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ABSTRACT 

Although rainfed cropping in semi-arid areas is risky due to frequent droughts and dry spells, 

climate smart agriculture (CSA) and sustainable intensification (SI) technologies have a role 

to play in ensuring smallholder farmers in semi-arid sub-Saharan Africa (SSA) are food self-

sufficient. Conservation agriculture (CA) and cereal-legume intercropping were identified as 

cropping systems that have potential to produce food in risky environments. The objective of 

this study was to determine the potential of CA and intercropping to contribute to SI and CSA 

by quantifying crop productivity and soil N dynamics using field and modelling approaches. 

An on-farm field experiment was set up in Matobo where the effects of two principles of CA 

(reduced tillage and mulch application) in combination with soil fertility amendments on soil 

mineral N release, plant N uptake and maize yields were assessed in comparison with the 

plough tillage. Ploughing stimulated N mineralisation and maize N uptake more than the ripper 

tillage. However, mulching reduced mineralisation and subsequently lowered crop N uptake 

compared with no mulch application under the plough tillage. Ripping combined with mulch 

application resulted in mineral N values and maize yields comparable to the plough only 

treatment. Planting early (1 Nov to 15 Nov) and with the first rains, especially with the ripper 

+ mulch treatment, resulted in exceeding the food self-sufficiency threshold of 1080 kg ha-1 if 

fertility amendments were applied, as well as in a low probability of complete crop failure, 

ranging from 0–40%.  The field experiment was complimented with a modelling exercise using 

APSIM to investigate the effects of different planting date, tillage and soil fertility management 

strategies on crop yields over a larger range of climate and risk related issues. APSIM simulated 

the occurrence of the mineral N flush with the first rains. Its coincidence with planting resulted 

in average yield benefits in the range of 200-800 kg ha-1.  
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Maize-cowpea intercropping experiments were established covering several seasons to 

determine effects on soil chemical variables, root dynamics and yield of intercrops. With the 

addition of 40 kg N ha−1, maize grain yields were increased significantly by 500–1100 kg ha−1 

in a normal season. However, cowpea yields were compromised attributed to the lack of below-

ground niche differentiation in root distribution between maize and cowpea. Most intercrops 

had a land equivalent ratio >1 showing that there was generally greater productivity and over-

yielding in the intercrops proving intercropping a robust option across seasons and soil types.  

Modelling the maize-cowpea intercrop with APSIM showed that maize yields were reduced by 

3–25% with intecropping in comparison with sole maize. For cowpea, a week’s delay in 

planting resulted in significant reductions in yields. Planting maize and cowpea at populations 

of 37 000 and 74 000 plants ha-1 respectively on the same date and with 40 kg N ha-1 scenario 

maximised the probability of meeting household energy and protein requirements on sandy 

soils. On the clay, the relay intercropping scenarios where cowpea was planted 2–4 weeks after 

maize met household nutrition needs. Maize-cowpea intercropping was better than growing 

sole crops as it is a more efficient system to achieving food security in smallholder farms. 

The CA and intercropping technologies proved climate-smart to some extent by improving 

productivity under an uncertain climate. Other than productivity, both CA and intercropping 

were shown to contribute significantly towards soil fertility environmental sustainability and 

food self-sufficiency and therefore sustainable intensification. These technologies will need to 

be accompanied by the application of N containing fertility amendments as these proved critical 

to reducing the risk of crop failure and achieving the best possible yields. 

Key words: APSIM; Climate smart agriculture; Conservation agriculture; Maize-cowpea 

intercropping; N mineralisation; Risk management; Semi-arid; Smallholder; Sustainable 

intensification  
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1.  Background 

Farming in semi-arid sub-Saharan Africa (SSA) takes place under harsh agro-ecological 

conditions: low and unpredictable rainfall, high temperatures, high climatic variability, low 

soil fertility, land degradation, attacks of pests, and diseases and weed infestation (Arslan et 

al., 2014; Rurinda et al., 2015). Whilst global agricultural production will need to increase by 

about 70–100% by 2050 to feed the increasing population, van Ittersum et al. (2016) suggested 

that in the case of SSA the average cereal demand will increase by about 335%. This means 

that if SSA is to be food self-sufficient in the future, drastic measures must be taken to heighten 

production, by increasing the yields on existing cropland and/or by expanding the area of land 

under cultivation where possible (Chamberlin et al., 2014). In Southern Africa, climate change 

is predicted to have a negative impact on agriculture. More frequent and prolonged droughts 

and higher temperatures threaten the region’s crop production, potentially adding to the 

vulnerability of smallholder farming households (Serdeczny et al., 2017). It is therefore 

important to explore the production potentials of cropping options proposed for risky semi-arid 

environments on low-fertility soils, with a view to ensuring the food self-sufficiency of 

smallholder farm households.  

The problem of low soil fertility and land degradation is exacerbated by the fact that farmers 

tend to use little external nutrient inputs. Nitrogen (N) is inherently deficient in the soils in the 

region; therefore its management is key for achieving food security and safeguarding the 

sustainability of any cropping system (Sanchez, 2002; Morris, 2007). Repeated efforts to 

increase input use (especially of fertiliser) in SSA have met with little success. The main 
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impediments are (a combination of) climate variability, farmers’ risk perception, and limited 

on-farm investment (Cooper et al., 2008). Access to nutrients is also a problem for smallholders 

in SSA (Mupangwa et al., 2013). Owing to poor crop management practices and unbalanced 

blanket fertiliser recommendations, that do not address the complexity of smallholder farming 

systems (Giller et al., 2011; Chikowo et al., 2015; Njoroge et al., 2017), the efficiency of the 

fertilisers that are being used is generally low. This makes it even harder to convince farmers 

to use them. 

1.2.  Climate-smart agriculture and sustainable intensification approaches 

In order to meet the challenge of ensuring sustainable global food and nutrition security in the 

face of climate change, two approaches have been proposed in recent times: climate-smart 

agriculture (CSA) and sustainable intensification (SI). CSA interventions are defined by their 

ability to deliver on three fundamental dimensions: a) adaptation to the effects of climate 

change, thereby building resilience into the system; b) provision of mitigation benefits in terms 

of greenhouse gas emission reduction and building carbon (C) stocks (both above and below 

ground) and c) improved reliability, sustainability, productivity and profitability of agricultural 

production systems (Campbell et al., 2014; Lipper et al., 2014). SI approaches aim to increase 

food production on existing farmland in ways that have a lower environmental impact and 

which do not undermine the capacity to continue producing food in the future (Godfray et al., 

2010). The two approaches, SI and CSA, can be fruitfully combined. CSA focuses on 

improving risk management, information flows and local institutions to support adaptive 

capacity to provide the fundamentals for spurring and enabling intensification (Campbell et al., 

2014), while SI is crucial to both adaptation and mitigation.  

Conservation agriculture (CA) and legume technologies such as intercropping have been put 

forward as promising options to achieve both CSA and SI (Pretty et al., 2011; Campbell et al., 
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2014; Ollenburger and Snapp, 2014; Vanlauwe et al., 2014a; Falconnier et al., 2016; 

Droppelmann et al., 2017; Thierfelder et al., 2017). The effective application of these cropping 

system options, as reported in these studies, results in increased food production per unit land, 

while maintaining or rebuilding soil fertility.  

1.2.1. The case of conservation agriculture in Southern Africa 

Conservation agriculture (CA) is a technology promoted to cushion smallholder farmers in 

SSA against the adverse effects of soil fertility decline; it would allow a stabilisation of crop 

yields and increase drought resilience (Hobbs et al., 2008). It is based on three principles: a) 

minimum or no tillage, b) mixing and rotating crops and, c) maintaining semi-permanent or 

permanent soil cover (FAO, 2011). CA involves specific management practices, such as 

reduced tillage, residue retention, soil fertility amendment application and timely weed 

management (Mazvimavi and Twomlow, 2009). The benefits associated with CA include crop 

sequence intensification (Brouder and Gomez-Macpherson, 2014), a better use of the cropping 

season window permitted by an earlier field entry (Hobbs et al., 2008; Nyagumbo et al., 2017), 

an increase of soil organic carbon (Rusinamhodzi, 2015), and soil moisture retention, owing to 

a reduction of run-off, soil erosion, and lower surface soil temperatures (Mupangwa et al., 

2007; Thierfelder and Wall, 2009; Nyamadzawo et al., 2012). The long-term effects of CA 

when practiced comprehensively include improved crop yields and a reduction of the 

production costs (Rusinamhodzi et al., 2011; Sithole et al., 2016). There is, however, no 

consensus that these benefits occur and when or where they occur (Gowing and Palmer, 2008; 

Giller et al., 2009; Giller et al., 2011; Giller et al., 2015; Pittelkow et al., 2015). 

Although CA is promoted as a soil fertility-enhancing technology, application of crop residues 

poor in N, such as cereal stover, may result in prolonged immobilisation of mineral N (Giller 

et al., 1997). In CA, reduced N availability has also been attributed to slow residue 
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decomposition and N losses from leaching and denitrification (Angás et al., 2006; Verachtert 

et al., 2009). To offset the reduced N availability caused by the use of poor quality residues 

and other N losses, Nyamangara et al. (2014b) recommended larger N inputs. In a similar vein, 

Vanlauwe et al. (2014b) proposed that an appropriate use of fertiliser be added as a fourth 

principle in defining CA. Thereby, crop productivity would be enhanced, and sufficient crop 

residues would be produced to ensure soil cover.  

1.2.2. Intercropping in SSA 

Incorporation of legumes into cereal-based cropping systems is an inexpensive means to 

achieve crop diversification whilst rebuilding soil fertility (Snapp et al., 1998; Thierfelder et 

al., 2012). Biological N fixation (BNF) from a legume-rhizobia association increases soil N in 

the soil profile, thereby allowing for sustainable and continued productivity even in low-input 

cropping systems (Droppelmann et al., 2017). However, in SSA farmers favour the production 

of cereal crops. They allocate relatively small areas to legumes (Mapfumo and Giller, 2001; 

Nhemachena et al., 2003), and therefore reap only small benefits from the legume associations 

(Ncube, 2007). A poor availability of legume seed and dysfunctional markets for produce 

hinder legume production (Ncube, 2007; Mazvimavi and Twomlow, 2009). Further, farmers 

are reluctant to devote land to a rotational crop instead of to maize, which is the main food crop 

in subsistence households in Southern Africa (Thierfelder et al., 2012; Sithole et al., 2016). On 

the one hand, intercropping cereals with legumes offers potential benefits: it can help to achieve 

food security and increase cash income for smallholder farmers, whilst enhancing soil fertility 

and avoiding the perceived area loss entailed by rotation (Ngwira et al., 2012; Rusinamhodzi 

et al., 2012). On the other hand, intercropping may result in strong interspecies competition, 

which may lead to crop failure, as reported in earlier studies in southern Zimbabwe (Shumba 

et al., 1990; Jeranyama et al., 2000). Smallholder farmers appreciate grain legumes for 

providing both food and soil fertility benefits, but the input of fixed N from grain legumes may 
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only be significant in sustaining the productivity of other crops if substantial amounts of harvest 

residues are retained in situ (Giller, 2001; Sanginga, 2003). 

In intercropping systems, two or more crop species or genotypes are grown together and coexist 

for a time (Brooker et al., 2014). This allows for an intensification of the cropping system. The 

complementary utilisation of nutrients, water and solar radiation (Rusinamhodzi et al., 2012; 

Li et al., 2014) enhances the efficiency of land use whilst reducing the risk of complete crop 

failure (Carlson, 2008). This cropping system therefore provides a high level of production 

stability compared with monocropping. Intercrops produce more biomass than monocrops, and 

therefore can help mitigate climate change through C capture in biomass and soils. The 

performance of intercrop systems depends on the interaction between the crop species 

(interspecific relations) and the interaction between the crops and the soil environment. Each 

of these interactions is influenced by management and the local climate (Gou et al., 2016). 

Ideal intercrops are characterised by a complementary resource use and niche differentiation 

in space and time, ensuring an optimal resource use efficiency as well as optimal crop yields 

(Li et al., 2014). In semi-arid SSA poor cowpea yields in intercrops have been attributed to 

shading by maize, occurring when both crops are planted at the same time (Jeranyama et al., 

2000). In semi-arid Zimbabwe, the companion cowpea shaded out the maize in seasons when 

the rainfall was plentiful (Shumba et al., 1990). It has been suggested that the competition 

between crops in intercrops can be managed by rearranging the plant populations of the crop 

species (Vandermeer, 1992) or by staggering the planting dates of the different crop species in 

relay cropping (Rusinamhodzi et al., 2012). There is, however, limited experimental evidence 

on the mechanisms that lead to benefits or risks in intercropping systems. In particular, the 

below-ground processes in intercropping systems remain largely unstudied in the semi-arid 

areas in SSA, although work that has been done in arid China may offer some clues (Mao et 

al., 2012). It is important to understand intercropping systems on poor fertility soils in SSA in 

file:///C:/Users/masvaya/Desktop/Work%20folder%20-%20Esther/Desktop%20WUR/PhD%20work/Proposal/Project%20proposal%20Esther%20Masvaya-for%20submission.docx%23ENREF_4
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order to determine strategies that can increase resource use efficiency and give the best returns 

to investments.  

1.3.  Study setting  

The study was carried out in semi-arid southern Zimbabwe. Semi-arid areas in Southern Africa 

(Figure 1.1) are characterised by seasonal and highly variable rainfall (inter-annually and intra-

seasonally), frequent droughts and flash floods (Spear et al., 2018). Temperatures are predicted 

to increase in the semi-arid areas in Southern Africa by between 1 and 4 ºC by 2050 and 

substantial multi-decadal variability in rainfall is predicted to continue, without certainty in the 

direction of the change in any area (Bhatasara, 2015). The study area lies in Zimbabwe’s agro-

ecological regions III and IV, which receive 450–800 mm rainfall per annum. Extended mid-

season droughts, which affect yields, are common (Vincent et al., 1960). The dominant farming 

system is of a semi-extensive type, in which crop production is strongly integrated with 

livestock production. The livestock are kept for supporting crop production through the 

provision of draught power and manure; they also serve as a capital asset and diversify 

household income. Most smallholder farmers in the semi-arid areas in Zimbabwe prefer to 

grow maize rather than other cereals such as sorghum (Sorghum bicolor (L.) Moench) and 

pearl millet (Pennisetum glaucum (L.) R. Br.). Maize accounts for more than half of the total 

cropped area (Twomlow et al., 2006). Minor crops include cowpea (Vigna unguiculata (L.) 

Walp.), groundnut (Arachis hypogaea L.) and Bambara nut (Vigna subterranea (L.) Verdc.) 

(Ncube et al., 2009b). The dominant soils are sandy soils which have a limited capacity to store 

soil organic matter and nutrients (Ncube, 2007). There are some pockets of clay soils in the 

region (Moyo, 2001). In the smallholder areas of Zimbabwe, the arable fields are individually 

owned following allocation by headmen. The fields are communally grazed during the dry 

season, except for securely fenced fields.  
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Figure 1.1: Map showing the extent of semi-arid regions of Southern Africa and the study 

locations in southern Zimbabwe (adapted from Spear et al., 2018) 

1.4.  Rationale of the study 

From 2004 on, CA was promoted in the smallholder areas of Zimbabwe through various donor-

funded relief and recovery programmes (Mazvimavi and Twomlow, 2009). Despite a mass 

outreach, there has been low and selective adoption of CA principles. In some cases, CA 

technologies were completely abandoned (Pedzisa et al., 2015). Intercropping, though widely 

practised in the region, is not strategically planned, which accounts for the very low yields from 

the component crops. A common observation is that the benefits and risks of any soil fertility-

enhancing option which includes CA and legume technologies are very context-specific, 

depending upon, among other factors, location and seasonal variability (Erenstein et al., 2012; 

Arslan et al., 2014; Giller et al., 2015). It is therefore important to tailor options to contexts in 

which they perform best, as this improves the options’ efficacy and the likelihood of adoption 

(Descheemaeker et al., 2016b). In matching options such as CA and intercropping to specific 
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contexts, the heterogeneity of farmer households should also be taken into account. The 

motivation for the adoption of any crop-management option will inevitably be pragmatic and 

influenced by resource endowments. The impact of climate change and the feasibility of 

options are also likely to differ among farmers (Traore et al., 2017). Farmers will adopt or adapt 

options that will give them the maximum utility in terms of resources – labour, land and capital 

investments (Mazvimavi and Twomlow, 2009). It is also necessary to determine whether 

cropping systems like CA and intercropping will lead to food security and are resilient to 

climate change. 

Several studies have quantified productivity and resource use efficiencies in CA and 

intercropping systems in the region (for example, Rusinamhodzi et al. (2011); Rusinamhodzi 

et al. (2012); Thierfelder et al. (2012); Thierfelder et al. (2013); Nyamangara et al. (2014b)). 

There is a scarcity of data, however, on the performance of different cropping systems in the 

long term. In order to assess the suitability and viability of management options and practices, 

systematic efforts that employ both field and modelling approaches are needed. Such efforts 

will provide scientists with a better ex ante understanding of CA and intercropping systems 

and their impacts in the short and long term. This understanding can then be translated into 

information allowing the implementation of feasible and effective SI and CSA options relevant 

for smallholder farmers in their contexts. Crop models have facilitated a quantitative 

understanding of the effects of crop growth and agronomic management factors on crop 

development and productivity (Chimonyo et al., 2015). The use of these models offers a cost-

effective and fast alternative to field trials for exploring cropping scenarios and estimating their 

productivity under a range of management and environmental conditions. For the crop models 

to effectively simulate the cropping systems, a lot of data need to be generated and synthesised 

from field trials. Because of a dearth of relevant data, it has so far been difficult to assess the 

potential of CA and intercropping systems in semi-arid Southern Africa.  
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1.5.  Objectives of the study 

The aim of this study is to determine the potential of CA and intercropping to contribute to 

sustainable intensification and climate-smart agriculture by quantifying crop productivity and 

soil N dynamics using field and modelling approaches in semi-arid southern Zimbabwe.  

1.5.1. Specific objectives: 

In the thesis I aim to: 

(i) determine if and how tillage, mulching, manure and fertiliser application and their 

interactions improve soil mineral N release, plant N uptake and ultimately maize 

yields through on-farm experimentation; 

(ii) calibrate and evaluate the APSIM model and apply it to assess different 

management scenarios; 

(iii) explore the maize-cowpea intercropping above- and below-ground dynamics and 

the resultant effect of the intercropping system on chemical soil fertility and crop 

yields; 

(iv) use the APSIM model evaluated for maize-cowpea intercropping to identify best 

management intercropping practises that offer the least risk of failure and lead to 

improved productivity and food self-sufficiency in the region. 

1.6.  Thesis outline 

In this thesis I quantify selected chemical soil fertility variables and crop yields in maize only 

and maize-cowpea intercrops following different tillage and fertility amendment applications 

in the study area (semi-arid southern Zimbabwe). This thesis consists of six chapters: an 

introductory chapter, four research chapters and a discussion chapter. Each of the research 
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chapters covers one of the four objectives. Figure 1.2 gives an overview of the research 

objectives and the relationships between the different components of this thesis. 

Chapter 2 addresses objective (i). It offers the results of the testing, through field 

experimentation, of the hypothesis that in cropping systems in semi-arid climates and on poor 

fertility soils, the benefits of CA and added mulch are in immobilising N, thereby preventing 

it from being lost from the system and ensuring its availability for later crop growth. The effects 

of tillage, mulching, manure and fertiliser application and their interactions are determined, by 

specifying how they affect soil mineral N release, plant N uptake, and maize yields. 

Chapter 2 records the response of crops to different management options during the seasons in 

which the trials were conducted. The results therefore have a limited applicability. In Chapter 

3, addressing objective (ii), a crop growth model is applied to understand the processes and the 

performance of different management options studied in Chapter 2 over a longer period. Here, 

after model calibration and evaluation, the APSIM model is used to assess the benefits and 

risks of selected planting dates and their interaction with tillage treatments and mulch and 

fertility amendment applications in maize cropping systems in the study area.  

The hypothesis that maize-cowpea intercropping systems result in overyielding and therefore 

robust crop production in risky environments is tested in Chapter 4, which addresses objective 

(iii). The overyielding in intercropping systems will be assumed to result from below-ground 

root distribution complementarity; therefore, the root length density will be determined. Relay 

intercropping is proposed to result in temporal niche differentiation leading to improved land-

use efficiency. Land equivalent ratios of the maize-cowpea intercrops are also calculated and 

used as an indicator of land-use efficiency. 

Chapter 5 will address objective (iv); here the hypothesis is tested that maize-cowpea 

intercropping is a low-risk option, furthering household food self-sufficiency. The APSIM 
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model is calibrated and tested, using experimental intercropping data. The results enable the 

assessment of the cropping option’s potential to improve productivity in a predominantly 

maize-based cropping system and to consistently ensure food self-sufficiency in smallholder 

households regardless of seasonal variability. 

Chapter 6 will synthesise the findings from the previous chapters. The implications of the CA 

and intercropping systems are discussed, considering the different farm types in semi-arid 

Zimbabwe. I discuss the question to what extent the cropping systems can be seen as climate-

smart and as allowing sustainable intensification. The chapter concludes by discussing the 

possible strengths and limitations of the approaches used in this study and providing 

recommendations for further research.  
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Figure 1.2:  Overview of the thesis chapters 
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CHAPTER 2 

Tillage, mulch and fertiliser impacts on soil nitrogen availability and maize production 

in semi-arid Zimbabwe 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is published as: 

Masvaya, E.N., Nyamangara, J., Descheemaeker, K., Giller, K.E., 2017. Tillage, mulch and 

fertiliser impacts on soil nitrogen availability and maize production in semi-arid Zimbabwe. 

Soil Tillage Res 168, 125-132. 
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Abstract 

Conservation agriculture has been promoted widely in sub-Saharan African to cushion 

smallholder farmers against the adverse effects of soil fertility decline, stabilize crop yields and 

increase resilience to climate change and variability. Our study aimed to determine if aspects 

of CA, namely tillage and mulching with manure and fertiliser application, improved soil 

mineral N release, plant N uptake and maize yields in cropping systems on poor soils in semi-

arid Matobo, Zimbabwe. The experiment, run for three seasons (2012/13–2014/15), was a split-

split plot design with three replicates. Tillage (animal drawn ploughing and ripping) was the 

main plot treatment and residue application was the sub plot treatment with two levels (100% 

residues removed or retained after harvest). Five fertility amendments (mineral fertiliser at 0, 

20 and 40 kg N ha-1, 5 t ha-1 manure only and 5 t ha-1 manure + 20 kg N ha-1) were sub-sub plot 

treatments. Plough tillage stimulated N mineralisation by 4–19 kg N ha-1 and maize N uptake 

13–23% more than the ripper tillage. When mulch was added to the plough tillage, 

mineralisation was slowed resulting in less crop N uptake (by 5–19%) compared with no mulch 

application. N uptake was highest in the manure treatments. N recovery and agronomic N 

efficiency by maize were highly variable over the three seasons, reflecting the uncertainty 

complicating farmers’ decision making. Nitrogen recovery in the manure treatments was 

generally poor in the first season resulting in low grain yields in the range 100–260 kg ha-1 

regardless of tillage, though higher in subsequent seasons. In the second season manure 

application gave the largest grain yields under the ripper tillage, both with and without mulch 

averaging 1850 and 2228 kg ha-1 respectively. Under the plough tillage, the 40 kg N ha-1 

treatment gave the highest grain yields of 1985 kg ha-1. In the third season yields were generally 

poor under all treatments due to low and poorly-distributed rainfall. The CA principles of 

minimum soil disturbance and maintenance of a permanent mulch cover resulted in reduced 

soil mineral N availability for crop uptake and poor maize yields. Nutrient inputs through 
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mineral fertilisers and manure are key to ensuring production in such infertile, sandy soils 

which predominate in semi-arid regions of southern Africa. 

Key words: Agronomic efficiency; apparent N recovery; crop residue retention; N 

mineralisation   
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2.1. Introduction 

Smallholder farmers practicing rainfed agriculture in sub-Saharan Africa (SSA) face a myriad 

of challenges; these include poor soil fertility, low incomes, labour and land constraints, and 

are further exacerbated by climate variability (Mupangwa et al., 2012; Rurinda et al., 2013a; 

Ngoma et al., 2015). Different approaches to improve soil fertility have been proposed 

including biological nitrogen fixation, soil surface residue management, fertiliser use, 

enhanced recycling of animal manure and conservation agriculture (Nyamangara et al., 2005; 

Hobbs, 2007; Ncube et al., 2009a; Mupangwa et al., 2012).  

Conservation agriculture (CA) has been promoted throughout sub-humid and semi-arid areas 

of SSA to cushion smallholder farmers against the adverse effects of soil fertility decline, crop 

yield decline, and climate change and variability (Hobbs et al., 2008; Ngoma et al., 2015). CA 

is based on three principles: (i) minimum or no tillage to minimise soil disturbance, (ii) 

diversification of crop species (often with legumes) grown in rotation and/or association, and 

(iii) maintaining semi-permanent or permanent soil cover, for example by leaving at least 30% 

of crop residues (FAO, 2011; Stevenson et al., 2014). This three-pronged approach is reported 

to have the potential to improve farm resource use efficiency and crop yields especially where 

moisture is limiting (Hobbs et al., 2008).  

Although CA is promoted as a soil-fertility enhancing technology, application of crop residues 

poor in N, such as cereal stover, may result in prolonged immobilisation of mineral N (Giller 

et al., 1997). In CA systems, reduced N availability has been attributed to slow residue 

decomposition and N losses from leaching and denitrification (Angás et al., 2006; Verachtert 

et al., 2009). Nyamangara et al. (2014b) proposed that larger N inputs may be required under 

CA to offset the N immobilisation caused by cereal stover. A combination of high quality 

manure combined with low quality crop residue may reduce N leakage and increase nutrient 
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use efficiency (Kihara et al., 2011). Qin et al. (2015) found that larger N inputs resulted in a 

positive effect of straw mulch on maize yields. In sub-humid west Africa, maize grain yield in 

a no-till system was only increased by mulch when fertiliser was also applied (Lal, 1995). 

However, smallholder farmers in SSA typically apply only small amounts of N which may not 

be adequate. Vanlauwe et al. (2014b) argue that appropriate fertiliser use should be considered 

a fourth principle of CA as fertiliser is required to enhance both crop productivity and produce 

sufficient crop residues to ensure soil cover.  

In the current smallholder farming system, the perturbation by tillage stimulates a flush of 

mineral N (the “Birch effect”) with the start of the rains (Chikowo et al., 2004; Giller et al., 

2011), whereas soil organic matter may have otherwise been protected from degradation. This 

“Birch effect” is reported to be short-lived and the decomposition rates may fall back to rates 

similar to that of an undisturbed soil (Andersson and Giller, 2012). Minimum tillage promoted 

in smallholder areas in SSA under CA is mainly focused on the hand hoe planting basins (Giller 

et al., 2011; Nyakudya and Stroosnijder, 2015). Farmers with limited access to draught power 

and using hand hoes prepare their fields in the dry season in order to spread labour requirements 

for land preparation, allowing for early planting (Nyamadzawo et al., 2012). However, the use 

of animal drawn conservation tillage methods such as the ripper and direct seeder provide an 

opportunity to reduce the labour demand associated with land preparation using hand hoes. 

Mechanisation can increase productivity per unit area by improving timeliness of farm 

operations including planting. Early planting may coincide with the “Birch effect” which is 

beneficial to the crop (Chikowo et al., 2004). Minimum soil disturbance in CA systems, 

however, results in slower mineralisation compared with conventional tillage because of the 

minimum disturbance (Chivenge et al., 2007) leading to preservation of soil organic matter 

from decomposition. Due to this slow mineralisation, (Lal, 2007) suggested that resource poor 

farmers would be better off ploughing their sandy soils to enhance mineralisation of whatever 
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soil organic matter present to enhance nutrient supply in the short term. There are, however, no 

detailed studies on seasonal mineral N availability in the semi-arid areas under CA practices 

such as minimum tillage and crop residue retention particularly on soils of poor fertility that 

are typical in smallholder agriculture in SSA.   

We hypothesise that for cropping systems in semi-arid climates and on poor fertility soils, the 

benefits of CA and added mulch are in immobilising N so that it is not lost from the system 

and becomes available later for crop growth. The study specifically aimed at determining if 

and how tillage, mulching, manure and fertiliser application and their interactions improved 

soil mineral N release, plant N uptake and ultimately maize yields.  

2.2.Materials and methods 

2.2.1. Site description 

The study was carried out in Nqindi ward, Matobo district, Matabeleland South, Zimbabwe (20 

39.58′S, 28 15.58′ E; 900 masl). Matobo district lies in Agroecological Zone IV, characterised 

by semi-arid climate typical of south west Zimbabwe. Rainfall is unimodal with a distinct wet 

(November – March) and dry (April - October) season. The wet season receives 450-650 mm 

annual rainfall with a long term average annual rainfall of 580 mm. Droughts are frequent as 

are severe dry spells during the wet season. There is only a 45-65% probability of rainfall 

between October and April exceeding 500 mm (Vincent et al., 1960). The dominant soils are 

Eutric Arenosols derived from granite (WRB, 2006). These sandy soils constitute >15% of the 

total land area in Zimbabwe (Hartemink and Huting, 2008). The smallholder farming system 

in Matabeleland is characterised by privately managed arable fields and communally-managed 

grazing lands. The arable fields are also communally grazed during the dry season unless if 

securely fenced off. Matobo district is largely rural (99.4%) with Nqindi ward having a total 

population of 3507 persons (ZIMSTAT, 2012). 
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2.2.2. Trial layout and treatments  

A field experiment was set up in December 2012 on a slightly sloping (< 2%) farmer’s field 

and run for three seasons. The experiment was set up as a split-split plot with plots arranged in 

a randomised complete block design with three replicates. The tillage system was the main plot 

treatment with two levels (ox-drawn ploughing and animal drawn ripping) and the mulch 

management was the sub plot treatment with two levels (100% residue removed, and 100% 

residues retained after harvest). The mulch sub-treatment was not applied in the 2012/13 season 

as this was the first season. Five fertility amendments (mineral fertiliser at 0, 20 and 40 kg N 

ha-1, 5 t ha-1 manure only and 5 t ha-1 manure + 20 kg N ha-1) were randomised as the sub-sub 

plot treatment.  Plots measured 35 m x 12 m with borders measuring 5 m x 15 m. The third CA 

principle, crop rotation, was not included in the study because of the short duration of the 

experiment. 

2.2.3. Trial management 

A basal application of compound D fertiliser (14 kg N ha-1, 12 kg P ha-1 and 12 kg K ha-1) or 

manure was applied in planting furrows. The 0N fertility treatment received a basal application 

of single super phosphate (12 kg P ha-1) and muriate of potash (12 kg K ha-1). All plots were 

planted to a short season maize variety (SC403) at 0.9 m x 0.3 m spacing to achieve a plant 

population of 37 000 plants ha-1. The remainder of the N requirement (6, 20, 26 kg N ha-1 for 

the 20 kg N ha-1, manure + 20 kg N ha-1 and 40 kg N ha-1 treatments respectively) was applied 

as a top dressing, using ammonium nitrate (which contained 34.5 % N) at six weeks after 

planting and when there was enough soil moisture for top dressing. In the second season 

incessant rains caused waterlogging such that top dressing application was delayed until nine 

weeks after planting which coincided with the crop flowering stage. The plots were kept weed 

free by an initial application of glyphosate [N-(phosphono-methyl) glycine] herbicide soon 

after planting and thereafter by hand hoeing when required. At harvest, in plots where mulch 
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was to be applied, the stover was left on the soil surface. The amount of mulch retained on the 

surface was dependent on the biomass produced in the previous seasons and ranged from 1–2 

t ha-1 after the 2012/13 season and 2–4 t ha-1 after the 2013/14 season which translated to 

approximately 10–20 % and 20–30% surface cover at planting respectively (based on visual 

assessment of ground cover). In the plough tillage treatment, the mulch was ploughed in at land 

preparation. The plots were located in a fenced off section of the farm and thus no livestock 

could feed on crop residues during the dry months. 

2.2.4. Rainfall data 

The farmer hosting the trial was provided with a rain gauge and record book to record daily 

rainfall for the 2012/13 to 2014/15 seasons. The rainfall records were compared and verified 

with records from the nearby Matopos Research Institute weather station. 

2.2.5. Soil, manure and plant samples 

a. Soil sampling and analyses 

Initial soil samples were collected from each block at incremental depths of 0.10 m up to 1 m. 

The samples for each depth were bulked, mixed and analysed separately. Soils were air dried 

and sieved through a 2 mm sieve and analysed for pH, texture, total and mineral N, Olsen P 

and organic C (Table 1.1). Aerobically composted manure was collected from one source 

(Matopos Research Institute’s Beef Production Section) to avoid variability. The manure was 

dug out from the kraals two months prior to application. Manure samples were analysed for 

total C, N and P using the modified Walkley-Black method with external heating, micro-

Kjeldahl and the modified Olsen methods respectively (Anderson and Ingram, 1993). The 

manure contained 199.0 g C kg-1, 9.8 g N kg-1 and 2.6 g P kg-1 of manure in 2012/13; 201.1 g 

C kg-1, 9.5 g N kg-1 and 2.7 g P kg-1 of manure in 2013/14 and 196.0 g C kg-1, 10.0 g N kg-1 

and 2.6 g P kg-1 of manure in 2014/15.  
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b. N mineralisation measurements 

Detailed field measurements of inorganic N dynamics were made using in situ incubation of 

undisturbed soil cores (Raison et al., 1987; Anderson and Ingram, 1993; Murwira and 

Kirchmann, 1993) throughout the 2013/14 growing season. Six tubes (0.35 m long with an 

internal diameter of 5 cm) were inserted randomly in each plot, soon after land preparation, to 

a depth of 0.30 m. Three of the tubes were removed immediately and the soil bulked for each 

plot. Initial mineral N (NH4
+ and NO3

-) was determined from these samples. At the surface, the 

tubes were covered with a polyethylene sheet to prevent water from entering. The polythene 

sheets were removed every morning for aeration. These tubes were removed and replaced at 

four-week intervals (days 28, 56, 84 and 112 after planting) until harvesting. N was extracted 

from the soil samples by shaking the field fresh sample in 0.5 M K2SO4 and the NH4
+-N and 

NO3
--N content was determined using methods described in Anderson and Ingram (1993). The 

net amount of mineralised N was calculated as the difference in mineral N between two points 

in time (timei+1 – timei). 

c. Plant samples and crop yield 

At harvesting maize grain and stover (above-ground biomass minus grain) yields were 

determined from net plots measuring 4.5 m x 3 m. Grain and stover samples were subsampled 

and grain yields were adjusted to 12% moisture content. Plant samples were collected at four-

week intervals (28 days) from planting until harvest in the 2013/14 season and at harvest at the 

end of every season.  The plant samples were dried at 70 °C  for 48 hours and analysed for total 

N content (Bremner and Mulvaney, 1982) to calculate aboveground N uptake. The apparent N 

recovery (ANR) was calculated as follows: 

𝐴𝑁𝑅 =  
𝑁 𝑢𝑝𝑡𝑎𝑘𝑒𝐹 − 𝑁 𝑢𝑝𝑡𝑎𝑘𝑒𝐶

𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
 𝑋 100% 
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The grain yields were used to calculate agronomic N efficiency (AE) as follows:  

𝐴𝐸 =  
𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑𝐹 − 𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑𝐶

𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
 𝑘𝑔 𝑔𝑟𝑎𝑖𝑛 𝑘𝑔−1𝑁 

where F and C denote “fertilised crop” and “unfertilised control” respectively (Mengel et al., 

2001) 

2.2.6. Statistical analysis 

All parameters were tested for normality and found to be normally distributed using the 

Shapiro–Wilk W test (Shapiro and Wilk, 1965). Soil chemical characteristics were square root 

transformed to homogenise variances (Gomez and Gomez, 1984). Analysis of variance was 

conducted on the soil N mineralisation, N uptake, ANR, AE, grain and stover yield. The means 

of the treatments were separated by least significant difference (LSD) at 5% level of 

significance. All analyses were conducted using Genstat 14th Edition (VSN, 2011). 

2.3. Results 

2.3.1. Rainfall distribution  

Rainfall amount, distribution and intensity were erratic and highly variable across the three 

seasons (Figure 2.1). Severe mid-season dry spells characterised the first (2012/13) and third 

(2014/15) seasons. The first and third seasons received rainfall totals of 272 and 432 mm that 

were 54 and 27 % lower than the long term average for the site (590 mm) respectively and 

were also below the lower limit (450 mm per annum) for the agro-ecological region. Both 

seasons were classified as droughts and the water-limited crop yield potential was negatively 

affected. In the second season (2013/14), the rainfall total of 872 mm exceeded the site average 

by 48 % and several high intensity storms resulted in intermittent waterlogging at the study 

site.  
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Figure 2.1: Cumulative rainfall (a – c) in Nqindi ward, Matobo district, Zimbabwe from the 

2012/13 - 2014/15. The dashed line (a – c) is the long term seasonal average for the region. 

The solid arrows show the planting date for maize. 

2.3.2. Mineral N, N uptake, apparent N recovery and agronomic N efficiency 

a. Seasonal Mineral N dynamics and N uptake   

There was an initial increase in mineral N in the first 28 days after planting, mineralisation then 

stabilized until day 84 (vegetative and reproductive stages) and then increased until harvesting 

(maturity stage) (Figure 2.2). N mineralised during the growing season represented 0.71–2.3% 

of the total N pool in the 0–0.3 m soil depth. Tillage and fertility amendments had a significant 

effect on N mineralisation (P < 0.05) throughout the season. The plough tillage resulted in more 

N mineralisation than the ripper tillage by 4–19 kg N ha-1. There was also more mineralisation 

where N was applied either as mineral fertiliser or cattle manure compared with the control 

(0N) which generally had the lowest cumulative N mineralisation. Except when ploughing and 

mulching were applied, the highest cumulative N mineralisation was obtained with the 40N 

treatment. Mulching on its own generally had no significant effect (P > 0.05) on N 

mineralisation but its interactions with tillage and fertility amendments significantly influenced  
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N mineralisation. When mulch was ploughed in, there was a decrease in mineralisation 

compared with ploughing without mulch by 8–15 kg N ha-1 (13–40%) across fertility 

amendment treatments, indicating N immobilisation. Under the ripper tillage, however, 

mulching resulted in a 16–100% higher mineralisation compared to no mulching. N 

mineralisation followed the trend plough (no mulch) > ripper + mulch > plough + mulch > 

ripper (no mulch) regardless of fertility amendment. 

N uptake generally increased until day 84 when total plant N levelled off. Maize that received 

N fertility amendments had significantly greater N uptake (P < 0.05) throughout the season 

than the 0N control (Figure 2.2). Except for the plough + mulch treatment, N uptake was 

highest in the manure treatments. Tillage had a significant effect (P < 0.05) on total N uptake 

at day 84 and day 112. Maize N uptake under the ripper tillage was 13–23 % lower than the 

plough tillage. Mulching had a significant effect on N uptake by maize (P < 0.05). 

Incorporation of mulch under the plough tillage resulted in significantly lower N uptake (P < 

0.05) by 5–19 % when compared with plough without mulch. N uptake and followed the trend 

plough (no mulch) > ripper + mulch > ripper (no mulch) > plough + mulch. The effect of the 

top dressing N fertiliser, applied at 48 days after planting, was not apparent in both the 

cumulative N mineralisation and the N uptake.  

b. Apparent N recovery (ANR) and agronomic N efficiency (AE) 

The ANR and AE were very variable across the three seasons and treatments (Table 2.2). Only 

fertility amendments had a significant effect (P < 0.05) on both the ANR and AE in the first 

season and on ANR in the second season. In the second season, fertility amendment 

significantly affected ANR with recovery highest under the 20N treatment regardless of tillage 

and mulch application. Tillage and mulching had no significant effect on both ANR and AE in 

all three seasons. The interactions of mulch and fertility amendments and of all three treatments 



 

 T
ab

le
 2

.2
: 
E

ff
ec

t 
o
f 

ti
ll

ag
e,

 m
u
lc

h
in

g
 a

n
d
 f

er
ti

li
ty

 a
m

en
d
m

en
t 

o
n
 a

p
p
ar

en
t 

N
 r

ec
o
v
er

y
 a

n
d
 a

g
ro

n
o
m

ic
 N

 u
se

 e
ff

ic
ie

n
c
y
 o

v
er

 t
h
re

e 
se

as
o
n
s 

(2
0
1
2
/1

3
 

–
 2

0
1
4
/1

5
) 

in
 N

q
in

d
i 

w
ar

d
, 

M
at

o
b
o

 d
is

tr
ic

t,
 s

o
u
th

-w
es

t 
Z

im
b
ab

w
e 

T
il

la
g
e 

M
u
lc

h
 t

re
at

m
en

t 
F

er
ti

li
ty

 

tr
ea

tm
en

t 

%
 A

p
p
ar

en
t 

N
 r

ec
o
v
er

y
 

A
g
ro

n
o
m

ic
 N

 e
ff

ic
ie

n
cy

 

(k
g
 g

ra
in

 k
g

-1
 N

) 

2
0
1
2
/1

3
 

2
0
1
3
/1

4
 

2
0
1
4
/1

5
 

2
0
1
2
/1

3
 

2
0
1
3
/1

4
 

2
0
1
4
/1

5
 

    P
lo

u
g
h

 

 N
o
 m

u
lc

h
 

2
0
N

 
6
7
.3

 
1
0
9
.2

 
1
2
.2

 
1
9
.9

 
1
9
.2

 
0
.5

 

4
0
N

 
1
9
.4

 
2
6
.1

 
1
5
.1

 
5
.7

 
2
.0

 
0
.7

 

M
an

u
re

 o
n
ly

 
2
2
.0

 
8
3
.6

 
1
4
.2

 
-1

.1
 

2
7
.9

 
1
.1

 

M
an

u
re

 +
 2

0
N

 
1
6
.6

 
8
3
.4

 
1
1
.5

 
-1

.9
 

2
1
.6

 
-0

.6
 

 
 

 
 

 
 

 
 

 M
u
lc

h
 

2
0
N

 
- 

1
0
7
.7

 
7
.8

 
- 

2
1
.3

 
-4

.7
 

4
0
N

 
- 

8
2
.8

 
7
.1

 
- 

2
5
.5

 
2
.1

 

M
an

u
re

 o
n
ly

 
- 

3
5
.4

 
3
6
.4

 
- 

2
7
.7

 
-1

.6
 

M
an

u
re

 +
 2

0
N

 
- 

2
3
.4

 
1
4
.7

 
- 

8
.6

 
-0

.7
 

 
 

 
 

 
 

 
 

 

    R
ip

p
in

g
 

 N
o
 m

u
lc

h
 

2
0
N

 
4
2
.9

 
1
3
6
.1

 
5
.6

 
8
.9

 
3
.6

 
-1

.7
 

4
0
N

 
8
.3

 
1
0
4
.8

 
5
.9

 
8
.7

 
4
.8

 
0
.5

 

M
an

u
re

 o
n
ly

 
1
3
.9

 
1
1
0
.1

 
1
8
.9

 
2
.9

 
1
2
.4

 
-0

.2
 

M
an

u
re

 +
 2

0
N

 
1
2
.2

 
5
9
.9

 
1
6
.2

 
-0

.2
 

1
3
.2

 
-0

.7
 

 
 

 
 

 
 

 
 

 M
u
lc

h
 

2
0
N

 
- 

1
0
7
.2

 
2
.6

 
- 

8
.4

 
0
.3

 

4
0
N

 
- 

4
3
.6

 
2
6
.7

 
- 

4
4
.2

 
0
.7

 

M
an

u
re

 o
n
ly

 
- 

7
3
.7

 
2
3
.8

 
- 

1
8
.8

 
1
.3

 

M
an

u
re

 +
 2

0
N

 
- 

2
.4

 
8
.0

 
- 

1
8
.1

 
0
.4

 

 
 

 
 

 
 

 
 

 

F
ac

to
r 

 
 

P
 v

al
u
e 

  
S

E
D

 
P

 v
al

u
e 

  
  
  
 S

E
D

 
P

 v
al

u
e 

  
S

E
D

 
P

 v
al

u
e 

  
S

E
D

 
P

 v
al

u
e 

  
  
S

E
D

 
P

 v
al

u
e 

S
E

D
 

T
il

la
g
e 

ty
p
e 

 
 

0
.4

6
3
  
  
  
 1

3
.3

7
 

0
.1

9
9

  
  
  
  
  
2
.3

4
  

0
.5

3
4
  
  
  
 8

.4
9
  
  
  
  
  
  
 

0
.9

0
  
  
  
  

3
.9

6
  

0
.8

0
4
  
  
  
  
3
.6

1
  
  
  
  
  
  
 

0
.5

7
4
  
  
0
.7

2
  
  
  
  
  
  
 

M
u
lc

h
 

 
 

- 
  
  
  
  
 -

 
0
.3

4
8

  
  
  
  
 1

8
.1

9
 

0
.7

7
6
  
  
  
 4

.5
5
 

  
- 

  
  
  
  
  
  
  

- 
  
  
  
  
  
  
  
  
  
 

0
.3

0
5
  
  
  
1
1
.2

8
 

0
.8

8
1
  
  
1
.5

3
 

F
er

ti
li

ty
 a

m
en

d
m

en
t 

 
0
.0

0
7
*
  
  
  
 1

0
.9

5
  

0
.0

1
4

  
  
  
  
 1

6
.2

1
  
 

0
.1

6
5
  
  
  
 5

.9
5
 

<
0
.0

1
  
  
  
2
.7

2
 

0
.1

8
1
  
  
  
  
8
.5

3
  
 

0
.0

4
1
  
  
 0

.7
9
 

T
il

la
g
e 

x
 M

u
lc

h
 

 
- 

  
  
  
  
 -

 
0
.9

4
5

  
  
  
  
 1

8
.3

3
  

0
.2

7
1
  
  
  
 9

.6
3
 

 -
  
  
  
  
  
  
  
  

- 
0
.9

6
2
  
  
  
1
1
.8

5
 

0
.4

0
4
  
  
 1

.6
9
 

T
il

la
g
e 

x
 F

er
ti

li
ty

 a
m

en
d
m

en
t 

 
0
.8

1
3
  
  
  
 1

8
.9

3
 

0
.4

9
6

  
  
  
  
 1

9
.9

9
  
 

0
.0

9
5

  
  
1
1
.1

9
 

0
.0

5
6

  
  
  
5
.2

5
 

0
.5

8
8
  
  
  
1
1
.3

8
  
 

0
.5

6
9

  
  

1
.2

4
 

M
u
lc

h
 x

 F
er

ti
li

ty
 

 
- 

  
  
  
  
 -

 
<

0
.0

0
1

  
  
  
2
6
.9

2
  
  
 

0
.0

3
1

  
  
 8

.5
9
  

 -
  
  
  
  
  
  
  
  

- 
0
.1

5
9
  
  
  
1
5
.6

2
  
  
 

0
.4

4
1

  
  

1
.8

3
  

T
il

la
g
e 

x
 M

u
lc

h
 x

 F
er

ti
li

ty
 

 
- 

  
  
  
  
 -

 
<

0
.0

0
1

  
  
  
3
3
.5

4
  
  
 

0
.0

1
5
  
  
 1

4
.1

1
  

 -
  
  
  
  
  
  
  
  

- 
0
.3

7
8
  
  
  
1
9
.3

2
  
  
 

0
.0

7
4
  
  
 2

.2
1
  

27 



 

28 
 

 (tillage, mulch and fertility amendments) had significant effects on ANR in the second and 

third seasons although these did not follow similar trends between the two seasons. ANR was 

highest under the ripper (no mulch) + 20N fertility treatment in the second season whilst in the 

third season, ANR was highest the plough + mulch + manure only. The third season had the 

poorest and highly variable ANR and AE. All treatments had ANR in the range 7.0–40.4 % 

and averaged 15%. This season had the least AE that ranged (-4.7)–1.3 kg grain kg-1 N and 

averaged (-0.16) kg grain kg-1 N. There were, however, no individual treatment effects but 

interaction effects of mulch and fertility amendments and tillage, mulch and fertility 

amendments on N recovered by the maize crop in the third season. There were no significant 

effects of tillage, mulch, fertility amendments and their interactions on AE in the second and 

third seasons.  

2.1.1. Maize yields in response to tillage, mulch and fertility amendment application 

Grain yields in the first season were low and in the range 105–720 kg ha-1 under both tillage 

treatments and across all fertility amendments (Figure 2.3). In this season, ploughing gave 

higher grain (200–720 kg ha-1) and stover yields (1500–2100 kg ha-1) compared with ripping 

(105–454 kg ha-1 grain and 860–1500 kg ha-1 stover) although not significant for grain (P < 

0.05). The harvest indices, although not significant, were generally higher under the plough 

tillage compared with ripping by 1–10%. There were significant differences in grain yields 

resulting from the application of different fertility amendments. Both manure treatments 

resulted in low grain yields under both tillage treatments. The highest grain yields were 

obtained when mineral N fertiliser was added (both the 20N and 40N treatments). The effects 

of tillage, mulch, fertility amendments and their interactions on stover yields and the harvest 

indices were no significant. 

 



 

 

 

F
ig

u
re

 2
.3

: 
M

ai
ze

 g
ra

in
 a

n
d
 s

to
v
er

 y
ie

ld
s 

in
 N

q
in

d
i 

w
ar

d
, 

M
at

o
b
o

 d
is

tr
ic

t 
(2

0
1
2
/1

3
-2

0
1
4
/1

5
 s

ea
so

n
).

 B
ar

s 
re

p
re

se
n
t 

st
an

d
ar

d
 e

rr
o
rs

 o
f 

th
e 

d
if

fe
re

n
ce

 o
f 

th
e 

m
ea

n
s 

fo
r 

fa
ct

o
rs

 (
a)

 T
il

la
g
e,

 (
b
) 

F
er

ti
li

ty
 a

m
en

d
m

en
t 

an
d
 (

c)
 M

u
lc

h
in

g
. 

 

29 



 

30 
 

Although there were no significant differences in grain and stover yields resulting from tillage, 

ripping, in general, significantly depressed grain yields by 4–60% in the second season when 

compared with ploughing. The effect of mulch only on grain and stover yields was not 

significant (P < 0.05). Mulching significantly increased grain yields in all fertility treatments 

under the ripper tillage except for the 0N and manure only treatments. However, mulching 

reduced grain yields when combined with ploughing under the 20N, 40N and manure + 20N 

fertility treatments by between 2 and 60%. In the second season, fertility amendments alone 

had a significant effect on grain and stover yields. Manure application gave the highest grain 

yields under the ripper tillage, both with and without mulch (averaging 1850 and 2228 kg ha-1 

respectively). Under the plough tillage, the 40N treatment gave the highest grain yields of 1985 

kg ha-1 on average whilst the manure treatments resulted in the highest stover yields. The 

harvest indices were not significant for tillage, mulch, fertility amendments and their 

interactions  

In the third season, the effects of tillage, mulch and fertility amendment treatment on grain and 

stover yields and harvest indices were not significant. Grain and stover yields were generally 

poor due to low and poorly distributed rainfall. Grain yields were in the range 200–270 kg ha-

1, whilst stover yields 400–900 kg ha-1. The grain yields followed the same trends as in the 

previous seasons.  

2.2.Discussion 

2.2.1.  N mineralisation patterns, uptake and recovery  

In general, the Conservation Agriculture principles of minimum soil disturbance and 

maintenance of a permanent soil cover (mulch) resulted in reduced soil mineral N availability 

for crop uptake and ultimately low yields from a poor fertility soil in semi-arid Zimbabwe. 

Ploughing enhances the mineralisation of organic matter in the soil by exposing previously 
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unexposed soil surfaces to attack by microbes and by providing the latter with new sources of 

energy (Peigné et al., 2007). Compared with ploughing, ripper tillage causes less soil 

disturbance and exposes the soil organic matter less to the climatic elements and soil microbes, 

with slower mineralisation as a result. Our results concur with studies that reported slower 

mineralisation of organic matter under reduced tillage compared with conventional tillage 

because of less topsoil disturbance (Bationo et al., 2007; Chivenge et al., 2007). This low 

mineralisation associated with the ripper tillage resulted in low N uptake and consequently 

decreased grain yields (in the second season) when compared with the plough tillage when no 

mulch was applied under both tillage treatments.  

When mulch was ploughed in, mineralisation was slowed compared with no mulch application. 

Soil inorganic N may have been immobilised during the decomposition of the applied mulch 

with a large C:N ratio averaging 53:1 whilst the soil’s C:N ratio averaged 12:1. The C:N ratio 

of crop residues is a good indicator of whether mineralisation or immobilisation will dominate 

during decomposition. N release patterns are regulated by the initial composition of the crop 

residues and the stoichiometric requirements of the decomposers (Palm et al., 2001; Manzoni 

et al., 2008). Mineral fertilisers provide a ready source of nutrients and may stimulate 

decomposition of cereal stover (Sakala et al., 2000).  

We observed substantial N mineralisation at the end of the season, which produced a pool of 

mineral N that may be held in the soil over the dry season due to the absence of leaching and 

reduced N uptake by plants (Rasouli et al., 2014). Perturbation by tillage further stimulates a 

flush of N mineralisation with the start of the rains. Crops are not able to store surplus N to 

improve yields and grain quality in later vegetative stages (Verhulst et al., 2014). This implies 

that the N mineralised at the end of the season, as well as that which becomes available through 

the “Birch effect”, may well be lost due to the first rains ahead of planting or before the next 
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crop is established and growing actively. In their study, (Chikowo et al., 2003) concluded that 

there is an inherent problem in managing N originating from mineralisation as it accumulates 

at the beginning of the season, well ahead of peak demand and root development by crops, and 

is susceptible to leaching.   

There was a decrease in observed mineralisation in the critical vegetative stage. For semi-arid 

regions, (Piha, 1993) suggested split applications of N fertiliser at rates based on future 

expected rainfall to maximise fertiliser use and recovery efficiency. In our experiment, we 

applied fertiliser at planting and at 48 days after planting. The second N application did not 

result in a significant observed increase in N availability. It may have been because at the start 

of the incubation experiment, the mineral N was increased by the basal fertiliser application 

such that a further addition in mineral N later on in the season may not have been apparent. 

The success of split N application may depend on the number of fertiliser applications and their 

timing and quantities, on weather conditions and on the amount of available soil mineral N 

(Piha, 1993; Verhulst et al., 2014). In our experiment, the timing of the second application in 

the second season was affected by waterlogging. We had to wait until all the water had 

infiltrated before we could apply the top dressing fertiliser. The second application coincided 

with the maize flowering stage, a critical growth stage, which may have contributed to the 

higher yields observed in this season in conjunction with the higher rainfall. 

The N recovery and agronomic N efficiency by maize were highly variable over the three 

seasons, which reflects the uncertainty complicating farmers’ decision making. Nitrogen 

recovery by maize in the manure treatments was generally poor in the first season, though 

greater in subsequent seasons, as reported earlier (Nyamangara et al., 2004). The authors 

attributed the slow N mineralisation from manure to the C and N stabilisation which occurred 

during aerobic decomposition of the manure during storage. N recovery from the manure + 
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20N treatment was very high in the second season, which is attributed to residual fertility from 

the previous season, which was very dry. Farmers should use resources available to them as 

fertility amendments to supply N to the maize cropping system, either as organic manures or 

as mineral fertilisers. However, manure application is a preserve of cattle owners and mineral 

fertilisers remain unaffordable to most smallholder farmers in SSA including Zimbabwe 

(Mtambanengwe and Mapfumo, 2005; Mazvimavi and Twomlow, 2009; Chianu et al., 2012). 

Maize grain and stover yields were affected by the quality of the seasons in terms of rainfall 

amount and seasonal distribution. Two of the three seasons (the first and third) in which the 

experiment was conducted were classified as droughts, negatively affecting yields. Low rainfall 

and poor rainfall distribution are a characteristic of and major challenges to crop production in 

semi-arid areas of southern Africa (Nyamangara et al., 2014b). Thierfelder et al. (2013) 

reported that CA systems showed great potential in mitigating the effects of seasonal dry-spells, 

as the high infiltration rates in CA would lead to greater soil moisture availability for crops. 

This was, however, not the case in our experiment (with a mulch cover of 0 and 2-4 t ha-1 in 

the first and third seasons respectively) as the two seasons were characterised by long dry spells 

midway through the season lasting more than 21 days.   

2.2.2. Methodological limitations of the in situ incubation method 

One limitation of the in situ method in estimating N mineralisation is that in replacing soil 

cores into the soil, maize roots may have been severed and retained within the tubes. These 

roots may have immobilised N during their decay leading to an underestimation of N 

mineralisation (Raison et al., 1987). Conversely N may have been released during their 

decomposition leading to an overestimation of N mineralisation (Khanna and Raison, 2013). 

Furthermore, in situ core methods promote the accumulation of NH4
+-N (by preventing 

uptake). The NH4
+-N may be nitrified leading to accumulation of NO3

--N which may increase 
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denitrification (Raison et al., 1987). We measured mineralisation in the top 0.3 m which is the 

plough layer although maize roots explore deeper soil horizons. Hence our N mineralisation 

results may not account for all of the N available to the crop. Nevertheless, the in situ incubation 

method gave useful insights into the differences among treatments (Figure 2.2).  

2.2.3. Input access: drawbacks of smallholder farmers 

The principles of CA minimum soil disturbance and maintenance of a mulch resulted in 

reduced mineralisation (Figure 2.2) resulting in low yields whilst a combination of the 

principles resulted in high mineralisation and yields comparable to conventional plough minus 

mulch (Figure 2.3). Fertiliser application resulted in yield benefits regardless of tillage or mulch 

application particularly when moisture was not limiting. The potential benefits of the tillage, 

mulch application and fertility amendment application on crop productivity and soil N 

dynamics are related to the management intensity individual farmers can achieve. The use of 

mineral fertilisers is key to production yet their widespread use by smallholder farmers remains 

low as availability in rural areas remains a key constraint to their use as well as their cost 

remains prohibitive. With over 40% of households in semi-arid Zimbabwe having access to 

draught animals (ZimVac, 2012), the use of the ripper may provide a solution to curb the 

chronic labour demand associated with land preparation in manual forms of in smallholder 

communities. However, only a few equipment manufacturers have been producing ripper tine 

attachments for the mouldboard plough and these require pre-financing for production. There 

are poor market linkages between smallholder farmers market linkages between smallholder 

farmers and local agro-dealers, and agro-dealers and input suppliers. At present, input 

producers are unwilling to provide fertilisers or equipment such as rippers on credit to local 

farmers in dry areas as risks of crop failure from the erratic rainfall pattern are high. The high 

likelihood of crop failure from the poor rainfall in the semi-arid areas is in itself a disincentive 

for farmers to the purchase and use of fertilisers. Access to inputs still remains a challenge 
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especially to poor farmers who are often concerned with meeting the immediate household 

food requirements over the improvement and maintenance of soil fertility on these sandy soils 

important in the long term.  

2.3. Conclusions  

We observed that mineralisation, N uptake and crop yields were stimulated under plough tillage 

compared with the ripper tillage. When mulch was added together with plough tillage, the 

mineralisation of N, crop N uptake and maize yields were decreased compared with no mulch 

application under the same tillage. When combined together, following two principles of CA, 

the ripper tillage and mulch application did not reduce mineralisation and resulted in yields 

comparable to those obtained under the plough tillage without mulch. Nitrogen containing 

fertiliser and manure resulted in more available N for the crop and increased grain yields. We 

conclude that nutrient inputs are key to ensuring production in the infertile, sandy soils 

predominant in semi-arid regions of southern Africa.   
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CHAPTER 3 

Risk management options in maize cropping systems in semi-arid areas of Southern 

Africa 
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Abstract 

Although rainfed cropping in semi-arid areas is risky due to frequent droughts and dry spells, 

planting early with the first rains is often expected to result in yield benefits. We hypothesised 

that planting early leads to yield benefits if the planting coincides with a mineral N flush at the 

start of the season but leads to crop failure if there is a false start to the cropping season. The 

effects of different management options, including tillage (ploughing and ripping), mulch (two 

levels 0 and 2 t ha-1) and fertility amendments (five treatments: 0; 20 and 40 kg N ha-1; 5 t 

manure and 5 t manure + 20 kg N ha-1) on grain yields were simulated using the calibrated and 

tested APSIM model over a 30-year period (1984 – 2015). Yields were simulated and compared 

across seven planting date scenarios (1 November, 15 November, 30 November, 15 December, 

31 December, 15 January and planting when cumulative rainfall of 20 mm was received in 

three consecutive days). The best yielding scenario (planting on 15-Nov) had an average yield 

of 755 kg ha-1 whereas very late planting (15 January) gave the worst yield of 550 kg ha-1 

averaged over 30 seasons. Early planting (1-Nov to 15-Nov) resulted in exceeding the food 

self-sufficiency threshold of 720 kg ha-1 in 50 – 90 % of the cases, as well as a low probability 

of crop failure, ranging from 0 to 40 %.  Grain yield penalties due to a false start followed the 

trend: ripper + mulch > plough + mulch > ripper (no mulch) averaging 256, 190 and 182 kg 

ha-1 respectively across all the fertility treatments. The model simulated the occurrence of the 

mineral N flush with the first rains in 15 – 27 of 30 seasons, depending on the mulch and 

fertility amendment. Its coincidence with planting resulted in average yield benefits of 712, 

452, 382 and 210 kg ha-1 for the following respective planting dates: 1Nov, 15Nov, 30 Nov, 

variable date when >20 mm rainfall received. The study provided insights to inform strategic, 

tactical, and operational farm management in a risky environment. Strategic application of 

different agronomic management practices such as early planting in combination with reduced 

tillage, mulch and N containing fertility amendments is critical to reduce risk of crop failure in 
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the smallholder cropping systems of semi-arid areas of southern Africa and achieve the best 

yields possible. 

Key words: False season start; Household maize grain requirement; N mineralisation; N stress; 

Planting date strategy; Semi-arid 
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3.1. Introduction 

Smallholder farmers in sub-Saharan Africa (SSA) face many production constraints that are 

exacerbated by climate variability and change. Droughts and dry spells are frequently 

experienced in semi-arid Zimbabwe during the growing season, making rain-fed cropping risky 

(Baudron et al., 2012b; Rurinda et al., 2013b). The climate in Zimbabwe is controlled by global 

atmospheric circulation patterns, chief amongst them the movement of the inter-tropical 

convergence zone (ITCZ) in the north and the tropical temperate troughs (TTTs) further south 

which determine the annual seasonality of precipitation across tropical Africa (Tadross et al., 

2007; Mavhura et al., 2015). Mid-season dry spells of 10–20 days commonly occur around late 

December/early January following the movements of these systems (Tadross et al., 2007) and 

are disastrous for crop production if the air systems migrate too far such that the dry spells 

become extremely long. The inter-seasonal rainfall variability in semi-arid Zimbabwe is 

characterised by early rains in some seasons whilst the rain may arrive late in others 

(Mupangwa et al., 2011a). Also, at the end of the growing season rains may stop early, which 

happens regularly in semi-arid parts of Zimbabwe (Mupangwa et al., 2011a). This rainfall 

variability makes the selection of crop types and varieties, and the planning of planting dates 

critical for successful cropping in rain-fed systems.  

The impact of planting date on crop production has been evaluated in Zimbabwe with a focus 

on escaping dry spells that typically occur in January (Spear, 1968). It has been recommended 

that farmers plant with the first effective rains to minimise reduction in maize grain yield of up 

to 32% associated with delayed planting attributed to the shorter day-lengths as the season 

progresses (Shumba et al., 1992). However, in a crop modelling study in semi-arid Zimbabwe, 

Rurinda et al. (2015) found that planting in current and future climates (up to 2099) can be 

delayed to some extent without any yield penalties. Nevertheless, in the current farming 
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systems, the shortage of animal traction for land preparation often leads to delays in planting 

time, resulting in serious yield penalties if the short window of the first rains when the soil is 

wet enough to be tilled is missed.  

Farmers use a range of planting dates and plant at almost any opportunity because of the rainfall 

pattern, input access, and the availability of draught power and labour (Milgroom and Giller, 

2013; Rurinda et al., 2013b; Nyagumbo et al., 2017). Conservation agriculture (CA) can 

provide a major benefit by reducing the tillage requirement, thus allowing farmers to plant on 

time at the start of the season. Nyagumbo (2008) indicated that in Zimbabwean cropping 

systems, the major benefit of CA for crop yields comes from timely planting and not from the 

specific tillage employed. The onset of the first rains stimulates soil microbial activity resulting 

in a peak of soil N mineralisation (Birch, 1960). The mineral N flush (Birch effect) is usually 

of short duration due to losses through leaching, denitrification, volatilisation and plant uptake 

(Chikowo et al., 2003; Bognonkpe and Becker, 2009). The magnitude of the mineral N flush 

is dependent on a number of factors which include the quantity and quality of organic matter 

(Franzluebbers et al., 1995), the duration of the dry spell at the onset of the rainy season and 

rainfall variables such as the intensity and quantity of rainfall (Bognonkpe and Becker, 2009). 

Planting early with the first rains may be beneficial to crops if the planting coincides with this 

mineral N flush or risky if these first rains appear to be a false start to the cropping season. 

Such false starts are not uncommon in semi-arid areas, as early-season rains are commonly 

followed by a dry spell, which is detrimental to crop establishment (Chikowo, 2011). 

Several approaches from simple functional approaches to predict net N mineralisation 

(Stanford and Smith, 1972; Cabrera, 1993) to mechanistic approaches for simulating 

mineralisation-immobilisation turnover in soils have been used to model  and thus describe N 

mineralisation kinetics in soils (Benbi and Richter, 2002; Mohanty et al., 2011). The 
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Agricultural Production Simulator Model (APSIM) is a crop growth simulation model that can 

be used to predict N dynamics in soils. APSIM has been calibrated and validated for 

Zimbabwean conditions and crop cultivars. The model has been used previously to simulate 

maize response to N application (Shamudzarira and Robertson, 2002) and manure inputs in 

humid and dry regions (Chivenge et al., 2007), N and water stress dynamics in cereal-legume 

rotations (Ncube et al., 2009a), the effects of mulch on crop yields and soil water dynamics 

under different tillage systems (Mupangwa et al., 2011b) and as a climate risk assessment tool 

(Chikowo, 2011; Rurinda et al., 2015). Experimental data on the effects of tillage systems on 

mineralisation and crop yields in the variable climates of SSA are not readily available thus 

calibrated and tested models such as APSIM can potentially be used as tools for strategic, 

tactical and operational decision support in crop management on-farm (Matthews et al., 2002).  

It is important to know which management options in terms of planting dates, tillage and 

fertility amendments offer the greatest pay offs in terms of crop yields in different types of 

seasons, and in terms of reducing the risk of crop failure. Such information can enable farmers 

to plan on how to optimise resources available to improve crop production by being able to 

synchronise nutrient supply with crop demands. We hypothesised that under the current climate 

of semi-arid southern Africa, planting early is risky, as it: (1) leads to yield benefits to crops if 

the planting coincides with a mineral N flush at the start of the season, but (2) leads to crop 

failure if there is a false start to the cropping season. The specific objectives of this study were 

to (a) calibrate and test the APSIM model for maize production and N mineralisation in semi-

arid Zimbabwe (b) to simulate the effects of tillage system and fertilisation on seasonal N 

mineralisation and crop yields and (c) apply the model to determine the effect of different 

planting date, tillage and soil fertility management strategies on the probabilities of 

experiencing complete crop failure and achieving maize grain yields that ensure household 

food self-sufficiency under the current climate. 
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3.2. Materials and methods 

3.2.1. Study site  

The site chosen for this study was Nqindi ward, Matobo district, Matabeleland South, 

Zimbabwe (20 39.58′S, 28 15.58′ E; 900 masl). The district lies in Agroecological Zone IV, 

characterised by semi-arid climate. Rainfall is unimodal with a distinct wet (November – 

March) and dry (April - October) season. The long-term average rainfall in the district is 580 

mm. Droughts are frequent as are severe dry spells during the wet season (Vincent et al., 1960). 

The dominant soils are Eutric Arenosols derived from granite (WRB, 2006). 

3.2.2. Field experiment set up for model calibration and testing 

Maize growth and development data for the model calibration and testing were collected from 

an on-farm field trial carried out in Nqindi ward for three seasons 2012/13–2014/15. The field 

trial was set up as a split-split plot with plots arranged in a randomised complete block design 

with three replicates. The tillage system was the main plot treatment with two levels (ox-drawn 

ploughing and animal drawn ripping, both to a plough depth of 0.15 m) and the mulch 

management was the sub plot treatment with two levels (100% residue removed, and 100% 

residues retained after harvest). The mulch sub-treatment was not applied in the 2012/13 season 

as this was the first season. In subsequent seasons, the mulch retained averaged 2 t ha-1. With 

tillage, a fraction of the retained residues was incorporated, approximating 20 and 80 % under 

the ripper and plough tillage respectively. Five fertility amendments (mineral fertiliser at 0, 20 

and 40 kg N ha-1, 5 t ha-1 manure only and 5 t ha-1 manure + 20 kg N ha-1) were randomised as 

the sub-sub plot treatment. The mineral fertiliser was applied at planting at a rate of 14 kg N 

ha-1, the difference in N for the 20 and 40 kg N ha-1 treatment was applied six weeks after 

planting as top dressing. With the manure treatments, the manure was applied at planting, in 

the manure + 20 kg N ha-1 treatment, the mineral fertiliser was applied at six weeks after 
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planting as top dressing. A short duration hybrid maize variety SC403 was planted in the trial 

(Masvaya et al., 2017b). Plant (at harvesting) and manure samples were analysed for total C 

and N content (Bremner and Mulvaney, 1982; Anderson and Ingram, 1993) to determine the 

C:N ratios which were 80 and 20 respectively. 

Initial soil samples were collected from each block at incremental depths of 0.10 m up to 1 m, 

the soil depth. The samples for each depth were bulked, mixed and analysed separately. Soils 

were air dried, passed through a 2 mm sieve and analysed for pH, texture, total and mineral N, 

Olsen P and organic C (Anderson and Ingram, 1993). Bulk density measurements were also 

derived from field measurements.  

Nitrogen mineralisation in the field trial was estimated by an in situ incubation technique. 

Detailed field measurements of inorganic N dynamics were made using in situ incubation of 

undisturbed soil cores throughout the 2013/14 growing season (Masvaya et al., 2017b). Mineral 

N (NH4
+ and NO3

-) was determined from the soil samples from the cores removed and replaced 

at four-week intervals from planting until harvesting (days 28, 56, 84 and 112 after planting). 

N was extracted from the soil samples by shaking the field fresh sample in 0.5 M K2SO4 and 

the NH4
+-N and NO3

--N content was determined using methods described in Anderson and 

Ingram (1993). The net amount of mineralised N was calculated as the difference in mineral N 

between two points in time (timei+1 – timei). 

3.2.3. Climate data 

Long term daily maximum and minimum temperature, radiation and rainfall data (1984–2015) 

was obtained from the national weather station at Matopos Research Institute. The average 

seasonal rainfall for the 30-year period was 567 mm; the average maximum and minimum 

temperatures were 26.2 ºC and 11.6 ºC respectively whilst the solar radiation averaged 21.7 

MJm-2. Daily rainfall measurements were also collected from the farms hosting the trial 
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between October 2012 and December 2014. The long-term rainfall data was used to determine 

seasons with a false start. 

For semi-arid Zimbabwe, the start of the season has been defined as the first day after 1 October 

when the rainfall accumulated over 1 or 2 days is at least 20 mm and not followed by a period 

of more than 10 consecutive dry days in the following 30 days (Stern et al., 2006; Mupangwa 

et al., 2011a). A false start to the season would therefore occur when 20 mm of rainfall or more 

is received in 1 to 2 days then followed by a dry spell of more than 10 consecutive dry days.  

3.2.4. Model description  

In this study, APSIM version 7.8 (available at www.apsim.info) was used to simulate the crop 

system. The system was represented by four modules which require several parameters: the 

soil water (SOILWAT2), soil N and fertiliser module (SOILN2), surface organic matter for 

crop residue dynamics (surfaceOM) and the maize module. The APSIM crop module contains 

a short duration hybrid maize variety SC401 which was used to represent the SC403 used in 

the field trials. 

Description of N mineralisation in the APSIM SoilN2 module 

In APSIM, the SoilN2 module simulates the transformations of C and N in the soil which 

include fresh organic matter decomposition, N mineralisation and immobilisation, urea 

hydrolysis, ammonification, nitrification and denitrification (Gaydon et al., 2012). It operates 

on a daily time step, and decomposition of the fresh organic matter pool (FOM) occurs 

simultaneously in the two soil organic matter pools (BIOM and HUM) (Mohanty et al., 2011). 

The flows between the different pools are calculated in terms of carbon, with the corresponding 

nitrogen flows depending on the C:N ratio of the receiving pool (www.apsim.info). A constant 

C:N is assumed for BIOM; C:N for HUM is derived from the C:N ratio of the soil which is an 

input. Mineralisation in APSIM is also driven by soil moisture and temperature. Decomposition 

http://www.apsim.info/
file:///C:/Users/masvaya/AppData/Roaming/Microsoft/Word/www.apsim.info
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of BIOM and HUM pools are calculated as first-order processes (Probert et al., 1998), as 

proposed in empirical models (Stanford and Smith, 1972; Cabrera and Kissel, 1988). APSIM 

also assumes that part of the HUM pool is stable and the decomposition rate of the HUM pool 

is calculated with the equation of Bartholomew and Kirkham (1960) which follows the two-

pool exponential mineralisation model (Probert et al., 1998; Probert et al., 2005).  

3.2.5. APSIM model parameterisation  

The soil parameters (Table 3.1) were partly derived from the soil analysis described in section 

2.2). For the SOILWAT2 module, the soil characteristics of drained upper limit (DUL), 

saturation (SAT) and lower limit (LL15) (Table 3.1) were adopted from the sandy soils at 

Lucydale farm, Matopos Research Station (Masikati, 2006), which are similar in terms of 

parent material and texture to those at the study site in Nqindi, Matobo district. The U and 

CONA were set at 8.0 mm day-1 and 3.5 mm day-1 respectively, values suitable for tropical 

conditions and a value of 0.7 was used for the SWCON, a coefficient that specifies the 

proportion of the water in excess of field capacity that drains to the next layer in one day 

(Chikowo, 2011; Rurinda, 2014). 

The bare runoff curve number was set at 85 and 55 for the plough and ripper tillage 

respectively. These curve numbers were chosen to account for the high runoff and low 

infiltration associated with excessive ploughing of sandy soils (plough treatment), and for high 

infiltration rates and low runoff under conservation tillage (ripper treatment) (USDA-SCS, 

1986; Mupangwa, 2010). In addition to the difference in curve number, the user defined 

fraction of surface residues to incorporate under the plough and ripper tillage was set at 0.8 and 

0.2 respectively.  

The two mulch levels of the experiment (Section 3.2.1) were mimicked in the surfaceOM 

module where the initial surface residue was defined: 0 or 2 000 kg ha-1 for the 0 and 100%  
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mulch retained treatments respectively and applied at the start of each simulation run. The C:N 

ratios of the maize residue and manure were set at the measured values of 80 and 20 

respectively. The manure and fertiliser application rates as defined in the five fertility 

amendment treatments in Section 2.1. were specified in the APSIM manager.  

3.2.6. Model testing 

The model set up as described above was used as the baseline scenario which reflects the actual 

conditions at the site where the field experiments were set up. The APSIM model was used to 

simulate maize grain and stover yields at harvesting and daily N mineralisation from the two 

seasons in which the field experiment was run 2012/13 and 2013/14. Model outputs were 

compared with observed field data from the field experiment. The statistical expressions used 

to compare the observed and simulated data are root mean square error (RMSE) and the 

modelling efficiency (EF). The EF (equation 2) compares the deviation of the observed and 

predicted values to the variance of the observed values (Moriasi et al., 2007) : 
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Where Pi is simulated values; Oi is measured values; Om is mean of measured values, and n is 

number of the observations. 

Model simulations 
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Following model testing, the model was used to simulate the effects of different management 

options reflecting the field trial treatments combining tillage (plough and ripper), mulch (two 

levels 0% and 100%) and fertility amendments (five treatments: 0; 20 and 40 kg N ha-1; 5 t 

manure and 5 t manure + 20 kg N ha-1) on crop yields and their intermediary effects on 

cumulative infiltration, runoff, water stress and N stress. Rain water infiltration and N stress 

were investigated for three “typical” season types in terms of the rainfall amount relative to the 

long-term average and the frequency of dry spells longer than 14 days: normal (2000/01), wet 

(2005/06) and dry (2012/13). In this study, we defined a dry season by the occurrence of dry 

spells longer than 14 days in addition to receiving rainfall that was more than 25% below the 

average rainfall, whilst a wet season did not have long dry spells and received at least 25% 

above average rainfall. A normal season also did not have the long dry spells and received 

rainfall in the range 450 – 600 mm. Soil water stress was investigated throughout each season. 

When the simulated water and N stress value was 1, the crop experienced no stress and when 

the value was 0, the crop was under severe stress.  

The calibrated and tested APSIM model was further used to explore the riskiness of maize 

production. Different planting rules were compared (Table 3.2): (i) planting on a fixed date 

irrespective of the rainfall received and (ii) planting using a variable rule based on the rainfall 

amount received. For each of the scenarios, annual grain yields and the daily net N mineralised 

over the 30-year period (1 September 1984 to 30 June 2015) were simulated. The model was 

reset every 1 July to initial water, N, surface OM and phosphorus to remove the year-to-year 

effects. The riskiness of the planting date strategy was evaluated with the 30-years simulated 

yield data based on (i) the probability of complete crop failure and (ii) the probability of 

achieving the annual maize grain requirement for an average family from a hectare. The daily 

energy requirement of a male adult equivalent is 2500 kcal (FAO, 2004). If this energy 

requirement is met by consuming maize, this translates to a per capita maize grain requirement 
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of approximately 256 kg year-1 (FAO, 1995). An average family in Matobo district comprises 

a male adult equivalent of approximately 5.5 on an average farm size of 1.3 ha (Musiyiwa, 

2014). Therefore, the annual maize threshold yield to meet the grain requirement for an average 

family is approximately 1080 kg ha-1.   

Table 3.2: Summary of the seven scenarios examined in the simulation experiment 

Scenario  Planting rule Name Details 

1 Fixed date 
Very early 

planting 
• Tillage on 1 November every 

year 

• Sow on 1 November every year  

2 Fixed date 
Early planting • Tillage on 15 November every 

year 

• Sow on 15 November every 

year 

3 Fixed date 
Normal  • Tillage on 30 November every 

year 

• Sow on 30 November every 

year 

4 Fixed date 
Normal • Tillage on 15 December every 

year 

• Sow on 15 December every 

year  

5 Fixed date 
Late planting • Tillage on 31 December every 

year 

• Sow on 31 December every 

year  

6 Fixed date 
Very late planting • Tillage on 15 January every 

year 

• Sow on 15 January every year  

7 Variable date 
First effective 

rains 
• Amount of rainfall: 20mm 

• Number of days of rainfall: 3  

• Minimum allowable soil water: 

12 mm 

 

From the daily N mineralisation output, the number of seasons in which the mineral N flush 

coincided with planting for each planting scenario. The yield gain was calculated as the 

difference between the mean yield when the mineral N flush coincided with planting and the 
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mean yield when the planting missed the mineral N flush. Based on Chikowo et al. (2003), this 

“coincidence” is achieved when the N flush occurs within seven days before or after planting.  

The variable planting date rule was used in the determination of false season starts following 

the definition in section 2.3. The yield penalty when planting coincided with a false season start 

was calculated as the difference in mean yields from seasons that experienced a false start and 

seasons without a false start.  

3.2.7. Data analyses 

Both single factor (planting date scenario, mulch, tillage, fertility treatments) and the 

interaction effects on simulated maize yields and net N mineralisation were estimated using 

ANOVA procedure (Tukey’s test at P ≤ 0.05) using Genstat 18th edition (VSN International 

Ltd., http://www.vsni.co.uk/). Correlation and linear regression analyses was performed to test 

the strength of the relationship between net N mineralised in-season and maize grain yield over 

the 30-year period. The significance of the model was tested with the F value and variables 

were included in the final model only if they were significant at P < 0.05.  

3.3. Results 

3.3.1. Model performance 

The APSIM model performed well in terms of capturing the observed grain and stover yield 

response to tillage, mulch and fertility amendment application (Figure 3.1). The EF values were 

generally high (>50%) with good predictions for grain yields for the wet season 2013/14 and 

the dry seasons 2012/13 and 2014/15 which received below average rainfall (272 and 432 mm 

respectively). The predictions for the stover yields were satisfactory although the model tended 

to overestimate stover production. 

http://www.vsni.co.uk/
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Figure 3.1: On-farm trials observed versus APSIM predicted maize grain and stover yields for 

the seasons 2012/13 – 2014/15 

The model under-estimated both soil N mineralisation (EF = 0.58) and N uptake (EF = 0.40) 

(Figure 3.2) but the general pattern of the cumulative N mineralised agreed well with the 

measured data across the treatments (EF ranged between 0.91 and 0.96) (Figure 3.3). The 

model predicted a net immobilisation for all tillage, mulch and fertiliser treatments in the on-

farm trial in the first 10 – 15 days after planting. 
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Figure 3.2:  Observed vs. predicted seasonal N mineralised and maize N uptake in the 2013/14 

season 
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Figure 3.3: Field measured and APSIM predicted N mineralised over time in the 2013/14 

season. The solid and dotted arrows indicate the date of planting and the start of flowering stage 

respectively  
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3.3.2. Tillage, mulch and soil fertility amendment effects on infiltration, runoff and N 

stress  

The model predicted that most of the seasonal rainfall, 60–98 %, infiltrated for the 30-year 

simulation period. The proportion of rain that infiltrated was higher in the dry years, 90–98%, 

where rainfall was <450 mm compared with 60-88 % in the wetter years. Tillage and mulch 

application influenced runoff and infiltration. Cumulative infiltration (Figure 3.4) was highest 

under the ripper + mulch (93–97 %) and least with the plough - no mulch (60–67 %) regardless 

of the season. Infiltration was only marginally higher under the manure treatments than under 

the fertiliser only treatments (0N, 20N and 40N).  

N stress was generally least severe in the first 30 days after planting across the three season 

types: normal, wet and dry (Figure 3.5). Under the 0N fertility treatment maize experienced 

the most severe stress from approximately 30 days after planting regardless of season type, 

tillage type and mulch application. For the other fertility treatments, differences in N stress 

depended on the season type. Firstly, in a normal season, the least N stress was experienced 

with the manure + 20N, although moderate N stress was experienced under this treatment at 

the end of the season under both tillage treatments with or without mulch. Secondly, in the wet 

season, there was generally severe N stress regardless of tillage and mulch. N stress transitioned 

from moderate < 30 days after planting to severe > 30 days after planting regardless of tillage 

or mulch from day 30 after planting to the end of the season. Finally, in the dry season, N stress 

was moderate from day 10 to day 50 after planting generally across all fertility treatments, 

thereafter N stress increased under the ripper tillage and under plough + mulch. The manure + 

20N treatment also resulted in severe N stress from 60 days after planting until crop maturity 

under the ripper tillage. 
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Figure 3.4: Simulated effect of tillage, mulch and fertility amendment on the cumulative 

infiltration on a sandy soil in semi-arid Zimbabwe for selected soil fertility management 

practices and in selected seasons representing normal (a and d), wet (b and e) and dry (c and f) 

years with respect to rainfall amount. The solid and dotted arrows indicate the date of planting 

and the start of flowering stage respectively 
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3.3.3. Treatment effects on in-season N mineralisation 

Simulated nitrogen mineralised in season was significantly different between planting date 

strategies, fertility treatment, mulch application and tillage treatment and also the interactions 

between these factors were significant (P < 0.05) (Annex A). The earlier the planting the higher 

the net N mineralised in season because of a generally longer season compared with the later 

planting dates (Figure 3.6; Annex A). It followed the trend: planting after 20 mm rain > 15 Nov 

>1 Nov > 30 Nov > 15 Dec > 31 Dec > 15 January for the plough (no mulch), ripper (no mulch) 

and ripper + mulch regardless of fertiliser or manure input. Under the plough + mulch treatment 

however, N mineralised in season followed the trend 1 Nov > 20 mm rain > 15 Nov > 30 Nov 

> 15 Dec > 31 Dec > 15 Jan. The average amount of mineral N available (i.e. that available 

from mineral fertiliser plus net N mineralisation), over 30 years was highly variable but largely 

followed the trend: manure + 20N > manure only > 40N > 20N > 0N. With respect to tillage 

and mulch application, the amount of net mineral N followed the trend ripper + mulch > plough 

(no mulch) > plough + mulch > ripper (no mulch).  

The chance that the mineral N flush coincided with planting varied depending on the planting 

strategy and was higher for the early (before 30 November and variable planting strategies, 

whereas the flush was always missed when planting after 15 December. The total amount of N 

released in the mineral flushes varied by season and fertility amendment and ranged from 0.3–

30 kg N ha-1. With respect to fertility treatment effects, the amount released followed the trend 

manure + 20N > manure only > 40N > 20N > 0N over the 30-year period. The mineral N flush 

with the start of the rains occurred more frequently with the manure + 20N (80–87 % of the 

seasons) followed by the 40 N treatment (60–80 %). The manure only and 0N treatments 

experienced the mineral N flush in 40–67 % of the 30 seasons.  
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3.3.4. Treatment effects on grain yield and production risks  

There was a strong positive and significant relationship between net N mineralised in season 

and maize grain yields (r = 0.74; P < 0.05). This corresponded with maize grain yield 

differences between N application rates, which varied in the order 40N > manure + 20N > 

manure only > 20N > 0N averaging 1485, 1202, 1095, 1026 and 397 kg ha-1 respectively 

(Figure 3.6). The maize grain yields were also significantly different between the different 

planting date strategies (Figure 3.6). The highest yielding scenario (planting on 15 November) 

had an average yield of 755 kg ha-1, whereas very late planting (15 January) gave the lowest 

yield of 550 kg ha-1 over the 30-year period and across all fertility and tillage treatments. The 

grain yields followed the trend: planting after 20 mm rain > 15 Nov >1 Nov > 30 Nov > 15 

Dec > 31 Dec > 15 January. Average yield loss per day from planting date 15 November 

through to 15 December averaged 4, 14, 23, 14 and 15 kg ha-1 for the five fertility treatments 

0N, 20N, 40N, manure only and manure + 20N respectively. From 15 December to 15 January, 

the yield loss per day delay in planting averaged 14, 21, 26, 25 and 29 kg ha-1 for the five 

fertility treatments.  

a. Effects of a false season start 

In the 30-year period, there were seven seasons with false rainfall onsets where 20 mm was 

accumulated in 1-2 days, followed by a dry spell of more than 10 consecutive days within 30 

days after sowing. Only the 2002/03 season was considered a drought season of these seven 

seasons. On average, the false start to the season had negative effects on grain yields depending 

on the fertility treatment, tillage and mulch application. Addition of fertility amendments made 

crops susceptible to yield reduction, which followed the trend manure + 20N > manure > 40N 

> 20N with yield losses averaging 218, 212, 198 and 97 kg ha-1 compared to the yields in 

seasons without a false start. There was no yield penalty with a false start under the 0N 
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treatment regardless of tillage and mulch combinations although this treatment, in the event of 

a false season start, was associated with failure to meet the household yield threshold of 1080 

kg ha-1. With respect to tillage and mulch across the fertility treatments, the grain yield penalties 

with a false start followed the trend: ripper + mulch > plough + mulch > ripper (no mulch) 

averaging 256, 190 and 182 kg ha-1 respectively. In general, the false season starts were 

associated with soil water stress during the emergence stage although this stress was low (>0.8) 

and experienced for no longer than five days. This soil water stress did not exhibit any specific 

trend with tillage, mulch application or soil fertility amendment.   

b. Effects of early-season mineralisation  

The yield benefits when planting coincided with early-season mineralisation were significant 

under the following planting date scenarios: 1 Nov, 15 Nov, 30 Nov and planting after 20 mm 

averaging 430, 132, 4 and 152 kg ha-1 respectively (Table 3.3). The yield benefits differed 

significantly between tillage and mulch applications. Overall, the yield benefits were highest 

with the ripper + mulch in combination with early planting and in these cases, the yields 

exceeded the required household grain yield threshold of 1080 kg ha-1. 

c. Risk of crop failure and not attaining maize self-sufficiency 

The simulation results suggested that there was a higher risk of complete crop failure when no 

fertiliser was applied (0N) regardless of planting date scenario, tillage and mulch application 

relative to the other fertility amendments (Figure 3.7). The risk of crop failure under 0N further 

increased with later planting dates, whereas early planting and planting with the first effective 

rains could limit the probability of crop failure to 40 %. The risk of crop failure was lowest 

under ripper + mulch ranging from across the different planting date scenarios and between 

fertility treatments with the risk of complete crop failure in the range 0 to 30 % depending on 

planting date and fertility treatment. 
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The risk of not meeting the household maize grain yield threshold of 1080 kg ha-1 increased 

with later planting dates (Figure 3.8). Planting with the first effective rains had the highest 

probability of meeting and exceeding the threshold yield although this probability was highly 

variable (23–83 % where fertility amendments were incorporated and 0–40 % under the 0N 

fertility treatment). In comparison the latest planting date, 15 Jan, had a probability to meet the 

same yield of 0–30 %. The 0N treatment had 0–7 % chance of meeting the household maize 

grain requirement under the plough (no mulch) and ripper (no mulch) tillage whilst under the 

plough + mulch and ripper + mulch the probability was in the range 10–43 %. Under the plough 

(no mulch), plough + mulch and ripper (no mulch), the 40N treatment gave the highest 

probabilities of exceeding 1080 kg ha-1 with probabilities in the range 23–77 %. Under ripper 

+ mulch, the manure + 20N gave the highest probabilities of having yields ≥1080 kg ha-1 in the 

range 27–83 %. Overall, the combination of early planting, ripper + mulch and N fertility 

amendment led to good yields and a low risk of complete crop failure and not meeting self-

sufficiency. 

3.4. Discussion 

3.4.1. Performance of the model 

The APSIM model reasonably predicted grain and stover yields, N mineralised and N uptake. 

The simulated stover and grain yield performance (RMSE/average yield) was in the range of 

25–35 % which is in the same magnitude reported elsewhere for semi-arid SSA (Akponikpè et 

al., 2010). However, the model seemed to overestimate maize grain and stover yields under the 

plough + mulch treatment (Figure 3.1c and f) in the dry season of 2014/15. Similarly, 

Mupangwa et al. (2011b) observed an over prediction of grain and stover yields especially at 

low mulch levels < 2 t ha-1 in drought seasons, which they attributed to the model  
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underpredicting immobilisation of the applied N at the low mulch rates. In the model, 

mineralisation/immobilisation of N is determined as the balance between the release of N 

during decomposition and N immobilisation during microbial synthesis and humification 

(Probert et al., 1998). In our case, no immobilisation was observed from the simulated daily N 

dynamics for the 2014/15 season (results not shown). The model indicated that there was an 

adequate supply of mineral N to satisfy the microbial demand therefore favouring net 

mineralisation leading to simulated yields that were larger than the observed.  

The model predicted in-season net N mineralisation reasonably well (Figure 3.3). In the 

simulation experiment in our study, the model predicted N mineralisation with the first rains, 

which we equated to the “Birch effect”. At present however, there is no mechanism in APSIM 

by which the user can specify this “Birch effect”. This would need further investigations 

involving field measurements of N dynamics at the start of the rainy season. Better 

understanding of the process would enable farmers to optimise available N resources to 

improve N use efficiency as mineralisation of the soil organic matter releases a significant 

amount of N even in unamended soils (Snapp et al., 1998). 

3.4.2. Tillage and mulch application options effects on maize yields 

The ripper tillage in conjunction with mulch application yielded significantly more compared 

with plough tillage over the 30-year simulation period and across all planting date scenarios 

and fertility treatments. We attributed the higher maize yields to differences in availability of 

soil moisture due to higher infiltration as observed in this (Figure 3.4) and other studies 

(Thierfelder and Wall, 2009; Nyamadzawo et al., 2012). The model settings mimic reality 

where furrows created by ripping were reported to create more surface depressions compared 

with ploughing resulting in superior rainwater capture and therefore better infiltration 

(Mupangwa et al., 2016b). The model was also set to incorporate only 20% of the surface 
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residues under the ripper tillage, meaning the positive effect with mulch application may not 

be due to incorporated organic matter but a result of the increased infiltration and reduced 

runoff we observed with the simulation study. Conservation tillage methods such as ripping 

have been reported to result in high pore volumes consequently increasing the infiltration 

capacity of a soil (Nyamangara et al., 2014a) thus reduced water stress. Mulch application has 

also been reported to reduce runoff and therefore lead to increased infiltration (Nyamadzawo 

et al., 2012). This may also explain why there was least risk of crop failure (0-30%) under 

ripper + mulch across the different planting date scenarios and across fertility treatments. The 

use of animal drawn tillage implements such as the ripper tine also reduces the labour and 

draught power requirement at land preparation compared with ploughing therefore offer a 

better chance of timely planting.  Both the increase in infiltration and the early planting made 

possible thanks to the reduced labour requirements for the ripper tillage have been shown in 

our simulation study to lead to increased maize yields.  

3.4.3. Risk management by early planting 

Early planting has been reported to positively influence crop yields in other studies in the region 

(Nyagumbo et al., 2017). We attributed the increased maize yields associated with the early 

planting date to an extended growing period and therefore high in-season rainfall and net N 

mineralisation. Further yield benefits were obtained when early planting coincided with N 

mineralisation with the first rains of the season. A similar observation was made in some field 

experiments that quantified the amount of N released during the N flush (Salinas-Garcia et al., 

1997; Riley, 1998). In our simulation experiment, the amount of N released by the flush was 

highly variable across seasons and fertility amendment. Franzluebbers et al. (1995) reported 

that the amount of N released is highly dependent on the quality and quantity of organic inputs 

among other factors which may explain the highly variable amount of N observed in our study.  
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Early planting can lead to increased yields but is very risky due to the high probability of the 

occurrence of false starts. False season starts have been reported in several studies to be a high 

risk to crop production in SSA (Raes et al., 2004; Kniveton et al., 2009; Lone and Warsi, 2009; 

Mupangwa et al., 2011a). In our study the false season starts occurred, approximately, in one 

out of four seasons. Other studies have reported high frequencies of false season starts in of 

40–50% of seasons in semi-arid southern Africa (Benoit, 1977; Raes et al., 2004).  In our study, 

although the false season starts resulted in low yields, they did not always result in complete 

crop failure as we hypothesised. The false season starts only led to some water stress in the 

early crop stages (emergence and juvenile) and not in the most critical stage when kernel weight 

and number is determined which is between two weeks before and 2–3 weeks after silking 

(NeSmith and Ritchie, 1992; Singh and Singh, 1995). When longer durations of water stress 

occur, they cause near total crop failure (NeSmith and Ritchie, 1992), but in our simulation 

such long periods of water stress were not linked to the false season starts.  

Smallholder farmers use staggered opportunistic plantings to spread the risk associated with 

false season starts and dry spells in semi-arid southern Africa (Milgroom and Giller, 2013; 

Moyo et al., 2012). With this strategy, however, farmers tend not to invest in improved seed 

and manure/fertiliser application (Vanlauwe et al., 2014b; Njoroge et al., 2017), thus limiting 

the opportunity to maximize yields when planting coincides with the optimum planting 

window. Seasonal, weekly or fortnightly weather forecasts are therefore important in aiding 

farmers to make tactical within-season decisions on when to plant, weed and apply fertiliser 

(Moyo et al., 2012). 

Our study only considered a few of the possible management options that could lead to 

attainment of household maize self-sufficiency in semi-arid southern Africa. Other studies have 

identified drivers of the whole aspect of food availability in the region that also include 
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household incomes, labour availability, livestock production, market access and land 

availability (e.g. Homann-Kee Tui et al. (2015); Komarek et al. (2015); Frelat et al. (2016)). 

However, crop production remains the major source of energy containing foods and contributes 

up to  60% of food availability (Frelat et al., 2016) and therefore it remains important to 

improve management options that potentially increase yields and therefore food self-

sufficiency. Our study showed that the strategic application of different agronomic 

management practices such as early planting in combination with reduced tillage, mulch and 

N containing fertility amendments is critical to reduce risk of crop failure and improve crop 

yields in the smallholder cropping systems of semi-arid areas of southern Africa.   

3.5. Conclusions 

We conclude that early planting in combination with reduced tillage, mulch application and N 

fertiliser application allows an ‘average’ farm household to at least meet their household grain 

requirement from a hectare of land as well as reduce the risk of complete crop failure. The yield 

benefits from planting early resulted from capturing the N released from the “Birch effect”, 

total in-season mineral N and rainfall. However, when there is a false start to the season, 

farmers risk attaining low maize yields and not achieving food self-sufficiency. It is important 

that smallholder farmers be equipped and guided by reliable seasonal weather forecasts to 

enable them to plan their land preparation and planting operations to ensure they reap the 

benefits of timely planting. Practices such as reduced tillage that ease the labour and draught 

power burdens at the start of the season can be employed to allow farmers to plant early. This, 

in combination with other agronomic practices such as the application of fertility amendments 

and mulch may increase crop water use efficiency. As such, smallholder farmers can manage 

and mitigate risk and achieve maize self-sufficiency in the event of dry spells and low rainfall 

associated with rainfed cropping in semi-arid areas. 
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CHAPTER 4 

Is maize-cowpea intercropping a viable option for smallholder farms in the risky 

environments of semi-arid southern Africa? 
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Abstract 

Intercropping cereals with legumes can potentially enhance productivity and soil fertility. 

There is limited experimental evidence on the mechanisms underlying benefits or risks in 

intercropping systems and belowground interactions in intercrops remain largely unstudied. 

Such understanding can inform strategies towards maximising returns to investments, 

particularly in poor fertility soils on smallholder farms in semi-arid areas of sub-Saharan 

Africa. Additive intercropping experiments were established covering several seasons (2010/ 

11–2014/15) and different conditions (on-station and on-farm) to determine effects on soil 

chemical variables, root dynamics and yield of intercrops. Maize was planted with the first 

effective rains and received either no fertiliser or 40 kg N ha-1. Cowpea was planted on the 

same date as maize or three weeks after planting maize in intercrops or sole stands and received 

no fertiliser. End-of-season available N was highest (P< 0.05) under the late planted intercrop 

with 40 kg N ha-1 treatment in 2013/14. Addition of 40 kg N ha-1 significantly increased maize 

grain yield by 500–1100 kg ha-1 in the 2013/14 season. There was generally greater 

productivity and over-yielding in the intercrops compared with the sole crops; most intercrops 

had a land equivalent ratio>1. The trials showed that intercropping, however, resulted in 

compromised cowpea yields especially under the relay intercrop compared with the sole 

cowpea stands whilst maize yield was either not affected or improved. We attributed this to the 

lack of below-ground niche differentiation in root distribution between maize and cowpea. 

Maize–cowpea intercropping with low doses of N fertiliser resulted in over-yielding compared 

with monocropping. Intercropping proved to be a robust option across seasons and soil types, 

confirming that it is a promising option for resource-poor smallholders. 

Key words: Below-ground complementarity; Interspecific facilitation; Land-use efficiency; 

Niche differentiation; Root distribution; Root length density   
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4.1. Introduction 

Agricultural production in sub-Saharan Africa (SSA) is under increasing pressure to meet food 

and nutrition security needs of the growing population whilst contending with the challenges 

of climate change and variability, degraded and infertile soils (Hobbs, 2007; Ngwira et al., 

2012). Smallholder farmers in SSA often grow cereal crops such as maize (Zea mays L.) in 

continuous monoculture for food security even when there is limited profitability (Baudron et 

al., 2012a). Raising agricultural production requires a shift towards more sustainable cropping 

systems to help reverse soil degradation, reduce labour investments and improve production.  

Cultivation of legumes in smallholder farming systems either as components of rotations or 

intercrops has the potential to increase nitrogen (N) availability in the soil through biological 

N2-fixation (BNF) (Giller, 2001). The inclusion of grain legumes in crop production is also 

beneficial for diversified diets and income generation (Ngwira et al., 2012; Rusinamhodzi et 

al., 2012). However, relatively small areas are allocated to legume production, restricting crop 

rotation (Mapfumo and Giller, 2001; Nhemachena et al., 2003) resulting in small benefits from 

the legumes (Ncube, 2007). Intercropping cereals with legumes is one practice that has 

potential to enhance productivity and soil fertility simultaneously (Jeranyama et al., 2000; 

Rusinamhodzi et al., 2012).  

Intercropping systems involve growing two or more crop species or genotypes  together and 

coexisting for a time (Brooker et al., 2014). Intercropping can increase aggregate yields per 

unit input, insure against crop failure particularly in dry regions and enhance the efficiency of 

land-use by complete and complementary utilisation of nutrients, water and solar radiation (Li 

et al., 2014). Intercropping helps to pre-empt resources being used by weeds and can suppress 

weed growth (Brooker et al., 2014). Cereal-legume intercrops result in increased N availability 

for the cereal because competition for soil N from legumes is weak, and the non-legumes obtain 
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additional N from biological N fixation by the legumes (Giller, 2001; Rusinamhodzi et al., 

2006; Brooker et al., 2014). 

Although intercropping may be beneficial, challenges may arise from strong interspecific 

competition for resources such as nutrients, water and light between the crops in time and space 

(Li et al., 2014). Ideal intercrops have complementary resource use and niche differentiation in 

space and time in order to optimise resource-use efficiency and crop yield simultaneously (Li 

et al., 2014). Studies in SSA on maize–cowpea intercrops resulted in poor cowpea yields 

attributed to shading by the maize especially when cowpea was planted at the same time as the 

maize (Jeranyama et al., 2000). When rainfall is plentiful shading out of the maize by the 

companion cowpea may occur (Shumba et al., 1990). The competition between crops can be 

managed by rearranging plant populations through substitutive or additive designs to maintain 

productivity of the main crop (Vandermeer, 1992). Competition between crops can also be 

managed by staggering the planting dates of the companion crops in relay intercropping. Relay 

intercrops are likely to increase labour demands (Rusinamhodzi et al., 2012; Brooker et al., 

2014) but may provide the first crop with a higher chance for successful establishment and 

reduce the risk of total crop failure when rainfall is erratic within the season. However, there is 

limited experimental evidence on the mechanisms that lead to benefits or risks in intercropping 

systems (Li et al., 2014). In particular, the below-ground processes in intercropping systems 

remain largely unstudied in semi-arid areas in SSA although some work has been done in arid 

China (Mao et al., 2012). It is important to understand intercropping systems better to 

determine strategies that give the best returns to investments in poor fertility soils on 

smallholder farms in semi-arid areas in SSA.   

In this study, we hypothesised that in risky rainfall environments and on different soil types (i) 

maize-cowpea intercropping results in over-yielding and therefore robust crop production; (ii) 
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over-yielding in intercropping systems results from below-ground root distribution 

complementarity and (iii) relay intercropping results in temporal niche differentiation leading 

to improved land use efficiency compared with monocropping. The specific objectives of our 

study were: to determine the effects of intercropping on yields across seasons and in different 

contexts (on-station and on-farm under two management types – researcher and farmer 

managed), to assess the effect of intercropping on selected chemical soil variables and to 

understand the root dynamics of intercrop systems that contribute to observed effects on crop 

yield. Our study sites in semi-arid Zimbabwe are representative of larger areas in southern 

Africa that are characterised by poor soil fertility, low and unreliable rainfall and smallholder 

farming systems with many socio-economic constraints. 

4.2.Materials and methods  

4.2.1. Study area 

The study was conducted in Matobo district, Matabeleland South Province located in south 

western Zimbabwe (Figure 4.1). The region is characterised by semi-arid climatic conditions 

and lies in agro-ecological region IV, which receives 450-650 mm per annum rainfall in a 

single season between October and April. The region is subject to frequent seasonal droughts 

and extended dry spells during the rainy season and the probability of receiving annual rainfall 

above 500 mm is only 45-65 % (Vincent and Thomas, 1961). The district has an annual mean 

temperature of 18.4 °C (Musiyiwa et al., 2015). Agro-ecological region IV is dominated by a 

semi-extensive farming system where crop production is strongly integrated with livestock 

production with the latter kept supporting crop production through the provision of draught 

power and manure, serve as a capital asset and diversify household income. Most smallholder 

farmers in semi-arid areas in Zimbabwe prefer to grow maize over sorghum (Sorghum bicolor 

(L.) Moench) and pearl millet (Pennisetum glaucum L.). Maize accounts for more than half of 

the total cropped area (Twomlow et al., 2006). Minor crops include cowpea (Vigna unguiculata 
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(L) Walp.), groundnut (Arachis hypogaea L.) and Bambara nut (Vigna subterranea (L.) Verdc.) 

(Ncube et al., 2009b). The dominant soils are sandy soils (Eutric Arenosols) derived from 

granite with pockets of clay soils (Chromic-Leptic Cambisols). In the smallholder areas of 

Zimbabwe, the arable fields are individually owned following allocation by the headmen. The 

fields are communally grazed during the dry season with the exception of securely fenced 

fields. 

4.2.2. Research trials 

Additive maize-cowpea intercrop trials were conducted both on-station at Matopos Research 

Station’s Westacre Creek farm (2010/11–2012/13) and on-farm in Nqindi ward (2012/13–

2014/15), both in Matobo district. On-farm, two sets of trials were set up, one farmer managed 

and the other researcher managed for two and three seasons respectively. The on-station trial 

was conducted on a clay soil (Chromic-Leptic Cambisols) while the on-farm trial was 

established on sandy soil (Eutric Arenosols) (IUSS Working Group, 2014). Both soil types are 

moderately deep to deep and well-drained. The on-station trial was researcher managed.  

a. On-station researcher managed trial 

An additive maize-cowpea trial was set up on-station for three seasons from 2010/11–2012/13. 

Maize was planted in planting basins and cowpea planted in furrows between the maize rows. 

Fertiliser was applied to all maize plots in this trial at 40 kg N ha-1
. Details of plant spacing and 

fertiliser application are given in Section 2.2.4. The trial was set up as a randomised complete 

block design with four replicates. The treatments were: (a) sole maize; (b) maize – cowpea 

intercrop with cowpea planted the same date as maize; (c) maize – cowpea intercrop with 

cowpea planted 3 weeks after planting (3WAP) maize; (d) sole cowpea planted on the same 

date as maize and (e) sole cowpea planted 3 WAP maize. Each plot measured 10 m × 8 m and 

yield determinations were made from net plots of size 4.5 m × 5 m. Rainfall events were 

recorded daily and measured with a rainfall gauge in the experimental field. 
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b. On-farm researcher managed trial 

An additive maize-cowpea intercrop trial (mother-trial) was established on a farmer’s field in 

2012/13 and ran for three seasons up to 2014/15. Plots measured 7.2 m × 6 m with each block 

measuring 7.2 m × 53 m with 1 m pathways between plots. Rip lines were made using an animal-

drawn ripper at 0.9 m row spacing for the sole maize and 0.45 m for the intercrop and sole cowpea 

treatments. The fertiliser treatments 0 and 40 kg N ha-1 (0N and 40N) were used to simulate 

typical conditions in semi-arid areas of Zimbabwe where farmers do not apply fertilisers and 

small doses of N fertiliser through “microdosing” are promoted (Mupangwa et al., 2012; 

Nyamangara et al., 2014b). The trial was set up as a randomised complete block design with 

three replicates. Treatments were: (a) sole cowpea planted on the same date as maize; (b) sole 

cowpea 3WAP; (c) sole maize (0 kg N ha-1); (d) sole maize (40 kg N ha-1); (e) maize-cowpea 

intercrop (0 kg N ha-1) with cowpea planted on the same date as maize; (f) maize-cowpea 3WAP 

intercrop (0 kg N ha-1); (g) maize-cowpea intercrop (40 kg N ha-1) with cowpea planted on the 

same date as maize and (h) maize-cowpea 3WAP intercrop (40 kg N ha-1). Yield was determined 

from net plots measuring 3.6 m × 4 m. 

c. Farmer managed trials 

A farmer research group comprising 24 farmers from two villages from Nqindi ward (Bazha 

and Fumugwe) was established in the 2013/14 season for participatory testing of intercropping 

for two seasons (Figure 4.1). The villages were representative of the villages in the ward which 

have small to medium distances to the main tarred road which leads to the nearest city, 

Bulawayo or growth point (Maphisa). The research group farmers were selected with the 

assistance of the local extension agent, based on similar soil texture (sandy soils), the 

availability of draught power (for land preparation) and reliable labour for trial management. 

On each farm, five adjacent plots measuring 20 m × 10 m each were established and the same 

treatments applied as used in the researcher-managed on-farm trials. In each of the two villages, 
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each farmer chose between the two cowpea planting dates such that in total, 12 farmers hosted 

the same date intercrop trial and the other 12, the 3WAP trial. A single replicate was planted 

on each farm and treatments were maintained on the same field for two seasons from 2013/14–

2014/15. The treatments were as follows: (a) sole maize (0 kg N ha-1); (b) sole maize (40 kg N 

ha-1); (c) additive maize-cowpea intercrop (0 kg N ha-1) with either cowpea planted on the same 

date as maize or 3WAP; (d) additive maize-cowpea intercrop (40 kg N ha-1) with either cowpea 

planted on the same date as maize or 3WAP; (e) sole cowpea either planted on the same date 

as maize or 3WAP. Crop yields were determined from net plots measuring 9 m × 6 m. Farmers 

measured daily rainfall using provided rain gauges and kept record books of the dates and 

operations carried out in the trial plots.  

d. General trial management 

In the 40 kg N ha-1 treatment, a basal application of compound D fertiliser (14 kg N ha-1, 12 kg 

P ha-1 and 12 kg K ha-1) was applied in hand-hoe made planting basins (on-station) or planting 

furrows made by an animal drawn ripper (on-farm). The remainder of the N requirement for 

the 40 kg N ha-1 treatment was applied as a top dressing of 75 kg ammonium nitrate (AN, 

34.5% N) ha-1 at the 5 – 6 leaf stage and or when there was enough soil moisture. The 0 kg N 

ha-1 treatment received a basal application of single super phosphate (12 kg P ha-1) and muriate 

of potash (12 kg K ha-1) fertilisers. The basins or rip lines were planted to a short duration 

maize variety SC403. In the basins, maize was planted at a spacing of 0.9 m × 0.6 m with two 

plants per station whilst under the ripper tillage, maize was planted at 0.9 m × 0.3 m with one 

plant per station.  

Cowpea was planted in hand-hoe or ripper tine furrows made between the maize rows. Cowpea 

in sole stands was planted at 0.45 m x 0.30 m whilst in the intercrop it was planted at 0.9 m × 

0.15 m. No fertiliser was applied to the cowpea in any of the experiments. The cowpea variety 

CBC 2 used is an erect, short duration variety, which takes 85 days to reach maturity. The 
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variety has narrow leaves and is not very susceptible to aphid (Aphis craccivora) attack because 

of the relatively smaller leaf area. The target population for maize was 37 000 plants ha-1 whilst 

that of cowpea was 74 000 plants ha-1. The plots were kept weed free by an initial application 

of glyphosate [N-(phosphono-methyl) glycine herbicide soon after planting and subsequent 

hand hoe weeding. Pests and diseases were controlled as needed. Maize stalk borer (Busseola 

fusca) was controlled using thionex (Endosulfan) and aphids were controlled using dimethoate 

(2-dimethoxyphosphinothioylsulfanyl-N-methylacetamide). Fungal rust (Uromyces 

appendiculatus) in cowpea was controlled by spraying copper oxychloride (85% WP).  

4.2.3. Soil and plant sampling 

Soil samples in Nqindi from the researcher managed and farmer managed trials were collected 

up to 1 m depth (depth intervals of 0.1 m) at the time of trial establishment. Fresh samples were 

split into two, with one subsample used to determine available N and the other sample air-

dried, ground and passed through a 2-mm sieve. The fresh soil samples for available N 

determination were refrigerated immediately after collection from the field and stored for a 

maximum of four days before N extraction. The dry soil samples were analysed for pH, texture, 

total N, total and available P and organic C using standard methods (Anderson and Ingram, 

1993; Okalebo et al., 2002). Soil pH was determined in 1:5 soil suspension using 0.01M CaCl2. 

Soil texture was determined using the hydrometer method. Soil organic C was determined 

using dichromate oxidation (with external heat applied) method (the modified Walkley-Black 

method). Total N and P were determined colorimetrically after Kjeldahl digestion (H2O2/HCl) 

of the soil and available P after extraction with NaHCO3 (pH 8.5). N was extracted from the 

refrigerated fresh soil samples by shaking the fresh sample in 0.5 M K2SO4, within four days 

of sampling, and the NH4
+-N and NO3

--N content was determined colorimetrically (Anderson 

and Ingram, 1993). Bulk density, calculated as mass of oven dry soil core divided by volume, 

was determined (Table 4.1) using undisturbed cores of 5 cm internal diameter and height. In 
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subsequent seasons, soil samples for complete chemical analyses were collected at the end of 

the season, within two weeks of harvesting, in the on-farm researcher managed trial. Ten sub-

samples were collected randomly from each plot from 0 – 30 cm depth and mixed to produce 

a composite sample for analysis. The soil properties from the on-station site at Westacre Creek 

farm are reported by Mupangwa et al. (2013) and are presented in Table 4.1. No additional soil 

analysis was done at this site.  

Table 4.1: Selected soil chemical and physical properties (a) on-station at Westacre Creek, 

Matopos Research Station* and (b) on-farm in Nqindi ward, Matobo district 

a. On-station 

Depth 

(cm) 

pH 

(0.01M 

CaCl2) 

Available 

N  

(kg ha-1) 

Olsen P 

(mg kg-

1) 

Organic 

C  

(g kg-1) 

Particle size analysis 

% Sand % Silt % Clay 

0 – 6 7.5 15.8 5.1 4.6 38 20 41 

6 – 16 7.6 3.1 8.5 8.0 39 23 38 

16 – 40 7.7 ND 4.5 3.7 36 17 47 

40 – 60 7.8 ND 3.4 4.8 31 17 52 

b. On-farm  

Depth (cm) Bulk 

density 

(kg m-3) 

pH 

(0.01M 

CaCl2) 

Available 

N  

(kg ha-1) 

Olsen P 

(mg kg-

1) 

Organic 

C  

(g kg-1) 

Particle size analysis 

% 

Sand 

% Silt % Clay 

0 – 10 1430 5.4 7.7 18.1 2.6 90 8 2 

10 – 20 1424 4.5 6.4 5.5 2.5 82 8 10 

20 – 30 1421 4.6 6.5 2.6 2.3 84 6 10 

30 – 40 1552 4.3 6.7 1.3 1.7 80 6 14 

40 – 50 1558 4.4 6.8 1.0 2.0 80 8 12 

50 – 60 1614 4.7 7.6 ND 1.4 76 8 16 

60 – 70  1422 4.5 6.4 ND 2.1 80 0 20 

70 – 80 1612 4.6 7.4 ND 1.6 80 0 20 

80 – 90 1666 4.6 7.6 ND 1.1 90 2 8 

90 – 100 1673 4.7 7.8 ND 2.1 88 8 4 

*Adapted from Mupangwa et al. (2013) 
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At the maize silking and cowpea flowering stages, the spatial root distribution was studied in 

the researcher managed trial in Nqindi by destructive sampling with soil monoliths excavated 

from each plot at 0.2 m depth intervals up to 1 m in the 2012/13 season. The five monoliths 

were excavated from the space between the plants, from the middle of the inter- and intra-row 

spaces with each monolith measuring 0.45 m x 0.15 m x 0.2 m up to 1 m depth in each plot. In 

the 2013/14 season, to reduce soil disturbance, soil cores were excavated from 0.2 m depth 

intervals up to 1 m using a soil corer 8 cm in diameter (Böhm, 1979). In each plot, six cores 

per sampling depth were collected. The maize silking and cowpea flowering dates were chosen 

to capture the moment when roots would be fully extended in the profile. Root distribution 

studies for cowpea were only taken for the first cowpea planting date because the late planted 

cowpea established poorly in both seasons. The soil samples were soaked in water for at least 

an hour and then samples were stirred vigorously and poured through a 2-mm sieve. The sieves 

were suspended in a large water bucket and shaken continuously by hand until the roots were 

washed free of soil. The roots of the maize and cowpea were distinguished by their different 

colours and texture. The maize roots were white with a smooth surface whilst the cowpea roots 

were brownish. The modified Newman-line intercept method was used to determine the root 

length from the soil monolith and soil core samples by counting the number of intersections of 

roots with a 1-cm mesh grid (Tennant, 1975).  

At harvest maize grain and stover yields were determined from net plots and grain and stover 

samples were subsampled for moisture correction. Stover samples were oven dried at 65 ºC for 

two days then reweighed to determine stover dry weight. Grain moisture was determined using 

a grain moisture meter and yields were adjusted to 12% moisture content. Land equivalent 

ratios (LER) were calculated to evaluate the advantage of the intercropping to production as 

follows: 
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𝐿𝐸𝑅 = ∑ (
𝑌𝑖𝑖

𝑌𝑚𝑖
) 

Where Yii is the yield of each crop in the intercrop and Ymi the yield of each crop in the sole 

crop.  

4.2.4. Data analysis 

Grain and stover yields, root length densities (RLD) and LER values were first tested for 

normality using the Shapiro-Wilk W test and found to be normally distributed (Shapiro and 

Wilk, 1965). The crop yields, RLD and LER values were then subjected to analysis of variance 

following a generalised linear model (GLM) procedure using Genstat version 14 (VSN, 2011) 

to test the individual and interaction effects of intercropping treatment, cowpea planting date 

and fertiliser application. In the case of the farmer managed on-farm trials, the farmer’s field 

was used as a random variable. Treatment means were separated using LSD at 5 % level of 

significance. 

4.3. Results 

4.3.1. Rainfall distribution  

The total rainfall on-station during the 2011/12 and 2012/13 seasons (345 and 314 mm 

respectively) and on-farm in the 2012/13 and 2014/15 seasons (354 and 190 mm respectively) 

was below the long-term average (590 mm per annum) for the Matobo district and also below 

the lower limit (450 mm per annum) for the agro-ecological region. These seasons were 

characterised by several extended dry spells (Figure 4.2), which negatively affected crop 

performance. The total rainfall of 591 mm on-station in the 2010/11 season and 594 mm on-

farm in the 2013/14 season were within the expected range for the region (450 – 600 mm). The 

2013/14 season was characterised by high intensity storms, but the rains stopped prematurely 

in mid-March. 
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Figure 4.2: Cumulative rainfall at Westacre Creek Farm (on-station) from the 2010/11 – 

2012/13 seasons and the researcher-managed on-farm study site in Nqindi ward, Matobo 

district, Zimbabwe from the 2012/13-2014/15 seasons. The solid and dashed arrows show the 

planting date for maize and for cowpea planted 3 weeks after maize respectively 

4.3.2. Effect of intercropping on selected soil chemical properties of a sandy soil on-

farm 

In the on-farm researcher managed trial the end-of-season available N was significantly 

different (P < 0.05) between intercropping and fertiliser treatments only after the 2013/14 

season (Table 4.2), with highest available N in the 3WAP intercrop + 40N treatment. The effect 

of intercropping and fertiliser treatments on available N was gone in the 2014/15 season. In the 

sole maize + 0N, available N decreased by 72% of initial N after three seasons. There were no 

significant differences in the other measured soil chemical properties (pH, Olsen P, organic C)  
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Table 4.2: Soil analysis (0-30 cm depth) after the 2012/13-2014/15 seasons in the on-farm 

researcher managed trial in Nqindi ward, Matobo 

(a) 2012/13     

Treatment pH  

(0.01M CaCl2) 

Available N 

(kg ha-1) 

Olsen P 

(mg kg-1) 

Organic C  

(g kg-1) 

Sole maize (0N) 4.9 11.7 18.0 2.4 

Sole maize (40N) 5.2 6.1   4.4 3.0 

Sole cowpea (same date) 5.0 11.7   5.2 4.2 

Sole cowpea (3WAP) 4.9 11.7   3.3 3.3 

Intercrop (0N same date) 4.8 6.5 11.3 2.9 

Intercrop (40N same 

date) 

5.0 8.2 13.7 2.9 

Intercrop (0N 3WAP) 4.8 8.2 14.2 2.7 

Intercrop (40N 3WAP) 4.9 7.4   7.8 2.8 

P NS NS NS NS 

SED 0.25 6.50 6.30 0.50 

(b) 2013/14     

Treatment pH  

(0.01M CaCl2) 

Available N 

(kg ha-1) 

Olsen P 

(mg kg-1) 

Organic C  

(g kg-1) 

Sole maize (0N) 4.9 5.2 1.3 3.0 

Sole maize (40N) 4.9 20.4 3.3 4.2 

Sole cowpea (same date) 5.1 26.0 2.8 4.0 

Sole cowpea (3WAP) 4.8 21.7 13.4 3.6 

Intercrop (0N same date) 4.9 23.4 4.7 3.4 

Intercrop (40N same 

date) 

4.9 25.6 5.5 4.2 

Intercrop (0N 3WAP) 4.8 23.0 5.7 5.4 

Intercrop (40N 3WAP) 4.8 33.8 3.6 4.5 

P NS 0.04 NS NS 

SED 0.10 6.63 4.26 0.67 

(c) 2014/15     

Treatment pH 

(0.01M 

CaCl2) 

Available N 

(kg ha-1) 

Olsen P 

(mg kg-1) 

Organic C  

(g kg-1) 

Sole maize (0N) 4.4 3.5 0.0 1.1 

Sole maize (40N) 4.0 10.0 0.7 3.0 

Sole cowpea (same date) 4.5 25.6 ND 2.5 

Sole cowpea (3WAP) 4.3 5.2 0.3 2.9 

Intercrop (0N same date) 4.4 7.8 0.2 3.7 

Intercrop (40N same 

date) 

4.3 6.1 ND 2.3 

Intercrop (0N 3WAP) 4.4 5.6 ND 2.5 

Intercrop (40N 3WAP) 4.1 6.5 ND 3.3 

P NS NS NS NS 

SED 0.25 12.10 0.63 0.50 
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resulting from intercropping, time of intercropping and fertiliser application and their 

interactions in all three seasons. Except for the same date intercrop + 0N, intercropping and 

fertiliser application resulted in a consistent but not significant increase in the soil organic C 

content by 16 – 69% from the initial organic C content in the researcher managed on-farm trial 

(Table 4.1b).  

4.3.3. Effect of intercropping on root length densities on a sandy soil on-farm 

The root lengths of maize were significantly different (P < 0.05) across depths, between sole 

and intercropped maize and between fertiliser rates in both the 2012/13 and 2013/14 seasons 

(Figure 4.3). In 2012/2013, the RLD of maize was larger in the sole maize + 40N treatment 

than in the intercrop at most soil depths. In the same season, the maize roots for sole maize, 

regardless of fertiliser treatment, were mainly confined in the 0.2–0.4 m soil layer, whilst in 

the intercropped plots, maize roots were largely confined in the 0–0.2 m layer. In the wet 

season, 2013/14, the maize root length in both the sole and intercropped treatments was densest 

in the 0–0.2 m layer. Maize RLD was generally larger than that of cowpea in the intercrops in 

both seasons.  

For cowpea, the sole crop roots were densest (P < 0.05) in the 0.2–0.6 m zone whilst in the 

intercrop the roots were densest in the 0–0.2 m zone in the 2012/13 season. The RLD for sole 

cowpea was greater than that of intercropped cowpea at most of the depths in the 2012/13 

season. In the 2013/14 season, the RLD did not significantly differ between the intercropped 

and sole cowpea across the soil profile. Nevertheless, in this wetter season, the cowpea roots 

for the sole crop were confined to the 0–0.2 m zone whilst in the intercrop the roots were evenly 

distributed in the top 0.6 m.  
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Figure 4.3: Root length densities of maize and cowpea (planted at the same date as maize) in 

the 2013/14 season from the researcher managed on-farm trial. Error bars represent standard 

error of the difference of the means of factors: (a) depth, (b) intercropping and (c) N fertiliser 

rate 
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4.3.4. Effect of agronomic management on grain and stover yield  

a. Researcher managed on-station trial 

On-station, in the 2010/11 and 2012/13 seasons, intercropping and time of planting cowpea 

had significant effects (P < 0.05) on both cowpea and maize yields (Figure 4.4). The same date 

intercrop reduced cowpea grain yields by between 20 and 63% and the relay intercrop by 62–

68% when compared with sole cowpea stands in the two seasons. In the 2010/11 season, maize 

yields were significantly larger in the sole maize when compared with the same date maize-

cowpea intercrop. In subsequent seasons, the maize grain yields were low < 500 kg ha-1 but 

followed the same trend as in the 2010/11 season although the differences in yield between the 

sole and same date intercrop were not significant.  

 

Figure 4.4: Cowpea and maize grain yields by time of intercropping and intercrop type in a 

researcher managed on-station trial at Westacre, Matopos Research Station. Error bars 

represent standard errors of the difference of the means of factors: (a) intercropping and (b) 

intercropping time. Means with the same letter are not different at P < 0.05 for the interaction 

of intercropping and intercropping time 
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Planting cowpeas three weeks after maize led to higher cowpea grain yields by 50–150% in 

2010/11 and 2012/13 compared with cowpea in the same date intercrop. When cowpea was 

incorporated three weeks after maize, the maize yield (1500–2300 kg ha-1) was higher when 

compared with the sole crop (1000–1800 kg ha-1) implying that the late planted cowpea had a 

positive effect on maize growth. 

b. Researcher managed on-farm trial  

There was no maize and cowpea grain and very poor stover yields in the 2012/13 and 2014/15 

seasons as a result of the low and poor rainfall distribution (Figure 4.5). In the 2013/14 season, 

the same date intercrop + 0 N resulted in low maize grain yields. Application of 40 kg N ha-1 

significantly increased maize grain yields (P < 0.05) with yields in the range 1250–1280 kg ha-

1 compared with the 0N treatment with yields of 135–460 kg ha-1 regardless of intercropping. 

The 40N treatment also resulted in significantly larger maize stover yields in all three seasons 

compared to no fertiliser input (Figure 4.5). Time of incorporating cowpea into an intercrop 

had significant effects on maize grain under the 0N fertility treatment and on stover yields 

under the 0N fertility treatment in the 2013/14 season and under the 40N treatment in the 

2012/13 and 2013/14 seasons. For grain yields, the same date intercrop decreased maize yields 

by 163 kg ha-1 (55%) whilst the relay intercrop increased grain yields by 170 kg ha-1 (57%) 

compared with the sole maize crop. Relay intercropping generally decreased maize stover 

yields with the 40N treatment in 2012/13 and 2013/14 by between 40–380 kg ha-1 compared 

with both the sole crop and the same date intercrop. Under the 0N treatment in 2013/14, 

however, the relay intercrop increased stover yields by compared with the sole crop and the 

same date intercrop. 
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Figure 4.5: Effect of intercropping, time of sowing of cowpea and fertiliser application on 

maize grain and stover yields in on-farm researcher managed trials in Nqindi ward, Matobo 

district. Error bars represent standard errors of the difference of the means of yields for factors: 

(a) intercropping (b) N fertiliser and (c) intercropping time. Means with the same letter are not 

different at P < 0.05 for the interaction of intercropping, N fertiliser rate and intercropping time 

Cowpea grain (2013/14) and stover yields (2013/14 and 2014/15 seasons) were affected 

significantly by time of planting (P < 0.05) (Figure 4.6). Generally, the later the cowpea was 

planted the poorer the yields regardless of whether the cowpea was planted as a sole crop or 

intercropped with maize. In the 2013/14 season, cowpea grain yield for the early planted crop 

ranged from 400–700 kg ha-1. There were no cowpea yields recorded for the second cowpea 

planting date (3WAP) following poor establishment of the crop as the planting coincided with 

a 10 day long dry spell in the 2013/14 season. In the 2014/15 season, planting cowpea late 

reduced the stover yield by an average of 77% compared with planting cowpea with the first 
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effective rains. Intercropping significantly reduced cowpea grain and stover yields in the 

2013/14 season by 5–35% when compared with the sole cowpea stands although the average 

root length densities between the two crop stands were similar. There were no significant 

treatment effects on the cowpea yields resulting from the addition of fertiliser to maize although 

both grain and stover yields were higher when fertiliser was applied in the 2013/14 season.  

 

Figure 4.6: Effect of intercropping and date of planting on cowpea grain and biomass yields in 

an on-farm researcher managed trial in Nqindi ward, Matobo district. Errors bars represent 

standard error of the difference of the means of factors: (a) intercropping (b) N fertiliser and 

(c) intercropping time. Means with the same letter are not different at P < 0.05 for the 

interaction of intercropping, N fertiliser rate and intercropping time 
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c. Farmer managed on-farm trial 

There were no significant maize yield penalties resulting from intercropping or time of 

incorporating cowpea into an intercrop. Addition of 40 kg N ha-1 significantly increased grain 

yield (P < 0.05) by 500–1100 kg ha-1 and stover yields by 1500–1700 kg ha-1 whether maize 

was planted as a sole crop or in an intercrop in the 2013/14 season (Table 4.3). The highest 

maize grain yields were obtained when cowpea was relayed by three weeks with the application 

of 40 kg N ha-1. 

Intercropping and time of intercropping significantly affected cowpea grain yields in the farmer 

managed trials (Table 4.4). Planting cowpea in sole stands gave the highest grain and stover 

yields in both the 2013/14 and 2014/15 seasons. Planting cowpea with the first rains together 

with maize (the same date intercrop) also resulted in higher cowpea grain and stover yields in 

both seasons compared with the later planting. Similar to the researcher-managed trial, the late 

planted cowpea was negatively affected by dry spells.  

3.4.5. Effect of agronomic management on land equivalent ratios 

The total yield was generally higher in the intercrops than the sole crops of either maize or 

cowpea. As such, most intercrop treatments both on-station and on-farm had LER > 1 pointing 

to the greater land-use efficiency of the maize-cowpea intercrop system compared to sole 

cropping (Figure 4.7; Annex B). The intercropping treatments both on-station and on-farm 

generally resulted in over yielding especially under the 40N treatments (Figures 4.7 and 4.8). 

However, the poorer the season in terms of rainfall distribution and amount, the smaller the 

LERs. There was considerable variability in monoculture maize and cowpea yield as well as in 

LER values between farms (Figure 4.8). The on-station relay intercrop (3WAP) performed 

significantly better with LER ranging from 1.8–2.5 compared with the same planting date 

intercrop with LER 0.5–2.4 in all three seasons. The smallest LER was obtained in the drought 
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season of 2012/13. On-farm the LER trends were variable in both the farmer and researcher 

managed trials and a significant interaction effect was found between time of intercropping and 

fertiliser application in the researcher managed trial in the 2013/14 season. The same date 

intercrop was favourable if N fertiliser was applied whilst the relay crop was a better alternative 

under the treatment without fertiliser.  

Table 4.3: Effect of intercropping, time of incorporation of cowpea into intercrops (same date 

– cowpea planted on the same date as maize; 3WAP – cowpea planted 3 weeks after planting 

maize) and N fertiliser application on maize (a) grain and (b) stover yield in farmer-managed 

intercrop trials in Matobo district in the 2013/14 and 2014/15 seasons  

a. Maize grain yield (kg ha-1) 

 

 

N treatment 

                    2013/14                                               2014/15 

Sole maize Intercrop maize Sole 

maize 

Intercrop maize 

 Same date 3WAP  Same date 3WAP 

0N 354 (12) § 363 (8) 334 (9) 0 (12) 0 (12) 0 (12) 

40N 1202 (14) 933 (7) 1402 (10) 183 (12) 158 (12) 209 (12) 

       

 P SED  P SED  

Intercropping NS 154.7  NS 34.6  

N treatment <0.001 153.3  0.001 34.6  

Intercropping time        NS      216.6       NS        42.3  

Intercropping*N 

treatment interaction 

NS 274.6       NS 48.9  

N treatment 

*intercropping time 

interaction 

NS 274.6       NS 59.9  

b. Maize stover yield (kg ha-1) 

 

N treatment 

                 2013/14                                                   2014/15 

Sole 

maize 

Intercrop maize Sole 

maize 

Intercrop maize 

Same date 3WAP Same date 3WAP 

0N 756 (12)  769 (8) 746 (9) 569 (12) 466 (12)   518 (12) 

40N 2340 (14) 2367 (7) 2392 (10) 1110 (12) 1064 (12) 1087 (12) 

       

 P SED  P SED  

Intercropping NS 284.7  NS 101.2  

N treatment <0.001 282.2  <0.001 101.2  

Intercropping time NS 353.9  NS 124.0  

Intercropping*N 

treatment interaction 

 

NS 

 

505.4 

  

NS 

 

143.1 

 

N treatment 

*intercropping time 

interaction 

 

NS 

 

505.4 

  

NS 

 

143.1 
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§Number in parenthesis represents the number of observations in that treatment (n) 

Table 4.4: Effect of intercropping and time of planting cowpea on cowpea grain and stover 

yield (same date – cowpea planted on the same date as maize; 3WAP – cowpea planted 3 weeks 

after planting maize) in farmer managed intercrop trials in Matobo district (2013/14 and 

2014/15 seasons)   

a. Cowpea grain yields (kg ha-1) 

 2013/14 2014/15 

  

Sole 

Intercrop  

Sole 

Intercrop 

 0N 40N 0N 40N 

Same date 1040.9 697.8 754.3 122.5 46.7 71.7 

3WAP 573.0 427.1 418.4 0 0 0 

       

  P SED  P SED 

Intercropping 0.009 96.1  0.03 14.1 

Intercropping time <0.001 99.7  <0.001 13.3 

Interaction NS 140.4  0.03 19.9 

b. Cowpea stover yields (kg ha-1) 

 2013/14 2014/15 

  

Sole 

Intercrop  

Sole 

Intercrop 

 0N 40N 0N 40N 

Same date 1146 722.0 811.0 362.1 225.7 226.6 

3WAP 637.0 452.0 509.0 83.8 28.3 89.3 

       

  P SED  P SED 

Intercropping NS 214.1  0.015 31.8 

Intercropping time 0.047 218.0  <0.001 30.0 

Interaction NS 3061  0.088 44.8 
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Figure 4.7: Maize and cowpea yield in the 2010/11, 2011/12 and 2012/13 seasons at Westacre 

Creek, Matopos Research Station. All points falling above the lines connecting the two 

monocrops (mean LER = 1) represent yield combinations that resulted in overyielding and all 

points below represent combinations for intercrops that were inferior to the monocrop 

alternatives. (Note: The axes scales are different for each season) 
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Figure 4.8: Maize and cowpea yield sets from intercropped treatments (evaluation of yield 

advantage in intercropping systems) in farmer managed intercrop trials in the 2013/14 season. 

Each dot represents each yield set observation. The straight line connecting the two monocrops 

represents the average LER = 1 for the study sites for each trial set (the average was obtained 

by averaging the monocrops). All points falling above the LER = 1 represent yield 

combinations that resulted in overyielding and all points below represent combinations for 

intercrops that were inferior to the monocrop alternatives 
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4.4.Discussion 

4.4.1. Maize – cowpea intercrops and over-yielding  

Improved crop and soil productivity can be realised with intercropping in conjunction with low 

rates of N fertiliser. In general, intercropping maize and cowpea resulted in over-yielding with 

LER values above 1 although crop yields were highly variable depending on the rainfall 

distribution in the different seasons. Enhanced productivity of intercrops has been recorded 

elsewhere in Zimbabwe and in the region (Jeranyama et al., 2000; Ngwira et al., 2012; 

Rusinamhodzi et al., 2012; Thierfelder et al., 2012). Maize yields were generally not 

compromised as a result of adding cowpea either planted together with the maize or as a relay 

crop. This was true both on the heavy textured clay soil and the light textured sandy soil, 

regardless of the season. However, in the first season in the on-station trial the maize yield was 

reduced by planting maize and cowpea on the same date whilst in the researcher managed on-

farm trial, in 2013/14, the treatment without fertiliser maize yields were also reduced by 

intercropping. Cowpea yield penalties due to intercropping were more common and occurred 

in all experiments and seasons.  

The total biomass (maize + cowpea stover) in intercrops was higher than in sole maize or 

cowpea stands. This increased biomass production is seen as a benefit of intercropping in the 

mixed crop-livestock systems, which are characterised by competing uses of crop residues 

mainly for livestock feed and for maintaining soil organic matter (Baudron et al., 2012b; 

Ngwira et al., 2012; Thierfelder et al., 2012). Maize-cowpea intercropping results in greater 

vegetative cover compared with the sole crop stands and therefore a reduction in soil 

evaporation and increased water use efficiency (Mao et al., 2012). Where LER > 1, water may 

have been used more effectively as more water was used by the crop through transpiration than 

lost due to evaporation or weeds. As such, there with higher output (kg grain/biomass) in 

intercrop systems per unit of rainfall compared with the monocrops. 
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In addition, intercrops with N2-fixing legumes may reduce the C:N ratio of the resulting mulch 

mixture. The decomposition of this mulch will release nitrogen, as opposed to the 

decomposition of high C:N materials such as maize stalks, which require that soil microbes use 

the available N for their own metabolic needs resulting in temporary N immobilisation (Giller 

et al., 2011; Grahmann et al., 2013). This may explain our finding of increased available N in 

the sole cowpea and intercrop plots. Legume-fixed N may be less susceptible to loss from the 

soil system when compared with chemical fertiliser, thus improving the ability of the soil to 

supply N (Crews and Peoples, 2004). The increased production of high-quality biomass plays 

a vital role for crop-livestock farmers by improving the quantity and quality of animal feed in 

the dry season while maintaining grain yield from the same piece of land. Even in case of poor 

grain yields, the production of large amounts of high-quality feed in the intercrops may allow 

to maintain animal production and farmers will be able to sell excess animals or livestock 

products to purchase cereal grain (Belel et al., 2014).  

Maize yields responded to N fertiliser application more than to intercropping meaning that 

although planting legumes may improve soil N (Jeranyama et al., 2000), in the short term N 

fertiliser is required on the degraded sandy soils. This finding is similar to that of a study on 

similar sandy soils in humid Zimbabwe (Dunjana et al., 2014). Indeed, intercropping non-

legumes with N fixing legumes alone cannot replace the role of N fertiliser in these cropping 

systems if the priority is increased yields. Under semi-arid conditions in Zimbabwe, maize 

generally requires approximately 50 kg N ha-1 (Piha, 1993). Rusinamhodzi et al. (2006) 

measured 68–138 kg N ha-1 fixed through BNF yet little was transferred to the companion crop 

in an intercrop and the majority of the fixed N is used by the legume itself (van Kessel and 

Hartley, 2000). Although not significant, cowpea performed better with larger grain and stover 

yields in intercrops where 40N was applied. The application of a small quantity of N enhances 

vegetative growth and root activity in the legume, leading to the observed higher yields (Burris, 
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1959). Rusinamhodzi et al. (2012) also observed a significant response of cowpea yields to 

applied N and P fertiliser, which they attributed to well-timed staggered planting which saw 

the maturity of cowpea coinciding with adequate moisture conditions. The latter was, however, 

not the case in our study.  

4.4.2. Does below-ground root complementarity explain over-yielding in intercrops? 

Component crops in an intercrop may have different use of resources resulting in 

complementarity (Tsubo et al., 2005). In our study, however, we found only marginal below-

ground complementarity in the maize-cowpea intercrop on the poor sandy soil as the roots of 

both crops were densest in the same depth zones in both the drier and the wetter season. As 

such, there was a lack of niche differentiation in terms of root growth with high competition 

for nutrients and water as a result. This also means that below-ground root complementary 

cannot serve as an explanation for the over-yielding observed in the maize – cowpea intercrops. 

Zhang et al. (2014) suggested that additional processes such as mycorrhizal colonisation and 

or above-ground complementarity or competition should be taken into account to understand 

complementarity which is not only defined by crop rooting patterns but also nutrient and water 

requirements and thus uptake. Maize had a higher RLD in the intercrop compared with the 

monocrop when grown without fertiliser in 2012/13. The maize RLD in the intercrop was 

generally larger compared with the cowpea. This may explain the asymmetric interspecific 

facilitation in the intercrops illustrated by the negative effect on the cowpea grain yields 

compared to no (on the sandy soil) or a positive (on the clay soil) effect on maize grain and 

stover yields. However, the actual mechanism of the facilitation in the intercrop was unknown 

in the present study. According to Hayes et al. (1999) under conditions of P deficiency, as was 

the case in our study, acid phosphates secretion from roots is increased. It is possible that 

cowpea roots could secrete acid phosphates facilitating P nutrition in maize therefore increased 

RLD and generally increased growth. Rates of transfer of fixed N from legumes to companion 
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cereal crops are considered to be small (van Kessel and Hartley, 2000; Giller, 2001) and is 

unlikely to be important in this case. Further research on possible mechanisms for interspecific 

facilitation in intercrops is needed. 

4.4.3. Relay intercropping and its effects on land use efficiency 

The relay intercrop studied here resulted in a temporal niche differentiation with maize having 

a head start in development compared to the late planted cowpea. This resulted in cowpea grain 

and stover yield penalties as the plantings coincided with dry spells on the sandy soils on-farm. 

In the 2013/14 season, both the sole and intercrop 3WAP cowpea crop completely failed to 

establish. The dry spells resulted in soil crusting, which impeded crop emergence and resulted 

in poor cowpea stands. The relay intercrop, however, resulted in benefits in maize grain yield 

on-station on the clay soil (Figure 4.4; Annex B) and no effect on the maize on-farm on the 

sandy soil (Figure 4.5; Annex B). This is because by the time cowpea is introduced into the 

intercrop, the maize root system would have been well developed. The clay soils on-station 

have a high water holding capacity (Mupangwa et al., 2012) such that growth of the late planted 

cowpea in this soil is possible even in drier seasons like 2012/13. On-farm, the sandy soil, 

typical of two-thirds of Zimbabwean soils, has a poor water holding capacity (Mapfumo and 

Giller, 2001; Moyo, 2001), which may explain the poor yields associated with the late planted 

cowpea on sandy soils. In addition to the differences in soil type, planting basins used on-

station tend to hold more water than rip lines especially at the beginning of the season. 

Mupangwa et al. (2015) showed that planting basins start off with marginally higher soil water 

contents compared with other tillage methods like ripping or single conventional ploughing 

although this changed as the season progressed both on a clay and sandy soil.  
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4.4.4. Maize-cowpea intercropping in the context of smallholder farmers in semi-arid 

areas 

With LERs generally above one, maize-legume intercropping increases household food 

security and leads to dietary diversification. However, the benefits of intercropping were 

dependent on the rainfall pattern in the different seasons and trials. For example, in the on-

station trial in the first season and the researcher-managed on-farm trial in the second season 

without fertiliser, maize yields were reduced when both crops were planted together at the same 

time. This risk may discourage smallholder farmers to invest and change their production 

system from monocropping of maize to intercropping. This is because of the importance of 

maize, which guarantees food security at household level and can always be marketed in case 

of excess production (Baudron et al., 2012a; Thierfelder et al., 2012).  

Our study focused on two fixed planting times for cowpea, whereas farmers in reality observe 

the rainfall patterns before making the decision on whether or not to plant (Musiyiwa et al., 

2015). This helps to avoid the challenges we encountered in our study of cowpea planting times 

coinciding with dry spells and resulting very small cowpea yields or complete cowpea failure 

especially on-farm on the sandy soil. Whether farmers adopt intercropping is dependent on 

several factors which include soil fertility status, climate, land and livestock holding, labour 

availability and farmers’ goals and attitudes (Zingore et al., 2007; Giller et al., 2011). Resource 

poor farmers may not be able or willing to invest seed, fertiliser/manure and labour in a second 

crop if there is a possibility of the crop failing. Although farmers appreciated the concept and 

potential benefits of intercropping, the relay intercrop was not viewed as a practical option. 

The associated risk of poor cowpea yields, and the additional labour required when planting 

the second crop were mentioned as disincentives. Production of legumes in smallholder 

farming systems remains a challenge also because of farmers lacking access to markets to 

purchase improved legume seed and sell their produce (Mazvimavi and Twomlow, 2009). 
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Although cowpea grows well in most smallholder areas and even on granitic sandy soils, it is 

very susceptible to pests, especially aphids, which can significantly affect the overall 

performance of the crop. In our study, we controlled pest attacks on the cowpea with pesticides 

which, however, are not readily available locally and beyond the reach of resource poor 

farmers. 

Soils in the study area were nutrient poor (Table 4.1) and intercropping may reduce the quantity 

of fertiliser N required by the cereal in the short term. This is appealing for resource poor 

farmers who cannot afford large fertiliser quantities. In our study the addition of small amounts 

of N fertiliser, typical of smallholder farmers, in conjunction with intercropping led to positive 

responses in yields. However, once N is made available, the resulting vigorous plant growth 

may exacerbate other nutrient deficiencies. In our study, NPK or PK fertiliser was added to the 

maize but not to the cowpea which is typical of smallholder farmers who apply little or no 

fertility amendments to legume crops (Ronner et al., 2016). With the intensification of the 

cropping system as with intercropping, nutrient requirements for the legume need to be 

addressed especially as soils in the study area are nutrient poor (Table 4.1). As such manure, if 

available, is a key nutrient resource on smallholder farms as it provides both macro- and 

micronutrients (Zingore et al., 2008).  

While our study presents the technical performance of intercropping at plot level, farmers in 

semi-arid Zimbabwe with farm sizes of 3.5 – 5 ha with different crop and livestock enterprises 

look beyond the plot for household food security (Ncube et al., 2009b). Interactions between 

the different parts of the farm and the trade-offs between different economic or production 

objectives, especially with the mixed farming practice in semi-arid Zimbabwe, may cause the 

production efficiency of a farm to be different from what may be inferred at lower scales such 

as the plot. 
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4.5. Conclusions  

Maize-cowpea intercropping has the potential to improve land-use efficiency through over-

yielding compared with maize monocropping regardless of time of intercropping, season 

quality and soil type in smallholder systems where the use of external inputs such as fertiliser 

is restricted. The intercropping trials resulted in compromised cowpea yields especially under 

the relay intercrop compared with the sole cowpea stands whilst those of maize were either not 

affected or improved. We attributed the poor cowpea yields in the intercrops to the lack of 

below-ground niche differentiation in root distribution between maize and cowpea. As such, 

over-yielding in the intercrops could not be attributed to below-ground root complementary in 

root patterns. Maize had a high root length density meaning it explored more soil volume and 

therefore more resources required for crop growth and as such performed better than the 

cowpea. As trends were consistent over different seasons, the maize – cowpea intercrop with 

small doses of N fertiliser is a robust system for food and livestock feed production. 

Nevertheless, for intercropping to be attractive to smallholder farmers, current constraints with 

respect to reliable access to input and output markets and credit schemes would have to be 

removed.  
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CHAPTER 5 

Maize-cowpea intercropping leads to improved productivity and food self-sufficiency in 

semi-arid southern Africa: A modelling perspective 
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Abstract 

Smallholder farmers in Zimbabwe must cope with small farm sizes, low soil fertility and 

production risks associated with rainfed agriculture. Integration of legumes into maize-based 

cropping systems is advocated as a means to increase on-farm productivity in smallholder 

farming systems. We hypothesized that maize-cowpea intercrops are a low-risk option, leading 

to household food self-sufficiency in semi-arid southern Africa. A calibrated APSIM model 

was used to investigate the performance of maize-cowpea intercropping scenarios across 30 

growing seasons (1985–2015) in five sites (Masvingo, Matobo–sand, Matobo–clay, Nkayi and 

Umzingwane) in two agroecological zones of Zimbabwe. The following scenarios were 

simulated: planting date (cowpea planted 0–4 weeks after planting maize), fertiliser rate (0, 40, 

80 kg N ha-1 for maize and 0 and 40 kg N ha-1 for cowpea) and plant population (37 000, 74 

000 and 144 000 plants ha-1 for cowpea whilst maize was maintained at 37 000 plants ha-1). 

Intercropping reduced mean maize yields by 3–25% in comparison with the sole maize across 

all the sites, with the largest decrease in maize yields associated with planting maize and 

cowpea on the same date. For cowpea, however, a week’s delay in planting resulted in a 

reduction in the average cowpea yields of between 21–65 % compared to planting at the same 

time with maize across all sites. The application of fertiliser led to an increase in grain yields 

for maize by between 23–34 kg grain kg-1 N applied on the sandy soils whilst on the clay, the 

increase was between 12–17 kg grain kg-1 N applied regardless of intercropping. However, the 

increase in fertiliser application to maize led to decreased cowpea yields in the intercrops 

compared with the sole cowpea crops by 19-60 % on the sand and 13% on the clay. The cowpea 

plant population variations influenced the cowpea yields with no pronounced effect on maize 

yields at all five sites. The increase in cowpea yield when the high cowpea population was 

compared with the low population was in the range 14–95%. At all sites, most maize-cowpea 

intercropping scenarios had a high probability of meeting household energy and protein 
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requirements. Planting maize and cowpea at populations of 37 000 and 74 000 plants ha-1 

respectively on the same date and with 40 kg N ha-1 was the best intercropping scenario that 

maximised the probability of meeting household energy and protein requirements in the range 

83–97 % and 83–100 % respectively across all sites on sandy soils. On the clay, the relay 

intercropping scenarios where N fertiliser was applied, and cowpea was planted 2–4 weeks 

after maize met household nutrition needs in all 30-seasons. If farmers were to attain household 

energy and protein self-sufficiency, maize-cowpea intercropping would be better than growing 

sole crops as it is a more efficient system to achieving food security. Sole crops would require 

more land to support household nutrition needs which is not practical for resource constrained 

smallholder farmers in this region. 

Key words: APSIM; Crop simulation modelling; Food self-sufficiency; Semi-Arid; 

Smallholder farming 

  



 

108 
 

5.1. Introduction  

In Southern Africa, the crop yields and incomes from smallholder farms are generally low and 

variable. Food insecurity is a major problem in the area. (Tittonell and Giller, 2013; Arslan et 

al., 2015). These challenges are particularly acute in arid and semi-arid climates where current 

climate variability and associated water stress are combined with depleted soil fertility and 

low-external input cropping that result in the low crop yields. Global climate models indicate 

that Southern Africa will be severely affected by climate change. Rainfall patterns are expected 

to change, with growing seasons starting later and shortened; also, a moderate decline of the 

total amount of rainfall is expected by 2050 (Brown et al., 2012; Davis and Hirji, 2014). The 

decrease in yield will be dependent on climate and management scenarios, but it is likely that 

poverty and food insecurity will be rampant in rural areas (Arslan et al., 2015). Because of the 

economic dependence on rainfed agriculture, a lack of access to insurance and credit, and 

labour constraints, among other factors, the majority of smallholder farmers in sub-Saharan 

Africa (SSA) are vulnerable to the effects of climate variability and change (IPCC, 2014; 

Descheemaeker et al., 2016a).  

Cereal-legume intercrops have the potential to improve the overall productivity and soil 

fertility in smallholder farming systems (Ngwira et al., 2012; Rusinamhodzi et al., 2012; 

Thierfelder et al., 2012; Masvaya et al., 2017a). Intercropping, the planting of two or more 

crops either simultaneously or in relay, allows for an intensification of the cropping system. 

Land use efficiency is enhanced by it, due to a complementary utilisation of nutrients, water 

and solar radiation, and the risk of complete crop failure reduced (Rusinamhodzi et al., 2012; 

Li et al., 2014). Therefore, intercrops provide better production stability than monocrops. 

Despite the benefits, the adoption of legume technologies is hampered by farmers’ lack of 

information on management options, resulting in their poor implementation (Chimonyo et al., 
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2016), by high seed costs, and by poor market infrastructure (Mazvimavi and Twomlow, 2009). 

Smallholders grow legumes on very small pieces of land or in haphazard intercrops; as such 

the potential benefit of soil fertility improvements from biological N-fixation are thus not 

realised (Ncube et al., 2007b).  

Intercropping has been proposed as a climate-smart agriculture (CSA) option in its own right 

(Arslan et al., 2015) or as a co-intervention in conservation agriculture (CA) systems 

(Thierfelder et al., 2017). Climate-smart agriculture encompasses interventions defined by their 

ability to deliver on three fundamental dimensions: a) adaptation to the effects of climate 

change, thereby building resilience into the system; b) provision of mitigation benefits in terms 

of greenhouse gas emission reduction and building carbon stocks (both above and below 

ground) and c) improved productivity and food security (Campbell et al., 2014; Lipper et al., 

2014). Smallholder farmers are however more concerned with being able to feed their families 

which make the dimensions of adaptation and improved productivity more important to them 

than the mitigation aspect (Descheemaeker et al., 2016a). 

By field experimentation, researchers have tried to determine best-fit management options for 

intercropping systems (e.g. Kermah et al., 2017; Masvaya et al., 2017). Yet, due to the site-

specificity and short duration of the experimental studies, their results are limited to the agro-

ecologies, seasons and soil types where the testing took place. Gaps still exist in our knowledge 

concerning the suitability of intercropping to a wider set of environments and seasons, and on 

management practices that could make the cropping system climate-smart in the smallholder 

context. Crop models based on biophysical processes and their interactions are designed to 

capture system feedback and help us to better understand and predict the system’s behaviour. 

Simulation of intercropping interactions can complement field trials by predicting crop 

response across a broader range of contexts than can be covered by experimental studies alone 



 

110 
 

(Whitbread et al., 2010). Modelling can also assist in exploring different management options. 

In intercropping systems, options include the timing of incorporating a legume crop in an 

intercrop, different fertiliser application rates and plant populations. Information on their 

effects is needed for developing suitable cropping recommendations.  

The Agriculture Production Systems sIMulator (APSIM) model has been used to simulate an 

array of cropping systems across all continents. It can simulate the response of a range of crops 

to different climates and soils under different management options, by virtue of rigorous testing 

(Keating et al., 2003). In this study, it was hypothesised that maize-cowpea intercrops are a 

low-risk option, leading to household food self-sufficiency in semi-arid Southern Africa. The 

objectives of this study were to (i) evaluate the performance of APSIM in simulating crop 

yields from maize-cowpea intercrops; (ii) assess the effects of the timing of the incorporation 

of cowpea in an intercrop, N fertiliser application rates, and cowpea plant populations on maize 

and cowpea yields and total soil N; and (iii) determine whether maize-cowpea intercropping is 

capable of consistently meeting the energy and protein needs of average farming households. 

5.2.  Materials and methods  

5.2.1. Study sites 

Field experiments were conducted in four districts of southern Zimbabwe, namely: Masvingo, 

Matobo, Nkayi and Umzingwane (Table 5.1). Zimbabwe is divided into five agro-ecological 

regions mainly on the basis of the amount, distribution and reliability of rainfall (Vincent et al., 

1960). The districts mentioned lie in agro-ecological zones (AER) III and IV. In AER III, 

annual rainfall is in the range of 600–800 mm; it is not reliable, and mid-season droughts may 

occur. The farming system is dominated by maize (Zea mays L.) production with some 

livestock rearing. The latter allows tillage and soil fertility improvement through manure. 

Rainfall is lower and even less reliable in AER IV (450–650 mm per annum). In this region  
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Table 5.1: General characteristics of the study sites  

Site District and site 

location 

Average 

temperature 

(ºC) 

Agro-

ecological 

Zone 

Annual 

average 

precipitation 

(mm) 

Soil type 

Masvingo Masvingo 

20°3'S, 30°52'E 

19.4 °C III* 648 Arenosol 

Matopos 

Research 

Institute 

(Matobo-

clay) 

Matobo 

20°23'S, 

28°33'E  

18.4 °C IV** 580 Cambisol 

Matobo 

(Matobo-

sand) 

Matobo 

20°39'S, 

28°15'E 

18.4 °C IV 580 Arenosol 

Nkayi Nkayi 

19°0'S, 

28°54'E  

 20.1 °C IV 650 Arenosol 

Umzingwane Umzingwane 

20°21'S, 

28°57'E  

19.4 °C IV 581 Arenosol 

*Agro-ecological zone III receives annual rainfall in the range of 600 – 800 mm; the rainfall 

is not reliable and mid-season droughts may occur. 

 

livestock are dominant, and the growing of drought-tolerant crops such as sorghum (Sorghum 

bicolor, (L.) Moench) and pearl millet (Pennisetum glaucum (L.) R. Br.) is recommended. 

Groundnut (Arachis hypogaea L.) and sugar bean (Phaseolus vulgaris L.) are the major 

legumes in the sub-humid areas, whereas cowpea (Vigna unguiculata, (L.) Walp.) is 

predominant in the semi-arid areas (Nyamangara et al., 2013). The rainfall season in Zimbabwe 

is unimodal, with distinct wet (November–March) and dry (April– October) seasons. Sole 

cropping is predominant, although legumes such as cowpea and bambara nut (Vigna 

subterranea (L.) Verdc) and other crops such as pumpkins (Cucurbita maxima L.) and melons 
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(Citrullus lanatus (Thunb)) are often sparsely intercropped with the main cereal crops (Ncube 

et al., 2007b). 

5.2.2. Descriptions of field experiments used for model testing 

Additive maize-cowpea intercrop trials were conducted on-station for three seasons at Matopos 

Research Institute’s Westacre Creek farm (2010/11 – 2012/13) and on-farm for two seasons in 

Matobo district (2012/13 – 2014/15) and Nkayi (2008/09 – 2009/10) and for one season in 

Masvingo and Umzingwane (2008/09). The on-station trial was conducted on a clay soil 

(Chromic-Leptic Cambisols). The soils in Masvingo, Umzingwane and Matobo districts were 

sandy soils derived from granite (Eutric Arenosols) (IUSS Working Group, 2014); in Nkayi, 

however, the soils were Aeolian Kalahari sands. All three soil types are moderately deep to 

deep and well-drained. Rainfall events were measured with a rainfall gauge and recorded daily 

at all locations for the duration of the experiments. The daily rainfall data was used in the model 

testing. 

a. On-farm researcher-established and farmer-managed trials 

Each trial in Masvingo, Nkayi and Umzingwane districts comprised three adjacent plots 

measuring 20 m × 10 m with the following treatments: (a) sole maize (40 kg N ha-1); (b) 

additive maize-cowpea intercrop (40 kg N ha-1), with cowpea planted four weeks after planting 

maize (4WAP); and (c) sole cowpea planted 4WAP (0 kg N ha-1). These were replicated on 

three farms in each district. Crop yields were determined from net plots measuring 8 m × 6 m.  

b. On-farm researcher-managed trial 

In Matobo district, an additive maize-cowpea intercrop trial was established on one farmer’s 

field, set up as a randomised complete block design with three replicates. Treatments were: (a) 

sole cowpea planted on the same date as maize (0 kg N ha-1); (b) sole cowpea 3WAP (0 kg N 

ha-1); (c) sole maize (0 kg N ha-1); (d) sole maize (40 kg N ha-1); (e) maize-cowpea intercrop 
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(0 kg N ha-1) with cowpea planted on the same date as the maize; (f) maize-cowpea 3WAP 

intercrop (0 kg N ha-1); (g) maize-cowpea intercrop (40 kg N ha-1) with cowpea planted on the 

same date as the maize; and (h) maize-cowpea 3WAP intercrop (40 kg N ha-1). The details of 

this experiment are provided in Masvaya et al. (2017a).  

c. On-station trial 

In the on-station additive maize-cowpea trial, maize was planted in planting basins and the 

cowpea was planted in furrows between the maize rows. Fertiliser was applied to all maize 

plots in this trial at 40 kg N ha-1. The trial was set up as a randomised complete block design 

with four replicates and plots measuring 15 m × 8 m. The treatments were: (a) sole maize; (b) 

maize – cowpea intercrop with cowpea planted the same date as maize; (c) maize-cowpea 

intercrop with cowpea planted 3WAP maize; (d) sole cowpea planted on the same date as the 

maize; and (e) sole cowpea planted 3 WAP maize. Yield measurements were made from net 

plots measuring 6 m × 4.5 m. Details of this trial are provided in Masvaya et al. (2017a). 

5.2.3. Model description  

The APSIM crop-simulation model was created to respond to the need for improved planning 

and forecasts for crop production under different climate, soil and management conditions 

(Keating et al., 2003). The APSIM model can simulate resource use in intercrop systems and 

allows for any number of biological modules to compete daily via allocation rules specified 

within an ‘arbitrator’ module, called Canopy, that is linked to the APSIM engine along with 

the competing crop modules. 

a. APSIM – Canopy  

The Canopy module within APSIM enables the model to simulate resource competition 

between different crop species (with a maximum of ten crops) grown in an intercrop. The 

module is useful when the simulated cropping system involves competition for solar radiation, 
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nutrients and water between crop species. The Canopy module determines the amount of solar 

radiation intercepted by each component of the intercrop on the basis of the leaf area index 

(LAI), the extinction coefficient and the height of each crop. The total radiation intercepted in 

a layer is divided amongst the canopies occupying the layer (Keating et al., 2003). Various 

canopy layers are defined, starting with the top of the tallest canopy – that of the dominant 

species in the system. The fraction of light transmitted through the top layer can be calculated 

on the basis of the LAI (Knörzer et al., 2011). 47% of the leaf area is assumed to be located in 

the top 10% of height, 27% in the next 10%, 15% in the next 10%, and so on for each species 

(Keating et al., 2003). Water and nitrogen uptake by the intercrops is regulated by an arbitrary 

daily rotation, which gives each competing species the opportunity to capture soil resources on 

a particular day, followed by a day of no uptake, leaving resources available for the competitor.  

5.2.4. Model inputs 

a. Climate and soil data 

Long-term daily maximum and minimum temperatures and radiation and rainfall data were 

obtained from the national weather stations close to the study sites. These data covered a 30-

year period (from 1980 to 2010 in Nkayi and from 1985 to 2015 at all other sites). In addition, 

weather data were recorded on-site in the periods the trials were conducted. Gaps in the rainfall 

and temperature data were filled in using data from www.tutiempo.net, whilst radiation data 

was obtained from the NCEP climate forecasting system reanalysis (Saha et al., 2014). The soil 

parameters for the different sites were obtained from literature; chemical and texture 

parameters were obtained from soil analyses (Table 5.2). Prior to crop establishment, soil 

samples were collected in each site and analysed for soil organic carbon (SOC), soil total 

nitrogen and phosphorus, soil texture, and pH (CaCl2), following procedures described by 

Okalebo et al. (2002).  

http://www.tutiempo.net/
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b. Model performance indicators 

In this study, APSIM version 7.10 (available at www.apsim.info) was used to simulate the 

intercrop system. The yields per crop, treatment and site were used to test the model by 

comparing model outputs with observed data from the field experiment. Model performance 

was evaluated with root mean square error (RMSE) and relative root mean square error 

(RRMSE) providing indicators of the fit between the model predictions and the field-observed 

values. In this study, we considered relative root mean RRMSE ≤ 15% as “good” agreement; 

15–30% as “moderate” agreement; and ≥ 30% as “poor” agreement (Yang et al., 2014). Model 

efficiency (EF, a perfect fit between predictions and observations gives EF = 1) was also 

calculated to interpret the predictive ability of the model. The index of agreement, d (0–1), was 

calculated and is both a relative and bounded measure, which provides a single index of model 

performance that encompasses bias and variability. The model simulates well 

when d approaches 1 (Moriasi et al., 2007).  

𝑅𝑀𝑆𝐸 = [
1

𝑛
∑ (𝑃𝑖 − 𝑂𝑖)2𝑛

𝑖=1
]

0.5

            (1) 

𝑅𝑅𝑀𝑆𝐸 = 100 ×
[

1

𝑛
∑ (𝑃𝑖−𝑂𝑖)2𝑛

𝑖=1
]
0.5

𝑂𝑚
           (2) 

𝐸𝐹 =
[∑ (𝑂𝑖−𝑂𝑚)2𝑛

𝑖=1
−∑ (𝑃𝑖−𝑂𝑖)2𝑛

𝑖=1
]

∑ (𝑃𝑖−𝑂𝑖)2𝑛
𝑖=1

       (3)  

𝑑 = 1 − 
∑ (𝑃𝑖−𝑂𝑖)2𝑛

𝑖=1

∑ (|𝑃′
𝑖|+ |𝑂′

𝑖|)2𝑛
𝑖=1 

  (4) 

 

Here, Pi is simulated values; Oi is measured values; Om is mean of measured values, and n is 

the number of the observations. P' = Pi – Om and O' = Oi - Om 

http://www.apsim.info/
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5.2.5. Scenario analyses  

Three scenarios, differentiated by management options, were developed in order to determine 

whether maize-cowpea intercropping results in household food self-sufficiency. Although not 

exhaustive, these scenarios offered a good starting point for assessing the performance of an 

intercropping system under various management strategies. The maize variety SC401 and the 

cowpea variety Banjo were selected in the model as sufficiently representative of the varieties 

planted at the study sites. The model was reset every 1st July to initial water, N, surface OM 

and phosphorus values, to remove year-to-year effects. 

For each study site, the following scenarios were simulated: 

i. Planting dates: In the simulations, maize was planted with the first rains and the 

cowpea in staggered plantings from 0 – 4 weeks after the maize. Maize and cowpea 

were planted at populations of 37 000 and 74 000 plants ha-1 respectively, as in the 

field trials. Fertiliser was applied to the maize at 40 kg N ha-1 as follows: 14 kg N 

ha-1 was applied at planting and then top dressed with 26 kg N ha-1 42 days after 

planting. The cowpea did not receive any fertiliser. 

ii. N fertiliser application: The fertiliser application for maize was simulated with no 

added N (0 N), 40 kg N ha-1 (40N) and the recommended 80 kg N ha-1 (80N). For 

the cowpea, fertiliser application was simulated at 0 and 40 kg N ha-1. Maize and 

cowpea were planted on the same date at populations of 37 000 and 74 000 plants 

ha-1 respectively. To both the maize and cowpea, fertiliser was applied at planting 

at 14 kg N ha-1 (14N); the remainder was applied 42 days after planting either crop. 

iii. Plant populations: The maize plant population was fixed at 37 000 plants ha-1 whilst 

the cowpea plant populations varied from the recommended population of 148 000 

ha-1 (high – H) to 74 000 (medium – M) and 37 000 plants ha-1 (low – L). Maize 

and cowpea were planted on the same date. Each of the plant population scenarios 
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was run for two maize fertiliser rates, namely 0 and 40 kg N ha-1. The cowpea 

received no fertiliser. 

Currently, APSIM does not have a function with which the intercrop spatial arrangement can 

be specified. The model only allows for the manipulation of the plant populations and planting 

dates through the APSIM manager.  

For each scenario, we simulated grain yields, cumulative total N uptake and crop water uptake 

(from the whole profile) for each crop. The outputs for grain yields were analysed descriptively, 

using means and standard deviations for three of the five study sites. Masvingo, Matobo-clay 

and Matobo-sand were chosen for this analysis as they represent contrasting sites in terms of 

agro-ecology (AER III versus AER IV) and soil type. The daily energy and protein requirement 

of a male adult equivalent is 2500 kcal and 63 g respectively (FAO, 2004; WHO, 2007). The 

energy and protein content per 100 g of maize is 358 kcal and 9.2 g respectively (FAO, 1995), 

while that of cowpea per 100 g of grain is 80 kcal and 24 g respectively (USDA, 2018). We 

determined the energy and protein production for each cropping scenario based on the grain 

yields, the grain energy and protein content of both crops, taking into account the average 

family and farm sizes for each AER (Table 3). Family and farm sizes were obtained from other 

studies that collected this data in the study areas (Musiyiwa, 2014; Homann-Kee Tui et al., 

2015; Kunzekweguta, 2016). For the purposes of this study, it was assumed that each household 

dedicated the entire farm cropland to the tested cropping system scenario. 

5.3. Results 

5.3.1. Model evaluation 

Simulated maize and cowpea grain yields generally approximated the observed yields from the 

field trials across the different growing seasons (Figure 5.1). The model captured the direction 

and relative magnitude of the maize yield responses to N fertiliser application and cowpea 

incorporation at all sites. The model simulations for grain yields were satisfactory with a RMSE 
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of 540 and 222 kg ha-1; RRMSE of 29% and 18%; EF of 0.5 and 0.71 and d of 0.60 and 0.89 

for maize and cowpea respectively when intercrops and monocrops were taken together. 

 

Figure 5.1: Observed and predicted maize and cowpea grain yields across all locations 
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5.3.2. Scenario analyses 

a. Planting dates: time to incorporate cowpea 

Intercropping maize and cowpea resulted in a mean yield reduction for maize ranging from 3% 

to 25% compared with sole maize, regardless of time the cowpea was integrated in the intercrop 

(Figure 5.2). The same-date intercrop resulted in the highest mean yield reduction by 14% to 

25% across all sites. The more the cowpea planting was delayed in the relay intercrops, the 

higher was the maize yield in comparison with the same-date intercrop. At all sites, 

incorporating cowpea into the intercrop reduced the N and water uptake of maize in the 

intercrop compared with the sole maize. N uptake by sole maize exceeded the intercropped 

maize scenarios by 8–28% on the clay and 10–32% on sands, averaged over the 30-seasons. 

Water uptake followed the same trend; it was higher in the sole maize crop across all sites by 

9–27%. 

For intercropped cowpea, yields followed a reverse trend to the maize yields (Figure 5.2), with 

the same-date intercrop always yielding best. The longer the delay in planting cowpea in the 

intercrop, the lower the resultant cowpea yields. Just a week delay in planting resulted at all 

sites in a reduction of the average cowpea yield of between 21–65% compared to planting at 

the same time with maize. Cowpea planted on the same date as maize had a higher N and water 

uptake than cowpea planted at later dates into the intercrop. The difference in N uptake between 

the same date planted cowpea and the later planting dates increased at all sites with the later 

the planting date from between 4–13% with 1–2-week delay in planting to 32–40% with a 3–

4-week delay. 
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b. Fertiliser application 

Maize grain yields increased when more N fertiliser was applied to the intercrops (Figure 5.3). 

Maize yields on the sandy soils in Masvingo, Matobo, Nkayi and Umzingwane were more 

responsive to fertiliser application than those on the clay. The application of fertiliser led to an 

increase in grain yields, both in intercrops and sole crops, by between 23–34 kg grain kg-1 N 

applied on the sandy soils, whilst on the clay the increase was between 12–17 kg grain kg-1 N 

applied. 

Generally, the application of fertiliser to maize did not result in yield benefits for the cowpea 

in the intercrops. Instead, the increase in fertiliser application to maize led to decreased cowpea 

yields compared with the sole cowpea crop (0N) by 60% on the sand, by 13% on the clay in 

Matobo, and by 19–22% in Masvingo and Nkayi. In Umzingwane, however, the model 

predicted a general increase in the cowpea yield with the 40N fertiliser application to maize. 

Application of N fertiliser to sole cowpea (with 40N treatment) increased yields, although this 

increase was highly variable across sites, ranging between 7–372%. Cowpea was highly 

responsive to the fertiliser addition on the clay in Matobo, in Masvingo and Nkayi. In the 

intercrop, the effect of N fertiliser application to both maize and cowpea (40N maize + 40N 

cowpea treatment) resulted in variable responses in cowpea yields across all sites (Figure 5.3). 

The mean cowpea yield with this scenario was low, in the range of 100–284 kg ha-1.  
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c. Plant populations 

Manipulating the cowpea plant population had no pronounced effect on the maize yield (Figure 

5.4). The population variations, however, influenced the cowpea yields at all five sites. Except 

with the 0N treatment, cowpea yields generally increased with an increase in cowpea plant 

population in the intercrops. The increase in yield, when the high population was compared 

with the low population, was in the range of 14–95% for the sole crop and the 40N intercrop. 

Under the 0N treatment, except in Masvingo, the low cowpea population generally resulted in 

higher cowpea yields in comparison with the high population in the intercrop treatment in the 

range of 27–44%. With the addition of fertiliser to the maize, the increasing cowpea population 

resulted in increased cowpea yields.  

d. Effect of treatments on energy and protein self-sufficiency  

At all sites, most maize-cowpea intercropping scenarios had a high probability of meeting 

household energy and protein requirements if the specific treatment was applied to the entire 

farm size (Table 5.3; Annex C figures 1–3). Planting maize and cowpea at populations of 37 

000 and 74 000 plants ha-1 respectively on the same date and with 40 kg N ha-1 applied to the 

maize maximised the probability of meeting household energy and protein requirements; the 

probabilities were in the range of 83–90% and 80–83% respectively on sandy soils. On the clay 

(Matobo – Clay), the relay intercropping scenarios where cowpea was planted 2 to 4 weeks 

after the maize were better suited. With relay intercropping on the clay, household energy needs 

were met in 28–29 out of 30 seasons whilst protein needs were met in all 30 seasons. On 

average, the yields in this scenario exceeded energy and protein requirements, delivering 300 

and 600% of the required amount respectively. The poorest-performing intercropping scenario 

was intercropping with the medium cowpea population and 0N fertiliser (0N M) on sandy soils, 

which had a probability of meeting the household energy requirement of 40–47%.  
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The sole cowpea scenarios (0N), however, had the highest probability of not meeting energy 

needs (0–9%). The scenario, however, had a high probability (97%) of meeting protein needs 

in sites in AER IV. Calculated on the basis of yields averaged over 30 seasons, the sole cowpea 

would require between 3.5–30 ha of land to meet both energy and protein requirements. 

5.4. Discussion 

5.4.1. Model evaluation 

The APSIM maize model has been validated and used in many contexts globally (Holzworth 

et al., 2014). In this study, the APSIM model was used to determine how intercrops of maize 

and cowpea responded to different management strategies and whether the technology was a 

low-risk option for attaining household energy and protein self-sufficiency in semi-arid 

Zimbabwe. APSIM was able to simulate competitive dynamics in maize-cowpea intercrops 

fairly well, as the simulated and measured yields matched closely. This has also been observed 

in other studies on maize-legume intercrops (Keating and Carberry, 1993; Smith et al., 2016) 

and on sorghum-cowpea intercrops (Chimonyo et al., 2016). The model showed that crop 

yields responded to fertiliser application and the cowpea planting time, thereby providing 

information that can be useful for developing successful crop management strategies. The 

outcomes of model testing resulted in a high d-index and reasonably good RMSE and EF-

values across all treatments and locations, indicating that the efficiency and robustness of the 

model was adequate, and that the model could be applied effectively in the environments under 

study.  

5.4.2. Intercropping management scenarios 

The model predicted that mean maize yields would be negatively affected by intercropping 

when compared to the sole crops, whilst cowpea yields would be severely affected (Figures 5.2 

– 5.4). This implies that maize is a stronger competitor for resources than cowpea in the 
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intercrops, in all the management scenarios tested in this study. This can be explained by 

dividing the canopies into canopy layers, as APSIM does. The cowpea in the understorey 

scarcely gets any light, because the incoming light is reduced by the taller first layer of the 

maize (Knörzer et al., 2011). The negative impact on maize yields in the intercrop compared 

with sole maize can be explained by the lower nutrient and water uptake of the maize in the 

intercrops. The model alternates the daily water and N uptake between the crops in the 

intercrop, with the available soil water and N in the profile being shared between the two crops, 

whilst in sole crops these resources are available to just one crop (Keating et al., 2003). 

Although crops simultaneously take up water and nutrients in reality, some field studies concur 

with the findings of our simulation study, reporting lower water and N uptake by individual 

crops in an intercrop compared with their sole crops (Wahua, 1983; Gou et al., 2018). Wahua 

(1983) found that the N uptake of intercropped maize was reduced by 19% compared to sole 

maize. Other studies have reported on the total uptake in intercrops, and not that of the 

individual crops; they indicate higher total water and nutrient uptake in arid environments (e.g. 

Ghanbari et al. (2010). In this study, the maize-cowpea intercropping exploited more stored 

water than the sole maize crop; however, the intercrop’s beneficial effects (reduced evaporation 

and crop transpiration) appeared to greatly compensate for the interception and uptake losses 

near the cowpea canopy. 

The ideal planting date leads to good yields and low temporal variation (Kucharik, 2008). In 

our simulation experiments, the maize yield was hardly affected by the timing of the planting 

of cowpea into the intercrop at all sites (Figure 5.2). However, the later the cowpea is planted 

into the intercrop, the lower the cowpea yields were. When the cowpea was introduced when 

the maize crop had already developed a canopy, it suffered from the shading effect. Awal et al. 

(2006) made a similar observation in trials with maize-peanut intercrops; they established that 

the shading by maize increased the ratio of diffuse to direct radiation inside the intercrop 
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canopy. However APSIM, like most other common crop-simulation models, does not 

distinguish between direct and diffuse radiation (Keating and Carberry, 1993). In our 

simulation, the late-planted cowpea also gave poorer yields because it was taking up less N and 

water. The simulation results suggested that the best scenario at all sites in terms of average 

yields for both crops was the same-date intercrop with 40N fertiliser. 

The simulation results suggested that both maize and cowpea responded better to fertiliser 

application in the sole stands than in the intercrops (Figure 5.3). In the intercrops, the maize 

yields responded positively whilst cowpea yields were depressed. This implies that the 

application of fertiliser facilitates maize growth such that the maize crop outcompetes the 

companion cowpea crop. The modelling study conducted by Smith (2014) also found that when 

N fertiliser was added to the intercrop system, maize became dominant whilst cowpea yields 

were suppressed. Chimonyo et al. (2016) attributed the positive response to fertiliser 

application of sorghum in a sorghum-cowpea intercrop to improvements in water use 

efficiency. Field studies on the effects of fertiliser application on maize-cowpea intercrop 

systems, and the competitive dynamics involved, have produced varied results. Maize and 

cowpea yields can both be suppressed in fertilised intercrop systems (Ofori and Stern, 1987); 

cowpea has been observed to outcompete maize in seasons with low rainfall (Shumba et al., 

1990). Evidence of maize benefitting from fertilised intercropping has also been reported 

(Rusinamhodzi et al., 2012; Masvaya et al., 2017a). 

Increasing the plant population of cowpea did not have a pronounced effect on maize yields, 

whereas the cowpea yields were improved. This may have been because being below the maize 

canopy, cowpea did not compete with maize for radiation. The increased cowpea yields can be 

explained by the larger extinction coefficient of the cowpea canopy, accounting for an increase 

in the amount of solar radiation received by the crop in the understorey (Keating and Carberry, 

1993; Knörzer et al., 2011). Cowpea yields in intercrops could also be improved by changing 
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row orientations and arrangements so as to reduce competition for resources. However, APSIM 

currently does not include the option to define row orientation (Knörzer et al., 2011).  

5.4.3. Effect of treatments on energy and protein self-sufficiency  

Our study showed the that the chances of meeting household energy and protein needs were 

consistently greater in fertilised intercropping systems than with sole crops of either maize or 

cowpea. It also showed, however, that maize-cowpea intercropping turned out to be a very 

risky option, in terms of the chances of meeting household nutrition needs, in semi-arid 

Zimbabwe. This conclusion is supported by findings in a study on the same system in Malawi 

(Smith, 2014). Other studies in SSA have suggested that intercropping maize with legumes 

result in meeting household energy and protein requirements, but also that intercrops are less 

stable than monocrops (Ollenburger and Snapp, 2014; Smith et al., 2016; Snapp et al., 2018). 

A cropping system is considered favourably stable when it is consistently high-yielding across 

sites, regardless of season quality. In our study, all intercropping scenarios had a high 

probability (>60%) of exceeding household energy and protein requirements at all sites. Sole 

cropping of cowpea required more land to meet household needs and is not entirely feasible 

given the small landholdings in the study area. Thus, intercropping is more efficient in 

producing food on the available land. While our study assumed that all crop land would be 

allocated to the maize-cowpea intercropping, in reality smallholder farmers engage in different 

cropping and livestock-raising activities and look beyond the field level for household food 

security. At the farm level, whether household nutrition needs are met depends on how the 

farmer allocates the available resources, such as land and labour, as well as on the availability 

of alternative sources of nutrition, such as edible insects (Frelat et al., 2016; Manditsera et al., 

2019). 

The main concern of smallholder farmers is to feed their families with their own production. 

Therefore, increasing the productivity and the adaptability of cropping systems is important in 
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the face of climate change. The intercrop (40N) M scenario consistently resulted in households 

meeting their energy and protein needs, regardless of the site and soil type, unlike the sole-crop 

scenarios, which indicates that this option may meet the criteria of a climate-smart management 

strategy. However, as the mitigation aspect was not considered in this study, we cannot 

conclude that maize-cowpea intercropping is climate-smart. Only recently has work been done 

to evaluate how intercrops reduce greenhouse gas emissions directly (Ricord, 2018). This study 

established that intercropping systems are effectively reducing N2O emissions on a loamy soil 

in Argentina and that they have the potential to sustainably reduce the emission of one the most 

potent greenhouse gases. However, this study concluded that to assess intercrop systems in 

terms of C storage and CO2 reduction, long-term studies are needed (more than 10 years). 

5.6. Conclusions 

APSIM proved to be an effective tool for assessing the performance of maize-cowpea 

intercropping under different management scenarios in two agro-ecological zones in semi-arid 

Zimbabwe. Maize is a stronger competitor for resources than cowpea; therefore, it was not 

affected by changes in the cowpea planting date and population density. At the sites considered 

in this study, the maize in the intercrop system positively responded to increases in N fertiliser 

application whilst cowpea was most responsive to increases in the cowpea plant populations. 

Planting maize and cowpea on the same date with 40 kg N ha-1 applied to the maize crop, was 

the option that had the highest probability of meeting household energy and protein needs; this, 

therefore, can be considered the best management strategy. Our model showed that maize-

cowpea intercropping is a more efficient system than growing the same crops sole, and that it 

is more likely to ensure household energy and protein self-sufficiency.  
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CHAPTER 6 

GENERAL DISCUSSION 

6.1.  Introduction 

In this study, I explored the crop-production potential of two systems that have been proposed 

in risky semi-arid environments as climate-smart technologies that allow sustainable 

intensification: conservation agriculture (CA) and maize-legume intercropping. These 

technologies are claimed to have the potential to sustainably increase agricultural productivity 

and incomes while ensuring the possibility to adapt to climate change and to reduce and/or 

remove greenhouse gas emissions (Arslan et al., 2015). Sustainable intensification (SI) aims at 

increasing food production from existing cropland in ways that have a low environmental 

impact, do not undermine the capacity to continue producing food in the future, and at the same 

time increase contributions to natural capital (Pretty et al., 2011; Campbell et al., 2014). 

I tested the claims made for these technologies, by quantifying the crop productivity and soil 

N dynamics in semi-arid southern Zimbabwe, using field and modelling approaches, and taking 

into account the effect of various management practices. In this discussion, I first bring together 

the main findings from the preceding chapters and highlight the lessons learnt (section 6.1). 

Next, I explore the feasibility of the application of CA and intercropping for the diversity of 

farmers in this region (section 6.2). I then point to the relevance of these findings for current 

debates on CSA and SI (sections 6.3 – 6.4). I conclude with a reflection on the limitations of 

this thesis and suggestions for further research.  

6.2. General findings 

The findings of this study generally apply to smallholder farming in semi-arid southern 

Zimbabwe. Chapters 2 and 3 explored the potential of CA to increase the productivity and 
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efficiency of a maize-based smallholder systems in risky environments characterised by 

nutrient-poor sand soils and poor rainfall. In Chapter 2, it was established that plough tillage 

positively affected mineralisation, N uptake and crop yields more than ripper tillage. However, 

when combined with mulch application, the ripper tillage did not reduce mineralisation; ripper 

+ mulch resulted in yields comparable to those obtained under plough tillage without mulch. 

Nitrogen-containing fertiliser and manure application had the effect of improving maize yields 

on these soils, regardless of the tillage method used and whether or not mulch was applied. In 

Chapter 3, a risk assessment was conducted of different management options in terms of 

planting dates, tillage, mulch and fertility amendments over a longer period (30 years) under 

the current climate. This study showed that ripper tillage, in combination with mulch 

application, gave significantly higher maize yields compared with the plough tillage across all 

planting date scenarios and fertility treatments. Early planting, irrespective of the tillage 

method employed, proved the better planting date option; it fostered household grain self-

sufficiency and reduced the risk of complete crop failure except in the event of false season 

starts. The yield benefits resulted from capturing the N mineralised by virtue of the “Birch 

effect” and the in-season rainfall. The early planting dates also involved a risk: false season 

starts which could result in crop yield losses.  

In Chapters 4 and 5 I evaluated the potential of maize-cowpea intercropping systems in the 

semi-arid areas. I found that maize-cowpea intercropping could improve land-use efficiency 

where the use of external inputs such as fertiliser is restricted. Regardless of the time of 

intercropping, the season quality and the soil type, the yields were higher than in maize 

monocrop systems (Chapter 4). Although the trials showed intercropping was productive, it 

resulted in severely compromised cowpea yields compared with the sole cowpea stands, whilst 

the maize yields were either not affected or improved by intercropping. Maize outcompeted 

cowpea in the intercrop; this was attributed to a lack of below-ground complementarity 
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between the roots of the different species (Chapter 4) and to shading of the cowpea by the 

maize canopy (Chapter 5). In Chapter 5, the maize-cowpea intercrop was proposed as a risk-

averse cropping option that allowed households to be energy and protein self-sufficient over a 

long-term period of 30 years in semi-arid southern Zimbabwe. The maize in the intercrop 

system responded positively to increases in N fertiliser application, whilst cowpea was most 

responsive to increases in cowpea plant populations. The study showed that maize-cowpea 

intercropping is a better and more effective way to attain household energy and protein self-

sufficiency than growing sole crops. Sole crops would require more land and labour to support 

household nutrition needs.  

Throughout the study, I was confronted with a large variability in terms of weather conditions 

and crop yields. The latter made it apparent that there was a heterogeneity among farmers which 

it is important to recognise when making recommendations on the cropping systems.  

6.3.  The feasibility of the application of conservation agriculture and intercropping in 

semi-arid Southern Africa 

6.3.1. Characteristics of smallholder farmers in semi-arid Zimbabwe 

Smallholder farmers in semi-arid southern Zimbabwe constitute a heterogeneous group. They 

combine farm and off-farm activities to achieve food security and to sustain or improve their 

livelihoods (Ncube et al., 2009b; Homann-Kee Tui et al., 2015). As a rule, smallholder farmers 

in the region have access to both privately-managed fields, on which they grow their crops, and 

to communally-managed grazing lands. The arable fields are also communally grazed during 

the dry season, unless they are securely fenced off. Most smallholder farmers in semi-arid areas 

in Zimbabwe prefer to grow maize, which takes up more than half of the total cropped area 

(Twomlow et al., 2006). Minor crops include cowpea (Vigna unguiculata (L) Walp.), 

groundnut (Arachis hypogaea L.), and Bambara nut (Vigna subterranea (L.) Verdc.) (Ncube 
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et al., 2009b). The dominant soils are sandy soils (Eutric Arenosols) derived from granite, with 

pockets of clay soils (Chromic-Leptic Cambisols). Over 40% of households in semi-arid 

Zimbabwe own draught animals (ZimVac, 2012). 

Farm households are diverse in terms of resource endowments as well. The impacts of climate 

change on agriculture and on the livelihoods of these farmers will also be heterogeneous, as 

vulnerability to climate change varies between crops and regions and with farmers’ socio-

economic conditions. Depending on the biophysical and socio-economic context, it will be 

easier for some farmers to adopt new cropping technologies than for others. A study in semi-

arid Zimbabwe distinguished between three groups of farmers: better, medium and poorly 

resourced (Ncube et al., 2009b). Better-resourced farmers own large implements such as the 

plough and a Scotch cart (ox-drawn cart). Some medium-resourced farmers own some large 

implements as well, unlike the poorly-resourced farmers. Better-resourced farmers own more 

livestock and are also able to buy fertiliser, which they apply in good seasons. Even though the 

better-resourced farmers seem to be assured of draught power every season, they are also 

vulnerable to reductions in livestock herd sizes due to drought and outbreaks of animal diseases 

(Homann-Kee Tui et al., 2015). Medium-resourced and poorly-resourced farmers have limited 

means for replenishing soil fertility. As the sandy soils get exhausted, and leave no nutrients to 

mine, these two groups continuously experience very poor yields.  

Household sizes vary from 6–9 persons, with 2–5 people contributing to active labour on-farm; 

the size of the landholdings varies from 1–5 ha (Mupangwa, 2010; Musiyiwa, 2014; Homann-

Kee Tui et al., 2015; Kunzekweguta, 2016). Considering the limited available household 

labour, cropping systems that intensify production on the available land would be more 

appropriate in this region. In other regions such as northern Zimbabwe, extensification has been 

viewed as an option on the relatively fertile soils (Baudron et al., 2012b).  
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6.3.2. Conservation agriculture in semi-arid Zimbabwe 

Continuous conventional tillage with limited cereal-legume crop associations and without any 

(organic or inorganic) soil fertility amendment application has contributed substantially toward 

declining crop and soil productivity in Southern Africa (Thierfelder et al., 2012; Mupangwa et 

al., 2016a). Conservation agriculture (CA), a farming systems approach that aims at improving 

soil and crop productivity, has the potential to increase and stabilise the yields of major cereal 

and legume crops and to improve the profitability of smallholder cropping systems under 

different agro-ecological conditions (Ngwira et al., 2012; Thierfelder et al., 2013). I found that 

the combination of two CA principles – minimum soil disturbance and maintenance of a 

permanent soil cover (mulch) – did not reduce soil mineral N availability for crop uptake and 

resulted in yields comparable with those obtained with plough tillage treatment. The ripper 

tillage reduces the effects of labour bottlenecks at the beginning of the cropping season, which 

are common in smallholder systems in SSA (Sims and Kienzle, 2016). In Zimbabwe, the 

poorly-resourced farmers with limited access to draught power are encouraged to prepare their 

fields in the dry season using hand hoes (digging pits for fertiliser/manure and seed placement). 

The spreading of the labour requirement for land preparation allows for early planting 

(Twomlow et al., 2008).  

Farmers, however, participate in other activities, on- or off-farm, and may be unable to commit 

labour to dry season land preparation. Also, the digging of pits with hand hoes has been 

shunned in some communities, as the practice is labour-intensive and backbreaking. Some 

farmers use the term Dhiga ufe – meaning ‘dig and die’ for CA. The high labour demand, 

entailed by manual land preparation and weed control (Rusinamhodzi, 2015), has reduced the 

appeal of CA for smallholder farmers whose livelihoods are not entirely dependent on crop 

production. The willingness to adopt of CA is limited by other factors as well. Farmers use 

crop residues as livestock feed in the dry months; therefore, not much is left over to be applied 
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as mulch. They often lack access to appropriate machinery to ease land preparation and resent 

the increased need for weed control (Giller et al., 2009; Mavunganidze et al., 2014; Valbuena 

et al., 2015). Our results (Chapter 3) showed that early planting in combination with ripper 

tillage and mulch application was the best strategy for achieving food self-sufficiency in semi-

arid southern Zimbabwe. Reduced tillage methods employing animal power, such as the use of 

the ripper (see Chapters 2 and 3), can increase the productivity per unit area by improving the 

timeliness of farm operations, including planting (Sims and Kienzle, 2016). The use of the 

ripper curbs the amount of time spent on land preparation, and the labour demand associated 

with it; but it also necessitates the use of herbicides to manage weeds. Hence, mechanising at 

least the tillage operation may allow farmers to plant early in the season, allowing the crops to 

capture N released with the first rains. Other studies (Traore et al., 2015) have shown early 

planting to be an essential entry point for yield stabilisation for medium- and poorly-resourced 

small farmers, and therefore as a useful adaptation strategy in the face of climate change. 

Although ripping may be favourable, poorly-resourced farmers in Zimbabwe who seldom own 

land preparation equipment such as a plough (Zingore et al., 2007; Ncube et al., 2009b), may 

not be able to afford rippers; and without a plough to mount them on, the cheaper ripper tine 

attachments available on the market are of no use to them. Only a few equipment manufacturers 

have been producing rippers and ripper tine attachments, and some manufacturers require pre-

financing for production. Strengthening the market linkages between smallholder farmers and 

agro-dealers may help to further the uptake of technologies such as ripping and bring 

smallholder farmers a step closer to achieving the yield benefits indicated in this thesis. 

6.3.3. Intercropping as an option in semi-arid Zimbabwe 

While maize is one of the least profitable and most input-intensive crops, farmers in semi-arid 

Zimbabwe do not want to risk producing too little maize to feed their families (Baudron et al., 

2012a). Therefore, it is important to look for ways to diversify cropping that do not reduce the 
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land area allocated to the production of maize. In this study, maize-cowpea intercropping did 

not compromise (Chapter 4). Either the maize yields were improved (on clay soils), or they 

were similar to sole maize yields (on sandy soils). The study also showed that maize yield can 

be compromised by intercropping from slight to significant yield reductions (Chapter 5). 

However, the cowpea yields were severely compromised by intercropping in both the trials and 

the modelling scenarios (Chapter 4 and 5). This was attributed to the lack of below-ground 

niche differentiation between maize and cowpea roots (Chapter 4) and to the shading of the 

cowpea by maize (Chapter 5). Maize outcompeted cowpea in the intercrop regardless of the 

cowpea planting date, fertiliser application rate and cowpea plant populations (Chapter 5).  

Studying the rooting pattern provided insights into inter-species competition of intercropped 

species. Maize was the stronger competitor for nutrients, as shown by higher N and water 

uptake (Chapter 5); this may have been due to a lack of below-ground complementarity 

between the two crops (Chapter 4). Alternative legume options that are hardy and have a 

different rooting pattern can possibly reduce below-ground competition and achieve higher 

yields for the legume. In the region, pigeon pea (Cajanus cajan (L.) Millsp.) has been used 

successfully in intercrops with maize on relatively heavy and fertile soils; there were substantial 

yield benefits for both crops.  

This thesis showed that landholdings which are relatively small can be used more efficiently if 

intercropping is employed, as it leads to overyielding as shown by the Land Equivalent Ratios 

(LER). The LERs were greater than 1 (Figures 4.7 and 4.8), regardless of the season quality. 

This means that intercropping is more efficient than sole crops in ensuring household food self-

sufficiency, owing to the complementary and productive use of the available growth resources. 

Hence, intercropping clearly has the potential to help address the constraints of food security 
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and income faced by resource-poor smallholder farmers (a claim also made by Rusinamhodzi 

et al., 2012 and Smith et al., 2016). 

Intercropping increases the labour demands significantly compared with the conventional 

maize sole cropping systems, as has been reported in other studies in Southern Africa, e.g. 

Ngwira et al., 2012 and Rusinamhodzi et al., 2012. With the increased production attained by 

cereal-legume intercropping, however, there are higher returns per unit of labour invested. 

Thus, the system offers economic and other benefits to smallholder farmers (Ngwira et al., 

2012; Rusinamhodzi et al., 2012; Kermah et al., 2017).  

Crop rotation has always proved to be a challenge in smallholder systems (Ncube et al., 2007b). 

Farmers tend to focus on growing the main cereal crops, allocating larger areas to them than to 

the legumes. In this situation, if any rotations do take place, they will not be very efficient. 

Cereal-legume intercropping not only has the advantage of growing two crops on the same 

piece of land; the cereal crop may gain from biological N2-fixation (BNF) by the legume in the 

current and preceding seasons. When fertiliser access is limited, or farmers have no ability to 

buy N input, BNF by the legume is the major source of nitrogen in the cereal-legume 

intercropping system (Naudin et al., 2010; Fujita et al., 1992). 

6.4.  Climate-smart technologies 

6.4.1. Seasonal variability 

All the trials were conducted under rain-fed conditions; therefore, water limitations affected 

yields. The high yields of maize and cowpea in a season of good rainfall (chapters 2 and 4) 

suggest that water was probably a significant yield-reducing factor in the trials. Erratic 

distribution of rainfall resulted in highly variable crop yields, N-recovery efficiency and 

agronomic N efficiency (Chapter 2). This makes it challenging to come up with adequate 

planting date, manure, fertiliser and tillage recommendations (Chapter 3). maize and cowpea 
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grain and stover yields were affected by the amount and seasonal distribution of rainfall. Two 

thirds of the seasons in which the field experiments were conducted (Chapters 2 and 4) were 

classified as droughts. The low amount of rainfall affected the crop yields negatively. Low 

rainfall and uneven rainfall distribution, characteristic of semi-arid areas of Southern Africa, 

are clearly major challenges for crop production (Nyamangara et al., 2014). Thierfelder et al. 

(2013) reported that CA systems have a great potential for mitigating the effects of seasonal 

dry spells, as the high infiltration rates in CA would lead to greater soil moisture availability 

for crops. This was, however, not the case in our experiment (with a mulch cover of 0 and 2–4 

t ha-1 in the first and third seasons respectively) conducted during seasons with long dry spells 

midway through the season lasting for more than 21 days. Although cowpea is a drought-

resistant crop, the long dry spells negatively impacted the crop’s growth in the intercropping 

field experiments. 

The field trials alone, conducted during only three seasons, did not allow us to conclude 

whether or not the cropping systems studied deserve to be classified as climate-smart options. 

The modelling approaches, applied consecutively, gave much more insight into the cropping 

systems’ ability to ensure household food self-sufficiency in the long term. They allowed a 

more reliable answer to the question whether or not the cropping systems studied can be 

classified as climate-smart.  

6.4.2. Are CA and maize-cowpea intercropping climate-smart options for semi-arid 

Zimbabwe? 

Climate-smart agriculture (CSA) interventions are defined by their ability to deliver on three 

fundamental dimensions: a) adaptation to the effects of climate change, thereby building 

resilience into the system; b) provision of mitigation benefits in terms of greenhouse gas (GHG) 

emission reduction and building carbon (C) stocks (both above and below ground) and c) 
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improved reliability, sustainability, productivity and profitability of agricultural production 

systems (Campbell et al., 2014; Lipper et al., 2014). It is important to assess the performance 

of CSA technologies, as climate change will strongly affect rainfed agriculture. Smallholder 

farmers, whether better or poorly resourced, will have to cope with highly variable, short and 

unpredictable rainfall. This will make it harder for them to improve crop productivity and 

welfare. 

The cropping systems studied in this thesis, CA and intercropping, have been put forward as 

CSA technologies (Khatri-Chhetri et al., 2017; Thierfelder et al., 2017; Mullins et al., 2018). 

In Chapter 3, the CA option (ripper and mulch) consistently had the highest yields throughout 

the simulation period of 30-years, regardless of season type (Figure 3.4). This means that the 

technology partly meets the requirements of a CSA intervention; that is, it can adapt to rainfall 

variability and improves crop productivity in relation to conventional tillage. A lot of studies 

in the region have demonstrated that CA has the potential to improve the productivity by 

increasing crop yields (e.g. Nyamangara et al., 2013; Ndlovu et al., 2014; Nyamangara et al. 

2014a; 2014b; Mupangwa et al., 2016). Nyamangara et al. (2013; 2014a; 2014b) reported that 

consistent yield benefits were realised with CA when applied in combination with mineral 

fertiliser. Other studies have also demonstrated the capacity of CA systems to adapt to climate 

variability. They have been reported to increase crop water efficiency by increasing infiltration 

and thus soil water. By tiding crops over dry spells or drought seasons they lead to greater yield 

stability (e.g. Thierfelder and Wall, 2009; Nyamadzawo et al., 2012; Mupangwa et al., 2016).  

There is however, a dearth of information on the mitigation aspect of CA systems in the region 

of my study. There is conflicting evidence on the ability of CA farming systems to mitigate the 

negative effects of climate change (by sequestering C, reducing GHG emissions, etc.). Studies 

by for example Soler et al. (2011); Dossou-Yovo et al. (2016) have shown that by employing 
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different combinations of CA principles and fertiliser application regimes in semi-arid West 

Africa, it was possible to reduce GHG emissions from the soil and to sequester carbon. Closer 

to the study region, effects of CA on C sequestration have been variable. For example, 

Nyamadzawo et al. (2012); Thierfelder et al. (2013) recorded significantly greater soil organic 

carbon (SOC) under CA compared with conventional agriculture in studies in Zimbabwe and 

Zambia. However, Cheesman et al. (2016) and Nyamangara et al. (2013) have observed little 

change in SOC in southern Africa. The researchers attributed this to low biomass production, 

the limited amount of crop residues retained and, in addition, a lack of application of the three 

principles of CA by most farmers. 

In the study region, the soils are predominantly sandy soils which have very little capacity to 

store C (Zingore et al., 2005; Powlson et al., 2011). A study by Chivenge et al. (2007) observed 

no changes in SOC, nine years after conversion from conventional tillage to reduced tillage 

systems in a sandy soil, except when crop residues were returned to the soil as mulch. 

Thierfelder et al. (2017) state that benefits in C sequestration and GHG-emission reduction 

with CA are likely to occur in the medium to long term; but this is largely dependent on the 

agro-ecology, duration of consistent CA practice, the biomass input, and the cropping system 

type. In the light of these findings and considering the characteristics of the smallholder farmers 

and the farming systems (section 6.2) in the study region, achieving the mitigatory component 

of CSA with CA seems ambitious.  

In Chapters 4 and 5, we showed that there was increased productivity in the maize-cowpea 

intercrop system. Thierfelder et al. (2017) contend that intercropping is a possible co-

intervention that can help deliver the mitigation benefits of CA as well. Intercropping was 

shown to consistently lead to overyielding, and to be able to meet and exceed household energy 

and protein requirements. The mitigation aspect of the intercropping system was not 
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investigated in the course of this study; therefore, I could not conclude that maize-cowpea 

intercropping is climate-smart. There have been very few studies aiming to assess the 

effectiveness of intercropping as a mitigatory intervention that can help combat climate change. 

Existing research across the globe provides conflicting evidence. For example, maize-soybean 

intercropping reduced soil N2O emissions relative to monocultured maize on a silty loam soil 

in northern China (Huang et al., 2017), whilst in another study in southwestern Europe, the 

presence of legume cover crops during the intercrop period led to increased N2O losses 

(Guardia et al., 2016). Cong et al. (2015) reported that the total root biomass in intercrops was 

on average greater than the average root biomass in sole crops, providing a possible explanation 

for the observed divergence in soil C sequestration between sole crop and intercrop systems. 

Legumes included in intercrops produce their own N from the atmosphere via symbiotic N2 

fixation or mineralisation of legume litter (Carlsson and Huss-Danell, 2014). This reduces the 

required amount of inorganic fertiliser and mitigates GHG emissions, as less N from the 

fertiliser will be lost to the atmosphere as N2O.  

Despite the various benefits claimed for CSA technologies, the current rate of adoption by 

farmers is limited (Khatri-Chhetri et al., 2017). There are many factors that influence the extent 

of adoption of CSA technologies, such as the socio-economic characteristics of farmers, the 

bio-physical characteristics of particular locations, and the attributes of the different 

technologies (Campbell et al., 2016). My results suggest that the benefits are not spectacular. 

This may account in part for the low adoption rate. Scaling out CSA in diverse agro-ecological 

zones is a challenge; it requires the identification, prioritisation and promotion of available 

CSA technologies, taking account of local climate risks and the demand for technology. My 

study contributed to exploring the effects of different CSA technologies that are already 

practised by smallholder farmers in semi-arid Southern Africa. Both CA and intercropping, to 

some extent, achieve the goals of CSA technologies, although the evidence concerning the 
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mitigation aspect is inconclusive. Considering the definition of CSA, it remains elusive 

whether a technology can only be considered climate-smart if it delivers on all three 

dimensions. In my view, technologies should be considered climate-smart if they make 

significant strides towards achieving the goals associated with any of the three CSA pillars.  

6.5. Towards sustainable intensification in semi-arid Southern Africa 

In this section I go into the question whether farmers in the region can achieve sustainable 

intensification by intensifying and diversifying with CA and intercropping. Sustainable 

intensification (SI) is broadly defined as the investment of inputs and capital to increase crop 

productivity in the long term while protecting the underlying resource base (Pretty et al., 2011). 

Sustainably intensified farming systems are hypothesised to contribute to feeding a growing 

population. A second hypothesis is that CA and intercropping can contribute to SI. Sustainable 

intensification, however, is an evolving concept and subject to debate; it needs to be further 

defined and elaborated for greater clarity. Smith et al. (2017) identified five SI domains with 

specific indicators and metrics suited to smallholder farming systems, namely: productivity, 

environmental sustainability, social sustainability, economic sustainability, and human well-

being.  

In my study, I found that CA and intercropping increased productivity in both the short and 

long term by increasing crop yields. Crop yields are the most common indicator of SI, and the 

one that is most likely to convince smallholder farmers of the value of SI-technologies. As 

mentioned in preceding sections, both CA practices and maize-cowpea intercropping resulted 

in higher yields. In my findings the LER were consistently higher than 1. Intercropping and 

CA cropping systems also led to higher fertiliser input efficiency. In Chapter 2, the N recovery 

was high with CA practices. Measured on the basis of these three indicators: yield, LER (with 

intercropping) and input efficiency, CA and intercropping clearly improve productivity.  
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The application of small amounts of N fertiliser, as in my study, is typical of smallholder 

farmers. In conjunction with intercropping it led to increased productivity (Chapter 4). 

However, once small amounts of N are made available, the resulting vigorous plant growth 

may exacerbate other nutrient deficiencies, thereby impacting negatively on the environment. 

In our study, NPK or PK fertiliser was added to the maize but not to the cowpea; this also is 

typical of smallholder farmers, who apply little or no fertility amendments to legume crops 

(Ronner et al., 2016). With the intensification of the cropping system through intercropping or 

CA practices, the nutrient requirements of the legume need to be addressed for the soils to 

positively benefit from the legume. Integrated soil fertility-management options that promote 

the judicious use of mineral and organic fertilisers can result in better crop and soil productivity 

(Vanlauwe et al., 2010). However, fertiliser use by smallholder farmers remains sketchy, which 

is partly explained by their poor availability in rural markets. 

CA and maize-cowpea intercropping systems have the potential to improve soil fertility 

(Chapters 2 and 4) and thus to contribute to environmental sustainability. Soils in semi-arid 

Southern Africa are inherently infertile, low in organic matter content and water-holding 

capacity and are prone to degradation (Ncube et al., 2007a; Hove et al., 2008; Mupangwa et 

al., 2012). Intensive tillage and the exportation of crop biomass, which prevent the build-up of 

soil organic matter and impairs soil physical properties, are unsustainable practices that lead to 

erosion and poor soil fertility. These are major causes of yield gaps in African smallholder 

agriculture (Tittonell and Giller, 2013).  

In Chapters 3 and 5, CA and intercropping were shown to lead to food self-sufficiency in 

smallholder households of semi-arid Zimbabwe, thus contributing to human well-being. The 

grain production was simulated to meet household energy and protein needs, and thereby to 

ensure nutrition security in these risky environments. However, both CA and intercropping 
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require substantial labour. Resource and labour constraints have hampered the adoption of 

these technologies. As the migration of able-bodied man and women to urban centres within 

and outside the country continues, the situation may remain the same in the foreseeable future 

(Giller et al., 2013). 

In my investigation I did not focus on indicators relating to the social and economic 

sustainability dimension of SI. Nonetheless, the increase in yields is likely to increase the 

farmers’ income through excess grain sales. Other studies in the region have reported that CA 

leads to economic sustainability, with farmers realising higher gross margins and increased 

labour productivity (Mazvimavi and Twomlow, 2009; Ngwira et al., 2012). Maize-legume 

intercropping was shown to be more profitable than maize monocropping (Ngwira et al., 2012; 

Rusinamhodzi et al., 2012; Kermah et al., 2017). On the basis of the findings of this study, the 

hypothesis that CA and intercropping are means to achieve SI holds.  

6.6. Limitations of the study, concluding remarks and suggestions for future research 

As I carried out my work in semi-arid Zimbabwe, I expected to be able to make 

recommendations on how farmers could improve their cropping practices and improve their 

ability to meet household nutrition needs. However, as I came to acknowledge the diversity of 

farmers within communities, I realised that no single approach could produce the same results 

for all farms. Recommendations would also have to take into account the seasonal variability, 

which complicated things further.  

It is necessary to quantify the impacts of the future climate on crop production and provide 

best-bet adaptation strategies that can help ensure food security in the region. At the same time, 

farmers should be consulted on their preferences for adaptation options that would make them 

resilient to climate change. Farmer engagement will allow for research to focus on farmer 

priorities in different locations, characterised by specific climatic risks.  
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After having analysed the effect of seasonal variability on crop yields and food self-sufficiency, 

it became clear that it would be important to furnish farmers with detailed seasonal climate 

forecasts that allow them to make decisions on when or whether to plan different farm 

operations. It remains a challenge to provide farmers with adequate weather information and 

to train them to understand it to an extent that allows them to make the appropriate management 

decisions.  

My work focused at the field scale, yet it is the decisions farmers, in their diversity, make at 

the household level that determine whether or not a household will be food self-sufficient. Crop 

production plays a very important role in ensuring food availability at the household level, but 

factors affecting food availability at the regional level need to be considered as well.  

My conclusions can be summed up thus: sustainable intensification of crop production and the 

use of climate-smart technologies in semi-arid southern Zimbabwe can help smallholder 

farmers achieve food self-sufficiency in the changing climate. This study contributes, both by 

the methods employed and the results obtained, to the body of knowledge on cropping system 

options. On the basis of this knowledge, extension services in the region can fine-tune their 

advice to farmers, with a view to improving crop productivity. 
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ANNEX A: Average net N mineralised in-season (Chapter 3) 
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ANNEX B: Land equivalence ratios of maize-cowpea intercrop 

(Chapter 4) 
ANNEX B: Land equivalence ratios of maize-cowpea intercrop in relation to intercrop type 

and time of cowpea incorporation into the intercrop (same date – cowpea planted on the same 

date as maize; 3WAP – cowpea planted 3 weeks after planting maize) (a) at Westacre Creek, 

Matopos Research Station (2010/11 – 2012/13 seasons), (b) in the research managed on-farm 

trial (2012/3 – 2014/15 seasons) and (c) in the farmer managed trials in Matobo district in the 

2013/14 and 2014/15 seasons 

a. Researcher managed on-station trial  

Time of 

intercropping 

Land Equivalent Ratio 

2010/11 2011/12 2012/13 

Same date  2.42 1.51 0.53 

3WAP  2.33 2.36 1.84 

    

 P  SED  

Intercropping time 0.023 0.27  

Season 0.009 0.33  

Interaction NS 0.47  

b. Researcher-managed on-farm trial 

 

N treatment 

 

Time of 

intercropping 

Land Equivalent Ratio 

2012/13a 2013/14 2014/15b 

0N Same date - 0.90 - 

3WAP - 1.59 - 

40N Same date - 1.90 - 

3WAP - 1.00 - 

     

   P SED  

N treatment - 0.02 0.37 - 

Intercropping time - 0.01 0.21 - 

Interaction - NS 0.43 - 

c. Farmer managed trials 

 

N treatment 

 

Time of 

intercropping 

Land Equivalent Ratio 

2013/14 2014/15d 

0N Same date 1.63 - 

3WAP 1.31 - 

40N Same date 1.61 1.50 

3WAP 1.89 - 

      

  P SED P SED  

N treatment NS 0.29 - - 

Intercropping time NS 0.29 - - 

Interaction NS 0.41 - - 
a In the 2012/13 and 2014/15 seasons, both maize and cowpea did not yield any grain in the 

researcher managed trial, LER was not calculated 
b In the 2014/15 season, there were no maize grain yields under the 0N treatment and cowpea 

grain yields 3 WAP, LER was not calculated. 
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ANNEX C: Cumulative probability curves for simulated maize and 

cowpea grain yields (Chapter 5) 
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SUMMARY 

Smallholder agriculture in sub-Saharan Africa (SSA) is largely rainfed, which makes rural 

household susceptible to the increasingly variable climate. Agricultural production is already 

risky, due to low and unpredictable rainfall, high temperatures, high climatic variability, low 

soil fertility, land degradation, attacks of pests and diseases, and weed infestation, among other 

factors. The anticipated negative effects of climate change will make rainfed agriculture even 

riskier. Nonetheless, to feed the growing population in the future, drastic yet sustainable 

measures must be applied on existing cropland. To this end, two approaches have been 

proposed in recent times, climate-smart agriculture (CSA) and sustainable intensification (SI). 

Climate-smart agriculture (CSA) may be defined as an approach for transforming and 

reorienting agricultural development under the new realities of climate change. CSA 

interventions are defined by three fundamental dimensions: a) adaptation to the effects of 

climate change; b) provision of mitigation benefits in terms of greenhouse gas emission 

reduction and building carbon (C) stocks and c) improved reliability, sustainability, 

productivity and profitability of agricultural production systems. Sustainable intensification 

(SI) is a process or system where agricultural yields are increased without adverse impact in 

the other sustainability domains (environment, social, economic) and without the conversion 

of additional non-agricultural land. Conservation agriculture (CA) and legume technologies 

such as intercropping have been put forward as promising options to achieve both CSA and SI. 

CA has been promoted vigorously in SSA. It is claimed to stabilise crop yields and increase 

drought resilience, and to cushion smallholder farmers against the adverse effects of soil 

fertility decline. Incorporation of legumes into cereal-based cropping systems is an inexpensive 

means to achieve crop diversification whilst rebuilding soil fertility. In intercropping systems 
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two or more crop species or genotypes are grown together and coexist for a time. However, a 

lack of strategical planning is responsible for very low yields of the component crops.  

In this study, field experiments and crop modelling were employed to provide an ex ante 

understanding of the impact of CA and intercropping systems, both in the short and long term, 

in semi-arid southern Zimbabwe. The potential of CA and intercropping was determined by 

quantifying crop productivity and soil N dynamics. Through this, the study aimed at a better 

understanding of the potential and feasibility of SI and CSA approaches to contribute to 

farmers’ livelihoods.  

We first sought to determine, through on-farm experimentation, if and how CA practices, such 

as reduced tillage and mulching in combination with fertility amendments such as manure and 

fertiliser, and their interactions improve soil mineral N release, plant N uptake and ultimately 

maize yields (Chapter 2). A field experiment was set up in the Matobo district for three 

consecutive seasons. The effects of two tillage systems in combination with two mulch-

management levels and five fertility amendment regimes on crop yields and N dynamics were 

evaluated. Individually, the CA principles of minimum soil disturbance (ripping) and 

maintenance of a permanent soil cover (mulch) resulted in reduced soil mineral N available for 

crop uptake and ultimately in low yields from a poor-fertility soil. However, where the 

principles were applied together and in combination with fertiliser and/or manure application, 

the ripper tillage and mulch application did not reduce mineralisation and resulted in yields 

comparable to those obtained under plough tillage without mulch. While nutrient inputs were 

key to ensure production in the infertile, sandy soils predominant in the semi-arid regions of 

Southern Africa, the N recovery by maize and the agronomic N efficiency were highly variable 

over the three seasons. This variability and uncertainty complicate farmers’ decision-making.   
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To explore tillage and soil fertility amendment strategies over a longer time period and diverse 

weather conditions, Agricultural Production Systems sIMulator (APSIM) model was fed with 

current climate data (1984/85–2014/15) for Matobo district (Chapter 3). The model was used 

also to assess seasonal N mineralisation, crop yield, and the likelihood of experiencing 

complete crop failure and of achieving maize grain yields that ensured food self-sufficiency 

for an average farm household. The ripper tillage in conjunction with mulch application yielded 

significantly more compared with plough tillage, which was attributed to better soil moisture 

conditions due to higher infiltration. Early planting in combination with reduced tillage, mulch 

application and N fertiliser application allowed an average farm household to at least meet their 

household grain requirement from a hectare of land; it also reduced the risk of complete crop 

failure. The advantage of early planting was attributed to N mineralisation with the first rains 

of the season. Early planting can lead to increased yields, but it is very risky, because of the 

frequent occurrence of false starts, in which case yields decline. 

Maize-cowpea intercropping experiments covering several seasons and conditions showed that 

intercrops performed better in terms of productivity than the sole crops; most intercrops had a 

land equivalent ratio exceeding 1. Maize yields responded to N fertiliser application more than 

to intercropping, which indicates that although planting legumes may improve soil N in the 

short term, N fertiliser is still required on the degraded sandy soils. Intercropping severely 

compromised cowpea yields, compared with sole cowpea stands. With maize, the effect of 

intercropping ranged from increased to significant reductions in yields dependent on the 

intercropping scenario. We found only marginal below-ground complementarity in the maize-

cowpea intercrop on the poor sandy soil. The roots of both crops were densest in the same 

depth zones both in a dry and in a wet season. The lack of niche differentiation in terms of root 

growth resulted in high competition for nutrients and water. The maize root length density in 

the intercrop was generally higher compared with the cowpea, which would explain the 
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negative effect on the cowpea grain yields. Maize-cowpea intercropping with low doses of N 

fertiliser proved to be a robust option across seasons and soil types, confirming that it is a 

promising option for resource-poor smallholders.  

Smallholder farmers in Zimbabwe must cope with small farm sizes, low soil fertility and 

production risks associated with rainfed agriculture. We tested the hypothesis that maize-

cowpea intercrops are a low-risk option, contributing to household food self-sufficiency in 

semi-arid Southern Africa (Chapter 5). We used the APSIM model evaluated for maize-cowpea 

intercropping, using long-term climate data for four districts and two soil types (sand and clay), 

to identify the best management intercropping practices – that is, those that consistently assured 

energy and protein self-sufficiency. Different scenarios of planting dates, fertiliser rates and 

plant population were tested. Intercropping had a small negative effect on the mean maize 

yields in comparison with the sole maize. Cowpea yield decreased proportionate to the delay 

in planting in the intercrop. Modelling showed that maize-cowpea intercropping allows farmers 

to attain household energy and protein self-sufficiency more easily than growing the same 

crops sole. Most maize-cowpea intercropping scenarios had a high probability of meeting 

household energy and protein requirements. Planting maize and cowpea at populations of 37 

000 and 74 000 plants ha-1 respectively on the same date and with 40 kg N ha-1 applied to maize 

was the best intercropping scenario, maximising the probability of meeting household energy 

and protein requirements on sandy soils. On the clay soils, the relay intercropping scenarios, 

with cowpea planted 2 to 4 weeks after maize, met household nutrition needs.  

In Chapter 6, the cropping technologies were framed in the context of smallholders in semi-

arid southern Zimbabwe to enable a discussion on the feasibility of CA and maize-cowpea 

intercropping as SI and CSA approaches in the region. Although ripping may be favourable, 

poorly-resourced farmers in Zimbabwe who seldom own land-preparation equipment may not 
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be able to afford rippers or be willing to purchase the cheaper ripper tine attachments when 

they do not own a plough. Manufacturers requiring pre-financing for production have been 

producing only few rippers and ripper tine attachments. Intercropping will also only be 

attractive for smallholder farmers if reliable access to input and output markets and credit 

schemes will be ensured. Strengthening the market linkages between smallholder farmers and 

agro-dealers may help to foster the uptake of technologies and bring farmers a step closer to 

achieving the yield benefits observed in this study. Smallholder farmers in semi-arid Zimbabwe 

may be open to diversifying cropping and to intercropping, if it does not reduce the land 

allocated to maize or require too much labour. CA and intercropping may offer options to 

intensify agricultural production while at the same time reducing the risk in the face of climate 

variability. Whether that makes CA and intercropping climate-smart depends on how strictly 

the CSA definition is interpreted. Smallholder farmers are more concerned with meeting 

household food needs than with mitigating greenhouse gas emissions. Moreover, in the area 

which the study focused on, most farms are on sandy soils which have little capacity to store 

soil organic carbon. This makes it virtually impossible to meet the mitigation criteria of CSA.  

Both CA and intercropping require substantial labour. Labour constraints hamper the adoption 

of these technologies in smallholder areas of Zimbabwe. If the large-scale migration of able-

bodied men and women to urban centres within and outside the country continues, the problem 

of labour constraints may remain the same for the foreseeable future. In order to persuade 

farmers to adopt CA and intercropping, so as to increase the resilience to climate change, it 

would be important to consult them on their preferences and involve them in the process of 

adapting the options to their context. Farmer engagement will allow for research to focus on 

farmer priorities in different locations characterised by specific climatic risks.  
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