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To date, little research in tropical agroforestry has assessed the effects of Acacia 

auriculiformis, a leguminous tree, on soil fertility and biofortified cassava yield. Burning fields, 

before cultivation and to produce charcoal, is a traditional practice in the food insecure 

communities of the Ibi region in Kinshasa Province, D.R. Congo Ƅ the location of this study. Soil 

properties and tillage methods need consideration if fire exclusion can be an alternative. Three 

tillage methods for cassava were tested. Post-harvest cassava processing was evaluated to 

understand the implications of Acacia/cassava farming for food security. Results indicate no 

significant effects of controlled burning on soil properties and on cassava fresh yield as compared 

to fire exclusion. Burning acacia litter decreased C and N by 46 % and 29 %, respectively, as 

compared to non-burned litter, but resulted in a significant increase in pH (4.5 to 6.9) and other 

nutrients including Ca, K, Mg, Fe, and Mn. Mound and ridge tillage methods had significantly 

higher cassava yields (10.5 and 10.1 Mg/ha, respectively) as compared to flat tillage (7 Mg/ha). 

Areas of soil (or kilns) where A. auriculiformis was burned to produce charcoal had relatively 
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higher soil nutrient concentrations with corresponding higher cassava yield (64.5 Mg/ha) 

compared to the treatments (9.2 Mg/ha), irrespective of tillage methods. Mound tillage was more 

labour and cost effective compared to ridge tillage. Despite high food insecurity in the Ibi region, 

local processing of yellow cassava is problematic which deters cultivation. A mechanical grater 

showed potential to reduce cassava loss and labour intensity and diversified the final productôs 

presentation. Overall, fire exclusion combined with mound tillage is likely an improved option for 

soil fertility and cassava production. Due to high nutrient concentration, kilns can simultaneously 

inspire the integration of charred material for agriculture and the promotion of tree planting for 

charcoal production and soil fertility. Further research is needed to examine litter decomposition 

and soil nutrient analysis over time, particularly between burning and planting and at different 

cassava vegetative phases. Improving soil nutrition through optimal charcoal and cassava 

production supports food insecure communities of the Ibi region. 
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Chapter 1 Introduction  

1.1. Introduction to the study 

The relationships between growing human populations, peri-urban ecosystems stress and 

the need for sustainable land management strategies in Sub-Saharan Africa (SSA) are complex 

(FAO 2016). They raise serious issues related to the attainment of food security in a dynamic 

socio-ecological context in which the capacity of soils to respond to competing needs of rural 

communities and urban consumers is highly strained. Moreover, the critical role smallholder 

farmers play in achieving their food security, as well as producing food for urban areas, is 

connected to their capacity to implement soil management practices that can improve and sustain 

the productivity of their farms (Gollin 2014; Lal 2015). This is particularly true for peri-urban 

ecosystems that have become the preferred, but highly unsustainable sources of staple food and 

wood products. Indiscriminate extractive practices such as the felling of trees for charcoal 

production combined with slash and burn cultivation of staple food crops increase the pressure on 

tree cover and cause large-scale forest and soil degradation (Abhervé-Quinquis 2012; Peltier et al. 

2014; Péroches 2014; PNUE 2001 and see Appendix A and Appendix C, Figure C.9). 

Consequently, the long-term provision of food products is compromised with detrimental 

effects on environmental services such as soil fertility, air, and water quality and biodiversity 

(Abhervé-Guinquis 2012; Liyama et al. 2014). While wood fuels account for more than 80 percent 

of primary household energy in SSA, their consumption is predicted to increase in the coming 

decades (Abhervé-Quinquis 2012; Gerkens 2014; Marien 2008), and agriculture will likely 

continue to expand on peri-urban savannahs and marginal lands to respond to various needs for 

food, wood fuels, and employment. 
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In such a context, appropriate agroforestry systems have been designed as fitting land uses 

that can achieve simultaneous benefits such as improving soil quality of agricultural lands and 

enhancing food and nutritional security (Garrity 2004; Nair 2011; Young 1997). Agroforestry is 

appropriate and sustainable in peri-urban savannahs because it can respond to energy and food 

demands, improve livelihoods through income generation opportunities, and eventually achieve 

environmental restoration and carbon sequestration (FAO 2016; Peltier 2010; World Agroforestry 

Centre 2014).  

In this respect, Kinshasa Province, which includes Kinshasa, the capital city of the 

Democratic Republic of Congo (DRC) is a relevant context for research. Kinshasa is DRCôs most 

densely populated province and has experienced ongoing demographic growth, from 600,000 

people in 1960 (Pourtier 2018) to about 11 million people in 2010 (Gerkens 2014). The population 

is projected to reach 30 million people in 2050 while the country will reach 180 million (Gerkens 

2014). Under these conditions, the demand for wood and charcoal to satisfy household energy 

requirements have followed population growth. Consequently, Kinshasaôs peri-urban ecosystems 

include secondary forests and savannah lands suffering from large scale degradation (Abhervé-

Quinquis 2012; Marien 2008; UNEP 2011). A highly degraded geographic zone of Kinshasa 

Province, known as the Batéké Plateau, represents seventy-five percent of this geographical area. 

Named after its indigenous population, the Teke, the Batéké Plateau supplies local markets in 

Kinshasa with charcoal, cassava products and other food staples. Slash and burn shifting 

cultivation, the dominant land use method, and charcoal production from surviving forests are 

important sources of income for farmers in the Batéké Plateau. These practices contribute to 

reduced tree cover and threaten ecological diversity, the agricultural productivity of land and the 
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sustainable supply of food and wood energy (Marien 2008). According to available literature (FAO 

2012), at least 60 000 hectares of land are harvested annually as a consequence of both slash-and-

burn cultivation and felling of trees for wood fuel.  

This context has inspired research and international development interventions in response 

to the severe energy crisis in Kinshasa, and also, the exploration of better options for food 

production on these degraded lands. In the 1990s, a pilot reforestation project was initiated in the 

rural zone of Mampu on the Batéké Plateau, about 150 kilometers east of Kinshasa. The plantation 

covered 8000 hectares and involved Acacia auriculiformis and Acacia mangium (Bisiaux, Peltier, 

and Muliele 2009; Ducenne 2009), two leguminous Australian species suitable for soil restoration, 

wood production and soil fertility replenishment (Bhatt et al. 2010; Ngulube, Chapola, and 

Mwabumba 1993). The Mampu plantation was later converted into a rotational agroforestry 

system where acacia trees are intercropped with staple crops, such as cassava (Manihot esculenta 

Crantz) and maize (Zea mays). These annual crops are harvested at three months for maize and 

12-18 months for cassava, while mature trees are harvested for charcoal at the end of the seven to 

eight-year cycle. A controlled burning of acacia litter and twig biomass before the rainy season is 

used to stimulate dormant acacia seeds to germinate in large numbers and to enhance the 

mineralisation and release of nutrients (Bisiaux, Peltier, and Muliele 2009; Ducenne 2009). At the 

beginning of each new cycle, cassava and maize are intercropped with natural acacia seedlings and 

benefit from the improved soil fertility. Subsequently, the cycle begins again on a new plot where 

bush savannah fallow is replaced by acacia planted fallow. Cassava, the main staple food crop in 

the Mampu area, has generally produced higher yields in acacia agroforestry systems, compared 
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with conventional shifting cultivation in the same area under comparable management conditions 

(Bisiaux, Peltier, and Muliele 2009; Ducenne 2009; Lejoly 2015; Lele 2016; Nsombo 2016).  

In 2008, a similar agroforestry project was initiated in the Ibi zone, 30 km from Mampu 

and 130 km from Kinshasa. Evidence of socio-economic and environmental benefits from the 

Mampu project inspired a savannah-based agroforestry project designed for carbon sequestration, 

fuelwood supply to Kinshasa city, while also promoting community development activities related 

to agriculture, health and education for the benefit of the local communities of the resident Ibi 

estate and neighbouring villages. The project included exogenous species of acacia, eucalyptus, 

and pine for timber and charcoal production, as well as the promotion of local tree species (such 

us Mil icia excelsa (Welw.), Millettia laurentii) both through planting and natural regeneration 

(Mushiete and Merril 2010). A local Non-Governmental Organisation (NGO), Groupe 

dôInitiatives pour lôAgroforesterie en Afrique (GI Agro), managed the community development 

initiatives and the research aspects of the project. They intended to replicate the system and design 

new alternatives relevant to the diversity of local farmers and respond to the growing demand for 

food security by the integration of fruit trees (Lejoly 2014).  

These two acacia agroforestry projects developed on the Batéké Plateau have served as 

evidence that savannahs and degraded lands in Kinshasa can be successfully and sustainably 

cultivated. These systems represent a move from slash-and-burn practices with natural fallow to a 

planted or improved fallow relying upon nitrogen fixation by fast-growing trees. Such improved 

fallow systems potentially contribute to solving the ever-increasing urban household fuel crisis in 

Kinshasa city, addressing sustainable land use in peri-urban areas through perennial tree 

integration and improved soil fertility to support food security and renewable energy production 
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sustainably (Bisiaux et al. 2014). The concept of óimproved fallowô refers to the use and integration 

of fast-growing, nitrogen-fixing trees and shrubs to replace the natural fallow methods common in 

slash-and-burn shifting cultivation. Besides shortened natural fallows, they accelerate soil fertility 

replenishment and generate multiple ecosystem services such as food, energy and watershed 

protection (Tassin, Rangan, and Kull 2012).  

Cassava constitutes the main staple food for most households in Kinshasa Province and the 

primary source of agricultural income. In such a context, improving soil productivity is critical for 

rural households for both food and income generation. Cassava is a drought-tolerant crop and can 

perform well enough on marginal lands (Kuyper and Adjei-Nsiah 2017), and consequently, its 

cultivation has not involved any special investment in terms of soil management (Lele 2016). 

Because of the predominance of cassava in the cropping system of the Batéké Plateau, there has 

been little investment in soil fertility  management strategies. As a result, cassava yields decline 

rapidly after one year because of the slash and burn practices that lead to a rapid fertility decline 

on sandy soils characterised by low retention capacity for water and nutrients. There is an absence 

of external inputs such as fertilisers, which are often too costly or unavailable to resource-poor 

farmers. Soil fertility decline has a direct, negative impact on cassava yield, farmersô income, and 

food security. 

It has also been observed that the lack of access to improved processing equipment in 

Batéké results in fresh cassava root loss. The vegetative cycle for most improved cassava varieties 

varies from 12 to 15 months after planting (SENASEM 2012), a time beyond which the risk of 

quality loss in unharvested cassava roots increases. Simple root decay or infestation by cassava 
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brown streak virus and other diseases have a direct impact on farmersô income and food security 

in rural communities in the Kinshasa region.  

From a nutritional perspective, limitations also result from the current cropping practices 

in the Kinshasa region. Cassava-dependant diets are known to be deficient in essential 

micronutrients (Bechoff 2017). Although cassava leaves contain protein, vitamins, and minerals, 

the roots are an important source of energy. Since 2013, the Batéké Plateaus have become one of 

the zones selected to implement the diffusion of yellow-fleshed cassava created by HarvestPlus to 

address malnutrition1. Rich in Pro-Vitamin A, this yellow cassava has higher moisture content and 

lower starch concentration when compared to existing white-fleshed cassavas developed by the 

National Institute for Agronomic Research (INERA). Traditional techniques have proved 

inefficient in processing the higher-moisture level roots of yellow cassava into flour, resulting not 

only in crop loss due to faster spoilage in or off the field, hindering adoption by farmers of a more 

nutritious cassava variety. It became clear that the lack of access to improved cassava processing 

equipment exacerbated crop wastage and represented an obstacle to a potential agronomic 

contribution to food security and income generation.  

1.2. Problem statement 

It is claimed that acacia-based agroforestry systems developed to date in the Batéké Plateau 

of Kinshasa Region enable marginal savannah lands around major cities in DRC to be successfully 

brought into cultivation and generate multiple socio-economic and ecological benefits 

 

1 HarvestPlus is part of the CGIAR Research Program on Agriculture for Nutrition and Health. Its mission consists 

in improving nutrition and public health by developing and promoting biofortified food crops that are rich in 

vitamins and minerals, and providing global leadership on biofortification evidence and technology. 
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(Bisiaux et al. 2009; Lejoly 2015). However, these systems are based on a slash and burn model 

in which mature planted acacia fallows are transformed into charcoal and the aboveground 

accumulated biomass is burned before the land preparation process. From a scientific point of 

view, it is crucial to understand what mechanisms are involved in enhancing marginal landsô 

productive potential of the Batéké Plateau and explore factors explaining crop performance while 

suggesting a detailed methodology for yield estimates in this context.  

1.3. Research questions, goal, and objectives  

1.3.1. Research questions 

The overall question guiding this study is how can agroforestry ð in terms of research and 

practices ð better contribute to sustainable solutions for enhancing soil fertility, food security, 

and ecosystem services in smallholder farming in the Batéké Plateau of Kinshasa Province, DRC? 

More specifically, and from the perspective of the immediate and long-term benefits of the acacia 

agroforestry system as implemented in Ibi: 

¶ What are the effects, on nutrient level and soil properties, of burning the aboveground 

biomass during land preparation? 

¶ What are the benefits of fire exclusion compared to burning on soil fertility?  

¶ What is the influence of soil organic matter management through tillage on cassava yield? 

¶ How can charcoal making practices inspire new management options for soil productive 

capacity within slash and burn agricultural systems? 

¶ What are the benefits of farmersô access to improved processing techniques in terms of 

cassava loss reduction and enhanced food security?  
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1.3.2. Research goal and objectives 

The goal of this research was to assess the short-term effects of an acacia agroforestry 

system (herein referred to as AFS) on soil fertility and food security in Ibi region on the Batéké 

Plateau in Kinshasa Province, with a particular focus on organic matter management options and 

fire exclusion practice in land preparation. To attain this goal, the following objectives were 

pursued: 

¶ To quantify the effect of an acacia AFS on soil fertility in terms of quantifying micro 

and macronutrients; 

¶ To compare soil properties under two contrasting land preparation techniques: burning 

and fire exclusion; 

¶ To assess the benefits and disadvantages of burning the aboveground biomass in an 

acacia AFS within the context of soil parameters and cassava productivity; 

¶ To assess cassava productivity as influenced by three soil organic matter management 

practices, namely flat tilling, mound tilling and ridge tilling.  

From the perspective of food security, a complementary objective pursued in this 

research is to assess the contribution of a mechanical grater in overcoming the constraints related 

to yellow cassava transformation in Ibi region. 

1.4. Significance of the research  

Agroforestry as a scientific investigation is quite recent on the Batéké Plateau and has 

generally focussed on the contribution of agroforestry activities to socioeconomic conditions and 

ecological benefits of AFS from the perspective of the tree component (Bisiaux and Peltier 2009; 

Ducenne 2009; Gigaud 2012; Paul and Fraser 2014; Peltier 2010). This is understandable since 
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charcoal production from acacia plantations (silviculture) was the entry point and transition 

towards agroforestry (agro-silvicultural) practices on the Batéké Plateau. Acacia plantations were 

considered as the best way to respond to the household energy crisis in Kinshasa. There was 

initially less emphasis on soil fertility improvement through acacia AFS by its ability to fix 

nitrogen and its adaptability to poor soils. Existing studies have also taken for granted the practice 

of land preparation by burning acacia litter and all available aboveground biomass at the beginning 

of the planting season (Ducenne 2009). Although this slash and burn practice responds to the need 

to accelerate nutrient release and reduce workload, the short and long-term benefits of the practice 

have not been investigated sufficiently from the perspective of sustainable management practices 

on the Batéké Plateau. Additionally, no research has ever tested alternative agroforestry tree 

species that could be combined with acacia to offer complementary benefits, such as enhanced leaf 

litter decomposition rate. 

Therefore, the study documented in this dissertation brings forward an agronomic 

perspective which has sometimes been forgotten in agroforestry research (Nair 1997). This study 

examines the contribution of acacia AFS to the interactions between tree components and the soil 

on one hand, and between the plant and the soil system as managed by the burning and the tilling 

practices and their influence on cassava yield. The latter focus on crop yield in the acacia AFS has 

not been well studied although food security is of tremendous relevance to the success and 

sustainability of the AFS. It is anecdotally reported that cassava yields in acacia AFS in Bakété 

Plateau are not as consistently high as expected and the reasons for low yields are not well known. 

In response to the sustainability of systematic aboveground biomass burning, as questioned by 

Bisiaux et al. (2014), this study tests a fire-free land preparation technique. This is a relevant 
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inclusion in the study because the Bakété Plateau has been experiencing shortened fallow length 

(4-year average) due to reduced land size (< 5 ha) for smallholder farmers, leading to a situation 

where slash-and-burn practices are gradually giving way to ñfixed-plot farming on savannah landò 

(Paul 2011) with no external inputs to replenish soil fertility. The results from the practice of fire 

exclusion would then help to maximise tree inputs (litterfall) in the long-term by allowing slower 

mineralisation and providing nutrients for crops, such as cassava, over a longer period. These 

results would encourage more diversified livelihood options for many smallholder farmers who do 

not plant trees for charcoal production but could benefit from short rotation planted fallows 

because seven to eight-year acacia fallows are not an attractive option for smallholder farmers with 

limited farm size. 

1.5. Structure of the dissertation 

The dissertation is organised as follows: in Chapter Two, a literature review of the main 

processes in tree-crop interactions and evidence of AFS benefits and limitations in the context of 

tropical sub-Saharan Africa, are presented. There is a specific focus in the literature review on the 

importance of nitrogen-fixing trees in AFS. Particular attention is given to available research on 

the effects of Acacia auriculiformis on soil improvement drawing on other tropical AFS literature. 

A review of the effects of slash and burn practices on soil fertility is presented as well as a 

discussion on the influence of til lage methods on soil improvement and crop yield in the tropics. 

Chapter Three describes the research methodology in detail. Sampling methods and data 

collection using soil fertility indicators and crop yield are explained.  

In Chapter Four, the findings of the study are presented in three sections. First, the research 

findings related to nutrient levels in litter and soil properties under burned and unburned conditions 
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are presented, and secondly, cassava yield as influenced by soil tillage methods. The third section 

of the findings focuses on the post-harvest steps for yellow cassava processing phases using a 

mechanical grater. 

Chapter Five summarises the key findings and discusses the contribution of the study to 

the wider body of knowledge. The focus is twofold: first, the research results are introduced to 

foster awareness of agroforestry practices and potential applications within the context of peri-

urban community development and livelihood enhancement in DRC. Second, the main steps for 

improved cassava processing methods are presented to address the challenges of biofortified 

yellow cassava and its contribution to improved nutrition and food security in the Kinshasa region. 

Final conclusions are stated followed by recommendations for addressing research gaps that will 

address the need for more diversified agroforestry systems applicable to the marginal lands and 

smallholder farmers of the Batéké Plateau and the applicability of AFS in other peri-urban areas 

of the Democratic Republic of Congo. Appendix A, at the end of the dissertation, comprises an 

additional description of the environmental and socio-economic context on the Batéké Plateau in 

general and the Ibi area in particular. Data for this appendix are derived from secondary 

documentation and a socio-economic baseline household survey by Syauswa (2015) for the project 

entitled ñMakala Renouvelableò coordinated by Alfred College, University of Guelph under the 

CIDA-funded Tier II capacity development program. 
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Chapter 2 Literature Review 

2.1. Introduction  

The literature review presented in this chapter covers relevant research areas to understand 

and interpret the study questions and findings. It is structured into four sections that reflect the 

areas of focus in this study. The first section offers a general review of scholarship on agroforestry 

systems concerning soil restoration and soil fertility replenishment in SSA. The most relevant 

literature is that which focuses on sequential AFS, as opposed to simultaneous cropping systems. 

Even more specifically relevant is the literature on the agroforestry species, Acacia auriculiformis, 

and its benefits and limitations as a fertilising tree in SSA. The second section identifies and 

discusses the most relevant studies and models on slash and burn shifting cultivation. The effects 

of slash and burn on soil properties and crop (mainly cassava) yield are pertinent areas of literature 

for this study. Alternative management systems based on fire exclusion will be discussed from key 

descriptive and experimental studies. The third section examines soil management practices, 

discussing tillage methods and their influence on the dynamic of organic matter, soil nutrients, and 

cassava yield. The fourth and final section considers the contribution of cassava to food security 

in SSA and DRC in particular. For this study, the literature examines improved cassava production 

and processing methods and identifies opportunities and constraints for smallholder agriculture. 

This literature chapter focuses on tropical contexts only. Myths and misconceptions about soils in 

the tropics have been addressed by Lal and Sanchez (1992), Nair et al. (1999), and Vanlauwe and 

Giller (2006) to avoid naive comparison with temperate contexts and uncritical development 

projects. Furthermore, even though a specific attention is given to A. auriculiformis, a leguminous 

tree, analysis of its nitrogen fixation processes per se is beyond the scope of this study. 
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2.2. Agroforestry systems and soil fertility replenishment in SSA 

 Soil fertility depletion is a major cause of low per capita food production in SSA (Buresh, 

Sanchez, and Calhoun 1997; Lal 2019; Vanlauwe et al. 2017) that has been addressed by long-

term (> 5 years) experiments since the 1960s to the 1980s (Bationo et al. 2012). The initial 

approach in soil research and extension activities involved the use of costly external inorganic 

inputs, and irrigation failed to be accessible to or adopted by smallholder farmers (Vanlauwe 

2002). It also generated conflicting results such as rapid yield decline but yield positive response 

to inorganic fertiliser where it was applied as required (Bationo et al. 2012; Giller 2001; Kihanda 

and Warren 2012; Sanchez 1976; Schroth and Sinclair 2003). With time it was understood that the 

effects of inorganic fertilisers on yield depended on the level of organic matter (Bationo et al. 

2012). By the mid-1980s, integrated soil fertility management was designed as a response to the 

complexity of land use systems characteristic of small-scale farmers (Vanlauwe 2002; Young 

1997). This new paradigm in tropical soil fertility sought to simultaneously minimise external 

inputs and maximise the efficiency of their use by enhancing soil biological activity (Bationo et 

al. 2012; Vanlauwe 2002). In this perspective, agroforestry, the deliberate integration of woody 

perennials with herbaceous crops and/or animals on the same land unit in spatial (simultaneous 

systems) or temporal (sequential systems) sequence (Raintree and Warner1985) for ecological and 

socioeconomic benefits, became an important field to advance research and practices related 

sustainable food production (Nair 2007; Sanchez et al. 2015; Steppler and Nair 1987).  

Through the biophysical interactions between the selected woody components and other 

elements, AFS can enhance organic matter production, reduce soil erosion, conserve water, create 

desirable microclimate conditions and increase the overall fertility in rain-dependent 
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agroecological systems of SSA (Rao, Nair, and Ong 1998; Thevathasan and Gordon 2004). Of 

particular importance is the body of research that has identified how agroforestry allows the 

restoration of degraded lands and sustainable food production on marginal lands through 

appropriate selection of tree or shrub components by different processes (Nair 2007). Studies have 

shown that AFS increase the supply of nutrients to the soil, enhance soil nutrient cycling, increase 

soil organic matter accumulation in soils, decrease nutrients losses from the soil, and provide 

ecosystems services (Buresh and Tian 1998; García-Barros and Ong 2004; Sanchez, Buresh, and 

Leakey 1997). Trees and shrubs increase nutrient supply to the soil through pruning, mulching and 

litter decomposition combined with other physical and biological mechanisms such as optimising 

nitrogen-fixation and improving the conditions for soil organisms (Giller 2001). Fast-growing 

legumes have been the most tested species for their ability to fix an important amount of nitrogen, 

although what proportion is actually available or used by the crop is context specific (Giller 2001; 

Sanginga et al. 1995). This is a very important recognition with the most recent AFS literature; the 

specific local contexts and current conditions of the agro-ecosystem are fundamental to the 

effectiveness of AFS (Sanchez, Buresh, and Leaky 1997; Vanlauwe et al. 2017). 

The literature points to complementary mechanisms by which the incorporation of trees in 

agricultural systems enhance the use of resources while decreasing nutrient losses mediated by 

rootsô ability to retrieve below the rooting zone, leached nutrients that would be otherwise lost or 

unavailable for crop use (also referred to in the literature as the ñsafety-netò hypothesis) 

(Dougherty et al. 2009). The leached nutrients are taken back to the soil surface through prunings 

or leaf litter decomposition (Sanchez, Buresh, and Leakey 1997; Schroth and Sinclair 2003; 

Thevathasan et al. 2012). This AFS process is much valued and investigated in inorganic-fertilised 
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systems, particularly temperate AFS (Buresh and Tian 1998; Dougherty et al. 2009) where 

important nutrient losses may take place during the time of the year when no crop is present on the 

fields or when there is more nutrient than the crop can absorb.  

 The contribution of woody perennials, both N2-fixing and non-fixing, to improve 

biochemical, physical and biological properties have been extensively studied mostly in tropical 

systems (Atangana et al. 2017; Nair and Latt 1997; Schroth and Sinclair 2003; Young 1997). 

Among preferred trees species, multipurpose trees have been found suitable in tropical contexts 

where competing needs can have a severe impact on ecosystems and for their ability to provide 

ecosystem and socioeconomic services. Tree species such A. mangium, A. nilotica, A. 

auriculiformis, Cassia siamea, Faidherbia albida, Grevillea robusta, Leucena leucocephala, 

Moringa oleifera, etc. have been tested in various ecosystems and for various uses and functions. 

Among them, so-called ñfertiliser treesò have been promoted in smallholder agriculture as an 

attractive and affordable source of nitrogen inputs on the farm (Nair 2007; Nair and Garrity 2012). 

Complementary benefits of multipurpose trees include nuts, fruits, vegetables, essential oils, 

medicine, fodder for animals, wood for fuel and timber (Sanchez, Buresh, and Leaky 1997). 

Researchers such as Akinnifesi et al. (2008) and Leakey (2012) dedicated an extensive amount of 

work on the domestication of indigenous trees in agroforestry systems. Agroforestry is an 

important way to rediscover neglected food or tree products and services and contribute to 

alleviating poverty and malnutrition while enhancing food security in rural communities, 

according to many descriptive reports (FAO 2013; Kiptot and Franzel 2012).  
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2.3. Acacia auriculiformis in tropical agroforestry systems  

Of particular importance to tropical AFS, A. auriculiformis has received increased interest, 

mainly for its potential for soil improvement (Bhatt at al. 2010; Datta and Singh 2007; Denich et 

al. 2005; Nair 1993; Tomar, Das and Arunachalam 2012). A. auriculiformis can fix atmospheric 

nitrogen within the roots and biomass of the tree.  This species offers soil protection along with 

soil fertility replenishment through its abundant litterfall and nitrogen fixation in planted fallow 

systems, particularly on marginal and degraded lands. Although commonly found on clay soils, A. 

auriculiformisô ability to grow in a variety of soils including tolerance of highly alkaline and acidic 

soils (pH between 4.3 and 9) has contributed to its popularity on marginal lands. From the nineties 

onwards, A. auriculiformis was tested for its performance and adaptation in different African 

contexts (Duguma et al. 1994; Ngulube, Chapola, and Mwabumba 1993) and has been widely 

experimented in India for land restoration and soil improvement (Datta and Singh 2007; Tomar, 

Das and Arunachalam 2012). In SSA, besides its fertilising role, the contribution to fuelwood 

production has increased acaciaôs popularity as a fast source of household energy (Leaky 2012). 

In countries where more than 90 percent of the population depend on trees for energy, urban and 

peri-urban acacia woodlots have been successfully tested to provide charcoal and developed into 

acacia-based agroforestry systems (Abhervé-Quinquis 2012; Liyama et al. 2014). Despite long-

term research initiatives on A. auriculiformis in the western regions of the DRC (Bisiaux, Peltier, 

and Muliele 2009; Gerkens 2013; Peltier et al. 2010;), few studies have examined its long-term 

impact on soil fertility. 

The present review of studies related to A. auriculiformis is based on the four key features 

of an agroforestry system as outlined by Sanchez (1995), namely competition, complexity, 
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profitability and sustainability and in the two main types of AFS: simultaneous and sequential. In 

simultaneous agroforestry systems ñwhere the tree and the crop components grow at the same time 

and in close enough proximity for interactions to occurò (Sanchez 1995:7), A. auriculiformis has 

shown strong competition for nutrients and water. This adverse effect was observed in the study 

by Datta and Singh (2007) who found a negative effect on the productivity of upland rice and 

groundnuts by 19.4% and 40.5% respectively, compared to open field. Other screening 

experiments in Malawi and Cameroon, revealed the poor coppicing capacity of A. auriculiformis, 

making it unfit for simultaneous systems such as hedgerow intercropping (Duguma and Tonye 

1994; Ngulube, Chapola, and Mwabumba 1993). All studies agreed, however, that A. 

auriculiformis produced abundant biomass resulting in a high level of soil organic carbon (Datta 

and Singh 2007; Denich et al. 2005). In sum, the literature suggests that A. auriculiformis is most 

appropriate for soil conservation, soil improvement, fertility maintenance and carbon sequestration 

in systems where competitions are minimised, such as sequential systems. Experiments on the 

effect of green leaf manuring have been undertaken essentially to minimise those competitions 

(Partey et al. 2012). Tomar et al. (2013), for instance, found that leaf manure of A. auriculiformis 

improved soil physico-chemical properties including pH, electric conductivity, water holding 

capacity, organic carbon, N and K. A yield equal to or higher than the recommended N-P-K from 

the third year of continuous planting of low land rice was noticed. 

Acacia auriculiformis has been planted for fuelwood production and its complementary role 

in environmental restoration and soil fertility replenishment in a peri-urban context in DRC. This 

AFS was designed in 1994 and is described by Ducenne (2009). In a cycle of 6 to 12 years, acacia 

trees are transformed into charcoal before a new cropping cycle starts. Kasongo et al. (2009) 
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assessed the effect on chemical soil fertility changes in 17 years old chronosequence. Soil sampling 

was done on the topsoil (0-25 cm) and the subsoil (25-50 cm). Soil analyses showed a significant 

increase in organic carbon reaching respectively 2.92% and 1.31% in the topsoil and the subsoil 

for the oldest acacia fallow. Topsoil total nitrogen of 0.280% in the 17-year old fallow was found 

to be six times more than the level under natural fallow. Soil organic matter was restored to 1.9% 

as evidence of a significant improvement in the soil nutrient status after 17 years (Kasongo et al. 

2009; Peltier et al. 2010). This study revealed, however, acidification by acacias of the topsoil 

from the fourth year onwards (pH (H2O): 4.97) to the 17th year (pH (H2O): 4.51) with average pH 

of 4.5 for the 17-year-old fallow compared to pH 5 under natural fallow. It was hypothesised that 

the acidification effect under acacia fallow resulted from the humification and nitrification 

processes, but this effect, as well as possible allelopathic effects, are not documented. A more 

recent study (Dubiez et al. 2019) has found that soil cations decreased significantly after 22 years 

of acacia agroforestry practice, thus questioning the conclusions reached ten years before by 

Kasongo et al. (2009), as well as the sustainability of the system. 

A more recent study was undertaken by Nsombo (2016) to analyse soil nutrients and pH, 

and evaluate the effects of A. auriculiformis on the savanna sandy soils of the Batéké Plateau. 

Samples were collected at 0-30 cm and 30-60 cm at different seasons of the year. Her study found 

no significant difference in chemical fertility between soils under different vegetation. Organic 

carbon levels at 0-30 cm showed no significant difference between soil under 5-year-old acacia 

(3.43 ° 0.38 a), 10-year old forest (3.61 ° 0.41 a) and 10-year old savannah (3.38 ° 0.45a) (Nsombo 

2016). The study confirmed the low fertility status of the sandy soils of the Batéké Plateau and Ibi 

region, in particular, marked by acidic pH < 5.5 regardless of the land use (i.e. acacia, forest or 
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savannah). Acacia biomass build-up was also evident because the thickness of the soil dark horizon 

reached 40 cm compared to 30 cm in savanna and 60 cm under forest respectively (Nsombo 2016). 

It could be argued, therefore, that the main impact of the acacia based AFS system depends on 

biomass production and the related amount of organic matter and how the latter benefits the soil 

through nutrient release. Chemical fertility improvement is more challenging to demonstrate 

unless leached nutrients are quantified in the system.  

Overall, there is a literature on A. auriculiformis, including relevant studies in DRC. There 

is not, however, sufficient descriptive or experimental literature that considers A. auriculiformis in 

relation to slash-and-burn shifting cultivation systems in DRC, nor tests alternatives in the tropics. 

The next section will focus on slash-and-burn practices in relation to AFS. 

2.4. Slash-and-burn shifting cultivation systems and alternatives 

Shifting cultivation, the dominant traditional farming system in the tropics is also known 

as slash-and-burn agriculture, because land preparation is accomplished by slashing and burning 

woody biomass and perennial vegetation. The slash-and-burn method is preferred as it 

accomplishes different benefits to the farming system simultaneously: it clears the land for seedbed 

preparation, releases nutrients, and makes them available for annual crops in systems where 

farmers have limited access to external inputs and natural biomass decomposition would be too 

slow to benefit crops. Reasons for burning also include reduced labour requirements where fire 

serves to remove important amounts of biomass and make planting easier (Hauser and Lindsey 

2013; Weinstock 2015). In its traditional version, slash and burn cultivation involves the following 

five steps: (a) land selection and clearing of trees and other types of vegetation, (b) burning dry 

slashed biomass, (c) cultivating annual (or perennial) crops (cropping phase), (d) abandoning the 
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field when crop yields decline, and (e) the fallow period (Nair 1993; Weinstock 2015). Recent 

research has provided evidence that shifting cultivation can be sustainable when the fallow period 

is long enough (10 to 15 years) to bring the field under cultivation near its initial fertility status 

(Giardina et al. 2000; Lal 2015; Weinstock 2015). In general terms, the longer the fallow period, 

the more the soil fertility is likely to be replenished (Hauser and Lindsey 2013), and the more 

stable the system will be. It follows that shorter fallows due to the shortage of arable lands 

compromise both the production of staple food and the soil productive capacity (Lal and 

Cummings 1979; Weinstock 2015; Cairns 2015. A land use factor has been defined in efforts to 

evaluate the sustainability of shifting cultivation. 

 ὒ  where C= length of the cropping phrase expressed in number of years and F= the length 

of the fallow phase expressed in years. Ideally, when L > 10, the system can be sustainable (Nair 

1993). 

Failure of shifting cultivation to sustain food production is partly due to the assumption 

among development agencies, agribusinesses or others that soils under forests are necessarily rich 

soils and clearing the forest would, therefore, lead to high crop performance (Weinstock 2015). 

The reality, however, is that tropical rainforests from which conclusions are drawn, adapt over 

many years, to thriving on poor soils as well as on rich soils but with varying nutrient levels in 

plant biomass (Juo and Manu 1996). The most recent compendium on shifting cultivation in the 

Asia-Pacific region by Cairns (2015) sheds light on research attitudes when examining land-use 

systems of the tropics. Shifting cultivation, Cairns argues, should not be condemned uncritically 

as a scapegoat for current problems, nor be admired blindly as a museum piece to preserve. Rather 

it ñhas much to teach usò as shifting cultivators continually adapt their land-uses practices to new 
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challenges. Far from being a declining land-use system, shifting cultivation is more likely to 

continue to be the dominant one in the tropics. At the same time, in a context of demographic and 

environmental threats, farmersðand scientists in that matterðare challenged to respond in 

creative ways.  

Assessing the benefits and the limitations of shifting cultivation in the context of smallholder 

farmers in the tropics is crucial since farmers deal with competing needs for energy and food 

cultivation with sometimes limited options leading to further deforestation and cultivation on 

marginal lands (Lal and Stewart 2015; Nair 2007). The present review, therefore, proceeds to 

identify and discuss key studies on shifting cultivation and the effects of slash and burn practices 

on soil fertility and food crop production, specifically those based on empirical analysis in SSA or 

DRC. Because of its central role as a relevant place for research concerned with sustainable land 

uses, the Amazon context has received an increasing scientific interest with data to support the 

work in similar ecological contexts of SSA. Alternatives to and the improvement of slash and burn 

cultivation have been discussed since the early 1970s (Cairns 2015). The relevant literature in this 

area and examined here pertains to exclusion of fire and biomass retention in land preparation. The 

conditions to adopt fire exclusion in land preparation processes and the consequences of such a 

practice on long-term management of soil fertility will be discussed.  

First of all, the literature is clear that measuring the effects of slash and burn cultivation 

involves direct measurement of changes in soil physicochemical properties following the slash-

and-burn, or, in some cases, an appreciation of soil and water management problems that result 

from burning practices (Bévileau et al. 2014; Sanchez 1976; Palm et al. 2005). Indirectly, it entails 

the measurement of crop growth and yield (Lal and Cummings 1979; Menzies and Gillman 2003).  
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Hauser and Lindsey (2013) further identify three processes taking place in slash and burn 

shifting cultivation. They comprise soil fertility change (usually a decline), weed build-up, crop 

pest or disease build-up. These can act separately, or together, and fallow efficiency will be 

determined by how far it restores the systemôs productive capacity. Cropped fields can be 

abandoned also when the labour requirement for weed control exceeds the anticipated benefit 

(Reuler and Janssen 1993). 

2.4.1. Effects of burning on soil properties 

 From the early 1960s to the new Millennium, research on the effects of slash and burn 

practices moved along two conceptual models (Thomaz et al. 2004). The dominant framework was 

developed by Nye and Greenland (1960) and influenced studies in SSA (Lal and Cummings 1979; 

Reuler and Janssen 1993). As summarised by Giardina et al. (2000), this first model hypothesised 

an increase in soil fertility consecutive to burning. It is based on the proposition that ñburning 

converts slashed vegetation into nutrient-rich ash that is deposited on the soil surface and 

incorporated into the soil by rainfall and cultivationò (p. 248). Burning leads also to a higher soil 

pH favorable to nutrient availability, particularly on acidic soils. More advanced research works, 

however, help to look more critically at additional processes taking place during the burning.  

This revised model considers the incorporation of ash into the soil as only one process and 

accounts for other processes of nutrient loss. Fine ashes resulting from the burned material are 

exposed to wind and runoff in the period between burning and planting. In reality, the second 

model finds that the fertilising impact of slash and burn system is reduced because, if nutrients 

released from ash to the soil benefit plant growth, in reality, different phenomena may induce 

important types of losses between burning and planting, and during the cultivation phase such as 
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runoff, erosion, leaching, and volatilisation. Various research has demonstrated that nutrient loss 

by volatilisation can be very high during the burning process and is aggravated by wind effects. 

Hölscher (1995) cited Denich et al. (2005) and found a loss rate as high as 96% for N, 76% for S, 

47% for P, 48% for K, 35% for Ca and 40% for Mg. The loss of carbon concentrations was also 

very high in the form of CO2. Loss takes place also through the export of crop products from the 

field (e.g. trunks harvested for charcoal). When most of the biomass is exported from the field, the 

short benefits of the rich ash disappear before a second cropping cycle (Denich et al. 2005). 

Nitrogen, especially, was found to be highly volatile compared to cations at comparable 

temperatures. For instance, only 3% of N on average, was returned into the soil compared to 49%, 

50% and 57% for P, Ca and K, respectively (Giardina et al. 2000; Juno and Manu 1996).  

 Field heterogeneity of the standing biomass and its repartition after slashing also create an 

uneven distribution of ash. Contrary to the assumptions of the first model, therefore, only a limited 

amount of ashes and its content may become available to cultivated crops. Their impact would 

depend on their successful incorporation into the soil. The effects on the slash and burn practices 

on crop growth and yield depend on the management of the biomass, which, in turn, rests on the 

type of tillage. The sustainability of slash and burn systems rely then greatly on postburn 

management. This would also suggest that research and data constitute or inform decision-making 

tools to apply to low input situations. 

Studies conducted after 2001, have broadened the understanding of the fire impact on 

above and belowground biomass and on SOM, and specifically the effect of heating on soil 

properties. The study by Thomaz et al. (2014) found that peak temperatures (up to 534 °C) at soil 

surface were of very short duration with a limited impact on soil properties. At 2.5 cm and 5 cm, 
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the highest recorded temperatures were 75.5 °C and 84 °C respectively, but with an exposure time 

of 1 second. Similar conclusions were previously reached by Lal and Cummings (1979) who found 

a burning effect of a short period at the soil surface (1 cm). In an extended review, Certini (2005) 

demonstrated that the severity of fire depended on certain conditions, namely soil moisture content, 

atmospheric conditions, the type and arrangement of burned biomass, etc. Certini (2005) 

concluded that it was, therefore, difficult to predict the negative impact of burning on soil 

properties. Giardina et al. (2000) showed that heating did not affect soil nutrient elements in the 

same way. For instance, soil pH was reported to increase in response to heating above 400 °C, 

while other studies have reported a pH increase at temperatures as low as 200 °C. The same study 

found that soil cation response to heating depended on soil type and heating temperatures. For 

instance, Mg, Ca and K increase, decrease or remain unchanged in response to heating.  

In summary, slash and burn cultivation has more complex effects than early studies initially 

could find. First, changes may translate in a short-term increase in nutrient availability, but 

important losses of mineral nutrients occur during and after the burning process. Furthermore, due 

to the uneven distribution of nutrients between tree biomass and soil compartment within 

ecosystem forests or agroforestry systems (Juno and Manu 1996), slash and burn practices may 

cause substantial nutrient loss following the burning process. In fact, plant biomass (trunk, 

branches, leaves, and roots) contains most of the nutrients while the soil retains a certain amount 

(Certini 2005; Juno and Manu 1996). Secondly, fine material such as small branches, twigs, and 

leaves are consumed by fire, while in many situations, big trunks are converted into charcoal for 

household use before burning occurs. Therefore, potential losses from aboveground biomass 

depend on those fine materials. Those fluxes of release and losses of nutrients and the type of 
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burned biomass determine the systemôs sustainability. Thirdly, nutrient addition consecutive to a 

slash and burn practice will be determined by the soilôs ability to both retain and store the mineral 

released from the burned biomass into the ashes for use by crops (Juno and Manu 1996). The 

benefits translated into the rapid increase in pH, exchangeable bases, CEC and available P have a 

direct impact on crop growth and crop yield, depending on soil type and ash composition. The 

same study by Juno and Manu (1996) indicates that the cropping phase results in a decline of pH 

and soil fertility and returns the soil to acidification as a consequence of crop removal. In such 

contexts, the sustainability of shifting cultivation remains problematic. Denich et al. (2005), for 

instance, estimated that in a 9-year land use cycle (2 year cropping period followed by a 7 year 

fallow) without the use of fertilisers, the nutrient balance was negative and up to 20 years fallow 

would be needed for N and P balance, and up to 120 years fallow to replenish K. Fourth and finally, 

factors that influence losses during the cultivation phase are site specific and depend on 

management aspects such as residue removal (Juo and Manu 1996), and the type of tilling in that 

it influences water conservation on the field and can reduce or aggravate runoff. Tillage practices 

represent a nutrient management tool that greatly determines the degree of loss or retention of 

nutrients during the cropping phase.  

2.4.2. Slash-and-burn shifting cultivation and fire exclusion 

The recent literature is clear that the sustainability of slash and burn cultivation poses 

serious challenges on soils of inherent low fertility such as acidic soils, in contexts where fallow 

is reduced or suppressed. Soil fertility benefits gained by burning are short-term and followed by 

yield decline as different studies have illustrated (Béliveau et al. 2015; Comte et al. 2012). 

Different responses have been tested to mitigate the destructive impacts of shifting cultivation and 
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make it more sustainable. Comte et al. (2012) studied the impact of fire exclusion in land 

preparation in Brazil, a context marked by slash and burn practices. A chop-and-mulch technique 

was compared to slash and burn system in maize or cassava cultivation after a 15-year-old fallow. 

The mulch was prepared and spread over the entire experimental field following a technique 

described by Denich et al. (2004). Soil fertility indicators (pH, P, C, N, exchangeable cations and 

some physical properties) were analysed. Overall, plots prepared by chop-and-mulch technique 

presented higher nutrient concentrations, higher water infiltration and retention capacity compared 

to slash and burn plots. These benefits were attributed to the effect of the organic mulch soil 

(Comte et al. 2012). Mulch also preserved soil moisture longer even when the dry season had 

started. Analysis (p < 0.05) of soil nutrients at topsoil (0-5 cm) showed significantly higher total 

C and N than in traditional plots up to 62 % and 70 % respectively. Chop-and-mulch plots had a 

higher concentration of mineral nitrogen (NO3) as an indication of a higher mineralisation rate, 

resulting from improved microbial activity. Finally, concentrations of exchangeable cations (Ca, 

Mg and K) were higher in mulched plots. At the topsoil however, pH was lower in chop-and-mulch 

plots (pH = 4.69) compared to the traditional shifting cultivation (pH = 5.2). Besides the benefits 

of increased OM accumulation, better nutrient supply, and mineralisation and reduced nutrient 

loss, fire exclusion can reduce the fallow length and prolong the cropping period.  

In a study conducted in Cameroon, unburned biomass was left to decompose naturally, and 

no external inputs were applied on the field (Norgrove and Hauser 2015). Different scenarios were 

tested to represent long traditional fallows (up to 20 years) and reduced fallows (2 years for maize 

and 6 years for plantain). Fallow recovery, soil fertility, and yield were assessed. Under traditional 

fallow conditions, no significant differences in yield were detected. Under reduced fallow 
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conditions with fire exclusion, maize yield was 71% higher compared to yield from burned plots, 

while plantain yield was 115% higher (Norgrove and Hauser 2015). Under reduced scenario, fire 

exclusion resulted also in a lower temperature at the soil surface, improved mineralisation, higher 

SOC, lower bulk density. Fallow recovery expressed by a higher rate of tree seedlings was better 

in unburned plots than in burned plots (Norgrove and Hauser 2015). The extra labour cost 

generated by the mulching technology (planting, weeding, harvesting) was compensated by the 

yield difference in favour of the unburned treatments with a surplus of revenue of US$421 and 

US$388 per hectare for maize and plantain. In sum, fire exclusion was found to be more beneficial 

compared to slash and burn technologies under reduced fallow situations.  

Research in SSA by Denich et al. (2005) found that successful implementation of fire-free 

land preparation required a certain level of fertilisation whose cost is usually covered by increased 

yield. This was illustrated in a land preparation experiment where rice yield from mulched plots 

was lower than traditionally burned plots in the first cropping period, but cassava showed no 

difference. When N-P-K was applied, rice yield was more than double in the mulched plots but 

remained similar in burned plots. In the second cropping period, mulched plots gave higher yield 

as a result of nutrient release by the progressive mulch decomposition. Acidity was not reduced in 

mulched plots because of the absence of ash effect, a situation that may have limited nutrient 

availability immediately following mulch application. In a similar experiment in Brazil, Kato at 

al. (1999) assessed the sustainability of a slash-and-burn system with rice and cassava crops. The 

study included a fallow length component by comparing a 4-year-old fallow and a 10-year-old 

fallow. Cassava was grown on two successive seasons to test the long-term effect of biomass 

retention on the field compared to the short-lived benefits of rich ash from burned biomass. 
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Cassava yields declined from the first to the second cropping period. Rice yields were higher in 

the burned plots compared to the mulched plots. The older fallow resulted in higher yields when 

the plant biomass was burned but it was found that with mulch retention the older fallow produced 

less. The nutrient analysis revealed that higher mineral nitrogen was found at 40 cm below the 

routing zone in the burned field compared to the mulch 30 days after rice planting. The study 

detected a higher initial availability of mineral nitrogen, followed by a quick decline. This rapid 

nutrient decline after burning revealed the short-term effect of ash nutrients. The mulched plots 

had slower initial mineralisationðand lower mineral nutrient availabilityðbut with a lasting 

effect. When N-P-K was applied to both treatments, yield differences due to the fallow length 

disappeared and yields were more than double on unburned plots. In the second cropping period, 

cassava yield declined when planted on burned plots without fertilisers. In the absence of 

fertilisers, all crops had higher yields on unburned plots compared to the burned treatments where 

yield declined (Kato et al. 1999).  

All identified and reviewed literature indicates that burning slashed biomass does not 

improve cassava yields but can benefit short-cycle crops such as grains. Cassava has a longer 

cropping period and can benefit more from slow biomass decomposition and nutrient release. The 

application of mulch, however, is beneficial when combined with fertilisers (Pypers et al. 2012). 

Extending the cropping period could be achieved in fire-free land preparation with increased or 

stabilised crop yield compared to burned plots where yield decline is detected after the first crop 

(Kato et al. 1999). 
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2.4.3. From charcoal production to biochar-based systems 

 Among the alternatives solutions to slash and burn practices, increased research work is 

being dedicated to the production of biochar. This may be particularly useful in regions where the 

fertilising potential of agroforestry species has been overlooked in favour of charcoal production. 

There is increasing interest in biochar research because of its proven role as an alternative land use 

where slash-and-burn practices have become unsustainable. This interest is based on the high 

fertility status observed in Brazilian black soils (called Terra preta) which have higher soil pH, 

CEC and base saturation and contain significantly higher levels of C, N, Ca, P compared to 

surrounding areas and have a positive impact on soil properties and crop yield (Steiner et al. 2004).  

Selected experiments show that biochar application increases cassava yield. In Cameroon, 

Fru et al. (2018), testing the effect of biochar application on acidic soil (pH: 5.6) for cassava 

production, reported a yield of 23.22 Mg ha-1, 18.67 Mg ha-1, and 20.53 Mg ha-1 when rice husk, 

cassava stem and roots, and corncob were applied as biochar, compared to a cassava yield of 

16.13 Mg ha-1 for the control plots with no biochar application. Although not comparable with 

biochar from A. auriculiformis rich biomass, the results show that biochar application can increase 

cassava yield without mineral fertiliser application. The study reveals also that the result depends 

on the original material from which biochar is produced, also the rate of biochar application, 

20 tons per ha in this study. In this case, rice husk biochar produced the most economically 

beneficial results (Fru et al. 2018). A much longer field experiment testing biochar application on 

cassava production in Java, Indonesia, showed that a single application of biochar increased 

cassava yield and sustained high yield until the third year after application. Cassava yield increased 

from 21.44 Mg ha-1 in the first year to 32.47 Mg ha-1 in the third year. This was compared to a 

control where no OM was applied and another treatment with farmyard manure applied every year. 
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Even if cassava yield were not as high as what this study found, the experiments confirmed that 

charred materials are resilient and decompose slowly while sustaining high yield over a longer 

period (Islami, Kurniawan, and Utomo 2013). In a short-term experiment (2012-2013) conducted 

in Ibi (Kinshasa region, DRC), Lele, Lejoly, and Kachaka (2016) discovered that the application 

biochar (30 tons per ha) complemented with mineral fertiliser (NPK-40-47-44.8) for cassava 

production almost doubled cassava dry yield from 2.7 Mg ha-1 (control treatment) to 5.8 Mg ha-1, 

at nine months after planting. At the second cropping season, all treatments showed a yield decline, 

but the lowest decline was found with the biochar treatment. Although the experiment was carried 

out on a savannah soil in Ibi instead of an acacia fallow, it showed that cassava yield could be 

increased substantially while pH and soil other parameters could be improved with biochar 

application. However, these two examples (20 and 30 tons per ha) show that biochar systems 

would be too destructive to implement because of the number of trees and the amount of soil that 

would be involved. Such systems, therefore, would be suitable for small sizes such as 

homegardens. 

2.5. Tillage practices and effects on soil properties and cassava yield 

This doctoral study did not set out to correlate soil parameters with cassava yield, but it did 

identify and use existing studies to reflect on the possible association between soil parameters and 

yield. Among the surveyed studies looking at shifting cultivation, few have focused on agronomic 

practices and their association with soil nutrient dynamics and crop yield in a slash-and-burn 

system. In general, tillage affects crop yield by facilitating or hindering crop nutrition and other 

soil parameters affecting crop growth. Improving cassava yield is not attained by improved 

varieties alone; it involves appropriate agronomic practices for soil fertility management. Babirye 
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and Fermont (2011) studied cassava yield differences among different farm types. They identified 

the central role of agroecological conditions but also the role of management practices. The latter 

included the possibility of using hired labour, the timing of first weeding and the difference 

between monocropping or mixing crops in explaining yield differences.  

For this doctoral research, the review of tillage practices focusses only on smallholder 

farmers who make up 80 percent of farmers in SSA (FAO 2012). The benefits and limitations of 

conventional tillage systems in large mechanised farms with optimum conditions are not discussed. 

They are covered by several other studies (Gollin 2014; Lal 1991). Subsistence smallholder 

farming is often practiced in fragile environments (Lal 2015). In subsistence farming with fragile 

conditions, tillage requirements are needed to reduce environmental degradation and enhance soil 

fertility management and crop yield. Here we consider the tillage requirements for staple crops, 

especially tubers such as yam, potato, and cassava, practiced in rainfed systems because the latter 

share common characteristics identified by Willcocks and Twomlow (1993). Tillage practices in 

smallholder agriculture are usually determined by available and accessible resources, namely land, 

labour and draught power. Cultivation is often performed manually with hoes and limited to flat 

tillage in most cases with limited change in land topography, except when better management of 

water may be needed. Timely completion of basic operations, such as tillage, planting, and 

weeding are constrained by the lack of resources and hinders the attainment of the crop potential. 

For this reason, the time for planting is variable and can take place when part of the early rains has 

already passed, washing away essential nutrients, particularly in burned systems. In a slash-and-

burn system, therefore, resource constraints, tilling or planting calendar, weeding, and frequency 

of weeding are key variables that determine fertility. In effect, tillage affects agricultural 
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sustainability in two main ways: first, it determines soil properties, soil processes, and nutrient 

dynamics and crop yields (Lal 1991). Second, tillage impact can translate into destructive effects 

on soil and the environment, in general. Its role is therefore to reverse the degradative process 

related to subsistence farming. 

Tillage methods are soil and crop specific given the vast diversity of climatic conditions, 

biophysical factors and cropping systems; and their adoption is determined by socioeconomic 

factors (Lal 1991). In general, however, they must respond to farmersô immediate and long-term 

objectives. As illustrated by a review of tillage methods in four Eastern African countries covering 

four decades from the 1960s to the 1990s, the ñone-size-fits-allò approach to tillage is not relevant 

because of the variability of contexts (Biamah, Gichuki, and Kaumbutho 1993). 

2.5.1. Specific tillage requirement for tubers and roots 

Cassava planting and tilling requirements have been described in reference manuals for 

tropical contexts (Hershey 2017; Howeler, Ezumah, and Midmore 1993; IITA 1990). Central to 

this work are publications from the International Institute for Tropical Agriculture, FAO and the 

CGIAR Research Program on Roots, Tubers, and Banana. Various studies have examined different 

tillage methods on cassava production and the impact of cassava cultivation on soil properties. For 

the sake of relevance, only selected experiments from SSA are discussed from the perspective of 

sustainable soil fertility management. Key to those studies is the argument that appropriate tillage 

practices are those that can achieve simultaneously maximum soil conservation and maintain high 

productivity by creating efficient resource use (Fasinmirin and Reichert 2011).  

That is why minimum tillage systems for tubers and roots have been tested in various 

contexts although with contrasting results because they are specific to soil type and location, 
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vegetation, land use history, climatic conditions, and the use (or not) of mechanisation (Fasinmirin 

and Reichert 2011; Howeler et al. 2013; Howeler, Lutaladio, and Thomas 2013; RTB Program 

2018). No-till systems have also emerged in response to different forms of soil degradation 

(compaction, increased bulk density, and penetration resistance) caused by excessive or 

inappropriate use of machinery, particularly on fragile soil types (Fasinmirin and Reichert 2011; 

Howeler, Ezumah, and Midmore 1993). For root crops such as cassava, tillage requirements 

include obtaining, at least, a loose soil for maximum root expansion and facilitate soil aeration, 

drainage, and harvest with minimum damage (Fasinmirin and Reichert 2011; Howeler, Lutaladio, 

and Thomas 2013; IITA 1990). Because of cassava special characteristics, no soil refinement is 

needed because cassava is planted deeper compared to grains, but any chosen tillage method must 

reduce risks of soil erosion because of slow complete canopy establishment, and reduce weed 

competition detrimental to cassava root systems and yield (Fasinmirin and Reichert 2011; Hauser 

and Ekeleme 2017). 

Results are not consistent from one study to another, because the benefits of reduced tillage 

or no tillage are context specific and show contrasting benefits (Howeler, Ezumah, and Midmore 

1993). Experiments on two different sites of Western DRC confirmed that soil type was a 

determining factor in choosing between conventional, reduced or zero tillage (Ezumah 1983). The 

same study concluded that reduced or no tillage could achieve and sustain high cassava yield in 

certain types of soils, such as sandy loam soils or soil with a high potential when other agronomic 

interventions such as weeding or planting on time were respected. Moreover, mulch addition or 

crop residue retention added a beneficial effect on cassava yield in the absence of tillage (Howeler, 

Lutaladio, and Thomas 2013). 
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2.5.2. No-till and its limitations in root and tuber production systems 

A review of literature by Pittelkow et al. (2015) presented various contexts in which no-till 

had not been successful. The study concluded that yield response depended primarily on crop 

category and climatic context. Root crops showed the highest decline (-21.4%) as a result of no-

till treatment compared to cereals (-5 %) or legumes (-3 %). Reasons for this difference have been 

suggested by Howeler, Ezumah, and Midmore (1993), that no-till affects soil physical properties 

and impacts root crop growth in certain types of soil. Moreover, yield declines were more severe 

in tropical contexts (-15.1%) compared to temperate latitudes (-3.4%). Various parameters 

determine crop response to no-till, i ncluding aridity, residue management, duration of the no-till 

treatment and nitrogen (N) rate when applied (Pittelkow et al. 2015). Research has observed also 

that no-till methods lead to a yield decline in the initial 1-2 years, then match or surpass 

conventional tillage after 5 years (Pittelkow et al. 2015). Nitrogen addition was identified as a 

strategy to reduce yield decline by no-till. Overall, however, its success required some adaptations 

in crop residue management, seeding techniques, and weed management. For those reasons, the 

successful transfer of no-till technology is not a mere shift from conventional to no-till practices 

(Lal 2007; Pittelkow et al. 2015). While no-till systems have been successfully adopted on large 

mechanised farms of industrialised nations, and in grain-based systems, their transfer to 

smallholder contexts of SSA is often be constrained by many factors. The lack of access to 

herbicides for weed control or appropriate seeding equipment to adapt to various crops are some 

of the challenges. Insufficient organic manure and competition in the use of crop residues for 

household fuel or fodder for livestock (Lal 2007; Stewart et al. 2020) are also common constraints. 

In this sense, the results of no-till experiments in SSA have to be interpreted in light of the 
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conditions under which fire exclusion is successfully implemented. Therefore, sustainable land 

management and food security must view as complementary the search for alternative cooking 

fuel, animal husbandry, and feed options, and other strategies to enhance soil fertility (Lal 2009; 

Vanlauwe et al. 2015). 

2.6. The contribution of cassava to household income and food security in SSA 

Food security as defined by the 1996 World Food Summit implies that ñall people, at all 

times, have physical and economic access to sufficient, safe and nutritious food that meets their 

dietary needs and food preferences for an active and healthy lifeò (Babu, Gajanan, and Sanyal 

2009; Bouma, Batjes, and Bindraban 2015). Food security in SSA cannot be met without sustained 

research and development on cassava (RTB Program 2018). Cassava is a staple food for millions 

of people in SSA (Spencer 2017), with the Democratic Republic of Congo as the largest consumer 

after Nigeria (Hershey 2017). Cassava represents also the primary source of cash crop income in 

SSA (Hershey 2017). According to FAO (2015), the contribution of SSA to cassava global 

production is estimated at 61 percent. The five leading producers in SSA include Nigeria, DRC, 

Angola, Ghana, and Mozambique. Globally, Nigeria is the largest cassava producer, followed by 

Thailand, Indonesia, Brazil and the DRC (Hershey 2017; Westby 2002). Figure 2.1 shows the 

share of the top five cassava producers in SSA and cassava production trends worldwide. Cassava 

productivity in SSA is unfortunately stagnant or declining compared to Latin America or Asia for 

instance (Vilpoux, Guilherme, and Cereda 2017). The authors found that product was lowest in 

regions where cassava was grown mainly for human consumption, such as in Nigeria and the DRC, 

representing the main cassava consumers in Africa. Their productivity measured in 2014 was 



 

 

36 

 

below 10 tons per hectare, compared to Thailand (23.4 tons per ha) or Brazil (± 15 tons per ha) 

during the same period. 

  

Figure 2.1 Cassava production and trends for the five leading producers in SSA. 
Sources: Left: FAOSTAT 2015, in Hershey 2017; Right: FAOSTATS 2013. 

 

This section discusses three interconnected research aspects relevant to cassava 

contribution to household income and food security in SSA. It focuses on low soil fertility and 

suboptimal crop management in cassava cropping systems; cassava nutritious status and the lack 

of processing technologies as major constraints for cassava production and contribution to food 

security. At least four reasons justify scientific interest for cassava in food security in SSA.  

First, cassava comes directly after rice, wheat, and maize in terms of its importance, 

although it still represents a ósecond choiceô crop in contexts where better land or access to inputs 

will give priority to higher-value crops. Unfortunately, it does not typically receive the same level 

of investment as a grain crop in terms of inputs and agronomic practices (Hershey 2017). Second, 

cassava total production in SSA has increased because of the increase in area under cultivation 
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rather than yield increase, with consequences on soil fertility management: shortening or 

suppression of fallows by continuous cultivation (Hillocks 2002). According to FAO estimates 

from 1961 to 2013, cassava production in SSA increased from 31.5 million mt to 157.8 million mt 

in 2013 as a result of an increase in the cultivated area from 5.5 million ha to 13.75 million. During 

the same period, the corresponding yield remained modest, from 6.6 mt/ha to 10.4 mt/ha (Spencer 

and Ezedinma 2017). Even where cassava yield has increased by adopting high-yielding varieties 

and better agronomic practices, in Central Africaðincluding the DRCða serious production 

decline is evident (Hershey 2017). Hillocks (2002) found that from the 1980s to around 2000, the 

annual growth of area under cassava cultivation increased from 1.3% to 3.2% while the cassava 

annual yield growth declined from 1.2% to 0.6%. With shortened fallows and declining fertility, 

crops with higher nutrient requirements have been abandoned. Third, cassava replaced fallows in 

the context of demographic pressure and even replaced other root crops that required higher soil 

fertility status (Fermont et al. 2009; Hillocks 2002; Spencer 2017). Consequently, cassava 

intensification has been accompanied by progressive disengagement from soil fertility 

replenishment efforts and a reduction of crop diversity by replacing crops such as yam, maize and 

plantain (Spencer and Ezedinma 2017), leading to a loss of diversity in terms of sources of 

nutrients. Cassava intensification has also involved an extension of agriculture on marginal and 

fragile lands, leading to increased soil problems. This trend is visible in peri-urban areas of the 

DRC, mainly in Kinshasa Region, where less resilient and more nutrient demanding crops cannot 

grow well. Fourth, while scientists have made high yielding and pest-resistant cassava varieties a 

research priority (RTB Program 2018), unsustainable soil management practices and suboptimal 

crop management prevent the yield potential to be attained; the lack of adequate post-harvest 
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management techniques lead to crop loss, thus compromising both food availability, food safety, 

and sustainable production.  

An important priority in research and development has consisted of finding relevant paths 

to fill this gap between attainable root yield and farmer actual yield in different agroecological and 

socioeconomic contexts. The term óyield gapô is the difference between potential yield and farm 

yield in the same conditions (Fischer 2015). According to Cock et al. (1979, cited by Aye and 

Howeler 2017), the maximum root yield of cassava could potentially reach 75ï100 t ha-1 of fresh 

roots. Similarly, Fermont et al. (2009) claimed that average on-farm cassava yields in East Africa 

(7-12 t ha-1) differed significantly from attainable yields (30-50 t ha-1) in the same zone. Scientific 

efforts to fill the cassava yield gap must consider not only improving fresh yield or cassava 

resistance to pests and diseases but entails post-harvest technologies that have transformed cassava 

from a subsistence crop to a sustainable source of income and a commercial product (Fauquet and 

Tohme 2017; Nweke 2005). Partial mechanisation in cassava production and processing, when 

successful, has increased the role of cassava products in food security, even among smallholder 

farmers (Hershey 2017; Nweke 2005).  

2.6.1. Cassava, soil fertility , and crop management challenges 

Access to sufficient food is the first aspect of food security (World Summit 1996). Low 

soil fertility has been identified as the major production constraint in cassava cropping systems, 

and it is often accompanied immediately by poor crop management (Fermont et al. 2009; Hershey 

2017). The lack of investment in proper management is often justified by cassavaôs resilience. 

Cassava can grow and produce on soil with low inherent fertility and perform better compared to 

other staple crops, and it can resist to periodic droughts compared to maize, for instance (Hershey 
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2017; Howeler, Lutaladio, and Thomas 2013). Cassava resilience is also illustrated by flexible 

planting dates as observed on the Batéké Plateau of DRC, where planting extends from the onset 

of the rainy season in September to its end, in May. This, however, poses real problems, because 

it overlooks cassava optimal requirements (Personal observations). Different harvesting habits 

prevail because cassava has no fixed period of maturity. Progressive harvest is common in many 

places starting from six months from planting, while in other cases mature roots are harvested from 

cassava plants while smaller ones are left to continue their growth. Consequently, fresh yield 

becomes very challenging to evaluate in smallholder context (Hershey 2017; Nweke 2005). This 

feature presents real advantages as long as a farmer can obtain some yield even under poor 

conditions and with minimum investment, but also serious consequences because it results in lower 

yields than could be attained with proper crop management.  

Two examples from Eastern African and Central Africa illustrate how soil fertility 

constraints are exacerbated by poor crop management, with the combination of both leading to 

lower yields. Fermont et al. (2009) identified cassava production constraints in Kenya and Uganda 

to design possible responses for cassava sustainable intensification. She identified low fertility as 

a major constraint that limited cassava yield (6.7 t ha-1) below attainable regional yield. The yield 

gap was explained in the second position by suboptimal management practices. Inadequate weed 

management led to a yield gap of 5.0 t ha-1 on average. Interactions between production constraints 

showed that cassava yield loss in similar climatic conditions (rainfall for instance), was greater in 

farms with poor crop management. Weed management (more than rainfall, pest, and diseases) 

explained better the yield difference found among farmers of both Kenya and Uganda. In a context 

where farmers invest in multiple crops to minimise risks and get diversified products, farmers 
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weeded cereals and legumes first, before cassava, considered to be more tolerant to weed pressure. 

This prioritisation resulted in the late implementation of weed control in cassava fields. In a similar 

study conducted in Kongo Central and Tshopo, two Provinces of the DRC, Kintchéa et al. (2017) 

explored the impacts of soil fertility and crop management on cassava yield. Yield loss caused by 

low soil fertility was 6.2 t haī1 followed directly by insufficient crop management that resulted in 

a loss of 5.5 t haī1. In one of the study areas, yield loss caused by suboptimal field management 

was even higher (6.5 t haī1) than the loss caused by low soil fertility (4.5 t haī1). In DRC (Central 

Africa) as well as in East Africa, low fertility and climatic conditions combined with planting and 

weeding calendar and cassava growth characteristics explained better cassava yield depression.  

Poor cassava weeding, for instance, was examined by Kintchéa et al. (2017) in the DRC. 

The study showed that the date of the first weed control, the number of weeding interventions and 

the period between weed controls affected yield differences. Undertaking the first weed control 

after the end of the second month following planting or stopping weed control before 5ï6 months 

after planting had a more limiting yield effect than other factors. On average, weeding once during 

cassava entire cycle caused lower yield that weeding twice or three times. In Uganda, Fermont et 

al. (2009) found that low plant densities of 3200 to 6400 plants per ha were associated with slow 

canopy closure, and a faster weed competition resulting in yield loss. An analysis of cassava major 

constraints conducted in 1994 by CIAT estimated that cassava yield in Africa could be increased 

by 34 % by better crop management practices which, combined with better soil fertility 

management could increase cassava yield by 55ī60% (Howeler 2014). Timely weed control is 

therefore crucial. It is manual in most the SSA and is estimated to consume up to 40% of cassava 
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labour inputs because the use of herbicides is very limited in SSA compared to in Asia for instance 

(Hershey 20017). 

Another constraint to closing the cassava yield gap and hinders investment in soil fertility 

replenishment is based on popular myths about soil fertility in general (Lal and Sanchez 1992; 

Vanlauwe and Giller 2006), and cassava resilience in particular. Those myths have enforced the 

belief that cassava does not respond to fertilisers (Howeler 2017). Africa has the lowest rate of 

fertiliser application of 9 kg ha-1compared to 73 kg ha-1 and 135 kg ha-1for Latin America and Asia 

successively. Since cassava nutritional deficiency in N, P and K may go unnoticed (Howeler 2002; 

Howeler 2017), cassava fertilisation is rarely a priority in SSA. Fermont et al. (2009) and Pypers 

et al. (2012) demonstrated that N-P-K application increased cassava yield significantly during 

more than one cropping cycle, particularly in the absence of favorable conditions, such as ashes 

from burned vegetation. The adoption of appropriate spacing (1 m x 1 m), timely planting and 

application of NPK to a rate of 100-50-100 kg ha-1, however, had even greater benefits. It increased 

cassava yield from 8.6 t ha-1 (farmersô practices) to 20.8 t ha-1 (improved management) (Howeler 

2017). The combination of NPK with green manure has also shown a positive response in cassava 

trials. In western Kinshasa, local green manures (Tithonia diversifolia and Chromolaena odorata) 

buried before planting, increased cassava yield from 21 t ha-1 obtained in the slash-and-burn system 

to 35-40 t ha-1 when they were combined with a medium rate of NPK (Howeler 2017). It has been 

reaffirmed by scientists that inappropriate fertilisation (both organic and mineral, or their 

integration) will keep cassava yields at a low level that will not match expected population growth 

and cassava demands are expected to rise in the coming years. If all these constraints were 

eliminated, cassava contribution to food security, translated by sufficient food, would be improved 
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in SSA. The second aspect of food security relates to nutritious status and safety. For cassava, both 

aspects are related to another and raise another important constraint posed by cassava processing. 

To that aspect, we turn in the following section. 

2.6.2. Addressing cassava nutrition through biofortification  

Biofortification is simply defined as ñthe process of increasing the density of vitamins and 

mineral in crops, through plant breeding or agronomic practices, so that when consumed regularly 

will generate measurable improvement in vitamin and mineral nutritional status.ò (Spencer 2017) 

Targeted micronutrients include minerals zinc and iron, protein, and vitamins A and E (Parkes and 

Aina 2017; Zhang et al. 2017). Developed jointly by FAO and HarvestPlus, biofortification 

addresses hidden hunger (deficiency in micronutrients) in low and middle-income countries, and 

targets staple crops to contribute to the achievement of the Sustainable Development Goals, 

specifically the elimination of hunger (Bouis et al. 2013). In Africa, 13 yellow cassava enriched 

with Pro-Vitamin A had been released by 2013 with high yield potential and resistant to virus 

attacks. Additionally, 39 bean varieties were being tested, while wheat and rice (10 varieties each) 

were enriched in zinc. Biofortification is also one of the objectives of the RTB to improve food 

security and nutrition for vulnerable consumers while improving their livelihoods (RTB and 

CGIAR 2019). Therefore, target crops include those consumed widely by low-income countries, 

such as beans, maize, sweet potato and cassava (Bouis et al. 2013). 

It is important to note that biofortification has experienced ongoing improvement and 

selection of varieties that can respond to farmersô needs and consumersô preferences, as well as 

processorsô technologies. Leading in the process of developing biofortified cassava in response to 

consumersô preferences, Nigeria being the biggest cassava producer in Africa, has benefited from 

intensive research testing local products from biofortified cassava. Research has compared starch 
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content of the biofortified varieties to traditionally grown varieties, but most of the trials have 

developed local cassava products such as ñgari, cassava flour, fufu, abacha (fermented sliced 

cassava), high-quality cassava flour (HQCF) used in composite flour for confectioneries, infant 

weaning food and edible starchò (Onuegbu et al. 2017). 

Some of the challenges of biofortified cassava relate to the dissemination of planting 

material to reach millions of smallholders in contexts of insufficient extension services. Cassava 

stems are bulky indeed and the lack of adequate infrastructures limits their distribution (Onuegbu 

et al. 2017). A second challenge deserving scientific interest relates to the impact of processing on 

the cassava nutrients and pro-vitamin A in particular. Researchers have found that this product was 

chemically unstable and traditional processing operations could result in nutrient loss (Bechoff 

2017; Tshizembe et al. 2018). Both Bechoff and Tshizembe et al. reported nutrient loss in 

biofortified cassava products at ambient temperature, but mainly as a result of selling habits in 

some African markets where food products can be exposed to the sun all day long. Generating 

processing technologies that will preserve maximum vitamins in the biofortified cassava is, 

therefore, key to food security. Farmer adoption and consumer acceptability have been part of the 

process of innovation in agriculture, and for biofortified cassava, resistance concerns cassava flesh 

yellow colour when culturally white-fleshed cassava has been the norm. If Vitamin A yellow 

cassava has been already adopted by a larger part of the Nigerian farmers and processors, the DRC 

is still on the phase of improving the pioneer biofortified cassava (Bouis et al. 2013) in response 

to farmersô resistance to adopt it. Part of the problem in the DRC concerns the failure to obtain 

yellow cassava flour by traditional processing methods, a reason why this doctoral study included 

the evaluation of a grating machine to produce biofortified flour. Following different trials and 
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farmersô observations, the Institute for Agronomic Research (INERA) in Kongo Central Province 

has released three new varieties being promoted in the same region before they can be more widely 

spread in other regions (INERA 2019, Personal Communication) of DRC. These varieties are 

supposed to address farmersô resistance to grown biofortified cassava and, once successfully 

adopted, would reach smallholder farmers across the country's vast territory. Appendix E presents 

the key characteristics of the new biofortified varieties. 

2.6.3. Addressing cassava processing challenges 

Some special characteristics of cassava fresh roots represent serious constraints, both in 

terms of food safety, availability and nutritious value. First, cassavaôs high-water content (60-

70 %) exposes the fresh roots to rapid deterioration in ambient conditions. Physiological damages 

during harvest or storage and microbiological infestation are the two major causes of cassava fresh 

roots deterioration in the 24-48 hours after harvest (IITA 1990; Ndjouenkeu 2018; Piyachomkwan, 

Wanlapatit, and Sriroth 2017). Cassava processing primarily intends to prolong its storability into 

fresh or dry product (McKey and Delêtre 2017). Detoxification, the second purpose of cassava 

processing is inseparable from the first and applies mainly to bitter varieties. The presence of 

poisonous cyanogenic compounds in many cassava varieties requires elaborate processing steps to 

make it safe for consumption (Bechoff 2017). The processing methods and the number of the 

necessary operations depend on the final products that are intended (IITA 1990; Kouakou et al. 

2016). Based on the level of HCN equivalent, cassava can be classified as being a sweet type or 

low toxicity, or bitter type having medium toxicity or high toxicity (Vilpoux, Guilherme, and 

Cereda 2017). If direct consumption after boiling and frying is safe for sweet varieties, poor 

detoxification can be lethal or cause a chronic paralytic disease (Wesby 2002) called konzo and 
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found in parts of the Western DRC and affecting consumers depending on diets with poor 

nutritional status (Vilpoux, Guilherme, and Cereda 2017). Paradoxically, rural populations, such 

as those in DRC, with the most limited processing capacities and low consumption of animal 

proteins remain the most vulnerable. Such is also the case of migrant populations in conflict zones 

Africa having limited access to safe water and appropriate processing facilities (McKey and 

Delêtre 2017). Although research has attempted to produced cyanide-free cassava roots (Vilpoux, 

Guilherme, and Cereda 2017), some scientists have argued that bitter cassava has a higher potential 

to resist to pests and diseases than sweet varieties or could be stored longer in the ground (McKey 

and Delêtre 2017). In addition, as observed in this study, when theft becomes a common problem, 

farmers prefer planting bitter varieties to discourage thieves. 

The third objective for cassava detoxification is to facilitate transportability. Because of 

the bulky nature of cassava roots, manual processing techniques can only allow a limited quantity 

of roots to be processed. The development of improved processing equipment has transformed 

cassava in some parts of Africa, giving it a bigger role in food security, income generation, and 

economic development. This concept of cassava transformation as developed by Nweke (2005) to 

show how improved processing is connected to other cassava research aspects of the cassava sector 

in DRC, C¹te dôIvoire, Ghana, Nigeria, Tanzania, and Uganda.  

The first stage saw cassava moving from being a low-yielding famine reserve marked by 

poor management to a high-yield cash crop through the creation and progressive adoption of 

improved varieties and better agronomic practices (fallow length, healthy planting material, plant 

density, planting date, weed control, harvest time, land preparation method) (Nweke 2005). In the 

second stage, the availability of mechanical graters to farmers transformed cassava from being a 
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simple stable food into a cash crop for urban consumers by opening new market possibilities. 

Access to mechanised cassava processing equipment, for instance, resulted in higher cassava cash 

income in Ghana and Nigeria Tanzania and Uganda (Spencer et al. 2017). Also with improved 

processing methods, cassava has various forms or products, from fermented and unfermented 

human foods to animal feed, starch, biofuel and other industrial uses (Tomlins and Bennett 2017). 

Benefits of improved processing technologies have included improved storability, reduced 

workload (and related cost up to 50 percent), improved safety of bitter/toxic cassava varieties and 

better transportability to markets or consumers (Spencer 2017). An additional benefit of improved 

processing is the diversity of cassava products (Nweke 2005), as illustrated in Table 2.4.  

Table 2.1 Some cassava products and selected characteristics 

Group Characteristics Name and country 

Cassava 

leaves 

Cassava leaves are richer in proteins and minerals 

than roots. 

Prepared fresh, but can be dried and stored longer 

Pondu (DRC) 

Consumed in many countries as 

an important source of minerals 

Fresh roots Eaten row, roasted, boiled or fried: more suitable 

for low-cyanogenic varieties 

 

Dried roots Chips or balls are milled into flour. Initially, they 

can be dried after fermentation (for bitter varieties) 

or unfermented (suitable for sweet varieties) 

Chips are called cossettes in DRC, 

ugali in Tanzania, Lafun in 

Nigeria 

Paste 

products 

Unsteamed paste can be stored and sold before 

cooking. 

Steamed paste from cassava mash is stored and 

sold ready to eat. 

Unsteamed: fufu in Nigeria, water 

fufu in Cameroon 

Steamed: chikwangue in DRC, 

myondo in Cameroon 

Granulated 

products 

This fermented product originated in Brazil and 

have three types in SSA 

Gari, pupular in Ghana, Nigeria, 

C¹te dôIvoire 

Attieke, C¹te dôIvoire 

Tapioca: Benin and Togo mainly. 

Source: A synthesis from Spence and Ezedinma 2017, in Hershey 2017: 134-136. 

 

In light of food security, cassava transformation means, in summary, different transitions 

from production objectives to the final product. If we consider cassava production objectives, the 
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shift from cassava as famine reserve crop for family consumption or staple food, to cassava for 

cash income and more diversified usages that include industrial raw material and livestock feed 

(Nweke 2005 and Adebayo 2017). From the point of view of technological changes, genetic and 

seed improvement became the battleground of the IITA and its partners to breed high-yielding 

cassava varieties that could better respond to various constraints. It implied improved varieties, 

which besides high-yielding potential were also resistant to pest, diseases, and prolonged drought 

occurrences (Nweke 2005). Other characteristics such as low cyanogenic content, early maturity, 

and more recently, nutrient-rich varieties are addressed in research to respond to iron deficiency 

in cassava dependent diets. In this regard, scientific efforts to address malnutrition has led to the 

biofortification research program which aims, through plant breeding or agronomic practices, to 

increase mineral and vitamins level in new cassava varieties (Spencer and Ezedinma 2017). 

Promotion and adoption of good agronomic practices were part of cassava transformation. It 

implies the shift to more rigorous practices such as timely planting, optimum plant density, and 

reduction in intercropping for easier crop management. Regular weeding (including hired labour) 

in place of occasional weeding represents an important aspect that differentiated cassava 

production among farmers. Progressive mechanisation of cassava processing changed the cassava 

sector (Nweke 2005) by reducing the workload of certain steps in cassava transformation. 

Additionally, it increased the diversity of final cassava products (flour, animal feed, starch 

production, biofuel, etc.) and usages (from household use to industrial use). Improved processing 

capacity has reduced crop loss compared to the use of traditional techniques alone (Spencer and 

Ezedinma 2017).  
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Addressing cassava constraints in SSA means, therefore, first, paying attention to soil 

fertility improvement by reinvesting good management practices in low-input contexts to fill the 

gap between actual yield and cassava potential in each context. Evidence of the benefits of proper 

management can support steps forward: cassava responds to appropriate fertilisation and 

amendment and can benefit from agronomic practices that improve resource use efficiency. In the 

context of this doctoral study, the urgent need to focus on sustainable agronomic practices justified 

the focus on tillage methods that could results in higher yield on sandy soils in a rain-dependent 

context. Weed management will also require more research since it is one reason why farmers 

abandon planted fields according to the researcherôs field observations. If weed control can take 

up to 40% of total labour input in cassava systems (Hershey 2017), failure to address weed 

infestation on time can lead to total production loss. Steps to address weed infestation implies land 

preparation techniques that take into account existing vegetation and field history; adjusting 

planting date to plant in a timely moment before weeds become too invasive. Planting spacing 

calls farmersô attention too since higher density will lead to better canopy closure. Lack of planting 

material, however, represents a serious limitation preventing farmers to plant on time and with 

appropriate spacing. Second, improving the nutritious value of cassava in cassava-dependent diets 

will require addressing additional challenges. Some of them include the distribution of biofortified 

cassava planting material, its acceptance by smallholder farmers, and ongoing investment in 

appropriate processing technologies. Progressive mechanisation in some phases of cassava 

production will also release farmers from demanding processing manual activities to invest in good 

agronomic practices, including soil and crop management. 
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Chapter 3  Context, Materials, and Methods 

3.1. Introduction  

This chapter presents the context of the study with respect to site selection, methods and 

baseline data collection for the experimental design. Appendix A discusses further information 

about the environmental and socio-economic context of smallholder agriculture in Ibi region. 

3.2. The study zone  

This study was conducted from December 2016 to July 2018 on the Batéké Plateau, in Ibi 

region (4Á24ô00ôô, 4Á23ô55ôô S and 16Á08ô15ôô, 16Á08ô30ôô E), about 130 km from DRCôs capital 

city, Kinshasa. The zone shares the main characteristics of the Batéké Plateau, which, according 

to the Köppen climate classification, falls under AW4 type or Sudanese humid tropical climate 

with two dry and rainy seasons. Table 3.1 gives the annual rainfall as recorded in Ibi by GI Agroôs 

weather station from 2015 to 2018. Data from December 2016 to July 2018 cover the research 

period.  

Table 3.1 Monthly rainfall (mm) recorded in Ibi Village from 2015 to 2018 

Year Jan Feb Ma. Ap. May June July Aug. Sep. Oct. Nov. Dec. Total 

2015 49.6 137.2 158.6 153.8 98.4 11.0 0.0 4.0 45.8 137.6 265.1 253.2 1314.3 

2016 75.6 166.3 167.2 194.0 86.2 2.0 6.0 77.4 70.0 101.6 290.0 170.2 1406.5 

2017 47.8 28.8 125.9 203.6 114.2 22.6 0.0 0.0 85.8 182.3 233.5 199.4 1243.9 

2018 144.2 129.4 166.4 228.6 134.6 7.8 0.0 25.2 103.4 191.0 207.6 231.8 1570.0 

Av. 79.3 115.4 154.5 195.0 108.4 10.9 1.5 26.7 76.3 153.1 249.1 213.7 1383.7 
Source: GI Agro weather station 

The mean annual rainfall from 2015 to 2018 is 1384 mm. Relative humidity of 80 percent 

is observed during the dry months, helping annual crops survive well until the following rains 

(Nsombo 2016). The main dry season extends from mid-May to mid-September and the main rainy 

season begins in mid-September and ends in mid-May. A short dry season in February defines a 
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major cropping season (September-January) and a short cropping season (March-May). Annual 

crops planted in September get enough rain through to their harvest. Cassava crops planted in 

March-May endure the dry season that ends in mid-September, and therefore, need to be drought-

tolerant. July is the driest month of the year with zero rainfall. April and November have the 

highest monthly rainfall. The average annual temperature is 26° C, with the minimum temperature 

varying from 10 to 14.5°C and the maximum temperature reaching 30°C (Nsombo 2016).  

The soils in the research zone as analysed by Biloso (2008), Lele (2016) and Nsombo 

(2016), are acid and have a high percentage of sand (up to 90 %). Their agricultural potential is 

limited by several constraints, including a low organic matter content, a low retention capacity, 

and a rapid decline in fertility during the cultivation phase (Lele 2016). The arable horizon (0-30 

cm) is characterised by a poor CEC and low nutrient level. Selected characteristics are provided 

in Table 3.2.  

Table 3.2 Selected soils characteristics of the study zone on the Batéké Plateau 

Parameter Biloso (2008) Nsombo (2016) Lele (2016) 

Sand (%) 91.15 91.65 78.58 

Clay + silt (%) 9.4 8.29 21.42 

pH 5.15 5.31 5.15 

C (%) 1.26 3.45 1.85 

N (%) 0.057 0.23 0.15 

Source: Biloso (2008), Lele (2016), and Nsombo (2016). 
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3.3. Research site selection 

3.3.1. Site history 

Field research was undertaken in the Ibi region (see Appendix A, Figure A.2 and A.3) on 

a 1000-hectare plantation of Acacia auriculiformis, A. mangium and pine trees of different ages 

planted in 2008. The original plan of the plantation as represented in Figure 3.1, was to serve for 

carbon sequestration.  

Eight years after the initial plantation, acacia trees were being converted into a sustainable 

charcoal production based on a sequential agroforestry model intercropping acacia trees, cassava, 

and maize on savannah lands. After the annual crops are harvested, acacias grow until maturity to 

produce charcoal (see Figure 3.2). Subsequent cycles include the same steps with (a) the burning 

of aboveground biomass before the rainy season to accelerate acacia seedlings germination, (b) 

planning of cassava (and maize), (c) harvesting the annual crops and a fallowing period with acacia 

for eight years. These leguminous trees are expected to improve soil nutrient levels through litter 

accumulation and result in higher cassava yield. 

The study was implemented on a 500 m x 500 m field where acacia had been harvested for 

charcoal production. Two sites of 100 m x 100 m and 100 m x 50 m were defined for the 

experiment as illustrated in (Figure 3.1). The second site was selected to anticipate any risks of 

data loss, particularly during the agronomic experiment. Figure 3.2 gives a partial view on the 1 

ha field, with an earthen kiln of approximately 5 m x 8 m x 1.20 m, and shows different types of 

weeds that had developed during the acacia fallow, including Aframomum alboviolaceum and 

Chromolaena odorata. The research site is indicated by a yellow circle in Figure 3.1. See also 

Appendix C for photographs from the research zone during and after acacia trees are cut. 
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Figure 3.1 Research field location 

  

Figure 3.2 Visual position of research experimental sites in solid green colour. 
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3.3.2. Baseline data collection  

This study evaluated two land preparation techniques: the conventional technique of 

burning all aboveground biomass before crop planting, and an alternative fire-free land preparation 

based on natural litter decomposition. Soil and litter samples were initially collected to characterise 

the nutrient status on the entire field before burning (baseline), and then on half of the field that 

received the burning treatment. Yellow cassava variety was then planted on the same field to test 

crop response based on those two land uses coupled with soil organic matter management through 

three tillage practices.  

Step 1: Litter sample collection before burning 

After delimitating the two fields (1 ha and 0.5 ha), a 3-meter corridor was prepared to 

divide each field into two equal subunits corresponding to the burn and unburned treatments. The 

following protocol describes the process on the 1-ha field (Figure 3.3). Ten (10) sampling points 

were determined for each subunit, i.e. 20 samples of unburnt litter. To avoid border effect, 

sampling points were defined at 12.5 m from the field edges, using diagonal transects with the 

two-100 m ropes and 100 m measuring tape (Appendix C, Figure C.4). A 60 cm x 60 cm wooden 

frame (Figure 3.4) was used to collect the samples. All the aboveground biomass (dry or 

decomposing leaves and twigs of less than 2 mm diameter) falling into the frame was carefully 

collected by hand and placed in appropriate secured bags. Each bag was labeled with waterproof 

ink, identifying the sampling zone, treatment, and date. 
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Figure 3.3 Research field and litter sampling points. 

  

Figure 3.4 Overview of the research field (left) and unburned litter sampling device (right). 
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Step 2: Soil samples collection before burning 

The materials used included an Edelman auger, a measuring tape, three plastic basins of 

different colours for soils sampled at depths of 0-5 cm, 5-20 cm, and 20-30 cm; note pads, 

permanent markers, plastic bags and envelopes, and a stainless-steel scoop. 

To collect soil samples from the unburned field, the auger was calibrated at 5 cm, 20 cm 

and 30 cm using a measuring tape and permanent marker. Sampling exercise targeted the rooting 

zone for cassava crop, that is, from 0 cm to 30 cm. The sampling points were determined on the 

entire field at 12.5 m from the borders to avoid the border effect. Two 100 m ropes and a 100 m 

measuring tape were used to make the transects across the field and define the sampling points 

(Appendix C, Figure C.2). Ten sampling points were defined, five on each sub-unit (Figure 3.3). 

Between two depths, the auger was lightly cleaned with a scoop to avoid mixing soil from different 

depths. To take the samples, the soil was first taken at 5 cm, then placed in the basin marked 0-5 

cm. The auger was then pushed deeper into the soil to collect at 20 cm and place the content in a 

second basin marked 5-20 cm, and so on for 20-30 cm. The auger was turned in the same direction 

(clockwise) for the three soil depths (Appendix C, Figure C.3). In two cases, the sampling points 

were moved three meters away from their location because they corresponded to a charcoal zone 

(Figure 3.5). The latter may cause outlier data that are not representative of the field chemical 

properties. For that reason, non-random samples were collected on the four charcoal kilns that 

served for charcoal production. These additional samples were collected to inform the study about 

the impact of charcoal production within an Acacia agroforestry system. The same soil depth was 

applied to get a total of 12 samples (4 kilns x 3 depths). 



 

 

56 

 

Each sample was placed in a plastic bag previously labeled with precise information: 

sampling point, soil depth, geographical location, and date. The bags were then sealed and placed 

in a container to be taken to the laboratory. 

 

Figure 3.5 A charcoal earthen kiln in the research field. 

In summary, 42 non-composite samples were collected: 30 from the entire unburned field 

to assess soil properties under acacia at 8 years after planting, and 12 from the 4 charcoal kilns. 

The samples were taken to a temporary lab in Kinshasa to dry at room temperature before they 

were organised for further preparation and analysis. The same protocol was followed on site 2 for 

both litter and soil samples before burning. 

3.3.3. Burning treatment and related sample collection  

To determine the effects of the current land use in the Ibi AFS, namely the practice of 

burning aboveground biomass as a land preparation technique, a burning treatment was imposed 

on 50 percent of the field. Different steps were followed. 


















































































































































































































































































