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ABSTRACT

THE EFFECTS OF SOIL ORGANIC MATTER MANAGEMENT PRACTICES

ON SOIL PROPERTIES AND YELLOW CASSAVA YIELD IMMN ACACIA

AGROFORESTRY SYSTEM IN KINSHASAROVINCE D. R. CONGO

Daniel Syauswalusondoli Advisor: Dr. HelerHambly Odame
University of Guelph2020 Co-Advisor: Dr. Elsa Vasseur

To date, little research intropical agroforestryhas assesse the effectsof Acacia
auriculiformis a leguminous tree, on soil fertility and biofortified cassava yield. Burning fields,
before cultivation and to produce charcoal, is a traditional practiceéhanfood insecure
communities othelbi region in Kinshasa Province,®. Congo b tibstudy Soit at i on
properties and tillage methods need consideration if fire exclusion can be an alternative. Three
tillage methodsfor cassava were tested. Rbarvest assava processing was evaluated to
understandhe implications of Acacidcassava farming for food security. Results indicate no
significant effects of controlled burning on soil properdad on cassavieesh yieldas compared
to fire exclusion.Burning acacia litter decreased C anW46 % and29 %, respectivel, as
compared to noburned litter, but resulted in a significant increase in pH (4.5 to 6.9) and other
nutrients including Ca, K, Mg, Fand Mn. Mound and ridge tillage methods had significantly
higher cassava yiedd10.5 and 1@ Mg/ha, respectivelyps compared to flat tillage (7 Mw).

Areas of soil (or kilns) wherd. auriculiformiswas burned to produce charcoal hathtively



higher soil nutent concentrations with corresponding higher cassava yield (64/Malg
compared to the treatments (9.2/Wa), irrespective of tillage methedvound tillage was more
labour and cost effective compared to ridge tillage. Despite high food insecuhs/lm region,

local processing of yellow cassava is problematic which detgtisation A mechanical grar
showed potential to reduce cassava ksdlabour intensityand di ver si fied the
presentationOverall, fire exclusion combineditir mound tillage is likely an improved option for

soil fertility and cassava production. Due to high mutriconcentration, kilns can simultaneously
inspire the integration of charred material for agriculture and the promotion of tree planting for
charcal production and soil fertility. Further research is needed to examine litter decomposition
and soil nutent analysis over time, particularly between burning and planting and at different
cassava vegetative phases. Improving soil nutrition through dptihvercoal and cassava

production supports food insecure communitiethetbi region.
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Chapter 1 Introduction
1.1.Introduction to the study

The relationships between growihgmanpopulatiors, periurban ecosystems stress and
the need for sustainable land management strategies iS&havan Africa (SSPAare complex
(FAO 2016. They raise serious issues related to ditainment of food security in a dynamic
socioecological context in which the capacity of soils to respond to competing needs of rural
communities and urban consumershighly strained. Moreoer, the critical role smdiblder
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 produtvity of their farms Gollin 2014;Lal 2015).This is particularlytrue for periurban
ecosystemshat have become the preferrédt highly unsustainable souscef staple food and
wood produdt Indiscriminate extractive practices such as the fellingreés for charcoal
production combined with slash and burn cultivation of staple food crops increase the pressure on
tree cover and cause largeale forest and soil degradati@bhervéQuinquis 2012; Peltier et al.
2014; Péroches 201RNUE2001and see Appendi& and Appendix C, Figure Q).

Consequently,he longterm provision of food products compromised with detrimental
effectson environmental services such as detttility, air, and water quality and biodiversity
(AbhervéGuinquis 2012t iyama et al. 204). While wood fuels account for more than 80 percent
of primary household energy in SS#eir consumption ipredictedto inaease in the coming
decades (Abherv®uinquis 2012 Gerkens 2014Marien 2008), and agriculture will likely
continue to expand on pearrban savannahs and marginal lat@sespond to various needs for

food, wood fuelsand employment



In such a contexgppropriate agroforestry systems hdee=n designed diting land uses
that can achieve simuliaous benefits suds improving soil quality of agricultural lands and
enhancing food and nutritional secur{tgarrity 2004; Nair 2011Young 1997). Agrofordsy is
appropriate and sustainabteperiurban savannahs becauseanrespond to energy and food
demands, improve livelihoods through income generation opportunities, and eventually achieve
environmental restoration and carlsaguestrationrHAO 2016; Peltier 2010//orld Agroforestry
Cente 2014).

In this respect, Kinshasa Province, which includes Kinshasa, the capital city of the
Democratic Republic of Cong®RC) is a relevant context faesearch Ki nshasa i s DR
dersely populated provincand has experienced ongoing demographic growth, 866000
people in 1960 (Pourti@018 to about 11nillion peoplein 2010(Gerkens 2014)The population
is projectedo reach 30 million people in 2050 while the country willaled80 million (Gerkens
2014).Under these conditions, the demand for wood and charcoal to satisfy household energy
requirements have followedpulation growthConsequentlyK i n s h a sughaénsecogystamis
include secondary forests and savannah sasuffering from large scale degradatioAljhervé
Quinquis 2012; Marien 2008)NEP 2011).A highly degraded geographic zone of Kinshasa
Province, known as the Batéké Plateau, represents sdianpercent of tis geographical area.
Named after its indigenoysopulation, the Tekethe Batéké Plateasupples 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 Batél@eldu. These practices contribute to

reduced tree cover and threaten ecological diversigagricultural productivityof landandthe



sustainable supply of food and wood endiggrien 2008)Accordingto available literature (FAO
2012) at least 60 00 hectares of land are harvested annually as a consequence of be#imglash
burn cultivation and felling of trees for wood fuel.

This context has inspired research and international development intemgantresponse
to the severe energy crisis in Islasa and alsq the exploration ofbetter options for food
production orthesedegraded landdn the 1990s, ailot reforestation project was initiatéa the
rural zone of Mampuon the Batéké Plateau,@li 150 Hometerseast of Kinshas&he plantatia
covered 8000 hectares aingolved Acacia auriculiformisandAcacia mangiungBisiaux, Peltier,
and Muliele 2009Ducenne 2009), two leguminous Australian species suitable for soil restoration,
wood prodution and soil fertility replenishment (Bhatt et &01Q Ngulube Chapola, and
Mwabumbal993. The Mampu plantation was later converted into a rotational agroforestry
system where acacia trees are intercropped with staple crops, such as ¢4asdn éculenta
Crantz) and maizeZga mayps These anual crops are harvested at three months for maize and
12-18 months for cassava, whileaturetrees arénarvested focharcoal at the end of the seven to
eightyear cycle. A controlled burning of acacia liteerd twig biomass before the rainy season is
used tostimulate dormanticacia seedso germinate in large numbers and enhance the
mineralisatiorand release of nutrientBigiaux, Peltier, and Muliele 200®ucenne 2009). Athe
beginning okach new cgle, cassava and maize are intercropped vataral acacia seedlings and
benefit fromthe improvedsoil fertility. Subsequently, the cycle begins again on a new plot where
bush savannah fallow is replaced by acacia planted fallow. Cassava, the maifosthptep in

the Mampu area, has generallpguced higher yields in acacia agroforestry systems, compared



with conventional shifting cultivation in the same area under comparable management conditions
(Bisiaux, Peltier, and Muliele 200®ucenne 2009 ejoly 2015 Lele 2016;Nsombo 2016).

In 2008,a similar agroforestry project was initiatedtive Ibi zone, 30 km from Mampu
and 130 km from Kinshasa. Evidence of seeocmnomic and environmental benefitem the
Mampu project inspired savannatbasedagoforestry project designddr carbon sequesttion,
fuelwoodsupplyto Kinshasaity, while also promoting community development activities related
to agriculture, health and education for the benefit of the local communities of the resident Ibi
estate ad neighbouring villages. The project includexbgenous species of acacia, eucalyptus
and pine for timber and charcoal production, as well as the promotion of local tree species (such
us Milicia excelsa(Welw.), Millettia laurentii) both through plantingind natural regeneration
(Mushiete andMerril 2010). A local NorGovernmental Organisation (NGO Groupe
dol nitiatives p Atfrlique (GlAgrg),rmarfaged thes coremunite deeelopment
initiatives andheresearch aspects of the project. yhreendedo replicate the system and design
new alternatives relevant to the diversity of local farnagrs respond tthe growing demand for
food security by the integration of fruit trees (Lejoly 2014).

These twoacacia agroforestry projects developed on the Batéké Plateau have served as
evidence that savannahs and degraded lands in Kinshasa can befgilccasd sustainably
cultivated. Theesystems represent a move from stasidburn practicesvith natural fallowto a
plantedor improvedfallow relying uponnitrogenfixation by fastgrowing trees. Such improved
fallow systems potentially contribute $olving theeverincreasing urban household fuel crisis in
Kinshasa city addressing sustainable land use in -péban areas through perennial tree

integration and improved soil fertilito support food security and renewable energy production



sustainaly (Bisiauxe al . 2014). The «c onc etipeuseantiintégraiopr ov e d
of fastgrowing, nitrogedixing trees and shrubs to replabenatural fallow methodsommon in
slashandburn shifting cultivation. Besides shortened naturiédes, they acelerate 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 Pralihee a
primary source of agricultural incomén such a context, improving soil productivity is critical for
rural household&r bothfood and income generation. Cassava is a dretodgrtant crop and can
perform well enough on marginal lanffsuyper andAdjei-Nsiah 217), and consequentljts
cultivation has not involved any special investment in terms of soil managébetat2016)
Because of the predominance of cassava in the cropping system of the Batéké Plateau, there has
been little investment inad fertility management strategies. As a result, cassava yields decline
rapidly after one yeabecausef theslash and burn practices that leadtapid fertility decline
on sandy soils characterised by low retention capacity for water and nutrieers.ig an atence
of external inputs such dsrtilisers, whichare often too costly or unavailalie resourcepoor
farmers. Soil fertility decline has a,ahd rect,
food security.

It hasalsobeen obsered that thdack of access to improved processing equipment in
Batékeé results in frestassavaoot loss.The \egetative cycle for mognprovedcassava varieties
varies from 12 to 15 monttedfter planting (SENASEM2012), a time beyond which the risk of

guality lossin unharvested cassava reaicreases. Simple root decay or infestation by cassava



brown streak virus and other diseases ityave
in rural communities inhe Kinshasa region.

From a nutritioml perspectivelimitations also result &m the currentroppingpractices
in the Kinshasa region. Cassadapendant diets ar&nown to be deficient in essential
micronutrientg Bechoff2017). Although cassava leaves contain protein, vitamins, and minerals,
the roots are an important source oémgy. Since 2013, the Batéké Platehave becomene of
the zoneselectedo implement the diffusion of yellositeshed cassava created by HarvestRo
address malnutritidnRich inPro-Vitamin A, thisyellow cassava has higher moisture content and
lower starch concentratiomhencompared to existing whitbeshed cassagaleveloped by the
National Institute for Agronomic Research (INERATraditional technique have proved
inefficientin processg thehighermoisture level roots of yellow cassava into flour, resulting not
only in crop loss due tfasterspoilage in or off the fieldhinderingadoption by farmers of a more

nutritious cassaveaariety. It becameclear that the lack of access to improved cassava processing

a

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 @aciabased agroforestry systems developed to date in the Batéké Plateau
of Kinshasa Regioanable marginadavannah lands around major cities in DB®esuccessflly

brought into cultivation and generate multiple so@oonomic and ecological benefits

I 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 bidifmtfood crops that are rich in
vitamins and minerals, and prouig global leadership on biofortification evidence and technology.
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(Bisiauxetal. 2009 Lejoly 2015). However, theesystems are based on a slash and burn model

in which mature planted acacia fallows are transformed into charodatha aboveground
accumulated biomass is burned before the land preparation préo@ssascientific point of

Vi ew, It i's cruci al to understand what me c h a
productive potential of the Batéké Plateau andaneplhctors explaining crop performance while

suggesting a detailed methodology for yieltinreates in this context.

1.3.Research questions, goahnd objectives

1.3.1.Research questions
The overall question guiding this study is hcawn agroforestrg in terms ofresearch and
practicesd better contribute to sustainable solutions for enhancingfexility, food security,
and ecosystem services in smallholder farming iBtitéké Plateau of Kinshasa Province, PRC
More specifically, and from the perspectivettodé immediate and loratgrm benefits of the acacia
agroforestry system as implementedkin
1 What are the effects on nutrient level and soil properties, of burning &t®veground
biomass during land preparation?
1 What are the benefits of fire exclusiomnepared to burning on sdértility?
1 What is the influence of soil organic matter mgement through tillage on cassava yield?
1 How can charcoal making practices inspire new management options for soil productive
capacity within slash and burn agricultusgstems?
T What are the benefits of farmer sdrmaofcess t

cassava loss reduction and enhanced food security?



1.3.2.Research goal and objectives
The goal of this researciasto assess thshortterm effects of an acaciageoforestry
system (herein referred to as A& soil fertility andfood securityin Ibi region on the Batéké
Plateau irKinshasa Provingewith a particular focus oarganic matter management options and
fire exclusion practice in land preparatioho attain this goal, the following objectis were
pursued:
1 To quantify the effect of an acacia ABS soil fertility in terms of quantifying micro
and macronutrients
1 To compare soil properties under two costireg land preparation techniques: burning
and fire exclusion;
1 To assess the benefits and disadvantagbsraing theabovegroundiomass in an
acacia AFSwithin the context of soil parameters and cassava produgtivity
1 To assess cassapeoductivity as ifluenced by three sodrganic matter management
practices nanely flat tilling, mound tilling and ridge tilling
From the perspective of food securiygomplementary objective pursued in this
researchs to assess the contribution of a mechanical giatevercomingthe constraints related

to yellow cassava&rangormationin 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 agreébry activities to socioeconomic conditions and
ecological benefits of AFS from theerspectiveof the tree componeiiBisiaux and Peltier 2009;

Ducenne 2009Gigaud 2012; Paul and Fraser 20P4jtier 2010). This is understandable since



charcoal produatin from acacia plantations (silviculture) was the entry point and transition
towards agroforestry (agigilvicultural) practices on the Batéké Plateau. Acacia plantations were
considered as the best way to respond to the household energy crisis in Kiisteasawvas
initially less emphasis on solil fertility improvement through acacia AFS by its ability to fix
nitrogen ad its adaptabilityto poor soils. Existing studies have also taken for granted the practice
of land preparation by burniragacia litter ad all availableabovegroundhiomassat the beginning
of the planting season (Ducenne 2009). Although this slashuangkactice responds to the need
to accelerate nutrient release and reduce workload, the short artddionigenefits of the practice
hawe not been investigated sufficiently from fherspectiveof sustainable management practices
on the Batéké Plateau.dditionally, no research has ever tested alternative agroforestry tree
species that could be combined with acacia to offer complememrtagfits, such asnhancedeaf
litter decompositiomate

Therefore, the study documented in thissertation brings forward an agronomic
perspective which has sometimes been forgotten in agroforestry research (Nair 1997). This study
examines the contrilbion of acacia AFS to the interactions between tree compoasdtthe soil
on one hand, and betesm the plant and the soil systasimanaged by the burning and the tilling
practices and theinfluence on cassava yield. The latter focus on crop yieloeimtacia AFS has
not been well studied although food security is of tremendous relevartbe soccess and
sustainability of the AFS. It is anecdotally reported that cassava yields in acacia AFS in Bakété
Plateau are not as consistently high as expectddhe reasons for low yields are not well known.
In response to the sustainability of systemabovegroundiomass burningas questioned by

Bisiaux et al. (2014), this study tests a fifeee land preparation technique. This is a relevant



inclusion inthe study because the Bakété Plateau has been experiencing shortened fallow length
(4-year averag) due to reduced land siZe 5 ha)for smallholder farmerdeading to a situation
whereslashandb ur n practi ces ar e g-plaafaeura Inlgy ogni wsianvga nwaay
(Paul 2011) with no external inputs to replenish soil fertility. The te$tdm the practice of fire
exclusion would then helm maximise tree inputs (litterfall) in the losigrm by allowing slower
mineralisationand providing nutrients for crops, such as cassava, over a longer period. These
results woulcencouragenore divesified livelihood options for many smallholder farmers who do
not plant trees for charcoal production but could benefit from short rotation planted fallows
becauseeven to eighyear acacia falloware not an attractive optidor smallholder famerswith
limited farm size
1.5.Structure of the dissertation

The dissertation is organised as followsChapterTwo, a literature review of the main
processes itreecrop interactions and evidence of AFS benefits and limitatiotiseicontext of
tropical subSaharan Africa, are presented. There is a specific focus in the literature review on the
importance of nitrogeffixing trees in AFS. Particular attentiongssen to available research on
the effects oAcacia auriculiformison 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
discussioronthe influence ofillage methods on soil improvement and crop yield in the tropics.

ChapterThreedescribes the research methodology in detail. Sampling methods and data
collection using soil fertility indicators and crop yield are explained.

In ChapteiFour, the finding ofthe study are presented in three sections., Hnestesearch

findings relatedo nutrient levelsn litter andsoil properties under burned and unburned conditions
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are presentedind secondly, cassava yield as influenceddiitillage methods. Thhird section
of the findings focuses otthe postharvest steps for yellow cassava processing phases using a
mechanical grater.

ChapterFive summarses the key findings and discusses the contribuiiotme study to
the wider body of knowledge. The focisstwofold: first, the research results are introduced to
foster awarenessf agroforestry practices and potential applications within the context of peri
urban community development and livelihood enhancement in DRC. Se¢hemdain steps for
improved casawa processing methodwe presentedo address the challenges of biofortified
yellow cassava and its contribution to improved nutrition and food secutitgikinshasa region

Final conclusions are stated followed by recommendations for addressagtregps 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 otheripaniareas

of the Democratic Republic of Congapperdix A, at the end of the dissertatiamgmprise an
additional description of the environmental and sezionomic contextn the Batéké Plateau in
general and the Ibi area in particul®@ata for this appendix are derived from secondary
documentation and a&o-economic baseline household surbgySyauswa (2015) fdheproject
entitled fnealklh¢éa Reoowdivnated by Al fred Col

CIDA-funded Tierll capacity development program.
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Chapter 2 Literature Review

2.1.Introduction

The literature review presented in this chapter covers relevasanes areas to understand
and interpret the study questions dmalings. It is structured into four sections that reflect the
areas of focus in this study. The first sectoffers a general rewieof scholarship on agroforestry
systemsconcerningsoil restoration and soil fertility replenishment in SSA. The mosvaelke
literature is that which focuses on sequerigS, as opposed to simultaneous cropping systems.
Even more specifically relevaistthe literature on the agroforestry specfesacia auriculiformis
and its benefits and limitations asfeatilising tree in SSA. The second section identifies and
discusses the most relevant studies and models on slash and burn shifting cultihatieffiedts
of slash and burn on soil properties and crop (mainly cassava) yield are pertinent areatoé litera
for this study. Alternative management systems based on fire exclusion will be discussed from key
descriptive and experimental studies. Thidtlsection examines soil management practices,
discussing tillage methods and their influence on the dynainsiganic matter, soil nutrientand
cassava Yyield. The fourth and final section consitlex contributiorof cassavao food security
in SSA and DRC in particular. For this study, the literataxaminesmproved cassava production
and processing matdsandidentifies opportunities and constraints for smallholder agriculture.
This literature chapter focuses on tropical contexts only. Mythsrescbnceptionsibout soils in
the tropicshave been addressed by Lal and Sanchez (1992), Nair et al. @9®®anlauwe and
Giller (2006)to avoid nave comparison with temperate contegtsd uncritical development
projects Furthermore, even though aesfiic attention is given té. auriculiformis a leguminous

tree,analysis of itsnitrogen fixationprocessgper se is beyond the scope of this study.
12



2.2.Agroforestry systems and soil fertility replenishment in SSA

Soil fertility depletionis a major causef low per capita food production in SSA (Buresh,
Sanchezand Calhoun 19971 al 2019;Vanlauwe et al. 20)7hat has been addressed byd
term (> 5 years) experimenssnce the 1960s to the 198(Bationo et al. 2012)The initial
approach in soil resech and extension activitiésvolved the use of costly external inorganic
inputs and irrigation failed to be accessible to or adopted by smallholder farmers (Vanlauwe
2002).1t also generatedonflicting results such as rapid yiedécline butyield postive response
to inorganic fertiliser where it was applied as requiigationo etal. 2012; Giller 2001Kihanda
and Warren 2012; Sanchez 1976; Schroth and Sinclaif) 2008 time it was understood that the
effects ofinorganic fertilises on yield degended on the level ajrganic matter (Bationo et al.
2012). By the miell980s, integated soil fertility managememias designed asrasponse tthe
complexity ofland use systems characstid of smaliscale farmers (Vanlauwe 2002; Young
1997). This newparadigmin tropical soil fertility sought to simultaneouskyinimise external
inputs and maximise the efficiency of their usge enhancing soil biological activit{Bationo et
al. 2012 Vanlauwe 2002). In this perspective, agroforestry, the deliberagraiion of woody
perennials with herbaceous crops and/or animals on the sameniama spatial (simultaneous
systems) or temporal (sequential systems) sequence (Raintt&garnet985) for ecological and
socioeconomic benefits, became an importantl fie advance research and practices related
sustainable food productioN&ir 2007 Sanchez et al. 201Steppler and Nair 1987).

Through the biophysical interactions between the selected woody components and other
elementsAFS can enhance organic matfgoduction, reduce soil erosion, conserve water, create

desirable microclimate calitions and increase the overall fertility in ralapendent
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agroecological systems of SSRgo, Nair, and Ong 1998 hevathasan and Gordon 2004). Of
particular importances the body of research that has identified hagvoforestryallows the
restorationof degraded lands and sustainable food production on marginal lands through
appropriate selection of tree or shrub components by different processes (Nair 2007). Stadies ha
shown that AFS increase the supply of nutrients to the soil, enhance soiltuitdéng, increase
soil organic matter accumulation in soils, decrease nutrients losses from the soil, and provide
ecosystems serviceByresh and Tian 199&arciaBarrosand Ong 2004Sanchez, Buresh, and
Leakey 199Y. Trees and shrubs increase nutrgrpply to the soil through pruning, mulching and
litter decomposition combined with other physical and biological mechanisms such asiogtimi
nitrogenfixation andimproving the conditiondor soil organisms (Giller 2001). Fagtowing
legumes have badhe most tested species for their ability togiiMmportant amount of nitrogen,
although what proportion is actually available or used by the crop is context sp@dgicZ001;
Sanginga et al. 1995Jhis is a very important recognition with the shoecent AFS literature; the
specific local contexts and current conditions of the -&gasystemare fundamental to the
effectiveness of AFS (Sanchd&uresh, and Leaky997; Vanlauwe et al. 2037

The literature points to complementary mechanisms bgtwihie incorporation of trees in
agricultural systems enhance the use of resources while decreasing nutrient losses mediated by
rootso6 ability t ozone leachecdnutaentd thalt veould be btleerwiseolasttor n g
unavailable for crop uselas o referred to in Mhleeol hypoathers
(Dougherty et al. 208). The leached nutrients are taken back to the soil surface through prunings
or leaf litter decomposition (SancheBuresh, and Leake$997; Schroth and Sinclair 2003;

Thevathasan et al. 2012). This AFS process is much valued and investigated in irfertjaséec
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systems, particularly temperafg=S (Buresh and Tian 1998; Dougherty et aD®) where
important nutrient losses may tgiace 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-fiking and nonfixing, to improve
biochemical, physical and biological propegtihave been extensively studied mostly in tropical
systems Atangana et al. 2017; Nair and Latt 1997; Schroth and Sinclair 20018)g 1997).
Among preferred trees species, multipurpose trees have beehdoisble in tropical contexts
where competing @eds can hava severe impact on ecosystems and for their ability to provide
ecosystem and socioeconomic servicdsee species suct\. mangium A. nilotica A.
auriculiformis Cassia siameaFaidherbia albda, Grevillea robusta Leucena leucocephala
Moringa oleifera etc. have been tested in various ecosystems and for various uses and functions.
Among them,sc al | ed 0 f ehaveibdeipreneoted ih snmalbader agriculture as an
attractive and affatable source of nitrogen inputs on the fahfai¢ 2007;Nair and Garrity 2012).
Complementary benefits of multipurpose treeslude nuts, fruits, vegetables, essential olils,
medicine, fodder for animals, wood for fuel and timber (Sanchez, Buresh, ang 129R.
Researchers such as Akinnifesi et al0&) and Leakey (2012) dedicated an extensive amount of
work on the domestication of indigenous trees in agroforestry syswgneforestryis an
important way to rediscover neglected food or tree produuts services and contribute to
alleviating povertyand malnutrition while enhancing food security in rural communities,

according to many descriptive reporAQ 2013;Kiptot and Franzel 2012).
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2.3.Acacia auriculiformisin tropical agroforestry systems

Of particular importance to tropical AF8, auriculiformishas received increased interest,
mainly for its potential for@il improvement Bhatt at al. 2010; Datta and Singh 2007; Denich et
al. 2005;Nair 1993 Toma, Das and Arunachalam 2012). auricuiformis canfix 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 nginal and degraded lands. Although commonly found on clay #ails,
auriculiformiss abi l ity to grow in a variety of soils
soils (pH between 4.3 and 9) has contributed to its popularity on marginal lamaghEmineties
onwards,A. auriculiformiswas tested for its performance and adaptation in different African
contexts Duguma et al. 1994\gulube, Chapola, and Mwabumk893) and has been widely
experimented in India for land restoration and soil impmose (Datta and Singh 200 ,omar,
Das and Arunachalam 20[1an SSA, besides ittertilising role, the contribution to fuelwood
production has i ncr efstsodrceafchausehadéesergy (bepky P0AR).i t y
In countries where more than pércent of the population depend on trees for energy, urban and
periurban acacia woodlots have been successfully tested to provide charcoal and developed into
acaciabased agroforestry systems (Abhe@éinquis 2012Liyama et al. 2014). Despiteng-
term research initiatives oA. auriculiformisin the wesérnregions of the DR({Bisiaux, Peltier,
and Muliele 2009Gerkens 2013Peltier et al. 2010; few studies have examined its letggm
impact on soil fertility.

The present review of studies related\. auriculiformisis 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
simultaneougsgo f or estry systems fAwhere the tree and t
and in close enough proxi mity fAoauriculiformishasact i on
shown strong competition for nutrients and water. This adverse effect wasasbsethe 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% respectivadpmpared to openidid. Other screening
experiments in Malawi and Cameroon, revedhexpoor coppicilg capacity ofA. auriculiformis
making it unfit for simultaneous systems such as hedgerow intercrofgpuggifha and Tonye
1994; Ngulube, Chapola, and MwabumhE93). All studies agreed, however, tha.
auriculiformis produced abundant biomass resulting high level of soil organic carbon (Datta
and Singh 2007; Denich et al. 200B) sum, the literature suggests tAaauriculiformisis most
appropriate for soil consetion, soil improvement, fertility maintenance and carbon sequestration
in systemswvhere competitions are minimised, such as sequential sysEmstimentson the
effect of green leaf manuring have been underta@ssentially taninimisethose competitios
(Partey et al. 2012)fomar et al. (2013), for instance, found teatf manure DA. auriculiformis
improvel soil physicechemical properties including pH, electric conductivity, water holding
capacity, organic carbon, N and Kyield equalo or highrer than the recommendedMK from
thethird year of continuous planting low landrice was noticed

Acacia auriculiformishas been planted for fuelwood production and its complementary role
in environmental restoration and soil fertility replenishmard periurban context in DRCThis
AFS was designed ii994and is described by Danne (2009). In a cycle of 6 to §2ars acacia

trees are transformed into charcb&fore a new cropping cycle starksasongo et al. (2009)
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assessed the effect on chemical soil fertility changes in 17 years old chronosequence. Soil sampling
was done orhe topsoil (625 cm) and the subsoil (Z® cm). Soilanalyse showed a significant
increase in organic carbon reaching respectively 2.92% 81446 in the topsoil and the subsoil
for the oldest acacia fallow.opsoil btal nitrogen of 0.280% in the dy&ar old fallow was found
to be six times more thahelevel under natural fallow. Soil organic matter was restored to 1.9%
as evidence of a gigficant improvement in the soil nutrient status after 17 years (Kasongo et al.
2009; Peltier et al. 2010). Thstudy revealedhowever,acidification by acacias of the topsoll
from the fourth year onwards (pH £8): 4.97) to the 17year (pH (HO): 451) with average pH
of 4.5 for thel7-yearold fallow compared to pH 5 under natural fallow. It was hypothesis#d th
the acidification effect under acacia fallow resulted from the humification and nitrification
processes, but this effeas well as possiblallelopathic effectsare not documented more
recent study (Dubiez et al. 2019) has found that soil catieaseased significantly after 22 years
of acacia agroforestry practice, thus questioning the conclusions reached ten years before by
Kasongo eal. (2009), as well as the sustainability of the system.

A more recent studwas undertaken by Nsombo (2016)aiwalysesoil nutrientsand pH
and evaluatethe effects ofA. auriculiformison the savanna sandy soils of BBatékéPlateau
Samples were clgcted at €80 cm and 3@®0 cm at different seasons of the yé#er study found
no significant difference in cinacal fertility between soils under different vegetati@nganic
carbon levels at-B0 cmshowedno significant difference between soil un&eyearold acacia
(3.43° 0.38 &), 16year old forest (3.61 0.41 a) and 1§ear old savannah (3.38.45a) (Nembo
2016).Thestudyconfirmed the low fertility situs of the sandy soils of the Batéké Plateau and Ibi

region in particular, marked by aditlpH < 5.5 regardless of the land use (i.e. acacia, forest or
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savannah). Acacisiomass builelp was also evideecause 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 impa¢hebcacia based AFS system depends on
biomass productioandtherelated amount of organic matter and how the ldesefits the soill
through nutrient releas&€hemical fertility improvement is morehallenging to demonstrate
unless leached nutrients are quantified in the system.

Overall, there is a literatun A. auriculiformis including relevant studies in DRC. There
is not however sufficientdescriptive or experimental literature that conssde auriculiformisin
relation to slastandburn shifting cultivation systems in DR@or tests alternatives the tropics.

The next section will focus on slasindburnpracticesn relation to AFS.

2.4.Slashrand-burn shifting cultivation systems and altenatives

Shifting cultivation, the dominant traditional farming system in the tropics is also known
as slaskandburn agriculture, because land preparat®oaccomplished by slashing and burning
woody biomass and perennial vegetation. The sdsbburn mehod is preferredas it
accomplishedifferentbenefits to the farming systesimultaneouslyit cleasthe landor seedbed
preparation, releasenutrients, and malsethem 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 inchedacedlabour requirements where fire
serves to removiemportant amounts of biomass and make plangagier(Hauser and Lindsey
2013;Weinstock 2015). In its traditional version, slash and burn cultivation involves the following
five steps: (a) land seleégch and clearing of trees and other types of vegetatim) burning dry

slashed biomass, (c) cultivating annual (or perennial) crops (cropping phase), (d) abandoning the
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field when crop yield declineg and (e) the fallow period (Nair 1998Veinstock 2015)Recent
research has provided evidence that shiftuigvation can be sustainabMhen the fallow period

is long enoughl(0 to 15 yeapsto bring the field under cultivation near its initial fertility status
(Giardina et al. 2000; Lal 2015; Weinstockl®). In general termshe longer the fallow period,
the more the soll fertility is likely to be replenished (Haumsed Lindsey 2013) and the more
stable the system will bdt follows that shorter fallows due to the shortage of arable lands
compromise bth the production of staple food and the soil pragtectapacity (Lal and
Cummings 1979Weinstock 2015; Cairns 201A land use factor has been definadefforts to

evaluate theustainability of shifting cultivation.
0 — where C= length athe cropping phrase expressed in number of year&arie 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 istlgadue to the assuaption
among development agencies, agribusinesses or others that soils under forests are necessarily rich
soils and clearing the forest woulithereforeJead to high crop performance (Weinstock 2015).
The reality, however, is that tropical rainforestariravhich conclusions are drawadapt over
many years, to thriving on poor soils as well as on rich soils but with varying nutriergtitevel
plant biomas (JuoandManu 1996).The most recent compendium on shifting cultivation in the
Asia-Pacific region byCairns (2015) sheds light on research attitudes when examiningidend
systems of the tropics. Shifting cultivation, Cairns argues, should not bencoadeincritically
as a scapegoat for current problems, nor be admired blindly as a museum pie@r\e.[Rasher

it Ahas much to teach uso0 as s husekpracticegstonem t i v a
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challenges. Far from being a declinilenmduse system, shifting cultivation is more likely to
continue to be the dominant one in the tropiddsthe same time, in a context of demographic and
environmental threats, farmérand scientists in that matéeare challenged to respond in
creative wag.

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 furtheforestation and cultivation on
marginal landsl(al and Stewart 2015Nair 2007). The present reviewherefore,proceeds to
identify and discuss key studies on shifting cultivation and the effects of slash and burn practices
on soil fertility and food p production, specifically those based on empirical analysis in SSA or
DRC. Because of its centrallecas a relevant place for research concerned with sustainable land
uses, the Amazon context has received an increasing scientific interest with siappdd the
work in similar ecological contexts of SSA. Alternatives to and the improvement of sthbliran
cultivation have been discussed since the early 1@7&sns 2015 The relevant literature in this
area and examined here pertains to exclusidine and biomass retention in land preparation. The
conditions to adopt fire exclusion in land pregggon processes and the consequences of such a
practice on longerm management of soil fertility will be discussed.

First of all, the literature is ebr that measuring the effects of slash and burn cultivation
involves direct measurement of changesail physicochemical properties following the skash
andburn, or, in some cases, an appreciation of soil and water management problems that result
from burning practices (Bévileau et al. 2014; Sanchez 1B@bn et al. 2005 Indirectly, it entails

the meaurement of crop growth and yieldal and Cummings 197®enzies and Gillman 2003).
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Hauser and Lindsey (2013) further identify three processes taking m slash and burn
shifting cultivation. They comprise soil fertility change (usually a declinegdbuild-up, crop
pest or diseasbuild-up. These can act separately, or together, and fallow efficiency will be
determined by how far it restoreke sy st emdés productive capacity.
abandoned also when thesbour requirementfor weedcontrol exceedshe anticipated benefit

(Reulerand Janssen 1993).

2.4.1.Effects of burning on soil properties

From the early 1960s to the new Millennium,e&xh on the effects of slash and burn
practices moved along two conceptual models (Thomaz et al..20@lominant framework \8a
developed by Nye and Greenland (1960) and influenced studies i8¢ Cummings 1979;
Reuler and Janssen 1993). Asrmarisedby Giardina et al. (2000), this first modstpothessed
an increase in soil fertility conseotg to burninglti s based on the proposi
converts slashed vegetation into nutrgoh ash that is deposited on the soil surface and
incorporated intdhes o i | by rainfal |l Bamitgleads aldotahigherismln o ( p.
pH favorable to nwient 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 irgsthl as only onprocess and
accounts for other processes of nutrient loss. Fine ashes resulting from the burnedl anateri
exposed to wind and runoff in the period between burning and planting. In reality, the second
model finds that théertilising impact of slash andurn system is reducdzkcause, if nutrients
released from ash to the soil benefit plant growth, in realifferent phenomena may induce

important types of losses between burning and planting, and during the cultivation phase such as
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runoff, erosion, éaching andvolatilisation Various research has demonstrated that nutrient loss
by volatilisationcan be very high during the burning process and is aggravated by wind effects.
Hdlscher (1995) cited Denich et al. (2005) and found arkissas high asg3o for N, 76% for S,
47% for P, 48% for K, 35% for Ca and 40% for Mdpe loss of carbon concentrations was also
very high intheform of CQ. Loss takes place also through the export of crop products from the
field (e.g. trunks harvestddr charcoal). WBn 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 Wbeghly volatile compared to cations at comparable
temperatures. Fonstance, only 3% of n averagewasreturned into the soil compared to 49%,
50% and 57% for P, Ca and K, respecti@yardina et al. 2000; Juno and Manu 1996)

Field heterogeneity of the standing biomass and its repartition aftirsl) also crean
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 incorporatioto the soil. Tie effects on the slash and burn prastice
on crop growth and yield depend on the management of the biontask, in turn,rests orthe
type of tillage. The sustainability of slash and burn systems rely then greatly on postburn
managemet. This would ale suggest that research and data constitute or inform deoisikimg
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 SO specifically tle effect of heating on soil
properties. The study by Thomaz et(@D14) found that peak temperatures (up to 534 °C) at soil

surface were of very short duration wélimited impact on soil properties. At 2.5 cm and 5 cm,
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the highest reorded temperatusavere 75.5 °C and 84 °C respectivélyt 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 periodthe soil surface (1 cm). In an extendexview, Certini (205)
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 wastherefore,difficult to predict the nedave 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 aliGye 400
while other sudies have repaet 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 respeasego

In summay, slash and burn cultivation has more complex effects than early studies initially
could find. First, changes may translate in a sterh increase in nutrient availability, but
important losses of mineral nutrients occur during atet #fie burning grcess. 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 logdlowing the buring process. In fact, plant biomass (trunk,
branchesleavesandroots) contaie most of the nutrients while the soil retains a certain amount
(Certini 2005; Juno and Manu 199&econdly, fine material such as small branches, haiys
leaves are consumed by fire, while in many situations, big trunks are converted into charcoal for
household use before burning occurs. Therefore, potential lossasabovegroundbiomass

dependon those fine materials. Those fluxes of release arsb$as nutrients and the type of
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burned biomass determine the systemds sustain
slash and burn practice wil!/ be determined by
released from the burdebiomass into the ashes for use by crops (Juno and Manu 1996). The
benefits translated into the rapid increase in pH, exchangeable bases, CEC and availalde P have
direct impact on crop growth and crop yield, depending on soil type and ash composigon. T

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 rensapgoblematic. Denich et al. (2005), for
instance, estimated that in ay®ar land use cycle (2 year cropping period followed by a 7 year
fallow) withoutthe use of fertilisers, the nutrient balance was negative and up to 20 years fallow
would be neededf Nand 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 Manuah@¥6d, type of tling in that

it influences water conservation on the field and can reduce or aggravate runoff. Tillage practices
represent a nutrient management tool that greatly detesninedegree of lossr retentionof

nutrients during the cropping phase.

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

The recent literature is clear thidie sustainability of slash and burn cultion poses
serious challenges on soils of inherent low fertility sastacidic soils, in contexts where fallow
is reducd or suppresed. Soil fertility benefits gained by burning are sttertn and followed by
yield decline as different studies have illustrat&elieau et al. 2015; Comte et al. 2012).
Different responses have been tested to mitigate the destructivesrapskifting 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. Aaodopulch technique

was compared to slash and burn systemaize or assava cultivation after a 4®arold fallow.

The mulch was prepared and spread over the entire experimental field following a technique
describedy Denich et al. (2004). Soll fertility indicators (pH, P, C, N, exchangeable cations and
some fysical progrties) wereanalysé. Overall, plots prepared by chapdmulch technique
presented higher nutrient concentrations, higher water infiltrahdrretentiorcapacity compared

to slash and burn plots. These benefits were attributed to the effdot orgaic mulch soll
(Comte et al. 2012). Mulch also preserved soil moisture longer even tivbdelny season had
started. Analysis (p < 0.05) of soil nutrients at topse#h (@m) showed significantly higher total

C and N than in traditional plots wp 62% and70 % respectively. Chepndmulch plots had a
higher concentration of mineral nitrogen (NO3) as an indicaticalagher mineralisationrate,
resulting from improved microbial activity. Finally, concentrations of exchangeable cations (Ca,
Mg and K) weréhigher in mulched plots. At the topsoil however, pH was lower in-emagmulch

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

of increased OM accumulation, better nutrient supphd mineralisationand reduced nutrient

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

In a study conducted in Camerqanburned biomass was left to decompose naturally, and
no external inputs were applied on the field (Norgrove and H204&). Different scenarios were
tested to represent long traditional fallows (up to 20 years) and reduced fallows (2 years for maize
and6 years for plantain). Fallow recovery, soil fertiliagnd yield wereassessedUnder traditional

fallow conditions, o significant differencesn yield were detected. Under reduced fallow
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conditions with fire exclusion, maize yield was 71% higher contpereield from burned plots,

while plantain yield was 115% higher (Norgrove and Hauser 2015). Under reduced sdeeario,
exclusion resulted also mlowertemperature ahesoil surface, improvethineralisation higher

SOC, lower bulk densityrallow recovery expressed by a higher rate of tree seedlings was better
in unburned plotghan in burned plots (Norgrove andatiser 2015)The extra labour cost
generated byhe mulchng 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 andrghin. In sum, fire exclusion was found to be more beneficial
compared to slash and burn technologies under rddalkbew situations.

Research in SSA by Denich et al. (2005) found that successful implementatiorfieefire
land preparation required artain level ofertilisationwhose cost is usually covered by increased
yield. This was illustrated in &and preparation experimewhere rice yield from mulched plots
was lower than traditionlgl burned plots in the first cropping periobut cassava skwved no
difference. When NP-K was applied, rice yieldvas more than double in the mulched plots but
remained similar in burned plotk the second cropping period, mulched plots gave higher yield
as a result of nutrient release by the progressive melobnaposition. Acidity was not reduced in
mulched plots because tife absence of ash effect, a situation that may have limited nutrient
availability immediately following mich application. In a similar experiment in Brazil, Kato at
al. (1999) assessdle sustainability of a slashndburn system with rice and cassava crops. The
study included a fallow length component by comparingyada-old fallow and a 1§earold
fallow. Cassava was grown on two successive seasons to test tHertongffect of biorass

retention on the field compared to the sHwed benefits of rich ash from burned biomass.
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Cassava yiekldeclined from the firsta the second cropping period. Rice ysdere higher in

the burned plots compared to the mulched plots. The oldenfa#isulted in higher yiekdwvhen

the plant biomass was burned but it was found that wilkcmmetention the older fallow produced
less.The rutrient analysis revealed that higher mineral nitrogen was found at 40 cm below the
routing zone in the burnedefd compared to the mulch 30 days after rice planting. The study
detected a higher initial availability of mineral nitrogen, followedabyuick decline. This rapid
nutrient decline after burning revealed the shemn effect of ash nutrients. The mulchgdts

had slower initialmineralisatiod and lower mineral nutrient availabilidybut with a lasting
effect. When NP-K was applied to bt treatments, yield differenselue to the fallow length
disappeared and yidaveremore than double on unburned pldtsthe second cropping period,
cassava yield declined when planted on burned plots without fediliserthe absence of
fertilisers, all crops had higher yieddn 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 cassavgields but can beefit shortcycle crops such agrairs. Cassava has a longer
cropping period andanbenefitmorefrom slow biomass decomposition amakrient releaselhe
application of mulchhowever s beneficial when combined wifertilisers (Pypers et al. 2012).
Extending the cropping period could be achieved inffiee land preparation with increased or
stabilised crop yield compared to buln@ots 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 gstems

Among the alternativesolutions to slash and burn practices, increased research work is
being dedicated to the productiohbdochar. This may be particularly useful in regions where the
fertilising potential of agroforestry species has been oe&edd in favour of charcoal production.
There is increasing interest in biochar research because of its potevasanalternative land use
where slastandburn practices have become unsustainable. This interest is based on the high
fertility statusobserved inBrazilian black soils (callederra pretg which havehighersoil pH,

CEC and base saturati@nd contain significantly hicher levels ofC, N, Ca, P compared to
surrounding areas and hawpositive impact on soil properties and crop yield (Stegal. 2004).

Selected experiments show that biochar application incgeassava yield. In Cameroon,

Fru et al. (2018), testinthe effect of biochar application on acidic soil (pH: 5.6) for cassava
production, reported a yield of 23.22 Mghd8.67 Mg ha, and 20.53 Mg hadwhenrice husk
cassavastem and rootsand cornob were applied adiochar, compared ta cassava yieldf
16.13Mg ha? for the control plots with no biochar application. Although not comparable with
biochar fromA. auriculiformisrich biomass, the results show that biochar application can increase
casava yield without mineral fertiliser application. T$tedy reveals also that the result depends
on the original material from which biochar is producatso the rate of biochar application,
20tons per ha in this studyn this case, rice husk biocharoduced the most economically
beneficial results (Frutel. 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 hyggld until the third year after application. Cassanxddyincreased

from 21.44 Mg h& in the first year to 32.47 Mg Hain the third year. This was compared to a

control where no OM was applied and another treatment with farmyard manure applieceavery y
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Even if cassava yield were not as high as whatghidy found, the experiments confirmed that
charred materials are resilient and decompose slowly while sustaining high yield over a longer
period(lslami, Kurniawan, and Utomo 2013 a shat-termexperiment (201:22013) conducted
in Ibi (Kinshasa regio, DRC) Lele, Lejoly, and Kachaka (2016) discovered that the application
biochar (30 tons per hatomplemented withmineral fertiliser (NPK40-47-44.8) for cassava
production almost doubled cassavg dield from 2.7 Mg ha (control treatmentto 5.8 Mgha?,
at nine months after planting. At the second cropping season, all treatments showed a yield decline,
but the lowest decline was found wittebiochar treatment. Although the experiment wasied
out on a savannah soil in llmistead ofan acacia &llow, it showed that cassava yield could be
increased substantially while pH and soil other parameters could be impnatediochar
application However, these two examples (20 and 30 tonshpgrshow that biochar systems
would be too destructive to plement because of the number of trees and the amount of solil that
would be involved. Such systems, therefore, would be suitablesrf@ll sizes such as
homegardens.
2.5.Tillage practices and effecton soil properties and cassava yield

This doctoral study didot set out to correlate soil parameters with cassava yield, but it did
identify and use existing studies to reflect on the possible association bstilgerameters and
yield. Among the surye=d studies looking at shifting cultivation, few have foclse agronomic
practices and their associatianith soil nutrient dynamics and crop yield in a skasld-burn
system. In generatillage affects crop yield by facilitating or hindering crop ridn and other
soil parameters affecting crop growth. Impray 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 diffexermmong different farm types. They identified
the central ole ofagroecological conditionsut also the role ahanagement practiceghe latter
included thepossibility of using hired labour, the timing of first weeding and the difference
between monoopping or mixing cropg explainingyield differences.

For this doctoral research, the review of tillage practices focusses only on smallholder
farmers who makep 80 percent of farmerns SSA(FAO 2012). The benefits and limitations of
conventional tilhge systems in large mechgad farms with optimum conditis@renot discussed.

They are covered bgeveralother studies Gollin 2014; Lal 1991). Subsistence smallholder
farming is often practiced in fragile environments (Lal 2015). In subsistence tawitimfragile
conditions, tillage requirements are needecetiuce environmental degradation and enhance soill
fertility management and crop yield. Here we consttettillage requirement$or staple crops
especially tubers such as yam, potattd casava practiced in rainfed systems because the latter
share ommon characteristics identified by Willcocks and Twomlow (1993). Tillage practices in
smallholder agriculture are usually determined by available and accessible resources, namely land,
labour anddraught power. Cultivation is often performed manually \kitkes and limited to flat

tillage in most cases with limited change in land topography, except when better management of
water may be needed. Timegompletion of basic operationsuch as tillageplanting and
weedingareconstrained by the lack of reseas and hinderthe attainment of the crop potential.

For this reason, the time for planting is variable and can take place when part of the edrbsrains
already passed, washing away essential nutrients, particularly in burned systems. kaadslash
burn system, thefore, resource constraints, tilling or planting calendar, weedmdjfrequency

of weeding are key variables that determine fertility. In effect, tillage affects agricultural
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sustainability in two main ways: firsit determines soil pragties, soil proessesand nutrient
dynamics and crop yieddLal 1991). Second, tillage impact can translate into destructive effects
on soil and the environment, in genel&. role is therefore to reverse the degradative process
related to subsistenéarming.

Tillage methods are soil and crop specific given the vast diversity of climatic conditions,
biophysical factors and cropping systeraad heir adoption is determined by socioeconomic
factors (Lal 1991)In generglhowevertheymust respond tb a r me r s e andriongemni a
objectivesAs illustrated by aeview of tillage methods in foltastern African countries covering
four decades from the 1960s to the 1990k e -dizefis@ | | 6 approach to till

because of the vabdity of contexs (BiamahGichuki, 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 contextsHershey 2017; Howeler, Emah, and Midmoré&993 IITA 1990). Central to
this work are publiations from the International Institute for Tropical Agriculture, FAO and the
CGIAR ResearcRrogram on Roots, Tubemnd Banana. Various studies have examined different
tillage methods on cassava prodaontand thempact of cassava cultivation on soil properties. For
the sake ofelevance, only selected experiments from SSA are discussed from the perspective of
sustainable soil fertility management. Key to those studies is the argumermiptitgirate tiage
practices are thoghatcan achieve simultaneously maximum soil conservation and maintain high
productivity by creating efficient resource us@ginmirinand Reichert 2011).

That is why minimum tillage systems for tubers and roots Hasen testedh various

contexts although with contrasting results because they are specific to soil type and location,
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vegetation|and use history, climatic conditioremd the use (or not) of mechanisatibaginmirin
and Reichert 2011Howeler et al2013; Howeler Lutaladio, and Thomas 201BTB Program
2018). Natill 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 ahachinery, pdicularly on fragile soil typesHasinmirinand Reichert 2011;
Howeler, Ezumah, and Midmor&993). For root crops such as cassava, tillage requirements
include obtainingat leasta loose soil for maximum root expansion and facilitate s#t#on,
drainage and harvest with minimum damadeginmirinand Reichert 203 Howeler, Lutaladio,
and Thomas 2013ITA 1990). Because of cassava special characteristics, no soil refinement is
needed because cassava is planted deeper compared tolgraamy cheen tillage method must
reduce risks of soil erosion because of slow complete canopy establishment, and reduce weed
competition detrimental to cassava root systems and Yaklr(mirin and Reichert 2018Hauser
and Ekeleme 2017).

Resultsarenot consistetfrom one study to another, because the benefits of redillagd
or no tillagearecontext specifi@nd show contrasting benefits (HowelEzumah, and Midmore
1993) Experiments on two different sites of Western DR@hfirmed that soil type was a
detemining factor in choosing between conventional, reduced or zero tiEzgen@h 1983)The
same study concludehat reduced or no tillage could achieve and sustain high cassava yield in
certain types of soils, such as sandy loam soils bwsthi a highpotential when other agronomic
interventions such as weeding or planting on time were resp&ttedover, nulch addition or
crop residue retention added a beneficial effect on cassava yield in the absence @fitliager,

Lutaladio, andrhomas 2013)

33



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 whitdh no
had not been successful. The study concluded that yield response depended primarily on crop
cakegory ancclimatic context. Rot crops sheed the highest decline21.4%) as a result of no
till treatment ompared to cerealsy %) or legumes-B %). Reasons for this difference have been
suggested bidoweler, Ezumah, and Midmo(&993), that ndill affects soil physical properties
and impacts root crop growth in t&n types of soil. Moreover, yield declines were more severe
in tropical contexts -(5.1%) compared to temperate latitude3.4%). Various parameters
determine crop response to-tilh i ncluding aridity, residue management, duration of thé&ilho
treatment and nitrogen (N) rate when applied (Pittelkow et al. 20Régearch has observed also
that naotill methods lead to a yield decline in the initial2lyears, then match or surpass
conwentional tillage after 5 years (Pittelkow et al. 2015). Nitrogesitech was identified as a
strategy to reduce yield decline by-tih Overall,however ts success requirebmeadaptations
in crop residue management, seeding technjqresweed mamgement For those reasonte
successful transfer of Adl technology is not amere shift from conventional to #dl practices
(Lal 2007;Pittelkow et al. 2015)While no-till systems have been successfully adopted on large
mechanised farms oindustialised nations, and in graibased systems, their transfer to
smalholder contexts of SSA is often be constrained by many facidrs lack of access to
herbicides for weed controk appropriate seeding equipment to adapt to various engsome
of the challenges. risufficient organic manure and competition in the okerop residues for
household fuel or fodder for livestock (Lal 2Q0@tewart et al. 209@re also common cetmaints
In this sense, the results of-tib experiments in SSA have tbe interpreted in light of the
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conditions under which fire exclusion is successfully implemeribdrefore, sustainable land
management and food security must view as complemgetiite search foalternative cooking
fuel, animal husbandryand feed optionsand other strategies to emica 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 Worl d
times, have pysical and economic accessdufficient, safe and nutritious food that meets their
dietary needs and food pref er grGaananantd 8anyalan act
2009; BoumaBatjes, and Bindrab&015). Food security in SSA cannot be mihout sustained
research ashdevelopment 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
afterNigeria Hershey 201y Cassava represerdkso the primary source ofglacrop income in
SSA Hershey 201) According to FAO (2015), the contribution of SSA to cassava global
production is estimatedt 61 percentThe five leading producers in SSA include Nigeria, DRC,
Angola, Ghangand Mozambige. Globally, Nigeria is thiargest cassava producer, followed by
Thailand, Indonesia, Brazil and the DRBefshey 2017Westby 2002). Figur@.1 shows the
share of the top five cassava producers in SSA and cassava production trends worldwide. Cassava
productivity in SSA isunfortunately 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, sadigeria and th®RC,

representing the main cassava consumers in Africa. Their productivity measured in 2014 was
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below 10 tons per hectare, compared to Thailand (23.4 tons per ha) or Brazil (z 15 tons per ha)

during the same period.

Cassava production in SSA (in Cassava production trends
Million mt) 300
250
L 200 m Production (000
= Nigeria t
150 ons)
= DRC m Area planted
Angola 100 (1000 ha)
Yield (t/ha
Ghana >0 10,8 2,87Ilgv6 vhe)
= Mozambique 0 [ | _ -

Figure2.1 Cassava production and trends forfilie leading producers in SSA.
SourcesLeft: FAOSTAT 2015, irHershey 2017Right: FAOSTATS 2013

This section discusses thraaterconnectedresearch aspects relevatd cassava
contribution to lousehdd income and food security in SSA. It focuses on low soil fertdityl
suboptimal crop managementcassava cropping systenesissava nutritious status athe lack
of processing technologies as major constraints for cassava production anditontiibfood
security.At least four reasons justify scientific interest for cassava in food security in SSA.

First, cassava comes directly after rice, wheat maize in terms of its importance,
although it stildl repr es ewhdreshetir labdsoeacaess tb inputso i ¢ e
will give priority to highervalue crops. Unfortunately, it does not typically receive the same level
of investmentisagrain crop in terms of inputs and agronomic practieksghey 201y Second,
cassava total pradtion in SSA has increasé@causef theincrease in area under cultivation
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rather than vyield increase, with consequences on soil fertility managestemtening or
suppression of fallows by continuous cultivation (Hillocks 20@2)cording to FAO estirates

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 from 5.5 million ha to 13.75 millioBuring

the same perigdhe corresponding yield remained aegt, from 6.6 mt/ha to 10.4 mt/ha (Spencer
and Ezedinma 2017). Even where cassava yield has inct@aaddpting highyielding varieties

and better agrmmic practicesjn Central Africa including the DR@© a seriousproduction
declineis evident(Hershey2017). Hillocks (2002) found thafrom the 1980s to around 20G8¢e
annual growth of area under cassava cultivation increased from 1.3% to 3.2%heh#dssava
annual yield growth declined from 1.2% to 0.6%ith shortened fallows and declining ferijt

crops with higher nutrient requirememave beembandonedThird, cassava replaced fallows in

the context of demographic pressure and even replaitet mot crops that required higher soll
fertility status Fermont et al. 2009Hillocks 2002; Spenge2017). Consequently, assava
intensification has been accompanied by progressive disengagement from soil fertility
replenishment efforts and a reductifrcrop diversity by replacing crops such as yam, maize and
plantain (Spencer and Ezedinma 2017)dieg 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 hunbem areas of the
DRC, manly in Kinshasa Region, where less resilient and more nutrient demanding crops cannot
grow well. Fourth, while scientists have made high yielding andrpsitant cassava varieties a
research priority (RTB Program 2018), unsustainable soil managemetitggaand suboptimal

crop management prevent the yield potential to be attained; the lack of adequdtarypest
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management techniques lead to cro,ldsus compromising both food availability, food safety
and sustainable production.

An important piority in research and developmeéras consistedf finding relevant paths
to fill this gap between attainable root yield and farmer actual yield inrelff@groecological and
socioeconomic context3. h e t ield gapidtlye difference between poteatiyield and farm
yield in the same conditions (Fischer 201Agcording to Cock et al.1079, cited by Aye and
Howeler 2017)the maximum root yield of assava could potentially reachi 280 t hat of fresh
roots.Similarly, Fermont et al(2009)claimedthat average cfarm cassava yields in East Africa
(7-12 t hat) differed significantly from attainable yields (30 t hat) in the same zone. Scientific
efforts to fill the cassava yield gap must consider not only improving fresh yield or cassava
resistace to pests and diseases but entailsipastest technologies that have transformed cassava
from a subsistence crop toas&inable source of income and a commercial pro@actuet and
Tohme 2017Nweke 2005). Partial mechanisation in cassava pramuetnd processing, when
successful, has increastit role of cassava products in food security, even among smallholder

farmers Hershey 2017INweke 2005).

2.6.1.Cassavasaoill fertility , and crop management challenges

Access to sufficient food is the first agpef food security \(Vorld Summit1996). Low
soil fertility has been id#ified as the major production constraint in cagsamopping systems,
and it is often accompanied immediately by poor crop managefema@nt et al2009 Hershey
2017. The lack ofi nvest ment i n proper management i s
Cassavaan grow and produce on soil with lomherent fertility and perform better compared to
other staple crops, and it can resist to periodic droughts compared to maizstaioce lershey
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2017 Howeler, Lutaladio, and Thom&913). Cassava resilience is also illustrated by flexible
planting da¢sas observed on thgatéké Plateau of DR@here planting extends frothe onset

of the rainy season iBeptember tats end in May. This, howeverposes real problemisecause

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 &im six months from planting, while in other cases maturts @@ harvested from
cassava plants while smaller ones are left to continue their growth. Conseqireskiyyield
becomewery challenging to evaluate in smallholder contéi¢r6hey 2017Nweke 2005). This
feature presents real advantages as long fasn@er can obtain some yield even under poor
conditions and with minimum investment, but also serious consequsasse itesults inower

yields than could be attained with propgeop managenent.

Two examples from Eastern African and Central Afritastrate how soil fertility
constraints are exacerbated by poor crop managemghtthe combination of both leading to
loweryields. Fermont et al(2009) identified cassava production conistisain Kenya and Uganda
to design possible responses fossava sustainable intensification. She identified low fertility as
a major constraint that limited cassava yi@d t hat) below attainable regional yiel@he yield
gap was explained ithe second position by suboptimal management practices. Inadegeat:
management led to a yield gap of 5.0t ba average. Interactions between production constraints
showed that cassava yield loss in similar climatic conditions (rainfall for instancejreedsr in
farms with poor crop management. Weed managelfimente than rainfall, pesaind diseases)
explained better the yield difference found among farmers of both Kenya and Uganda. In a context

where farmers invest in multiple crops nanimiserisks and get diversified products, farmers

39



weeded cereals and leges firstbefore cassava, considered to be more tolerant to weed pressure.

This prioritisation resulted ithelate implementation of weed control in cassava fielda.dmilar

study conducteth Kongo Central and Tshopo, two Provinces of the DRC,dKiéd 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 hia*followed directly by insufficient crop managent that resulted in

a loss of 5.5 t Hal In one of the sidy areas, yield loss caused by suboptimal field management

was even higher (6.5 t hi thantheloss caused by low soil fertility (4.5 t'hf In DRC (Central

Africa) as well as in East Africdow fertility and climatic conditions combined with plargiand

weeding calendar and cassava growth characterestpiained bettecassava yield depression.
Poorcassava weeding, for instance, was examined by Kintchéa et al. (2017) in the DRC.

The stuly showed that the date of the first weed control, the nuwibgeeding interventions and

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

after the end of the second moifwowing planting or stopping weetbntrol before 56 months

after planting hadmore limiting yield effecthan other factorsOn average, weeding once during

cassava entire cycle caused lower yield that weeding twice or three times. In Uganuant et

al. (2009) found that low plardensities of 3200 to 6400 plants per her@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 coulddzesattcr

by 34 % by better crop management pradgiovhich, combined with better soil fertility

management could increase cas Jamelyaweadicantrodis by 55

thereforecrucial. It is manual in most the SSA asaestimated to consuerup to 40% of cassava
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labour inputdecause thuse of herbicidess very limited in SSAcompared tan Asiafor instance
(Hershey 20017).

Another constraint to closintpe cassava yield gap amghdessinvestment in soil fertility
replenishments basedon popular myths about soil fertilityn general (Lal and Sanchez 1992,
Vanlauwe and Giller 2006and cassava resilienae particular. Those mythsave enforced the
belief that cassava does not responéettlisers (Howeler 2017). Africa has the loweste of
fertiliser application of 9 kdnalcompared to 73 kg Neand 135 kcha'for Latin America and Asia
successivelySince cassava nutritional deficiency in N, P and K may go unnoticed (Howeler 2002;
Howeler 2017), cassava fertilisation is rarelyriafity in SSA.Fermont et al(2009) andPypers
et al. (2012)demonstrated that-R-K application increased cassava yield significantly during
more than one cropping cycle, particularly in the absence of favorable conditions, such as ashes
from burned vegtaton. The adoption ofppropriate spacing (1 m x 1 m), timely planting and
application of NPK to a rate of 1dD-100 kgha?, howeverhad even greater benefitsintreased
cassava yield from 8.6 ( f ar mer s 6 p r fak(impraved s@nagéenent) JHoweer t
2017). The combination of NPKith green manure has also shown a positive response in cassava
trials. In western Kinshasa, local green manuféahg@nia diversifoliasandChromolaena odorai)
buried before planting, increased cassavialyiem 21 tha® obtained irtheslashandburn system
to 3540 tha® when they were combined withmedium rate of NPK (Howeler 2017). It has been
reaffirmed by scientists that inappropriate fertilisatifpoth organic and mineral, or their
integration)will keep cassava yiettht a low level that will not match expected populatioowth
and cassava demandse expected to rise in the coming yealfsall these constraints were

eliminated, cassava contriifian to food security, translated by sufficiéood, would be improved
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in SSA. The second aspect of food secugtgtes tautritious status and safety. For cassava, both
aspects are related to another and raise another important constraint posed\ay magsessing.
To that aspect, we turn in thalowing section.

2.6.2.Addressing cassava nutritionthrough biofortification

Biofortification is simply defined as #fAthe
mineral in crops, through plant breedingagronomic practices, so that when consumediaely
will generate measurable improvement in vitamin and rminer nut r i t i onabl?)st at us
Targeted micronutrients include minerals zinc and iron, protein, and vitamins A Badkdeg and
Aina 20Q17; Zhang et al. 2017). Developed jointly by FA&hd HarvestPlus, biofortification
addresses hidden hundeeficiency in micronutrientsh low and middlencome countries, and
targets staple crops to contribute to the achievement of the Sustainablepbex@ Goals,
specifically the elimination of mger (Bouis et al. 2013)n 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 gemsted, while wheat and rice (10 varietiehg¢ac
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). Thezfore, target crops include those consumed willgllow-income countries,
suchasbeans, 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 respondta r me r a1 dn & e th seferarees,saé wep as
processorso technologi es. L e a ddicasgavaiinrespgohseto pr o ¢
consumerso6 preferences, Nigeria being the big

intensive research testing local prottufrom biofortified cassava. Research has compared starch
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content of the biofortified varieds to traditionally grown varieties, but most of the trials have
devel oped I ocal cassava products such as nga
cassava), highguality cassava flour (HQCF) used in composite flour for confectioneries, infant
weaning food and edible starcho (Onuegbu et al
Some of the challenges of biofortified cassava relate to the dissemination of planting
material to reach riions of smallholders in contexts of insufficient extension services. Cassava
stems are bulkindeed andhelack of adequate infrastructures lisiibeir distribution (Onuegbu
et al. 2017). A second challendeservingscientific interest relagto theimpact of processing on
the cassava nutrients and ptitamin A in particular. Researchers hdwand that this product was
chemically unstable and traditional processing operations could result in nutrient loss (Bechoff
2017 Tshizembe et al. 20)8Both Bechoff and Tshizembe et ateported nutrient loss in
biofortified cassava products at ambignperature, but mainly as a result of selling habits in
someAfrican markets where food products can be exposed to the sun all dayskmegraing
processingtechnologies that will preserve maximum vitamins in the biofortified cassava is
thereforekeyto food security. Farmer adoption and consumer acceptability have been part of the
process of innovation in agriculture, and for biofortified cassava, reststancerns cassava flesh
yellow colour when culturally whitleshed cassava has been the ndfnVitamin A yellow
cassava has been already adopted by a larger part of the Nigerian farmers and procesB&s, the D
is still on the phase of improving the peer biofortified cassava (Bouis et al. 2013) in response
to farmeréresistance to adopt itaR of the problem in the DRC concerns the failure to obtain
yellow cassava flour by traditional processing methods, a reason wigpthesalstudy included

the evaluation of a grating machine to produce biofortified flour. Following different trials and
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farmersd observations, the Institute for Agro
has released three new varieties being promoted in the samelrefjitmthey can be more widely

spread in other regions (INERA 2019, Personal CommunicatioDR&. These varieties are
supposed to address farmersdé resistance to g
adopted, would reach smallholder farmesoas the counttyvast territory AppendixE presents

thekey characteristics dhe new biobrtified varieties

2.6.3.Addressing cassava processing challenges

Some special characteristics of cassava fresh roots represent serious constraints, both in
termsof f ood safety, availabil ity a+fwdter oontent0-t i ou s
70 %) exposes the fresh roots to rapid deterioratiambient conditionsPhysiological damages
during harvest or storage and microbiological infestation are theajar causes of cassava fresh
roots deterioratiomn the 2448 hours after harve@iTA 1990; Ndjouenkeu 201&iyachomkwan
Wanlapatit, and SrirotB017). Cassava processing primaiitendsto prolong its storability into
fresh or dry product (McKewnd Delétre2017). 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 201The processing methods and the number of the
necessary operations depend on the final products that are intended (IITAKD&8&ou et al.

2016. Based on the level of HCN equivalendssava can be classifiad beinga sweet type or
low toxicity, or bitter type having medium toxicity or high toxicityilpoux, Guilherme, and
Cereda2017). If direct consumption after boiling and frying is safe for sweet varieties, poor

detoxification can be lethal or causelaanic paralytic disease (Wesby 2002) calkexhzoand
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found in parts of the Western DRC and affecting consumers depending on diets with poor
nutritional status\ilpoux, Guilherme, and Cered?017). Paradoxically, rural populations, such

as those in DRCwith 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 fachitoé®ey and
Delétre2017). Although research has attempted to produced cyfapileassava root¥{poux,
Guilherme, and Cered®17), some scientists have argued that bitter cassava has a higher potential
to resist to pests and diseases than swaadties orcould be stored longer in the groumdicKey

and Delétre2017).In addition as observed ithis studywhen theft becomes a common problem,
farmers prefer planting bitter varieties to discourage thieves.

The third objective for cassava detoxificatiisnto facilitate transportabilityBecause of
thebulky nature of cassava roots, manual processing techniques can only allow a limited quantity
of roots to be processed. The development of improved procesgimgment has transformed
cassava in some pax$ Africa, giving it a bigger role in food security, income generatand
economic development. Thiencept of cassava transformatasdeveloped by Nweke (200%)
show how improved processing is conmeedo other cassava research aspects of tkavasector
NnDRC, C'te dolvoire,,at@hganda, Ni geri a, Tanzani a

The first stage saw cassava moving from being ayi@ding famine reserve marked by
poor management to a higield cash crop througthe creation and progressive adoption of
improved varietiesandbetter agronomic practices (fallow length, healthy planting material, plant
density, planting date, weed control, harvest time, land preparation m@tlveeke 2005). In the

second stage, thavailability of mechanical graters to farméransformed 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 aassgivercash
income inGhana and Nigeridanzania and Uganda (Spencer et al. 2017). Also with improved
processing methodgassavahasvarious formsor products from fermented and unfermented
humanfoods to animal feed, starch, biofuel and other indalatses (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 maeks or consumers (Spencer 2017). An additibreakfitof improved

processing ishediversity of cassavproducts (Nweke 2005), as illustrated in Table 2.4

Table2.1 Some cassava products and selected cteistics

Group Characteristics Name and coury
Cassava Cassava leaves are richer in proteins and miner| Pondu(DRC)
leaves than roots. Consumed in many countries as

Prepared fresh, but can be dried and stored lon¢ animportant source ahinerals
Fresh roots | Eaten row, roasted, boiled or friadpre suitable
for low-cyanogenic varieties

Dried roots | Chips or balls are milled into flour. Initiallyhey Chips are calledassettesn DRC,
can be dried after fermentation (for bitter varietig ugali in Tanzanialafunin

or unfermented (suitable for set varieties) Nigeria
Pase Unsteamed paste can be stored and lseidre Unsteamedfufuin Nigeria, water
products cooking. fufuin Cameroon

Steamed paste from cassava mash is stored an{ Steamedchikwanguen DRC,

sold ready to eat. myondain Caneroon
Granulated | This fermented product originated in Brazil and | Gari, pupular in Ghana, Nigeria,
products have three types in SSA Ctte doélvoire

Attieke C*'te dol vo
Tapioca Benin and Togo mainly.
Source: A synthesis from Spence and Ezedinma 20Heilishey 2017: 13436.

In light of food security, cassava transformation means, in summary, different transitions

from production objectives to the final produiétwe considercassava production objectives, the
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shift from cassava as famine reserve dapfamily 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 201 From the point of view of technological changes, genetic and
seed improvemd became the battleground of the IITA and its partners to breedyiailging
cassava varieties that could better respond to various constraints. It implied improved yvarieties
which besides higlyielding potentialere also resistant to pest, diseased,@olonged drought
occurrences (Nweke 2005). Other characteristics such as low cyanogenic content, early maturity,
and more recently, nutrienich varieties are addressed @search to respond to iron deficiency

in cassava dependent diets. In this rdgacientific efforts to address malnutrition has led to the
biofortification research program which aims, through plant breeding or agronomic practices, to
increase mineral anditamins 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 darcity
reduction in intercropping for easier crop management. Regular weedingl{imchired labour)

in place of occasional weeding represents an important aspect that differentiated cassava
production among farmers. Progressivechanisationf cassava prossing changed the cassava
sector (Nweke 2005) by reducing the workload of aiartsteps in cassava transformation.
Additionally, it increased the diversity of final cassava products (flour, animal feed, starch
production, biofuel, etc.) and usages (fronu$ehold use to industrial use). Improved processing
capacity has reduced crégss compared to the use of traditional techniques alone (Spencer and

Ezedinma 2017).
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Addressing cassava constraints in SSA means, therdiiste paying attention to soil
fertility improvement by reinvesting good management practices inrput contats to fill the
gap between actual yield and cassava potential in each context. Evidehe benefits of proper
management can support steps forward: cassava responds to appropriate fertilisation and
amendment and can benefit from agronomic practicsiprove resource use efficiency. In the
context of this doctoral study, the urgeeed to focus on sustainable agronomic practices justified
the focus on tillage methods that could results in higher yield on sandy soils irdz paiment
context. Wed management will also require more research since it is one reason why farmers
abandomp | anted fields according to the researche
up to 40% of total labour input in cassava systekhsrghey 201), failure to address weed
infestationon timecan lead to total production loss. Steps to addresd wéestation implies land
preparation techniques that take into account existing vegetation and field history; adjusting
planting date to plant ia timely moment befre weeds become too invasive. Planting spacing
call s farmer so0 a tensgywill leadmo better oanapy closure. Lack aj giaating
material, however, represents a serious limitation preventing farmers to plant on time and with
appropria¢ spacingSecond, improving the nutritious value of cassava in castgpendent diets
will require addressing additional challenges. Some of them inttedg#istribution of biofortified
cassava planting material, its acceptance by smallholder farnmetsprgoing investment in
appropriate processing technologies. Progressive mechanisatisome phases of cassava
production will also release farmers from demanding processing manual activities to invest in good

agronomic practices, including soil and gmmanagement.
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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 desigppendixA discussesurther information

about tle environmental anslociceconomic context of smallholder agricukun Ibi region.

3.2.The study zone

This study was conductdtbm December 2016 tduly 2018on the Batéké Plateain, Ibi
region( 4 A24600606, 4A236550606 S a h30 knlf®rADORSCHO1s5 écda, p i 1t 6a.
city, KinshasaThe zone shares the main characteristics of the Batéké Rhatgah, according
to theKoppen climate classification, falls under AWpe or Sudaneseumid tropical climate
with two dry and rainy seasangable3 1 gi ves t he annual rainfall e
weather station from 2015 to 2Q1Bata from December 2016 to July 2018 coter research

period.

Table3.1 Monthly rainfall (mm) recorded in IbVillage from 2015 to 2018

Year Jan Feb Ma. Ap. May June July Aug. Sep. Oct. Nov. Dec. Total
2015 49.6 137.2 158.6 153.8 984 11.0 0.0 4.0 458 137.6 265.1 253.2 1314.3
2016 75.6 166.3 167.2 194.0 86.2 2.0 6.0 774 70.0 101.6 290.0 170.2 1406.5
2017 47.8 28.8 125.9 203.6 114.2 226 0.0 0.0 85.8 182.3 233.5 199.4 1243.9
2018 144.2 129.4 166.4 228.6 1346 7.8 0.0 25.2 103.4 191.0 207.6 231.8 1570.0
Av. 79.3 1154 1545 195.0 108.4 109 15 26.7 76.3 153.1 249.1 213.7 1383.7
Source: Gl Agro weather statio

The mean annual rainfall from 2015 to 2018 is 1384 Refative humidity of 80 percent
is observedduring the dry monthshelpingannual crops survive well until tHellowing rains
(Nsombo 2016)The main dry season extends from +ldy to mid Septembeand the main rainy

season begins in mifleptember and ends in Fiday. A shortdry season in Februadefines a
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major cropping season (Septemfdanuary)and ashortcroppingseason (MarciMay). Annual
crops planted in September get enough rain throudgheio harvestCassava rops planted in
March-May endure the dry season that ends in-8egtember, and therefore, need to be dreught
tolerant. July is the driest mdnof the year withezero rainfall April and November have the
highest monthlyainfall. 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 he research zonas analyse by Biloso (2008), Lele (2016) and Nsombo
(2016) are acid ad havea high percentage of sand (up to 9Q %)eir agricultural potentials
limited by several constraints, includimglow organic matter content, a low retention capacity,
anda rapid decline in fertility duringhe cultivationphase(Lele 2016). Thearablehorizon (630
cm) is characterised by a poor ClB@d low nutrient levelSelected chaicteristics ar@rovided

in Table 32.

Table3.2 Selected soilsharacteristics of the study zone on the BatékéRU

Parameter Biloso (2M8) 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 (208), Lele (2016), and Nsombo (2016).
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3.3.Researchsite seletion
3.3.1.Site history

Field research was undertakerthe Ibi region(see Appendix A, Figure A.2 and A.8h
a 100CGhectare plantation okcacia auriculiformis, A. mangiumand pine trees of different ages
planted in 2008The original plan of the plaationas representea Figure 31, was to serve for
carbon sequestration.

Eight years aftethe initial plantation, acacia trees were being converted into a sustainable
charcoal production based on a sequential agroforestry nmbeleroppingacacia treecassava,
and maizeon savanah landsAfter the annual crops are harvesigchcias growntil maturityto
producecharcoal (se€&igure 3.2). Subsequent cycles include the same steps with (a) the burning
of abovegroundiomass before the rainy season to lrege acacia seedlingsrgenation, (b)
planning of cassava (and maize), (c) harvesting the annual cropga#ioding periodwith acacia
for eight yearsThese leguminous trees are expected to improve soil nutriers tekaligh litter
accumulation ath result in higherassavyield.

The study was implemented on a 500 m x 500 m field where acacia had been harvested for
charcoal productionTwo sitesof 100 m x 100 m and 100 m x 50 were defined for the
experimentas illustratedn (Figure3.1). The seond site was selected amticipate any risks of
data lossparticularly during the agronomic experimelitgure 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 sthiffesent types of
weeds thatad developed during the acacia fallow, includ&kfgamamum alboviolaceum and
Chromolaena odoratalhe research site is indicategt a yellow circle in Figure 3.1Seealso

AppendixC for photographs fronthe research zone during and atieacia trees ait.
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3.3.2.Baseline data collection

This study evaluated two langreparation techniqueshe conventnal technique of
burning allabovegroundiiomass before crop planting, asalalternativédire-free land preparation
based on natural litter decomposition. Soil and litter samples were initially collected to characteris
the nutrient status on the entfreld 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 coupledailibrganic matter managemeniiigh

three tillage practices.

Step 1: Litter sample collectionbefore burning

After delimitating the two fields (1 ha and 0.5 ha)3-meter corridor was prepared to
divide eachfield into two equal subunits correspongito the burn and unburned treattsemhe
following protocol describes the process on theaffield (Figure3.3). Ten (10)sampling points
were determined for each subunie. 20 samples of unburnt littefo avoid border effect,
sampling points werdefined at 12.5 m from the field eelgy using diagonal transectith the
two-100 m ropes and 100 m measuring t@ygpendixC, FigureC.4). A 60cmx 60 cm wooden
frame (Figure 3.4) was used to collecthe samples. Allthe abovegroundbiomass dry or
decomposindeaves and twigs of less th& mm diameter) falling into the frame was carefully
collectedby handand placed in appropriate securedb&ach bag was labeled with waterproof

ink, identifying the sampling zone, treatmernd date.
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Figure3.3 Research field anlitter sampling points

Figure3.4 Overview of the research field (left) and unburned litter sampling device (right)
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Step 2: Soil samples collectiobefore burning

The materiak used included an Edelman augemeasuring tapehree plastic basins of
different colours forsoils samplel at deptls of 0-5 cm, 5-20 cm and 20-30 cm note pads,
permanent markerplastic bags and enveleg and astainlesssteelscoop

To collectsoil samplesrom the unburned fieldhe auger was darated at 5 cm, 20 cm
and 30 cm using a measuritgppeand permanent markeésampling exercise targeted the rooting
zone for cassava crop, that is, from 0 cm to 30 Tme. sampling points were determined on the
entire field at 12.5 m from the borders tmal the border effecTwo 100 mropesand a 100m
measuring tape were used to make the transectssthe field and define the sampling points
(AppendixC, FigureC.2). Tensampling points werdefined,five on each sutnit (Figure 3.3).
Between two dpths, the auger was lightly cleaned with a scoop to avoid mixing soil from different
depths.To take the samplethe soil was first taken at 5 cm, then placed in the basin marked O
cm. The auger was then pushikpeiinto the soil to cdect at20 cmandplace the content in a
second basin markedZ® cm,andso on for 2680 cm. The auger was turned in the same direction
(clockwise) for the thresoil depths(AppendixC, FigureC.3). In two cases, the sampling points
were moved thremetas away from tieir location because they corresponded to a charcoal zo
(Figure 3.5). The latter may cause outlier data that are not representative of the field chemical
properties. For that reason, Aandom samples were collected on the four charctrad khat
sened for charcoal production. Theseditionalsamples were collected to inform the study about
the impact of charcogroductionwithin an Acacia agroforestry system. The same soil depth was
applied to get a total of 12 samples (4 kilns x Btds).
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Each sanple was placed in algstic bag previouslyabeled withprecise information:
sampling pointsoil depth,geographical locatigrand date. The bags were then sealed and placed

in a containeto be taken to the laboratory.

Figure3.5 A charcoal earthen kilm the esearch field.

In summary, 42 nogomposite samples were collected: 30 from the eatitrirned field
to assess soil properties under acacia at 8 years after planting, and 12 from the 4 charcoal kilns.
The samples were taken aotemporary lab in Kinshasa to dry at room temperdiafere they
wereorganisedor further preparation and analg The same protocol was followed on site 2 for

both litter and soil samples before burning.

3.3.3.Burning treatment and related samplecollection

To determine theffectsof the current land use in thbei AFS, namely the practice of
burningabovegroundiomass as a land preparation technjguleurning treatment was imposed

on 50percenif the field.Different steps were followed.

56



























































































































































































































































































































































































































