, in the Lilongwe site. Similarly, grain yields were

significantly higher (P < 0.05) by a range of 30 to 59% at 0 kg N ha™, and 28 to 42% at
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120 kg N ha™ in the previous CP+MZ intercrop and Sole CP, respectively, in the
Lilongwe site. Similar trends were observed for the Dowa site. Maize grain protein
significantly (P < 0.05) increased with increase in inorganic N application which was
attributed to timing of the top dressing N fertilizer. The previous legume based systems
significantly increased NUE over the previous Sole MZ. From this study it was noted that
N uptake, yields and quality and NUE of maize can substantially be increased with an
integration of pigeon pea and cowpea residues in their legume-legume, legume-cereal or

sole crops with an accompanying reduction in costs of inorganic fertilizers.

Keywords: Pigeon pea, cowpea, maize, N mineralization, N uptake, nitrogen use

efficiency

5.1 Introduction

Declining soil fertility continues to be one of the main challenges for sub-Saharan Africa
crop production systems (Zingore et al., 2015). Continuous soil erosion and nutrient
depletion are some of the most pressing challenges in managing soils in most parts of the
region (Tamene and Le, 2015). Earlier studies listed Burundi, Malawi, Kenya, Ethiopia,
Lesotho and Rwanda as countries with very high nutrient depletion rates (Stoorvogel and
Smaling, 1990). The rising costs of inorganic fertilizers and growing human populations
are exacerbating the challenges in managing soil fertility and increasing crop production

(AGRA, 2014).

For the case of Malawi, where agricultural production is dominated by smallholder maize
production, affordability of inorganic fertilizers is one of the crucial challenges (African

Development Bank, 2011), with nitrogen being the most limiting element in maize
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production (Makumba, 2003; Tamene et al., 2015). Over the years, the government has
shown a political will to improve the situation by implementing farm input subsidy policy
which reasonably improved yields in some years but with unproven sustainability
(Dorward and Chirwa, 2011; Ricker-Gilbert et al., 2014). Similar to many other countries,
research and implementation of various soil management interventions, including use of
various types of manures, agroforestry technologies and inclusions of legumes in the
cropping systems, are promoted. Inclusion of food legumes seems to be the most popular
due to a number of factors including food diversity and security, increased income and the
soil fertility improvements (Kerr et al., 2007; Kamanga et al., 2010; Kamanga et al.,

2014).

Legumes such as common beans (Phaseolus vulgaris), groundnuts (Arachis hypogaea),
pigeon pea (Cajanus cajan), soybean (Glycine max) and cowpea (Vigna unguiculata) are
grown by many farmers in Malawi, both as food and cash crops (Kamanga et al., 2010).
They are grown in various cropping systems including sole or monocropping, cereal-
legume and legume-legume intercrops, also commonly referred to as “doubled up”

legume technology (ICRISAT/MAI, 2000).

Soil fertility benefits from legume interventions evaluated through their effects on maize
in short rotations have been reported from studies done in Malawi and elsewhere (Sakala
et al., 2003; Mhango, 2011). However, very few studies have reported soil fertility
benefits from legumes that are grown as legume-legume intercrops. Soil fertility benefits
on maize yields from doubled-ups of pigeon pea-groundnuts or pigeon pea-soybean have
been reported to be comparable to that of sole crops (Mhango, 2011; Njira et al., 2013;
Phiri et al., 2014). However, information on effects of the combinations of various new

varieties of these crops, specifically from a pigeon pea-cowpea doubled up on maize
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yields and yield components such as quality is scanty. Furthermore, information on the
mineralization patterns of various combinations of either legume-legume or a legume-
cereal residue is scanty. Therefore the objective of this study was to evaluate and compare
the effects of the pigeon pea-cowpea doubled up in comparison with their sole and
legume-cereal intercrops on N mineralization patterns and their implications on N uptake,
nitrogen use efficiency, yields and grain protein content of maize in short rotation when

integrated with inorganic fertilizers.

5.2 Materials and Methods

5.2.1 Site description and characterization

The study was done as a continuation of the 2013/14 legume-based study. Details of the
site description are as in Section 2.2.1. However, soil analysis was also carried out for the
2014/15 growing season. Soil samples were collected from each of the plots in the
previous legume based treatments in the depth ranges of 0 - 15 cm and 15 - 30 cm. Soils
were analysed for total N, available P, soil organic carbon (SOC) and pH using the micro-
Kjedahl, Mehlich 3 extraction procedures, wet oxidation and potentiometric method,
respectively, as outlined by Anderson and Ingram (1989). Rainfall was recorded from

each of the sites during the cropping season.

5.2.2 Treatments and residue quality assessment

The experiments were superimposed on the 2013/14 legume-based treatments.
The legume based treatments included sole pigeon pea, sole cowpea, pigeon pea-cowpea
intercrop, pigeon pea-maize intercrop, cowpea-maize intercrop, sole maize (unfertilized),
and sole maize fertilized at 92 kg N ha™ (Sole MZ+92N), the recommended N rate
(MoAFS, 2012) in 15 m x 7 m plots. The crop residues were incorporated in the soil soon

after harvesting.
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The legume-based cropping systems’ treatments were arranged in randomized complete
blocks design (RCBD). In the 2014/15 study year, each plot was split into four sub-plots
that received different levels of inorganic N as follows: 0, 45, 90 or 120 kg N ha™ (in the
7m x 3.75m subplots). Therefore, the split plot arrangement in RCBD was obtained.
The sources of N applied were the basal fertilizer, 23:21:0+4S and the top dressing N
fertilizer, urea. One maize seed was planted per each planting station at a distance of 25
cm between planting stations along the ridge/row and ridges were spaced at 75cm. The
maize variety used was the DKC 8053. All conventional crop management practices were
followed. Nitrogen concentration and C/N ratios were determined in the crop residues
before incorporation, to assess their quality according to Palm et al. (2001), Havlin et al.

(2005) and Brady and Weil (2008).

5.2.3 Soil mineral N assessment and plant analysis

Soil samples were collected from the 0 — 20 cm depth by augering a minimum of three
randomly selected points from each sub plot. Composite samples were made from soils of
each subplot. Then, the composite samples were kept in ice boxes and taken to the
laboratory and kept in a refrigerator to avoid further mineralization. The soil mineral N,
both nitrate (NO3z) and ammonium (NH,4"), were then extracted using 2M KCI, and then
analyzed colorimetrically according to Anderson and Ingram (1989) procedure. These
were done as a series of activities from a week of planting (wk 0) to 11 th week after

planting (wk 11).

Maize plant samples were collected at tasseling, five plants from each subplot for
determination of N concentration based on the procedure as described by Anderson and
Ingram (1989). Furthermore, grain samples for N determination were also collected at

harvesting.
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5.2.4 Harvesting and determination of yields, harvest indices and grain protein
content

Harvesting was done after the maize had reached physiological maturity and dried. A net
plot of 5.5 m x 1.5 m was demarcated from each subplot leaving guard rows to avoid the
outside interference. The maize stalks were cut at ground level with cobs not removed.
These were weighed as the total above ground biomass. Then the cobs were detached and
the grains were threshed. The net plot grain fresh weight was recorded and a sample of
100 seeds sampled wusing a quartering procedure (Kanyama-Phiri, personal
communication, 2010), and taken to the laboratory. The detailed procedures for
determination of grain and total dry matter yields, and harvest indices are presented in
Section 3.2.3. Maize grain crude protein content was determined by multiplying grain N

concentration by a Jones factor of 6.25 according to FAO (2003).

5.2.5 Determination of N uptake and nitrogen use efficiency

Nitrogen uptake by the maize plant was determined by multiplying the total above ground
dry matter (TDM) with plant N concentration. On the other hand, nitrogen use efficiency
was determined for applied nitrogen using the partial factor productivity of applied N
(PFPN) which takes into account the use efficiency of both indigenous and applied N

resources as illustrated in the following equation (xx) after Dobermann (2005):

Where
Yn = kg of yield produced

Fn = kg N applied
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5.2.6 Data analysis

Data was subjected to analysis of variance (ANOVA) using Genstat 15™ edition statistical
package based on a statistical model presented in equation (Xxix) (Section 4.2.4).
Separation of means was achieved with the Tukey’s honest significant difference (HSD)
test at 5% significant level where the cropping systems and fertilizer N rate factors were
analysed. Additionally, where one way ANOVA was used to analyse a specific factor,

means were separated by the least significant differences (LSD) at 5% significant level.

5.3 Results

5.3.1 Monthly rainfall at the Lilongwe and Dowa sites in the 2014/15 cropping season
Monthly rainfall distribution for the Lilongwe and Dowa sites in the 2014/15 cropping
season is as presented in Fig. 5.1. Lilongwe site received rainfall from November to May
with the highest amount of 243 mm in the month of January and an annual total amount
of 639 mm. On the other hand the Dowa site received rainfall from the month of
December to April with the highest amount of 189 mm in the month of February and an

annual total of 577 mm.
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Figure 5.1: Monthly rainfall amounts (mm) during the 2014/15 growing season for

Lilongwe and Dowa sites
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5.3.2 Selected post-harvest soil properties from the previous legume based cropping
systems for the Lilongwe and Dowa sites

Postharvest soil analysis for the Lilongwe site, showed medium to slightly acid soil
reaction with pH ranging from 5.7 in the previous sole maize plus 92 kg N ha™ plot (Sole
MZ+92N) to 6.1 in a number of previous legume-based treatments in the subsoil (Table
5.1). The overall means pH for both topsoil and subsoil was 6.0. Furthermore, the overall
mean total soil N was 0.06 and 0.056 for the topsoil and subsoil, respectively. Soil
organic carbon (C) was also low with overall means of 1.2 and 1.1 for the topsoil and
subsoil, respectively. On the other hand, the available (Mehlich-3) P was high with
overall means of 42.4 and 39.2 mg kg™ for the topsoil and subsoil, respectively

(Table 5.1).

For the Dowa site, Table 5.1 shows a slightly acid soil reaction with overall mean pH of
6.2 for both topsoil and subsoil. Total soil N was low to medium, with overall mean
values of 0.14 and 0.10 in the topsoil and subsoil, respectively. Soil organic C was
medium with overall mean values of 2.75 and 1.95 in the topsoil and subsoil,
respectively. On the other hand, available (Mehlich-3) P was low to medium with overall

mean values of 29.7 and 26.9mg kg™ for the topsoil and subsoil, respectively.

5.3.3 Stover quality from previous cropping systems for the Lilongwe and Dowa sites
The stover quality was assessed by determining the N concentration and C/N ratios (Table
5.2). Critical values of determining quality were based the work of Palm et al. (2001),
Havlin et al. (2005) and Brady and Weil (2008) on the implication of C/N ratios. Results
showed different characteristics of the stover. For the Lilongwe site, Sole cowpea (CP)
stover was of the highest quality, with N concentration of 2.7% and C/N ratio of 16.4

while maize stover from the maize-cowpea intercrop showed the lowest quality with N
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concentration of 0.7% and C/N ratio of 59.4. For the Dowa site, high quality
characteristics were depicted by Sole CP and Sole PP, both with N concentration of 2.8
with C/N ratios of 15.9 and 16.4, respectively. Maize stover in the intercrops with cowpea
and pigeon pea showed the lowest quality characteristics, with N concentrations of 0.8

and 0.7% and C/N ratios of 63.5 and 58.1, respectively.
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Table 5. 1: Selected post-harvest soil properties from the previous legume based cropping systems at the Lilongwe and Dowa sites

Site Previous cropping pH Total N (%) Available Mehlich-3 P SOC
system (mg/kg)
0-15cm 15-30cm 0-15cm  15-30cm 0-15cm  15-30cm 0-15cm 15-30cm
Lilongwe Sole MZ 6.1 6.1 0.057 0.054 40.9 40.2 1.14 1.07
Sole MZ+92N 5.7 59 0.063 0.059 44.3 38.4 1.25 1.20
Sole CP 6.1 6.0 0.062 0.058 41.8 39.3 1.24 1.16
CP+MZ intercrop 6.0 6.1 0.065 0.054 455 38.6 1.31 1.08
Sole PP 6.1 6.1 0.059 0.054 45.0 374 1.17 1.09
PP+CP intercrop 5.9 6.0 0.057 0.055 41.2 39.2 1.14 1.12
PP+MZ intercrop 6.1 6.0 0.058 0.059 37.9 41.2 1.17 1.19
Grand 6.0 6.0 0.060 0.056 42.4 39.2 1.20 1.13
mean
Dowa Sole Mz 6.2 6.1 0.12 0.09 28.3 27.5 2.45 1.80
Sole MZ+92N 6.1 6.3 0.14 0.10 27.5 27.3 2.86 2.00
Sole CP 6.3 6.3 0.15 0.10 32.1 27.5 2.96 2.09
CP+MZ intercrop 6.2 6.4 0.14 0.09 34.2 29.3 2.88 1.90
Sole PP 6.3 6.2 0.13 0.10 32.1 24.7 2.65 2.04
PP+CP intercrop 6.1 6.0 0.14 0.10 28.3 25.4 2.85 1.95
PP+MZ intercrop 6.2 6.1 0.13 0.09 25.4 26.8 2.63 1.87
Grand 6.2 6.2 0.14 0.10 29.7 26.9 2.75 1.95
mean

NB: SOC = soil organic carbon; MZ = maize; CP = cowpea; PP = pigeon pea; 92N = 92 kg N ha™.
Ratings and critical values/ranges for various soil parameters are available in Table 2.1 (Section 2.3.2) and Appendix 1, respectively.
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Table 5. 2: Quality of crop residues of the previous cropping systems for the
Lilongwe and Dowa sites

Site Crop in the previous cropping Stover N C/N ratio

system concentration
(%)

Lilongwe  Sole MZ 0.8 55.7
Sole MZ+92N 1.0 46.4
Sole CP 2.7 16.4
Sole PP 2.3 195
CP in CP+MZ intercrop 2.1 21.7
CP in PP+CP intercrop 2.3 20.2
PP in PP+CP intercrop 2.1 21.7
PP in PP+MZ intercrop 2.2 20.8
MZ in PP+MZ intercrop 0.8 61.3
MZ in CP+MZ intercrop 0.7 59.4

Dowa Sole MZ 0.8 55.9
Sole MZ+92N 1.0 44.8
Sole CP 2.8 15.9
Sole PP 2.8 16.4
CP in CP+MZ intercrop 2.5 18.4
CP in PP+CP intercrop 2.7 16.7
PP in PP+CP intercrop 2.5 18.1
PP in PP+MZ intercrop 2.5 18.3
MZ in PP+MZ intercrop 0.7 58.1
MZ in CP+MZ intercrop 0.8 63.5

NB: N (%) < 2.5 implies low quality; C/N > 25 implies low quality

5.3.3 Field soil mineral N patterns in the 2014/15 cropping season as influenced by

the previous season cropping systems

5.3.3.1 Field soil mineral N patterns at the Lilongwe site

Fig.5.2 shows mineral N (NO3’, NH4") levels sampled from planting week to week 11
after planting. Results are presented only for the legume-based subplots that did not
receive N fertilizer application to elucidate the clear effect of the previous cropping
systems. The general trend showed decrease in mineral N levels from planting week to

the later weeks.
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Figure 5.2: Soil mineral N in the maize plots in the 2014/15 cropping season as
influenced by the previous season cropping systems at the Lilongwe and
Dowa sites

NB: (i) Above analysis show mineral N patterns in the sub plots that did not receive
fertilizer N application in the 2014/15 cropping system.

(if) Vertical bars within the charts represent LSD values for separation of means
for each specific week.
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There were significant differences (P < 0.05) due to the previous cropping systems.
Nitrate levels were relatively higher than the amounts of NH4-N levels. Nitrate N levels
for previous legume-based systems were significantly higher (P < 0.05) than that in the
previous Sole MZ by a mean of 29% in wk 0 to 17% in wk 11 for the Lilongwe site.
Furthermore, the plot that was previously Sole MZ+92N showed equally higher NO3-N
levels during the planting week but drastically dropped in the subsequent weeks. There
were no significant differences in NO3-N among plots previously planted to legumes as
sole, legume-legume or legume-cereal intercrop. The trend for NH4-N was somewhat

similar to that of NO3-N.

5.3.3.2 Field soil mineral N patterns at the Dowa site

Similar to the Lilongwe site, in the Dowa site, the trend of mineral N in the soils of the
study plots showed a decrease from the planting to week 11 after planting. There were
significant differences as influenced by the previous cropping systems. The previous
legume based plots showed higher (P < 0.05) NOs-N than that in the previous Sole MZ
plots by 19% in wk 0 to and 14% in wk 11. The trend was similar for NH4-N. However,
no significant differences were observed in NH4-N as influenced by the previous cropping

systems.

5.3.4 Nitrogen uptake by subsequent maize plants as influenced by the previous
season cropping systems and fertilizer N rates at the Lilongwe and Dowa sites

5.3.4.1 Nitrogen uptake by maize plants at the Lilongwe site

Fig. 5.3 shows N uptake by the maize plants. There were significant differences (P <

0.05) as influenced by both cropping system and N fertilizer application. Plots that were

previously legume-based showed significantly higher (P < 0.05) N uptake than The Sole

MZ and Sole MZ+92N. Increasing N application rate led to significant increases in N
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uptake by the maize plants. However, from plots that were previously legume-based, N
uptake amongst the rates of 45, 90 and 120 kg N ha™ were not significantly different but

all these were significantly higher (P < 0.05) than the treatment with 0 kg N ha™.
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Figure 5.3: N uptake in maize crop as influenced by the previous cropping systems
and N fertilizer rate at the Lilongwe and Dowa sites

NB: Means were separated using Tukey HSD test at 5% significant level and its value is

shown on the chart; Error bars represent standard errors of the means

The legume-based systems led to higher N uptake by a range of 38% in the PP+MZ
intercrop to 68% in the Sole CP at 0 kg N ha™* as compared to that in the Sole MZ. On the
other hand, at the highest rate of 120 kg N ha™ the legume based systems led to increases
in N uptake ranging from 28% in PP+MZ intercrop to 48% in the Sole CP over the Sole

MZ. Plots that previously contained Sole CP and Sole PP show slightly higher N uptakes

than the rest of the treatment plots.
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5.3.4.2 Nitrogen uptake by maize plants at the Dowa site

Similar to the Lilongwe site, in the Dowa site, plant N uptake by subsequent maize was
significantly influenced by both the previous cropping systems and N fertilizer
application. Increasing fertilizer N application led to significant increases in N uptake
(Fig. 5.3). Nitrogen uptake at 45, 90 and 120 kg N ha™ were all significantly higher
(P < 0.05) than that at 0 kg N ha™ but were not significantly higher among themselves.
The legume based systems led to higher N uptake by a range of 23% in the CP+MZ
intercrop to 41% in the PP+MZ at 0 kg N ha™ than that in the Sole MZ. On the other
hand, at the highest rate of N (120 kg N ha™) the legume based systems led to increases in
N uptake by a range of 23% in PP+MZ intercrop to 36% in the PP+CP intercrop over the

Sole MZ.

5.3.5 Grain and total dry matter yields and harvest indices of subsequent maize as
influenced by the previous season cropping systems and fertilizer N rates at the
Lilongwe and Dowa sites

5.3.5.1 Maize grain and total dry matter yields and harvest indices at the Lilongwe

site

Maize grain and total dry matter or above ground biomass were significantly (P < 0.05)

influenced by both cropping system and N application (Fig. 5.4). Increasing rate of N

application led to increase in yields. Treatments that were previously legume based

showed significantly higher (P < 0.05) maize grain yields at all the four rates of N

fertilizers than that by the treatments under the previous Sole MZ. Amongst the previous

legume-based treatments, the 0 kg N ha™* showed significantly lower yields than those by
the rest of the higher N rates of 45, 90 and 120 kg N ha™, which, among themselves, were
not significantly different. The previous legume based systems produced significantly

higher (P < 0.05) grain yields than the previous Sole MZ by a range of 30% under
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previous CP+MZ intercrop to 59% under previous Sole CP at 0 kg N ha™ fertilizer
application. Similarly, at the highest rate of N application, 120 kg N ha™, the previous
legume-based treatments were significantly higher (P <0.05) than the previous Sole MZ
by a range of 28% under previous CP+MZ intercrop to 42% under previous Sole CP.
The TDM vyields followed a similar trend. Furthermore, HI% by the treatments on the
previous Sole MZ was significantly lower than the rest of the cropping systems (Fig. 5.5).
Additionally, significant differences (P < 0.05) in H1% were also observed as influenced

by the rate of N applied for the Lilongwe site.

5.3.5.2 Grain and total dry matter yields and harvest indices of the subsequent maize
at the Dowa site
Maize grain yields for the Dowa site were significantly different (P < 0.05) as influenced
by both cropping system and fertilizer N rate applied (Fig. 5.4). Treatments that were
previously legume-based showed significantly higher (P < 0.01) grain yields than those
that were previously Sole MZ at all rates of N fertilizer applied. At the 0 kg N ha™, they
were significantly higher (P < 0.05) by a range of 24% under treatment that was
previously CP+MZ intercrop to 48% under the treatment that was previously Sole PP
whereas at the 120 kg N ha™ they were significantly higher (P < 0.05) by a range of 35%
under previous PP+MZ intercrop to 45% under treatment that was previously PP+CP.
On the other hand, the previously Sole MZ+92N treatment yields were not significantly
different from the legume based plots’ yields at 120 kg N ha™. Furthermore, the treat
previously Sole MZ+92N yield at 45 kg N ha™ was not significantly different from the
previous Sole MZ grain yield at the same rate of fertilizer. The harvest indices were also
significantly affected by both cropping system and the amount of N applied (Fig. 5.5).
Treatments that previously contained legumes produced significantly higher (P < 0.05)
H1% than the treatments that were previously Sole MZ. However, the HI% by the

previously PP+MZ, CP+MZ and MZ+92N were not significantly different from that



under treatment that was previously Sole MZ. Increasing amount of N fertilizer led to

significant increases in H1%.
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5.3.6 Maize grain protein content as influenced by the previous season cropping
systems and fertilizer N rates for the Lilongwe and Dowa sites

5.3.6.1 Maize grain protein content at the Lilongwe site

Maize grain protein content (Fig. 5.5) was significantly different (P < 0.01) as influenced

by fertilizer N rate applied. Increasing amount of N applied led to increase in maize grain

protein content. The trend of protein percentages increased from 0 kg N ha™ to 120 kg N

ha™*, with average range values of 9.0 to 11.4% protein content, respectively.

5.3.6.2 Maize grain protein content at the Dowa site

For the Dowa site, the trend in maize grain protein percentage was similar to that of the
Lilongwe site. Increasing amount of N led to significant increase in grain protein content
(Fig. 5.5) with the lowest and highest amounts at 0 kg N ha™ and 120 kg N ha™, and

average range values of 10.2 to 13.1% protein content, respectively.

5.3.7 Nitrogen use efficiency as influenced by the previous cropping system and
fertilizer rate on maize in Lilongwe, Central Malawi

5.3.7.1 Nitrogen use efficiency at the Lilongwe site

The nitrogen use efficiency as demonstrated by the PFPy showed significant differences
(P < 0.05) as influenced by cropping systems and amount of fertilizer N applied
(Table 5.3). Treatments that were previously legume-based systems were significantly
higher in terms of their N-use efficiency in both applied and indigenous N (PFPy) than
those that were previously Sole MZ and Sole MZ+92N. The overall mean values for
treatments that were previously Sole MZ and Sole MZ+92N were not significantly
different. The highest efficiency for PFPy was at 45 kg N ha™ in all the treatments and the

treatment that was previously Sole CP showed a slightly higher value than the rest.
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Figure 5. 5: Harvest index percentages (H1%0) and grain protein content (%) of
maize as influenced by the previous cropping systems and N fertilizer

rate at the Lilongwe and Dowa study sites

NB: Means were separated using Tukey HSD test at 5% significant level and its value is
shown on the bar charts; Error bars represent standard errors of the means
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Table 5.3: Nitrogen use efficiency as influenced by the previous cropping system

and fertilizer rate on maize at the Lilongwe and Dowa sites, Central

Malawi
Site Fertilizer Previous cropping systems
rate
Sole  Sole Sole CP+MZ  Sole PP+CP PP+MZ  Mean
MZ MZ+92N CP intercrop PP intercrop intercrop  (fert.
rate)
Lilongwe 0 - - - - - - - -
45 55.2  69.1 1195 104.9 102.3 107.3 107.3 95.1a
90 35.6  46.9 62.7  56.1 584  60.3 55.4 53.6b
120 27.3 336 472 377 43.8 387 45.1 39.1c
Mean 39.4b  49.9b 76.5a 66.2a 68.1la 68.8a 69.3a
(crop.
syst)
F.pr(CS) 0.001
F.pr (FR) 0.001
F.pr 0.048
(CS*FR)
CV (%) 18.4
Dowa 0 - - - - - - - -
45 56.7 72.8 1169 108.4 112.1 1213 112.0 100.0a
90 38.1 417 55.1  59.7 579  65.3 58.7 53.8b
120 26.7 32.8 46.8  41.3 41.2 486 41.2 39.8¢
Mean 40.5b 49.1b 729a 69.8a 70.4a 78.4a 70.6a
(crop.
syst)
F.pr(CS) 0.001
F.pr (FR) 0.001
F.pr 0.01
(CS*FR)
CV (%) 14.3

NB: (i) NUE was not calculated at zero rate of N fertilizer; Means were separated using
the Tukey’s HSD test at 5% significant level; Means with different letters are
significantly different; CS = cropping system; FR = fertilizer rate; symbol
* = interaction

(i) Values in the Table are in kg grain/kg N applied

(ili) NUE > 70 implies very good performance

5.3.7.2 Nitrogen use efficiency at the Dowa site

For the Dowa site, the PFPy was significantly (P < 0.05) influenced by the cropping

systems and fertilizer N amount applied (Table 5.3). Similar to the Lilongwe situation, the

highest NUE was at 45 kg N ha™ fertilizer application rate. All the former legume-based



137

treatments showed mean PFPy values that were higher than the common ranges of 40-70
and were all significantly higher (P < 0.05) than that under the Sole MZ. The treatment

that was previously PP+CP intercrop showed a slightly higher value that the rest.

5.4 Discussion

Integrated nutrient management performance depends on many factors including
improved seed, sound crop management, type and amount of inorganic nutrients,
cropping systems implemented and the amount and quality of organic resources retained
or added to the systems. In this study an integrated nutrient management approach was
implemented in which crop residues were retained to the system and different levels of
inorganic fertilizers were added. Levels of N concentrations and C/N ratios of the
different crop residues used under the present study were similar to those of other past
studies (Palm et al., 2001; Mtambanenge et al., 2007; Abera et al., 2013). For both sites
sole cropped legume residues showed the highest quality which can be attributed to the
nutrient accumulations achieved during the growth of those crops. On the other hand,
legume crop residues from intercropped species (Table 5.2) still satisfied the high quality
(i.e. high N concentration and low C/N ratios) criteria according to Palm et al. (2001) and

Brady and Weil (2008).

For the Lilongwe and Dowa sites, soil mineral N (NOs* and NH,") patterns showed
ranges (Figure 5.2) similar to what have been reported by a number of authors in similar
environments (Mhango, 2011; Matusso et al., 2014). The significantly higher levels of
mineral N in the plots that had legume residues (CP and PP) whether sole cropped or
intercropped can be attributed to high quality of the legume residues. The maize residues

showed very low N concentrations and very high C/N ratios whereas the legumes, both
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CP and PP, showed high quality (Table 5.2). Zeng et al. (2010) and Abasi et al. (2015) in
similar studies with various crop residues including that of maize, groundnuts and
soybean reported a positive correlation between N mineralization and initial N contents of
the residues. This study confirms that addition of high quality residues to the poor quality
ones improves the rate of nutrient mineralization. This can be attributed to the activation
of microbial activities in the soil that need reasonable amounts of nitrogen to facilitate the

mineralization process and reduce the period of N immobilization.

Similarly, Partey et al. (2014) reported increase in mineralization rate of 58% and 55% by
mixing maize residues with respectively Vicia faba and Tithonia diversifolia.
Furthermore, significant increases in microbial biomass were also reported with V. faba
and T. diversifolia alone or in combination with maize residues (Partey et al., 2014).
On the other hand, Sakala et al. (2000) reported increased N mineralization with
additional amounts of high quality PP residues and N fertilizer to maize residues.
It should be noted that the previously Sole MZ+92N plots showed relatively higher
amounts of mineral N than that of previously Sole MZ plots. This can be attributed to the
slightly higher quality of the residues but also residual N from the previously applied
urea, although the highest levels were only more conspicuous at the start of the rains and
thereafter it dropped. This implies that the already readily available N from the previous
season was leached quickly by the rains. Beauchamp (1987) reported residual benefits of
urea on maize in a season immediately after the season in which the urea was applied.

The maize grain yields determined in this study were in similar ranges as maize yields
reported by Zingore (2011) for medium to high fertile soils of Malawi and by Tamene et
al. (2015) for farmers practising good management practices such as integration of NPK

fertilizers and animal manure, which are relatively higher than the Malawi farmers’
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average. The significantly higher maize plant N uptake, grain and TDM yields for plots
that were previously Sole CP, Sole PP, and PP+CP intercrop than those that were
previously Sole MZ and Sole MZ+92N plots at all fertilizer levels, can be attributed to the
combined effect of the high quality of the residues and inorganic N fertilizer, which
increased N recovery and yields more than the low quality MZ residues combined with
inorganic N fertilizer. Mtambanengwe et al. (2007), in a similar study involving
Crotalaria jancea green manure, Calliandra calothyrsus and Pinus patula residues as
organic amendments in Zimbabwe, observed improvements in maize yields by between
24% and 104% from combined mineral fertilizer and leguminous resources over those
from sole fertilizer. On the other hand, Mahama et al. (2016), in a similar study, reported
greater benefits in maize N uptake due to cowpea and pigeon pea previous cropping
systems in the USA than by that in the soybean system. Similar to the Lilongwe trends
were also those for the Dowa site with slight differences. For instance, amounts of N
uptake in Dowa were above 50 kg N ha™ in all the zero fertilizer plots and in all the
previous legume based cropping systems plots compared to Lilongwe levels that were
lower in the treatment that was previously Sole MZ. This can be attributed to the initial

soil total N and soil organic matter levels which were higher in Dowa than in Lilongwe.

The significantly higher harvest indices due to the previous legume-based cropping
systems can be attributed to increased synchrony in the release of N from the high quality
residues and the N requirements of the maize crop. This was complemented by the effect
of applied N. However, apart from other treatments being significantly higher than the
zero N rate, no differences were observed amongst the higher fertilizer rates. Maobe et al.

(2010) noted the increase in HI with N application from both Mucucan pruriens residues
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and inorganic fertilizer but at only medium rates of N from 30 to 60 kg N ha™ and no

further increase in HI at the fertilizer rates above 100 kg N ha™.

The crude protein percentages of maize grain in the present study are similar to those
reported in other studies (Silva et al., 2005; Genetic Technologies Limited, 2016).
Results in the present study show that increasing the rate of N application led to increase
in crude protein content of the maize grain. Blumenthal et al. (2008) in a review of
importance and effect of N on crop quality, summarises a number of studies where
increasing N rate lead to increase in maize grain protein. However, in the present study,
grain protein in maize differed significantly due to applied inorganic N fertilizer, but
significant differences were not observed due to previous cropping systems at both study
sites. This can be attributed to the timing of N application in that the protein content
might have been influenced by top dressing N as fertilizer, which was applied closer to
the tasseling stage and is more likely to have been channelled to kernel development and
filling, as opposed to the N from the cropping system residuals which acted more as a
basal fertilizer for vegetative development. In a similar study, increase in crude protein
content of maize was reported to be influenced by late N application towards silking

(Silva et al., 2005).

The previous legume-based systems resulted in significantly higher NUE in terms of
PFPy than by those that were previously Sole MZ or Sole MZ+92N in both study sites,
and this can be attributed to interactive effects of the high quality residues and the applied
inorganic N. For maize residues with low quality, NUE can be reduced by the longer
periods of N immobilization and, in turn, not meeting the synchrony with plant growth

stages when the N is greatly needed. This implies that in the maize monoculture systems
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much of the plant growth would be dependent on the applied N, which is more
susceptible to losses through leaching. According to Dobermann (2005), common ranges
of NUE are 40 - 70 kg grain kg™® N applied. The PP+CP intercrop and Sole CP NUE
values were the highest but the rest of the legume-based systems treatments in this study
resulted in far much higher than the stated ranges. According to Dobermann (2005), NUE
values above the stated ranges are obtained when there is good crop performance at lower
rates of N and in well managed systems. Therefore, the pigeon pea and cowpea-based
systems planted either in sole, legume-legume intercrops or legume-cereal intercrops, can
all be considered good systems for increased NUE and increased yields for maize in
rotation. It should be noted that results of NUE reported in this study differ greatly from
the lower values of NUE reported by Snapp et al. (2014) based on a survey on farmers’
fields in Malawi, where a range of 7 to 14 kg grain kg™ N applied was noted. The low
values were attributed to differences in farmers’ crop management skills and various
challenges including poor soil fertility conditions, labour constraints, droughts and pests

and diseases, all of which affect maize growth and yields.

5.5 Conclusions

Integrated soil fertility management (ISFM) aims at achieving sustainable yields while
minimizing costs on the part of a farmer. From this study it can be noted that integration
of pigeon pea and cowpea either as sole crops, legume-legume or legume-cereal intercrop
led to higher N uptake, grain and TDM yields and harvest indices in the rotational maize
as compared to the maize-maize monoculture with or without inorganic fertilizer.
Interactive effect of the legume residues and inorganic fertilizer led to higher maize grain
yields by ranging from 30% under treatment that was previously CP+MZ intercrop (1689

kg ha™®) to 59% under treatment that was previously Sole CP (2864 kg ha™*) at 0 kg N ha™
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fertilizer application than the under treatment that was previously Sole MZ (1178 kg ha™).
Similarly, at the highest rate of N application, 120 kg N ha™, the previous legume-based
treatments produced higher maize grain yields than the treatment that was previously Sole
MZ (3277 kg ha™) by a range of 28% under treatment that was previously CP+MZ
intercrop (4525 kg ha™) to 42% under treatment that was previously Sole CP (5665 kg N
ha™), in the Lilongwe site. For the Dowa site, at the 0 kg N ha™ maize grain yields
increase over the treatment that was previously Sole MZ (1454 kg ha™) ranged from 24%
under the previously CP+MZ intercrop (1908 kg ha™) to 48% under treatment that was
previously Sole PP (2792 kg ha™) whereas at the 120 kg N ha™ increase over the
treatment that was previously Sole MZ (3204 kg N ha™) ranged from 35% under
treatment that was previously PP+MZ (4945 kg ha™) intercrop to 45% under treatment
that was previously PP+CP intercrop (5836 kg ha™). From this study it is noted that
mixing high quality pigeon pea or cowpea residues (with high N concentration and
narrow C/N ratios) with the low quality maize residues increased N mineralization rates,
N uptake, and nitrogen use efficiency by the maize grown after the legumes. Additionally,
increasing inorganic N application increased maize grain crude protein content.
Therefore, for the smallholder farmers on the Chromic Luvisols of Lilongwe and Dowa
districts, Malawi, a rotation of pigeon pea or cowpea in legume-legume, legume-cereal
and sole cropping systems can substantially increase maize yields with the implication of
lowering the investment costs of inorganic fertilizers. Furthermore, an integrated

approach can improve both quantitative yields and quality of the maize grain.
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CHAPTER SIX

6.0 GENERAL CONCLUSIONS AND RECOMMENDATIONS

6.1 General Conclusions

Integrated soil fertility management is one of the approaches for achieving sustainable
agriculture production. This study was aimed at evaluating the performance of pigeon
pea, cowpea and maize in the sole cropping, legume-cereal and legume-legume
intercropping systems in terms of nodulation and BNF, crop productivity, influence on
VAM fungal colonisation and their contributions to subsequent maize yields under

different rates of inorganic N fertilizer.

From this study it was noted that the nodulation (nodule numbers, nodule weights and
effectiveness) was influenced by the cropping systems. Sole cropping led to higher
nodulation in both legumes and study sites. Sole PP nodule dry weights were higher by
25% and 48% than those of PP in intercrops with CP and MZ, respectively, at the
Lilongwe site. Similarly, the nodule dry weights were also higher 25% and 46%
compared with that in PP in an intercrop with CP or MZ, respectively, at the Dowa site.
Significantly higher nodule numbers were reported at the Dowa site with only slight
differences reported for Lilongwe site. Furthermore, Sole CP nodule dry weights were
significantly higher by 38% and 36% than those in CP in an intercrop with PP and MZ,

respectively, at the Lilongwe site.

Similar to the trend of nodulation, it can be noted from this study that both intercropping
systems decreased %Ngs, and the total amount of N fixed by the two legume species. At
the Dowa site, sole cropped pigeon pea produced the highest amount of biologically fixed

N (92.9 kg ha), which was significantly higher than that by the pigeon pea for both the
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pigeon pea-cowpea and pigeon pea-maize intercrops by 31% and 36%, respectively.
However, a comparative evaluation of the overall cropping system contribution per unit
area revealed the combined amount of biologically fixed N (82.9 kg ha™) from the two
component legume crops in the pigeon pea-cowpea “doubled-up” which was at par with
that of the sole cropped pigeon pea. Furthermore, the PP-CP doubled up BNF in Dowa
was significantly higher than the amounts of N, fixed by sole cowpea (62.5 kg N ha™),
pigeon pea in the pigeon pea-maize intercrop (59.9 kg N ha™) or cowpea in the cowpea-
maize intercrop (13.1 kg N ha™). However, observations from the Lilongwe site were
different. Although the biologically fixed N (85.7 kg ha™) by the sole cropped pigeon pea
was similarly the highest, the combined amount of N, fixed (57.4 kg N ha™) by the PP
and CP in the pigeon pea-cowpea “doubled-up” was significantly lower than that by the
sole pigeon pea, by 33%. This showed that competition for resources as affected by
cropping systems such as legume-legume and legume-cereal intercrops, or sole cropping
is also aggravated by environmental factors. From this study, it can be concluded that
both legume-legume and legume-cereal intercropping reduces nodulation, BNF per plant
but overall amount of nitrogen fixed per unit area can be comparable to the Sole PP and

the PP+CP intercrop, which to some extent may depending on environmental conditions.

Furthermore, from this study it can be noted that the intercropping involving PP, CP or
MZ (PP+CP, PP+MZ, CP+M2Z) can lead to reduction in grain and TDM vyields per plant
and HI, compared to their sole crops. However, productivity by all the intercrops under
this study was enhanced as they all resulted into LERs of greater than one and positive
MAI values. Although all the intercropping systems (PP+MZ, PP+CP and MZ+CP) offer
different benefits, the PP+MZ intercrop from this study, was the most beneficial in terms
of both yields and monetary gains as it produced highest LERs and MAI values at both

sites of Lilongwe and Dowa. Furthermore, the study revealed by the partial LERs, RDY,
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RNY and RPY determined in this study that some crops were more competitive than
others for the specific intercropping combinations. Maize was shown to be the most
resilient crop when intercropped with either PP or CP whereas CP was the most

suppressed when intercropped with either PP or MZ.

From this study, it can be concluded that VAM fungal colonisation was not affected by
the PP and CP based cropping systems such as sole cropping, cereal-legume and legume-
legume intercrops. However, a positive relationship was noted between VAM fungal
colonisation and yields, P uptake, nodulation and BNF. Furthermore, all the legume-based
cropping systems showed significant positive effect on VAM fungal colonisation of the
subsequent maize grown in short rotation. There were significant increases ranging from
39 to 50% and 15 to 36% in colonisation of the VAM fungi in the subsequent maize roots
in the Lilongwe and Dowa sites, respectively, which was attributed to the ability of some

crop species to sustain VAM fungal natural communities than others.

From the ISFM component of this study, it was noted that legume-based systems
increased mineral N in the soils during the cropping seasons which, in turn, had an
influence on plant N uptake. It could therefore be concluded that integration of pigeon pea
and cowpea either as sole crops, legume-legume or legume-cereal intercrop led to higher
N uptake, grain and TDM yields and harvest indices in the rotational maize as compared
to the maize-maize monoculture with or without inorganic fertilizer. Furthermore,
interactive effect of the legume residues and inorganic fertilizer led to higher maize grain
yields ranging from 30% under treatment that was previously CP+MZ intercrop (1689 kg
ha™) to 59% under treatment that was previously Sole CP (2864 kg ha™) at 0 kg N ha™

fertilizer application than the treatment that was previously Sole MZ (1178 kg ha™).
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Similarly, at the highest rate of N application, 120 kg N ha™, the previous legume-based
treatments produced higher grain yields than the treatment that was previously Sole MZ
(3277 kg ha) by a range of 28% under treatment that was previously CP+MZ intercrop
(4525 kg ha) to 42% under treatment that was previously Sole CP (5665 kg N ha™), at
the Lilongwe site with a similar trend at the Dowa site. Furthermore, from this study it
was shown that mixing high quality pigeon pea and cowpea with the low quality maize
residues increases mineralization rates, N uptake, and nitrogen use efficiency by the
maize grown after the legumes, with implications on yields. In addition, increasing
inorganic N application increased maize grain crude protein content in both study sites

and this has an implication on the quality of the grain.

6.1 Recommendations
From the results obtained in the present study the following recommendations are given:

i.  Implementation of the legume-legume and legume-cereal intercrops or sole
cropping systems involving pigeon pea and cowpea with the aim of improving soil
fertility should be encouraged as all the systems lead to significant amounts of
biologically fixed N. However, their implementation should be accompanied by
thorough evaluation of environmental conditions including soil factors in order to
ensure good crop performance and to minimize soil degradation.

ii.  There is need for further research on BNF in legume-legume systems involving
pigeon pea and cowpea in order to provide more information as to why “doubled-
up” legume systems may result into more nitrogen fixed in some sites than others
or to get more information on effects of interaction of environment and doubled-

up legume systems on BNF.
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Vii.
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Evaluation of intercrop productivity should always be considered when
implementing various intercropping systems involving pigeon pea and cowpea to
ensure efficient utilization of resources.

Further studies should be done on pigeon pea and cowpea legume-legume and
legume-cereal intercropping systems involving different planting patterns,
densities and different crop varieties to get more information on their competitive
ability, general productivity and the BNF.

There is a need for more research on assessing VAM fungal species abundance
and diversity in different sites on Malawi soils, and their influence on BNF of
pigeon pea and cowpea and growth of both legumes and maize. Furthermore, this
should include isolation of promising species for VAM inoculant production.

The ISFM approach involving pigeon pea and cowpea in either legume-legume or
legume-cereal intercrops should be encouraged as these systems lead to
substantial increases in yields of subsequent maize, increased grain quality and
nitrogen use efficiency.

Further studies should be undertaken to evaluate the effects of the PP and CP-
based ISFM on other maize grain quality attributes such as carbohydrate and oil

contents other than protein.
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APPENDICES

Appendix 1: Critical values for some selected soil properties

Soil property Critical values/ range  Reference

PHwater 1:2.5 >5.5 Landon (1991)

Organic C (%) 2.35 Chilimba (2007)

SOM (%) 4 Chilimba (2007)

Total N (%) 0.13 Landon (1991)

Mehlich-3 P (mg/kg) 25-33 Chilimba (2007)

Mg (cmol./kg) 0.5 Chilimba (2007)

Ca (cmol./kg) 2.0 Mehlich (1984)

K (cmol./kg) 0.2 Wendt (1996); Chilimba et al.
(1999)

Fe (mg/kg) 25-45 Landon (1991)

Zn (mg/kQg) 2.5 Chilimba et al. (1999)

Mn (mg/kg) 3 Mehlich (1984)

B (mg/kg) 0.1-0.7 Landon (1991)
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Appendix 2A: Correlation matrix for VAM fungal colonisation of pigeon pea roots,
P uptake BNF and other growth parameters at the Lilongwe site

Parameter % col %P P TDM  BNF Nodule  Nodule dry
uptake number  weight

% col -

% P 0.395 -

P uptake  0.344 0.833* -

TDM 0.170 0.467 0.860** -

BNF 0.191 0.063 0.523 0.752* -

Nodule 0.069 0.285 0.576 0.618 0.331 -

number

Nodule 0.368 0.4897 0.135 0.121  0.310 0.602 -
dry weight

NB: *** Signicant at P = 0.001; **Significant at P = 01; *Significant at P = 0.05
TDM = total dry matter; % col = percentage of colonisation
Number of observations (n) = 9; degrees of freedom (d.f) =8

Appendix 2B: Correlation matrix for VAM fungal colonisation of pigeon pea roots,

P uptake BNF and other growth parameters at the Dowa site

Parameter %col %P P TDM BNF Nodule  Nodule dry
uptake number  weight

% col -

% P 0.185 -

Puptake 0488 0.714* -

TDM 0.045 0.173 0.273 -

BNF 0.188 0.163  0.640  0.834** -

Nodule 0517 0.065 0490 0.195 0.425 -

number

Nodule 0470 0191 0.276  0.095 0.268 0.872**

dry

weight

NB: *** Signicant at P = 0.001; **Significant at P = 01; *Significant at P = 0.05
TDM = total dry matter; % col = percentage of colonisation
Number of observations (n) = 9; degrees of freedom (d.f) =8
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Appendix 2C: Correlation matrix for VAM fungal colonisation of cowpea roots, P
uptake BNF and other growth parameters at the Lilongwe site

Parameter %col %P P uptake TDM BNF Nodule  Nodule dry
number  weight

% col -

% P 0.252 -

Puptake 0.645 0546 -

TDM 0.067 0.271  0.392 -

BNF 0.630 0.104  0.877* 0.566 -

Nodule 0.155 0.690* 0.628***  0.113 0.363 -

number

Nodule 0.438 0531  0.899 0.233 0.783* 0.849 -
dry

weight

NB: *** Signicant at P = 0.001; **Significant at P = 01; *Significant at P = 0.05
TDM = total dry matter; % col = percentage of colonisation
Number of observations (n) = 9; degrees of freedom (d.f) = 8

Appendix 2D: Correlation matrix for VAM fungal colonisation of cowpea roots, P

uptake BNF and other growth parameters at the Dowa site

Parameter %col %P P TDM BNF Nodule  Nodule dry
uptake number  weight

% col -

% P 0.397

Puptake 0557 0.612 -
TDM 0.660 0453 0.49% -

BNF 0.479  0.005 0.750 0.416 -

Nodule 0.657 0.071 0.570 0.483 0.781* -
number

Nodule 0.650 0.110 0.722 0.489 0.820* 0.965***
dry

weight

NB: *** Signicant at P = 0.001; **Significant at P = 01; *Significant at P = 0.05
TDM = total dry matter; % col = percentage of colonisation
Number of observations (n) = 9; degrees of freedom (d.f) =8
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Appendix 2E: Correlation matrix for VAM fungal colonisation maize roots, P

uptake BNF and other growth parameters at the Lilongwe site

Parameter % col % P P uptake TDM
% col -

% P 0.659* -

P uptake 0.455 0.429 -

TDM 0.378 0.317 0.988*** -

NB: *** Signicant at P = 0.001; **Significant at P = 01; *Significant at P = 0.05
TDM = total dry matter; % col = percentage of colonisation
Number of observations (n) = 12; degrees of freedom (d.f) = 11

Appendix 2F: Correlation matrix for VAM fungal colonisation maize roots, P

uptake BNF and other growth parameters at the Dowa site

Parameter % col % P P uptake TDM
% col -

% P 0.558 -

P uptake 0.210 0.433 -

TDM 0.101 0.219 0.930*** -

NB: *** Signicant at P = 0.001; **Significant at P = 01; *Significant at P = 0.05
TDM = total dry matter; % col = percentage of colonisation

Number of observations (n) = 12; degrees of freedom (d.f) = 11



