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Foreword

Five years after the rice crisis that hit the African continent in 2007/08, it is pleasing to look back 
and see how many African countries have weathered the storm and are taking significant strides in 
boosting Africa’s rice sector. The surge in Africa’s rice production and yield reported in this book is 
a result of  key investments made by farmers, governments, the private sector and the donor com-
munity to develop Africa’s rice sector. Maintaining this trend is crucial, because rice consumption 
continues to increase in sub-Saharan Africa at an annual rate of  5%. The vision of  continental self-
sufficiency in rice may still be something for us to strive towards in the longer term, but at least it is 
now viewed as an achievable goal rather than a pipedream.

African rice research and development has come a long way from the early 1970s, when 
Africa Rice Center (AfricaRice, then the West Africa Rice Development Association) was estab-
lished. This book provides an overview of  that journey, as well as a detailed state-of-the-art review 
of  rice research for development in Africa and glimpses into the future. It shows just how much 
research has to offer to help boost Africa’s rice sector. However, for research to have impact, these 
results must be put to the test in real-life settings, analysed, adapted and diffused. This will require 
solid partnerships along the research-to-development continuum, between the public and pri-
vate sectors, between research and extension organizations, and along the value chain from farm 
to plate. This book provides ideas on how to link research and public- and private-sector initia-
tives now being put in place in Africa, and thereby implement the 2011–2020 AfricaRice strate-
gic plan ‘Boosting Africa’s Rice Sector’ – approved by its Council of  Ministers in The Gambia in 
September 2011.

In many respects, the African rice crisis is not yet over – most African nations remain heav-
ily dependent upon imported rice from Asia, while the price of  rice on the international market 
remains high (at least compared to pre-2008 standards) and extremely volatile. Much as we 
have come a long way in 5 years, we still have a long way to go. For me, the message remains the 
same: we need to turn the ‘crisis’ into opportunity and realize ‘Africa’s rice promise’, which is 
that Africa has sufficient land and water resources to produce enough rice to feed its own popu-
lation and, in the long term, generate export revenues. The purpose of  this book is to provide a 
comprehensive overview of  Africa’s rice sector and ongoing rice research and development 
activities, and indicate priorities for action on how to realize this promise in a sustainable and 
equitable manner.
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With the improvements we have seen in the past 5 years, I am even more convinced that Africa 
has the ability to supply all the rice it needs for its growing population and consumer base and more. 
I long for the day when Africa becomes a net rice-exporting continent.

Papa Abdoulaye Seck
Director General, Africa Rice Center

Member of  the African Academy of  Sciences
Cotonou, Benin, April 2013
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Introduction

Marco C.S. Wopereis*
Africa Rice Center (AfricaRice), Cotonou, Benin

In many countries in sub-Saharan Africa (SSA), rice used to be consumed only during special events, 
perhaps once or twice a year. From a luxury crop it has now become the most rapidly growing food 
source in SSA. This is driven by many factors, including urbanization, changes in employment pat-
terns, rising income levels, shifts in consumer preferences, and rapid population growth. Rice is the 
leading provider of  food calories in West Africa and in Madagascar, and it is now the third largest 
source of  food energy in Africa as a whole. Because of  its ease of  preparation, storage and cooking, 
low preparation costs, low price and steady supplies (often through imports), rice has become a sta-
ple food for the poorest sectors of  urban populations. The proportion of  Africans living in urban 
areas is expected to continue to increase rapidly from its current (2012) level of  38% to reach 48% 
by 2030. The increasing trend in rice consumption across the continent is, therefore, likely to con-
tinue for the foreseeable future.

The increasing demand for rice means that in 2009 nearly 37% of  the rice consumed in SSA 
was imported. This translated into imports of  9.8 million tonnes (Mt), worth more than US$5 billion. 
This reliance on imports is a very risky, expensive and unsustainable strategy. The risks became pain-
fully clear in 2008 during food riots in major African capitals in protest against high rice prices 
caused by traditional exporting countries like Vietnam, India and Egypt closing their borders and 
banning exports. Rice is one of  the most protected commodities in the world and only about 7% of  
global production is traded on the international market.

Average rice prices in 2012 were about 2.5 times the price levels in 2000 and the rice price 
on the world market has seen tremendous fluctuations. Prices are predicted to remain high and 
volatile because of  declining production capacity in major rice-producing countries in Asia as a 
result of  increasing pressure on land and water resources and growing demand. Increasing rice 
prices will adversely affect poor and low-income households who spend a larger proportion of  
their revenue on staple food relative to high-income households. In a region where more than 
40% of  the population lives below the extreme poverty line of  $1 a day, coping with high rice 
prices will mean poorer households taking measures which could include a reduction in their 
intake of  essential nutrients, especially in urban areas, and long episodes of  food deprivation 
and malnutrition. Moreover, in countries such as Guinea-Bissau and Sierra Leone, where annual 
per-capita rice consumption is above 100 kg, the incidence of  higher rice prices has the potential 
to trigger political disturbances.
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Seck et al. (2012) estimate that between 2010 and 2035 an additional 116 Mt of  milled rice will 
be needed worldwide to meet increasing demand. About a quarter of  this (30 Mt) will be needed in 
Africa (an increase of  130% compared to 2010 consumption levels), and one-third of  that volume 
(10 Mt) will be needed in Nigeria alone, illustrating the increasing importance of  Africa in terms of  
rice consumption worldwide.

This book is published at a time when there is greatly increased awareness that rice has become 
a strategic commodity in Africa, potentially fuelling economic growth and contributing to hunger 
and poverty reduction across the continent. Many African countries have embarked on ambitious 
programmes to boost their rice production capacity, most of  them as a response to the 2008 rice 
crisis. Africa Rice Center (AfricaRice) has provided technical support to 21 countries within the 
framework of  the Coalition for African Rice Development (CARD)1 and to other AfricaRice member 
states that are not members of  CARD – assisting them with the development of  national rice develop-
ment strategies (NRDS). These strategies now need to be turned into concrete action plans to boost 
the rice sector. The critical challenge facing the African rice sector is to enhance performance in 
production, processing and marketing to respond to a major concern that needs to be turned into an 
opportunity: the growing demand for rice as a preferred staple.

As this book shows, Africa has sufficient land and water resources to produce enough rice to 
feed its own population and, in the long term, generate export revenues – this is ‘Africa’s rice prom-
ise’. The purpose of  this book is to provide a comprehensive overview of  Africa’s rice sector and 
ongoing rice research and development activities, and indicate priorities for action on how to realize 
this promise.

Section 1 (‘Rice in Africa: An Overview’) contains four chapters that set the stage for this book. 
We first (Chapter 1) look back at over 20 years of  rice research for development in Africa, highlight-
ing some of  the major institutional and technological challenges encountered and achievements 
obtained since about 1990. Next (Chapter 2), we zoom in on Africa’s rice economy and discuss 
trends in rice demand and supply before and after the 2008 rice crisis. New estimates on cultivated 
area, number of  farming households and yields for major rice-growing environments in Africa are 
provided in Chapter 3. Farmer perceptions of  biophysical constraints to rice production are presented 
in Chapter 4.

Rice varieties, designed for farmers’ growth environments and market demand, are the back-
bone of  rice sector development and are central in Section 2 (‘Rice Genetic Diversity and 
Improvement’, ten chapters). First (Chapter 5), a new systematic, continent-wide and product-
oriented approach to rice breeding in Africa is presented to enhance farmer access to new varieties 
specifically designed for his or her rice-growing environment and market demand. This approach 
has been in use by AfricaRice, national and international partners since 2010. Next, we review the 
status of  varietal release systems in Africa and the associated challenges and opportunities (Chapter 
6), followed by an overview of  the diversity of  rice and related wild species in Africa and opportuni-
ties for more effective use of  these genetic resources for rice varietal development (Chapter 7). 
Chapter 8 provides insight into gene-flow processes in farmers’ fields between cultivated and wild 
species, the associated emergence of  interspecific progenies and the role of  selection of  new plant 
types by populations of  farmers over long periods of  time, adding to in-situ genetic diversity. Chapter 
9 zooms in on the rapidly changing world of  rice genomics and how this field can accelerate the 
development of  new rice varieties in Africa. Biological, logistical and institutional challenges to the 
development of  functioning breeding pipelines making effective use of  these tools in Africa are dis-
cussed. Chapter 10 reviews recent advances in the understanding of  interspecific sterility in rice 
with emphasis on the reproductive barriers between the two cultivated species. Chapter 11 
provides a state-of-the-art overview of  genetic improvement of  rice for abiotic-stress tolerance 
(i.e. drought, salinity, excess water, phosphorus deficiency, iron toxicity and extreme temperatures) 
using both modern and more conventional genetic approaches. Chapter 12 discusses sources of  
resistance to one particularly devastating rice disease in Africa (Rice yellow mottle virus, RYMV). 
Chapter 13 zooms in on the prospects for hybrid rice by presenting AfricaRice’s hybrid-rice breeding 

xx Introduction



programme and results of  tests conducted with Chinese rice hybrids in Africa. Chapter 14 presents 
data on rice farmers’ seed sources and discusses opportunities for the development of  a viable and 
integrated rice seed sector in Africa.

Section 3 (‘Sustainable Productivity Enhancement’, eight chapters) discusses Africa’s highly 
diverse production environments and opportunities to enhance rice productivity in a sustainable 
manner, tackling the major yield- and productivity-reducing and -limiting factors. Chapter 15 pro-
vides a general overview of  rice environments in Africa, and provides the reader with a better under-
standing of  biophysical determinants of  yield gaps (differences between actual farmers’ yields and 
what would be possible with improved management) and potential expansion of  rice area in Africa. 
Chapter 16 zooms in on the weed flora of  Africa’s rice systems, the most frequent and widespread 
biotic constraint to rice productivity in Africa. The authors review problem weed species, and weed 
management strategies across ecosystems. Future weed management issues related to crop intensi-
fication, labour and water shortages, and changing environmental conditions (including climate 
change and the evolution of  herbicide-resistant weed ecotypes) are discussed. Chapter 17 provides 
an overview of  Africa’s ‘big three’ diseases: RYMV, blast and bacterial leaf  blight. Progress made with 
respect to genetic control and field management of  these diseases is presented and outstanding chal-
lenges and opportunities for integrated management of  rice diseases are discussed. Chapter 18 pro-
vides an overview of  insect pest damage to rice in Africa, both pre- and postharvest. Opportunities 
for field-level, landscape-level and postharvest management of  these pests and future challenges 
related to climate change are discussed. Chapter 19 deals with an important pest that is rarely quan-
tified in Africa, bird damage. The chapter reviews pest bird species and literature on physical crop 
losses suggesting an average loss of  15–20%, and proposes several measures to protect farmers 
against avian risk. Chapter 20 reviews the current state of  knowledge on farmer practices, chal-
lenges and opportunities with respect to nutrient use in the three major rice ecosystems in Africa. 
Chapter 21 presents an overview of  water productivity of  irrigated rice at field and scheme levels in 
Africa based on a literature survey and in the context of  increasing pressure on water due to expan-
sion and intensification of  irrigated rice systems and climate change. Chapter 22 reviews the diver-
sity of  inland-valley systems across West, East and Southern Africa, and opportunities and challenges 
for their sustainable development for rice-based systems.

Section 4 (‘Rice Value Chain Development’, five chapters) takes the reader through the various 
opportunities and challenges related to the development of  sustainable and profitable rice value chains 
in Africa. Chapter 23 provides an overview of  consumer preferences in 17 countries in SSA based on 
literature, expert knowledge and AfricaRice surveys. Chapter 24 moves on to discuss how to tailor rice 
value-chain development to consumer preferences. The authors identify key systemic constraints and 
challenges to the competitiveness of  African rice and explore opportunities for upgrading African rice 
value chains and tailoring them to consumers in end-markets. Chapter 25 discusses the crucial issue 
of  grain quality, an important prerequisite to making rice production competitive in Africa. Ways to 
improve grain quality are discussed, ranging from the choice of  variety to management factors before 
and after harvest. The chapter concludes with recommendations for making African produced rice 
more competitive vis-à-vis imports. Chapter 26 compares small rice-processing units with larger mills 
that deliver vastly different qualities of  rice for different markets in Rwanda and provides recommenda-
tions for improving the competitiveness of  locally produced rice through the phased introduction of  
modern processing facilities. Chapter 27 reviews the status of  agricultural mechanization in SSA and 
presents mechanization options that could make a difference along the rice value chain.

Section 5 (‘Working with Rice Communities’) contains four chapters. Chapter 28 discusses gen-
der roles in rice farming in SSA, emphasizing the importance of  women in rice farming. An approach 
to ensure that gender is mainstreamed in the research agenda is proposed and outstanding chal-
lenges are discussed. Chapter 29 looks in detail at how rice farmers innovate, select and match tech-
nologies to local environmental conditions, looking for optimal interactions of  technologies with 
agroecological, socio-economic and cultural factors. Chapter 30 focuses on dimensions of  rural 
learning in Africa, with a special focus on rice farmers. The potentially powerful role of  videos in 
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rural learning is illustrated. Chapter 31 presents a case study on improving rice productivity in 
rainfed lowland systems in northern Madagascar using a participatory learning and action-research 
approach (PLAR). Opportunities to use the methodology elsewhere are discussed.

Section 6 (‘Rice in Africa: Looking Ahead’) has two chapters. In Chapter 32, we look ahead 
with respect to rice research for development and estimate the potential impact of  rice research on 
income and poverty in SSA over the next 10 years. Estimates are made within the context of  the 
Global Rice Science Partnership, the CGIAR Research Programme on rice, led globally by the 
International Rice Research Institute and in Africa by AfricaRice. The concluding chapter (33) 
presents a list of  priorities for action to boost Africa’s rice sector in a sustainable and equitable 
manner, based on the information contained in this book, the authors’ own experience from field-
work in Africa, and discussions with many actors and facilitators in Africa’s multiple rice value 
chains.

It has taken several years to compile the information contained in this book. I sincerely hope 
that it will contribute to realizing Africa’s rice promise.

Note

1 The Coalition for African Rice Development (CARD) is an initiative of the Japan International Cooperation 
Agency (JICA) and the Alliance for a Green Revolution in Africa (AGRA). It aims to double rice production 
between 2008 and 2018. CARD Steering committee members are African Development Bank, AfricaRice, 
AGRA, Food and Agriculture Organization of the United Nations, Forum for Agricultural Research in 
Africa, International Fund for Agricultural Development, International Rice Research Institute, JICA, Japan 
International Research Center for Agricultural Sciences, NEPAD Planning and Coordinating Agency and 
the World Bank.
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membership to 17. When it was realized that 
WARDA’s products were gaining ground in 
countries beyond its traditional mandate region 
of  West and Central Africa, the name Africa Rice 
Center was adopted in January 2003 (WARDA, 
2004). In 2007, a new vision was formulated to 
encourage such countries to become full mem-
bers of  the Association. This prompted five more 
countries to join in the midst of  the global food 
crisis of  2007–2008 (Central African Republic, 
the Democratic Republic of  Congo, the Republic 
of  Congo, Egypt and Uganda). These were 
followed by Gabon (September 2009) and 
Madagascar (February 2010). Thus, today (June 
2013) the Association’s 24 member states 
represent West, Central, East and North African 
regions. When Africa Rice Center became the 
official legal name of  the Center and the Associa-
tion in 2009, the abbreviation AfricaRice was 
adopted in both English and French and was to 
be applied retroactively.1

Like other CGIAR-supported centres, 
AfricaRice has a Board of  Trustees composed 
of nominees from member states and from 
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The West Africa Rice Development Association 
(WARDA) was created in 1971 by 11 West 
African states (Burkina Faso, Côte d’Ivoire, 
The Gambia, Ghana, Liberia, Mali, Mauritania, 
Niger, Senegal, Sierra Leone and Togo) – with the 
assistance of  the United Nations Development 
Programme (UNDP), the Food and Agriculture 
Organization of  the United Nations (FAO) and 
the Economic Commission for Africa (ECA) – as 
an autonomous research organization and an 
intergovernmental association of  member states 
(WARDA, 2001a). The highest governing body 
of  the Center is the Council of  Ministers of  
Agriculture of  member states, with statutory 
meetings being held once every 2 years. In 
1975, WARDA joined the growing contingent of  
international agricultural research centres affil-
iated through the CGIAR (now the CGIAR 
Consortium) (CGIAR, 2013). Over the following 
two decades, six additional countries (Benin, 
Cameroon, Chad, Guinea, Guinea-Bissau and 
Nigeria) joined the Association to bring the 
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non-member states. They work together to 
ensure that AfricaRice management conforms 
to the resolutions of  the Council of  Ministers 
and to the CGIAR guidelines on governance 
and management in implementing the 
Center’s approved 2011–2020 Strategic Plan 
(AfricaRice, 2011b).

In this chapter, we look back over rice 
research for development in Africa, with empha-
sis on the past two decades. We focus on 
AfricaRice, but contributions of  many other 
institutions and partners are acknowledged. 
This is not a comprehensive historical overview 
of  rice research and development in Africa. 
Rather, we highlight some of  the major institu-
tional and technological challenges encoun-
tered and achievements obtained since about 
1990. Much more information on a wide range 
of  research-for-development activities con-
ducted in partnership in Africa can be found in 
subsequent chapters of  this book.

The chapter starts with a brief  overview of  
the Task Force mechanism, which has been the 
main vehicle used by AfricaRice to conduct 
research in partnership with the national agri-
cultural research systems (NARS) of  its member 
states and other African nations and an over-
view of  some other important partnerships. The 
remainder of  the chapter is structured in three 
thematic areas: (i) genetic diversity and improve-
ment; (ii) crop and natural-resources manage-
ment; and (iii) policy, impact assessment and rice 
value-chain development.

Task Forces and Other 
Partnership Mechanisms

The Task Force mechanism

The Task Force mechanism was introduced as a 
novel approach to building partnerships 
between the Center and the NARS in 1991. The 
mechanism responded to concerns highlighted 
by two working groups of  NARS representatives 
(WARDA, 1999). Consequently, each Task Force 
had four primary objectives:

• to coordinate regional research activities, 
thereby reducing duplication and identifying 
the most complementary forms of  collabora-
tion among rice research programmes;

• to provide national scientists with more 
complete and rapid access to information 
and results from regional research;

• to test and transfer technologies in a tar-
geted and systematic manner; and

• to target technical, material and financial 
assistance to national programmes in such 
a way as to strengthen the regional rice 
research system as a whole (Fakorede and 
Yoboué, 2001).

Between 1991 and 1995, ten Task Forces were 
established (although, because of  re-organization 
and mergers, a maximum of  nine operated 
at any one time), covering mangrove swamp, 
upland rice breeding, lowland rice breeding, irri-
gated rice breeding, Sahel resource manage-
ment, integrated pest management (IPM), 
problem soils, cropping systems, rice economics 
and technology transfer.

Specifically designed to address constraints 
to rice production identified by the NARS, the 
Task Forces operated through (annual) meet-
ings, joint research activities, monitoring tours, 
visiting fellowships, and training (WARDA, 
1999). The Task Forces provided for sharing of  
information and resources so that – on a regional 
scale – there would be no duplication of  effort, 
isolated national researchers could interact with 
their peers from other countries, and no one 
NARS was overstretched in achieving research 
objectives. The Task Forces attempted to ensure 
that each national partner and AfricaRice con-
ducted activities according to their institutional 
comparative advantages, thereby achieving 
greater overall impact on a regional scale. 
Finally, the Task Forces also served to help 
AfricaRice prioritize its work with direct guid-
ance from national partners. A 218-page sum-
mary of  the first 7 years of  AfricaRice–NARS 
Task Forces activities was published in 2001 
(Fakorede and Yoboué, 2001).

In 1998, the decision was taken to merge 
the AfricaRice–NARS Task Forces with the Rice 
Network of  the West and Central African 
Council for Agricultural Research and 
Development (WECARD/CORAF). This was 
prompted by a review of  networks funded by the 
United States Agency for International 
Development (USAID) and in light of  the fact 
that the two networks involved the same NARS 
scientists. Moreover, the composition of  the 
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newly created (January 1998) AfricaRice 
National Experts Committee was almost identi-
cal to that of  the WECARD/CORAF Executive 
Committee (WARDA, 1999). Consequently, the 
Rice Research and Development Network for 
West and Central Africa (Réseau Ouest et Centre 
Africain du Riz, ROCARIZ) was created in 1999 
(WARDA, 2000). ROCARIZ followed the Task 
Force mechanism, but replaced the annual 
meetings of  individual Task Forces with a bien-
nial Regional Rice Research Review (4Rs) (e.g. 
Sanyang et al., 2003; Narteh et al., 2006), which 
brought together as many of  the NARS scientists 
as possible, with members of  the individual Task 
Forces meeting as ‘breakout groups’ during the 
Review. Unfortunately, funding for ROCARIZ 
dried up and the network ceased to function in 
2006 (AfricaRice, 2012).

However, AfricaRice did manage to continue 
some of  the networking activities of  some of  the 
Task Forces (e.g. Breeding and Economics) through 
projects (AfricaRice, 2012; A.A. Touré, Cotonou, 
Benin, 2013, personal communication).

In 2010, the Second Africa Rice Congress 
urged African governments to renew commitment 
to rice research and development, and supported 
AfricaRice in its proposal to revive the task force 
mechanism (AfricaRice, 2012). Consequently, by 
March 2013, there were Africa-wide Rice Task 
Forces covering breeding, agronomy, processing 
and value addition, policy and gender, with the final 
one (mechanization) scheduled for launch later 
that year (GRiSP, 2013).

Other partnerships

The Consortium for the Sustainable Use of  
Inland Valley Agro-Ecosystems in Sub-Saharan 
Africa (Inland Valley Consortium, IVC), con-
vened by AfricaRice, is composed of  12 West 
African NARS and a number of  international 
(IITA, ILRI, IWMI,2 FAO, WorldFish and 
WECARD/CORAF) and advanced research insti-
tutes (CIRAD,3 Wageningen University). It was 
founded in 1993 with the objective to develop, in 
concerted and coordinated action, technologies 
and operational support systems for intensified 
but sustainable use of  inland valleys in sub-
Saharan Africa. Extensive biophysical and socio-
economic characterization work was done during 

the first phase in 18 key sites in 1994–1999 (e.g. 
Andriesse et al., 1994; Windmeijer et al., 1998). 
A second phase (2000–2006) focused on tech-
nology development for inland-valley systems. 
The participatory learning and action-research
(PLAR) approach was developed and diffused 
during this time (see Defoer and Wopereis, 
Chapter 31, this volume). Lack of  funding after 
2006 severely restricted IVC operations. Since 
2012, IVC has continued as the Inland Valley 
Community of  practice, which better reflects its 
new modus operandi.

The Human Health Consortium (1994–
2000) brought together six multidisciplinary 
West African research institutions to evaluate 
the health and social impacts of  various degrees 
of  wetland water management and irrigation in 
the humid rain-forest, savannah and Sahel 
zones of  Côte d’Ivoire and Mali. The research 
concluded that most types of  water manage-
ment in the region have minimal impact on the 
occurrence of  the two main water-associated 
diseases, malaria and schistosomiasis (WARDA, 
2001a).

Various research and development partner-
ships grew up around and to support the work 
that led to the development of  the NERICA 
varieties and subsequently promoted them across 
the continent. First, the Interspecific Hybridi-
zation Project itself, launched in 1996 – just 
3 years after the first successful development of  
fertile progeny from crosses between African cul-
tivated rice (Oryza glaberrima) and Asian culti-
vated rice (Oryza sativa) – brought together three 
CGIAR centres (AfricaRice, IRRI and CIAT),4

Cornell University (USA), Institut de recherche 
pour le développement (IRD, France), Tokyo 
University (Japan) and Yunnan Academy of  
Agricultural Sciences (China). The Project sought 
to develop and utilize the breeding techniques 
and their products (WARDA, 2001a).

The mechanism devised to disseminate the 
NERICA varieties and to help resource-poor
upland-rice farmers identify varieties best suited 
to their particular agroecological and socio-
economic contexts – participatory varietal selec-
tion (PVS) – itself  became the focus of  a research 
and development network, the Participatory 
Rice Improvement and Gender/User 
Analysis, which ran for several years from 
about 1999 (WARDA, 2001a). Then in 2001, 
the African Rice Initiative (ARI) was established 
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to promote the widespread and rapid diffusion of  
the NERICA and complementary technologies 
throughout the rice-growing areas of  Africa. 
Early work targeted upland rice in five pilot 
countries in West Africa, while enabling PVS 
and community-based seed systems (CBSS) 
activities to start in East and Southern Africa 
(WARDA, 2002a; Bèye et al., 2011).

The African component of  the Inter-
national Network for Genetic Evaluation 
of  Rice (INGER-Africa) started life as part of  
the International Rice Testing Program, a sys-
tematic global programme for the collection, dis-
tribution and testing of  rice genetic materials 
convened by IRRI. Initially (from its inception in 
1985) coordinated by IITA, INGER-Africa was 
relocated to AfricaRice in 1997.

Since 2008, AfricaRice has been a member 
of  the steering committee of  the Coalition of  
African Rice Development (CARD), led by the 
Japan International Cooperation Agency (JICA) 
and the Alliance for a Green Revolution in Africa 
(AGRA) (see www.riceforafrica.org).

Since 2011, AfricaRice has been participat-
ing in CGIAR Research Programmes, in particu-
lar the Global Rice Science Partnership (GRiSP), 
led globally by the International Rice Research 
Institute (IRRI). AfricaRice is leading the imple-
mentation of  GRiSP in Africa.

Genetic Diversity and Improvement

Rice breeding

Introducing, testing and 
disseminating varieties

In the early days (i.e. in the 1970s and 1980s), 
the AfricaRice philosophy was that rice varieties 
developed by other organizations could simply 
be introduced to the region, so the Center’s early 
work comprised coordinated variety trials for the 
major rice-growing environments (irrigated, 
mangrove, rainfed lowland and upland). The 
principal sources of  these varieties were IRRI, 
IITA and Institut de Recherche Agronomique 
Tropicale (IRAT).5 This led to the adoption of  
well-known varieties in West Africa such as 
BG90-2, Bouaké189, IR1529-680-3, C74 and 
Jaya for lowland environments and Dourado 

Precoce, IRAT 144, IRAT 13, ITA 257, ITA 150 
and ITA 235 for upland environments.6

At AfricaRice, breeding programmes for the 
main rice-growing environments started in ear-
nest when the Center moved from Liberia to Côte 
d’Ivoire in 1988, with upland breeding based at 
M’bé, Côte d’Ivoire, lowland breeding through 
an AfricaRice breeder based at IITA, Ibadan, 
Nigeria (taking over from the IITA rice breeder 
in 1990), breeding for irrigated systems based 
at Saint-Louis, Senegal, and breeding for the 
mangrove-swamp environment based at the 
Rokupr research station, Sierra Leone, alongside 
the Sierra Leone national programme. Breeding 
lines were named WAB in Côte d’Ivoire, WAT in 
Nigeria, WAS in Senegal and WAR in Sierra 
Leone. In 2010, this naming system was revised 
to ARS in Senegal, ART in Nigeria, ARB in Côte 
d’Ivoire and ARC for Cotonou, Benin, reflecting 
the name change from WARDA to AfricaRice.

The most promising lines (bred or intro-
duced) for the rainfed lowland and irrigated eco-
systems south of  the Sahel zone were included in 
the WITA series, the most well-known being 
WITA 4 (from line TOX 3100-44-1-2-3-3). For 
the irrigated Sahelian environment, the Sahel 
series was started, which includes the short-
duration Sahel 108 (IR 13240-108-2-2-3, an 
IRRI line), and the medium-duration varieties 
Sahel 201 (BW 293-2) and Sahel 202 (ITA 306) 
now widely grown in Senegal and Mauritania. 
New aromatic Sahel varieties (Sahel 177, Sahel 
328 and Sahel 329) are currently (2012) mak-
ing rapid headway in Senegal. For the upland 
environment the most popular varieties were 
WAB 56-50, WAB 56-104 and WAB 56-125
(before the arrival of  the NERICA varieties, see 
below). Breeding for the mangrove ecosystem 
was devolved to the Sierra Leone national pro-
gramme in 1986.

In the 1990s, AfricaRice started developing 
wide crosses between Asian rice O. sativa
(improved tropical japonica) and African rice 
(O. glaberrima). The idea was to combine specific 
assets of  O. glaberrima (e.g. weed competitiveness 
and tolerance to diseases) with the yield poten-
tial of  tropical japonica parents (Jones et al.,
1997; Dingkuhn et al., 1999b). The most prom-
ising seven lines were subsequently named ‘New 
Rices for Africa’ (NERICA 1 to NERICA 7). The 
term ‘NERICA’ is used to indicate interspecific 
hybrid progeny derived from crosses between 

www.riceforafrica.org
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O. glaberrima and O. sativa. The NERICA varieties 
had their first taste of  success in Guinea in the 
late 1990s, primarily through PVS programmes 
(WARDA, 2000, 2001b). The first NERICA vari-
eties to be officially released were in Côte d’Ivoire 
in December 2000 (NERICA 1 and NERICA 2). 
NERICA is now a household name in Africa and 
earned AfricaRice the King Baudouin award in 
2000 (WARDA, 2001c) and, in the person of  
Dr Monty P. Jones, the World Food Prize in 2004.

WARDA (2002b) lists the varieties released 
or generally adopted in West and Central Africa 
up to 2002. Dalton and Guei (2003) estimated 
that a total of  197 improved varieties were 
released in seven West African countries between 
1960 and 2000, of  which 40% (80 out of  197) 
were developed by national programmes using 
genetic material that originated within national 
programmes without any direct or indirect 
involvement of  the CGIAR, but about half  of  
them (38) with support from IRAT/CIRAD. A fur-
ther 13 varieties were produced by the AfricaRice 
mangrove rice programme. A total of  27% 
(54 out of  197) were varieties developed by the 
CGIAR from genetic material developed by the 
CGIAR. The third most important source of  
released varieties, purified landraces, made up 
14% of  accessions (27 out of  197). The remain-
der (16%) were developed collaboratively by 
national and international agricultural research 
centres, including the CGIAR. These figures do 
not include the NERICA varieties which were just 
entering farmers’ fields in and around 2000.

Despite the difficult conditions under which 
AfricaRice worked between 2002 and 2005 
(forced relocation from Côte d’Ivoire to Mali and 
eventually Benin as a result of  the civil war in Côte 
d’Ivoire) AfricaRice’s breeding work resulted in an 
additional 11 varieties for upland conditions 
(NERICA 8 to NERICA 18). Based on work that 
started in the late 1990s, AfricaRice and partners 
also developed a family of  NERICA varieties 
adapted to the lowlands. This new generation of  
NERICA varieties, derived from crosses between 
O. sativa subsp. indica and O. glaberrima, currently 
consists of  60 genotypes (NERICA-L 1 to NERICA-L 
60), the most widely grown being NERICA-L 19. 
The main breeding objectives were yield potential, 
grain quality, broad adaptation to diverse lowlands 
in the region, and tolerance to Rice yellow mottle 
virus and African rice gall midge (Sié et al., 2008a). 
This work earned AfricaRice, in the person of  

Box 1.1. Rice breeding in Egypt

Egypt’s rice breeding programme started in 
1917. The breeding programme has developed 
an impressive number of medium-duration 
(120–130 days) high-yielding varieties with 
good grain quality (Giza and Sakha series) 
suited to the Egyptian market (short grain, low 
amylose), mostly resistant to blast. Promising 
hybrid rice varieties have recently been devel-
oped as well. These varieties have contributed 
to the very high rice yields that can be obtained 
in the Egyptian climate (10–12 t/ha). The chal-
lenge for Egypt is to develop short-duration 
varieties that can be grown with less water, are 
resistant to blast and tolerate heat and moder-
ate salinity levels while maintaining yields.

Dr Moussa Sié, the Fukui International Koshihikari 
Rice Prize from Japan in 2006.

AfricaRice breeders and colleagues from 
NARS are making increasing use of  marker-
assisted selection and other genomics tech-
niques (see McCouch et al., Chapter 9, this 
volume) to ‘upgrade’ existing varieties with one 
or more genes that will give them an edge in 
farmers’ fields or in market segments. For exam-
ple, in partnership with IRD, AfricaRice has 
developed varieties that are resistant to Rice yel-
low mottle virus through incorporation of  the 
rymv1-2 gene (see Ndjiondjop et al., Chapter 12, 
this volume) and these varieties are currently 
(2012) being tested in farmers’ fields in West 
Africa. Through the newly established Africa-
wide Rice Breeding Task Force and as part of  the 
Global Rice Science Partnership (GRiSP), 
AfricaRice and partners are conducting a sys-
tematic, continent-wide and product-oriented
breeding approach that is expected to accelerate 
varietal development. Specific varietal-development 
pipelines are being defined for different growth 
environments and market-segments (see 
Kumashiro et al., Chapter 5, this volume).

Physiology research

Detailed physiological work on varietal responses 
of  irrigated lowland rice in the Sahel to tempera-
ture and photoperiod was done in the early 
1990s (Dingkuhn and Miezan, 1995; Dingkuhn 
et al., 1995). A total of  49 varieties were charac-
terized for their photothermal responses through 
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‘rice garden’ trials (sown every month over a 1.5 
year period). The study identified varieties best 
suited for different growing seasons in the Sahel. 
A relationship between minimum air tempera-
ture at booting stage and spikelet sterility was 
established (Dingkuhn et al., 1995). This work 
led to the development of  the RIDEV (RIce 
DEVelopment) simulation model (see next sec-
tion, ‘Crop and Natural Resources Management’).

Work by Asch et al. (1997, 1999) and Asch 
and Wopereis (2001) revealed varietal and 
seasonal differences in salinity tolerance for the 
irrigated Sahelian environment, leading to a 
physiological model of  sodium uptake in the rice 
plant and screening tools for breeding for salin-
ity tolerance.

Studies conducted by Sahrawat (2000, 
2004) and Audebert and Sahrawat (2000) iden-
tified the role of  iron-tolerant rice genotypes and 
other plant nutrients in reducing iron toxicity in 
lowland rice and related physiological mecha-
nisms. Screening methodologies for tolerance to 
iron toxicity are discussed by Asch et al. (2005).

A large number of  studies on varietal adap-
tation to different water regimes have been under-
taken since the mid-1990s (e.g. Dingkuhn et al.,
1999b; Sie et al., 2008b). Saito et al. (2010c) 
evaluated 14 rice varieties in seven experiments 
to investigate genotype × environment (G×E) 
interaction for yield, and to identify high-yielding 
varieties and plant characteristics associated with 
high yield. Three environment groups were iden-
tified from a pattern analysis on yield. Grouping 
was related to water availability, distinguishing: 
(i) an aerobic environment, with rice grown 
under aerobic conditions with supplementary 
irrigation; (ii) a hydromorphic environment, with 
rice grown under rainfed conditions with drought 
spells at the vegetative stage; and (iii) a perma-
nently flooded environment. These results indi-
cate that a systematic effort is needed to screen a 
wide range of  varieties across hydrology gradi-
ents to identify varieties that perform well across 
or within a specific target population of  environ-
ments. In 2011, a high-throughput phenotyping 
facility for drought resistance was established at 
AfricaRice, Cotonou in collaboration with CIRAD.

Weeds are serious constraints to rice pro-
duction in Africa across all rice environments. 
An illustrated guide to weeds of  rice in West 
Africa was produced by Johnson (1997). Weed 
competitiveness of  rice plants is considered 

highly desirable, especially in low-input systems. 
In the 1990s, AfricaRice developed a plant-type
concept for high-yielding, weed-competitive cul-
tivars adapted to low-input management condi-
tions through analysing data from field 
experiments using a simulation model (Jones 
et al., 1997; Dingkuhn et al., 1998). The idea 
was to combine specific assets of  O. glaberrima
such as weed competitiveness and the yield 
potential of  O. sativa tropical japonica parents. 
Since the mid-1990s, a number of  studies have 
been conducted to identify varieties with strong 
weed competitiveness, plant traits related to 
weed competitiveness, and to develop screening 
tools (e.g. Dingkuhn et al., 1999a; Rodenburg 
et al., 2009; Saito et al., 2010b). Saito et al.
(2010b) indicate that grain yield, plant height at 
maturity and visual growth vigour at 42–63 
days after sowing under weed-free condi-
tions are useful selection criteria for developing 
superior weed-competitive rice genotypes.

The 18 upland NERICA varieties were 
tested for pre- and post-attachment resistance to 
Striga hermonthica, an obligate hemiparasitic 
weed that causes severe yield losses in cereals, 
including rice. Some NERICA varieties showed 
good pre- and post-attachment resistance to this 
very damaging weed (Cissoko et al., 2011; Jamil 
et al., 2011) and research is ongoing to deter-
mine the genes behind these different types of  
resistance. Varieties combining pre- and post-
attachment resistances are expected to provide a 
breakthrough in terms of  Striga control in rice-
based systems in sub-Saharan Africa.

Saito and Futakuchi (2009) and Saito et al.
(2012) proposed aerobic rice and aus varieties7

with high yielding ability, strong weed competi-
tiveness, and superior adaptation to low soil fertil-
ity for inclusion in upland breeding programmes 
in Africa.

Crop and Natural Resources 
Management

Sahel irrigated systems

In the early 1990s, AfricaRice focused on the 
development of  best-fits between varietal choice 
and cropping calendars in irrigated lowland sys-
tems in the Sahel. From this detailed physiological 
work (Dingkuhn and Miezan, 1995; Dingkuhn 



From WARDA to AfricaRice 7

et al., 1995), the RIDEV decision-support tool was 
derived and physiological knowledge was also 
captured in the crop simulation model ORYZA_S 
(Dingkuhn, 1995). ORYZA_S allowed regional 
analysis of  climatic risk to irrigated rice cropping 
in the Sahel and zonation of  regions with poten-
tial for double cropping. RIDEV provided advice 
on best-bet sowing dates and varietal choice, 
and timing of  N fertilizer application, drainage 
before harvest, and harvest for any site under 
irrigation in the Sahel.

In the mid- and late 1990s, the research 
focus shifted to analysis of  farmer decision mak-
ing, their major constraints and opportunities, 
and determinants of  rice productivity (e.g. 
Adesina, 1996; Adesina and Djato, 1996). 
Donovan et al. (1999) and Wopereis et al. (1999) 
reported on such work in Senegal (Sahel), Mali 
(Sudan savannah), Mauritania (Sahel) and 
Burkina Faso (northern Guinea savannah). 
Results showed that average farmers’ yields var-
ied between 3.8 t/ha and 7.2 t/ha, resulting in an 
overall average of  4.5 t/ha. Yields of  individual 
farmers were highly variable, ranging from 0.3 t/
ha to 8.7 t/ha. Maximum yields reached by farm-
ers were only at 40–60% of  10-year-averages of  
ORYZA_S simulated potential yield (limited by 
temperature and solar radiation). The yield gap 
between farmers’ average yields and farmers’ 
highest yield was between 0.7 t/ha and 4.1 t/ha, 
with an average of  2.6 t/ha, indicating consider-
able scope for improving yields. Surveys on soil 
degradation in irrigated systems in the Sahel 
revealed the importance of  double cropping and 
drainage to combat salinity in the Senegal River 
delta (Ceuppens and Wopereis, 1999). Numerous 
studies were conducted to quantify and reduce 
the risk of  alkalinization and sodification (e.g. 
Boivin et al., 2002; Van Asten et al., 2003a,b).

Haefele et al. (2000, 2001) observed the fol-
lowing main agronomic constraints in the 
Senegal River valley: (i) mismatches between 
timing of  N fertilizer application and critical 
N-demanding growth stages of  the rice plant; 
(ii) non-use of  P fertilizer on P-deficient soils; 
(iii) largely neglected or inefficient weed 
management; and (iv) delayed harvesting. 
Consequently, technology-specific coalitions 
were established in the Senegal River valley 
focused on three key issues: soil fertility manage-
ment, weed management, and timely harvest 
and postharvest practices. These coalitions 
developed action plans and worked with farmers 
and agricultural machinery manufacturers to 
evaluate and adapt technologies at key sites, 
often through test plots and regular field visits. 
To address the harvest and postharvest problems,
a thresher–cleaner and a stripper–harvester 
were imported from the Philippines and a con-
sortium of  research and development partners 
and small-machinery manufacturers was formed 
to develop Senegalese prototypes of  both machines 
(Donovan et al., 1998; Wopereis et al., 1998).

Gradually a basket of  ‘integrated rice man-
agement’ (IRM) options was developed for the 
Senegal River valley (Box 1.3). These options 
provided guidance to extension agents and 
farmers in terms of  good agricultural principles 
and practices. During farmer visits to test plots 
and field tests of  the thresher–cleaner, various 
issues related to rice cropping were debated, 
including best age to transplant rice seedlings, 
control of  pests and diseases, water manage-
ment, access to fertilizers, credit, and certified 
seed. Over time, AfricaRice staff  developed a 
powerful learning tool to facilitate these debates: 
a cropping calendar depicting timing of  key 
management interventions (i.e. sowing, trans-
planting, weeding, fertilizer application, har-
vesting) as a function of  rice development stage 
(Wopereis et al., 2003).

These cropping calendars could be easily 
adjusted to any choice of  sowing date × site × 
cultivar combination along the Senegal River 
valley using the RIDEV decision-support tool 
(Dingkuhn, 1995; Wopereis et al., 2003). 
Another direct consequence of  the debates in 
farmers’ fields was the development of  a manual 
with technical references on irrigated rice crop-
ping in the Senegal River valley (ADRAO and 
SAED, 2000), as a support for research and 

Box 1.2. Irrigated systems outside of the Sahel

AfricaRice has conducted little research on irri-
gated systems outside of the Sahel. However, 
Becker and Johnson (1999a) conducted sur-
veys in irrigated systems of the forest zone of 
Côte d’Ivoire. Yields varied between 0.2 t/ha and 
7.3 t/ha, with average yields of 3.2 t/ha under 
partial irrigation and 4.2 t/ha in fully irrigated 
systems. Age of seedlings at transplanting, 
timeliness of operations and application of P 
fertilizer explained 60% of observed variability.
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extension staff. Similar work was conducted for 
irrigation schemes in Burkina Faso (Segda et al.,
2004, 2005). Scaling-out of  the IRM options 
was done through training of  extension staff  
and promotional campaigns. A number of  these 
modules have been converted into farmer 
training videos (entitled ‘Rice Advice’), trans-
lated into more than 30 local African languages 
(Van Mele et al., 2010).

Kebbeh and Miézan (2003) confirmed the 
potential of  IRM to raise rice productivity. They 
observed that technologies that are of  greatest 
direct interest to farmers and that are within 
their reach are adopted first, such as improved 
soil fertility and weed management. Yield 
increases were positively correlated to the num-
ber of  IRM options farmers were able to adopt.

The Senegalese version of  the thresher–
cleaner was officially released by the minister of  
agriculture of  Senegal in 1997 and obtained the 
‘Grand Prix du Président de la République du 
Sénégal pour les Sciences’ in 2003. There are 
now hundreds of  these machines in Senegal, 
Mali and Mauritania. The project to develop a 
local version of  the stripper–harvester was 
abandoned. During field tests, farmers clearly 

indicated that they did not appreciate the fact 
that the machine left rice straw standing in the 
field. Follow-up work led to the development of  a 
reaper to deal with this problem. More recent 
work on mechanization (2011–2012 cropping 
seasons) focused on testing mini-combine 
harvesters imported from the Philippines in Mali 
and Senegal, and subsequent local adaptation, 
fabrication and maintenance.

Rainfed lowland systems

Becker and Johnson (2001b) studied the effects 
of  improved water control and crop manage-
ment on lowland rice productivity in West 
Africa. Bunding significantly increased rice 
yield across sites by about 40% and controlled 
weeds, with approximately 25% less weed bio-
mass in bunded than in open plots. Mineral fer-
tilizer N application significantly increased rice 
yields (18% on average across sites) in bunded 
fields only. Levelling together with bunding 
facilitated water management and decreased 
weed competition – as many weed species are 

Box 1.3. Integrated rice management (IRM) options for the Senegal River valley (as formulated in the 
1990s by AfricaRice and partners)

1. Land preparation: cultivate on soil suitable for irrigated rice (i.e. heavy clay soils; local soil series 
terminology: Hollaldé and Faux-Hollaldé soils), make sure the field is properly tilled and levelled.
2. Varietal choice: use pre-germinated certified seeds; for the dry season: Sahel 108 (good grain 
quality, but salinity sensitive) or I Kong Pao (low grain quality, salinity tolerant); and for the wet season: 
Sahel 108, Jaya, Sahel 201 or Sahel 202.
3. Sowing date: guided by RIDEV to avoid spikelet sterility due to cold or heat.
4. Seeding rates: use certified seed and 100 kg/ha and 40 kg/ha, respectively, for direct seeding and 
transplanting.
5. Maximum recommended fertilizer rates: 100 kg triple super phosphate (TSP, 20% P) or diammo-
nium phosphate (DAP, 20% P, 18% N) per hectare and 250–300 kg urea (46% N) per hectare, depend-
ing on location along the Senegal River. TSP is applied as a base fertilizer, while urea is applied in 
three splits. The first dose of 40% is applied at the start of tillering, and another dose of 40% at panicle 
initiation. A final dose of 20% is applied at the booting stage of the crop. Timing is guided by RIDEV.
6. Weed management: a mixture of propanil (6 l/ha) and 2,4-D (1.5 l/ha) applied a few days before first 
urea application (at 2–3 leaf stage of the weeds), complemented with one manual weeding before the 
second urea application.
7. Water management: directed at maximizing the efficiency of fertilizers and herbicides, consists of 
applying herbicides in completely drained fields and reducing water levels in the field to 3 cm for about 
4–5 days at each fertilizer application. The rice field is completely drained 15 days after flowering to 
promote uniform ripening of the grains, but primarily to allow for a timely harvest.
8. Harvest and postharvest: harvesting at maturity, i.e. if about 80% of the panicles are yellow. 
Threshing within 7 days after timely harvest, preferably with the ‘ASI’ thresher–cleaner prototype 
developed for Sahelian conditions.
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not well adapted to permanently flooded condi-
tions (e.g. Kent and Johnson, 2001) – and gen-
erally increased nutrient use efficiencies, in 
particular in well-drained fields. Water manage-
ment and regular drainage will also avoid prob-
lems with iron toxicity in inland-valley 
lowlands. Direct and indirect effects of  iron tox-
icity in inland valleys can lead to 40–45% rice 
yield reductions in lowlands, depending on the 
extent of  the problem, water, soil and crop man-
agement (e.g. cultivar choice) as well as on the 
availability of  other soil nutrients (Becker and 
Asch, 2005; Audebert and Fofana, 2009). 
A synthesis of  15 years of  multi-disciplinary 
research on iron toxicity in West Africa by 
AfricaRice and NARS partners was provided by 
Audebert et al. (2006).

Sakurai (2006) reported on a landmark 
study conducted in Côte d’Ivoire to explore fac-
tors that influence the expansion and intensifi-
cation of  rice production in rainfed lowland 
sites. Results showed that: (i) expansion of  low-
land rice cultivation was driven by population 
pressure and accessibility of  the market; and 
(ii) the adoption of  water control technologies is 
enhanced by the presence of  immigrants and 
accessibility of  the market. Investment in water 
supply canals was strongly influenced by land 
tenure security. Improved water control greatly 
enhanced rice productivity.

Erenstein (2006) and Erenstein et al.
(2006) also studied increased inland-valley 
use for rice (and vegetable) production around 
large urban centres in West Africa. They con-
cluded (in line with the conclusions of  Sakurai, 
2006) that market access was a necessary, but 
not sufficient factor for technological intensifi-
cation of  lowland use. They also concluded 
that better targeting of  development efforts 
in terms of enabling lowland intensification 
is needed. Remote sensing or remote-sensing-
derived products have been used to map inland 
valleys in the past (e.g. Thenkabail and Nolte, 
1996). AfricaRice developed an automated 
mapping procedure based solely on a digital 
elevation model, which is globally available at 
a spatial resolution of  30 m (AfricaRice et al.,
2012). This standardized methodology is cur-
rently being implemented and validated for 
the entire West African region (S.J. Zwart and 
C.A. Linsoussi, Cotonou, Benin, 2012, personal 
communication).

Given the diversity and dynamics of  farmer 
reality and growing conditions in rainfed low-
land systems, AfricaRice developed a locally 
adapted and integrated approach to increase 
rice productivity in inland-valley production 
systems in Africa (Wopereis and Defoer, 2007). 
The approach is based on participatory learning 
and action-research (PLAR) and IRM. It is essen-
tially a farmer-participatory, step-wise approach 
to put inland valleys under rice production using 
good agricultural principles and practices 
(Defoer et al., 2004; Wopereis et al., 2007).

Discussing these different approaches to 
technology development based on diagnostic 
and yield gap surveys, Wopereis and Defoer 
(2007) note that the need to use a ‘PLAR 
approach’ increases as one moves from high- to 
low-precision systems and from relatively uni-
form to more diverse production systems. 
Technology development can be more advanced 
in Sahelian irrigated lowland systems before 
evaluation by farmers; farmers in inland 
valleys need flexible technologies that can be 
adjusted relatively easily to local settings. 
Farmers in both low- and high-precision sys-
tems can benefit tremendously from decision-
support tools and improved knowledge of  
agroecological and socio-economic principles. 
More on this approach is given in Defoer and 
Wopereis (Chapter 31, this volume).

Upland rice-based systems

Becker and Johnson (2001a) analysed crop-
ping intensity effects on upland rice yield and 
sustainability in four agroecological zones in 
Côte d’Ivoire. Increased cropping intensity and 
reduced fallow duration were associated with 
yield reduction. Intensification-induced yield 
loss was about 25% (a drop from an average 
1.5 t/ha to 1.1 t/ha) and was mainly related to 
increased weed infestation and declining soil 
quality.

Following the above study, cropping sys-
tem alternatives using cover legumes as short- 
duration fallow crops were tested for reducing 
weed pressure and sustaining rice yield (Becker 
and Johnson 1998, 1999b; Akanvou et al.,
2000). Furthermore, to increase benefits from 
the systems, the timing of  legume establishment 



10 E. Tollens et al.

in relation to rice and the effects of  removing, 
burning, mulching or incorporating fallow res-
idues prior to the rice crop on rice and weed 
growth were determined. Legume fallows 
appeared to offer good potential to sustain rice 
yields. Timing of  legume establishment into 
upland rice depended on choice of  legume, 
choice of  rice variety, and their crop densities 
as well as environmental conditions (Saito 
et al., 2010a). Incorporating or mulching of  
fallow residues provided no significant yield 
advantage compared to burning. On-farm par-
ticipatory legume evaluation was also carried 
out and selected legumes were grown by farm-
ers. Through this work, AfricaRice researchers 
learned that, in order to be successful, solutions 
such as improved fallows must consider the 
biophysical and socio-economic specifics of  
prevailing systems.

Box 1.4. Madagascar

Work in Madagascar by the national research 
institute (Foibem-pirenena Fikarohana ampiha-
rina amin’ny Fampandrosoana ny Ambanivohitra, 
FOFIFA), Université d’Antananarivo and CIRAD 
on conservation agriculture in upland rice-based 
systems has led to expansion of improved fallow 
systems combined with mulching as residue 
management in no-tillage system in mid-west 
Madagascar (about 1800 ha). One of the major 
reasons for the expansion is the use of 
Stylosanthes guianesis as a fallow crop which 
seems to reduce Striga infestation (Michellon 
et al., 2011).

A number of  fertilizer management and 
IPM options were developed for upland NERICA 
varieties (e.g. Nwilene et al., 2008a; Oikeh et al.,
2008, 2009; Sokei et al., 2010; Ogha et al.,
2011; Touré et al., 2011). However, these 
options have not yet been tested sufficiently in 
farmers’ fields to enable out-scaling.

Across systems

Systematic evaluation of  rice germplasm for 
African rice gall midge (AfRGM, Orseolia ory-
zivora) resulted in identification of  over 50 pri-
mary sources of  resistance among O. glaberrima
and traditional O. sativa varieties (Nwilene et al.,
2002). AfRGM is attacked by the parasitoids 
Platygaster diplosisae and Aprostocetus procerae in 
rice-production systems (Nwilene et al., 2008b). 
However, the level of  parasitization is low because 
the parasitoid populations build up too late in the 
season to prevent heavy AfRGM infestation. 
Meanwhile, a related gall midge (paspalum gall 
midge, PGM, Orseolia bonzii) that forms galls on 
Paspalum grass is an important alternative host 
for the two parasitoids of  AfRGM. Hence, habitat 
manipulation to increase the carry-over of  para-
sitoids from PGM (which does not attack rice) to 
AfRGM, such as dry-season cultivation to 
encourage Paspalum scrobiculatum abundance 
early in the wet season, could improve the natu-
ral biological control of  AfRGM.

Coyne et al. (1999) studied the prevalence 
of  plant-parasitic nematodes associated with 
rice in Ghana and Côte d’Ivoire in rainfed 
upland, hydromorphic and lowland rice fields. 
Thirty days after the introduction of  rice, nema-
tode species diversity across ecosystems was 
reduced by 57% to 17 species. At harvest, spe-
cies diversity was 55% lower than in adjacent 
forest and vegetation. With progression of  the 
season, a small number of  nematode genera 
became numerically dominant, while most 
nematode genera were present at low mean 
density. Lowland rice communities were char-
acterized by low nematode intensity and low 
species diversity. An overview of  nematode 
research in rice in West Africa is provided by 
Coyne and Plowright (2004).

Sy and Séré (1996) discuss the three major 
pathogens of  rice in Africa: blast fungus 

Phosphorus deficiency is a major limiting 
factor in upland rice systems in the humid forest 
zone (Somado et al., 2011). Responses of  upland 
rice to P were studied by Sahrawat et al. (1995, 
1997). Numerous other studies have been con-
ducted to test the response of  upland rice yield to 
P fertilizer application, including locally avail-
able rock P in West Africa in the 1990s and 
2000s (e.g. Sahrawat et al., 2003). Somado et al.
(2011) reviewed previous studies related to 
agronomic management options for alleviating 
P deficiency, and suggested that integrated 
approaches combining agronomic management 
options with genetically tolerant or high P-use
efficient varieties are essential.
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(Magnaporthe oryzae), Rice yellow mottle virus
(RYMV) and the bacterium responsible for leaf  
blight (Xanthomonas oryzae pv. oryzae). Since the 
early 1990s, a large number of  studies have 
been conducted on the spatial variability of  
isolates of  these diseases and corresponding 
resistance genes in rice (e.g. Séré et al., 2007; see 
also Séré et al., Chapter 17, this volume).

Policy, Impact Assessment and Rice 
Value-Chain Development

Policy

During the 1980s and 1990s, AfricaRice and its 
member countries focused their attention on the 
effects of  structural adjustment programmes on 
local rice production in West Africa. In particu-
lar, use was made of  the Policy Analysis Matrix 
(PAM) approach to assess regional comparative 
advantage of  rice across rice environments and 
markets, and the roles of  policy in influencing 
competitiveness. Economists from national sys-
tems were trained in this approach through the 
Rice Policy Task Force (WARDA, 1997). At the 
turn of  the millennium, AfricaRice began to take 
a more holistic, value-chain approach to rice 
policy. A 2-year rice-sector study in Nigeria culmi-
nated in 2003 with a strategy for the development 
of  the national rice economy. Recommendations 
emphasized the need for:

• a consistent agriculture and trade policy, 
including price protection for local rice;

• upgrading quality management along the 
value chain;

• increasing value-chain efficiency; and

• enhancing policy dialogue among stake-
holders and with government, including 
the establishment of  a national rice stake-
holders’ forum (Erenstein et al., 2003).

The Nigeria Rice Alliance was established and 
open debate of  policy reform ensued. New policies 
were implemented in line with the new strategy, 
including 100% import-tariff  increase in 2003 
and 150% increase in 2005. Meanwhile, the gov-
ernment maintained subsidies on fertilizers and 
other agro-inputs. In terms of  funding, US$400 
million was allocated to boost agricultural pro-
duction, including rice (AfricaRice, 2011a).

Between 2000 and 2006, AfricaRice con-
ducted a broad review of  policy in West Africa, 
using the Policy Analysis Matrix (AfricaRice, 
2011a). The Center maintained the Africa Rice 
Statistics Databank and produced periodic 
Africa Rice Trends (e.g. WARDA, 2008). 
AfricaRice also conducted research on rice mar-
ket efficiency and rice-sector competitiveness 
(AfricaRice, 2011a).

Policy comes to the fore 
as the food crisis looms

In June 2007, AfricaRice organized a 2-day 
workshop of  the Africa Policy Research and 
Advocacy Group, at which it predicted the rice 
crisis which effectively happened in 2008. That 
message was delivered by AfricaRice’s Director 
General at the AfricaRice Council of  Ministers 
meeting in Abuja, Nigeria in September 2007, 
forewarning the ministers of  the looming crisis, 
and encouraging them to turn the impending 
crisis into an opportunity. Specific recommenda-
tions delivered were to:

• establish seed legislation and encourage the 
involvement of  the private sector in seed 
supply and trade;

• reduce the import tax on small-scale farm 
and processing machinery that can 
increase rice farmers’ labour efficiency and 
improve grain quality;

• work together to reduce fertilizer prices (fer-
tilizers in Africa are two to six times more 
expensive than in Asia and Europe);

• improve capacity at research, extension, 
processing and marketing levels;

• promote large-scale use of  upland and low-
land NERICA rice varieties; and

• significantly increase the share of  high-
yielding irrigated and lowland rice farming 
(Seck, 2007; AfricaRice, 2011a).

This work resulted in an Emergency Rice 
Initiative, funded by several donors, that helped 
over 110,000 farmers gain access to subsidized 
seed of  improved varieties, fertilizer and impro-
ved crop-management methods during the 
2008 food crisis. AfricaRice also contributed to 
the development of  national rice development 
strategies for 21 African countries under the 
Coalition for African Rice Development (AfricaRice, 
2011a).
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Through its Council of  Ministers and 
National Experts Committee (composed of  the 
directors of  the NARS) and engagement with the 
political authorities (ECOWAS, UEMOA, UNECA 
West Africa, CILSS,8 AGRHYMET Regional 
Centre, etc.) of  the region, AfricaRice has guided 
a gradual change in the policy environment 
from unfavourable to more favourable (aided by 
the food crisis) through buy-in from political 
leaders in the diagnosis of  the problems and pos-
sible solutions. Frequent spikes in international 
rice prices – mainly the result of  export restric-
tions in major Asian exporting countries, low 
stocks and speculation – have been a sobering 
lesson for most African rice-importing coun-
tries. They now realize that they must develop 
their local production. In countries where there 
are big vested interests in the importing of  rice 
through large-scale, often diversified, powerful 
companies with political connections, changing 
the policy framework in favour of  smallholder 
rice production and milling operations will be 
particularly hard.

Impact studies

Matlon et al. (1998) reviewed the adoption and 
impact of  ‘modern varieties’ in West Africa. Hard 
data were scarce, but they report 95% adoption of  
modern varieties Bouaké 189 and IR8 in irri-
gated systems in the humid zone in Côte d’Ivoire. 
However, only 40% of  the upland-rice area in the 

same country was planted with improved varie-
ties (original data from AfricaRice–NARS Task 
Force). Meanwhile, an estimated 68% of  the 
region’s rainfed lowland areas was planted with 
modern varieties, with farmer adoption rates 
ranging from a low of  5–10% in western Côte 
d’Ivoire, through 20% in eastern Côte d’Ivoire 
and 35% in Sierra Leone, to 95% in Niger State, 
Nigeria. AfricaRice activities had led to high 
adoption rates in Sahelian irrigated systems in 
Mali (90%), the Senegal River valley (Mauritania 
and Senegal) (90%), Niger and Burkina Faso. An 
ex-ante impact study indicated an internal rate of  
return for the then AfricaRice Sahel irrigated-rice 
breeding programme in the range 40–55% 
(Fisher et al., 1995, cited by Matlon et al., 1998). 
These high internal rates of  return were confirmed 
by Fall (2005). Matlon et al. (1998) also report 
various adoption rates for modern varieties in the 
mangrove-swamp rice environment of  between 
10% (for Guinea-Bissau) and 100% (Casamance, 
Senegal and Sierra Leone). They report additional 
rate-of-return studies, which are included in our 
own summary (see Table 1.1).

In 2001–2002, AfricaRice conducted a 
major study on the impact of  improved rice varie-
ties, from both national and international research 
centres in all West African rice-growing environ-
ments. The study estimated that genetic enhance-
ment and transfer had increased the value of  
rice production by $93/ha (Dalton and Guei, 
2003). The study also confirmed that while irri-
gated and rainfed lowland ecosystems have largely 
benefited from varietal improvements, the upland 

Table 1.1. Meta-analysis of internal rates of return to rice genetic improvement 
R&D in West and Central Africa.

Country Period
Internal rate 
of return (%) Source

Sierra Leone 1976–1986 18–21 Tré (1995)
Guinea-Bissau 1980–1994 26 Seidi (1997)
Sierra Leone 1993 34 Edwin and Masters (1998)
Burkina Faso 1973–1999 43 Ouedraogo and 

Ouedraogo (2003)
Niger 1982–2000 66 Ibro et al. (2001)
Mauritania 1985–2000 68 Bah (2001); Fall (2005)
Mali 1979–1998 75 Kergna (2003)
Senegal 1985–2000 75–78 Fall (2005)
The Gambia 1988–2000 81 Bittaye et al. (2002)
Senegal 1995–2004 121 Fisher et al. (2001)
Chad 1983–2000 182 Dastre et al. (2003)
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rice ecosystem lagged behind due to much lower 
adoption rates and limited yield gains.

AfricaRice (2011b) estimated that over 
700,000 ha of  land in Africa was under NERICA 
varieties in 2010 in 35 countries, with 243,000ha 
in Nigeria, 140,000 ha in Guinea, 60,000 ha in 
The Gambia, 90,000 ha in Mali and 60,000 ha 
in Uganda. Compared with earlier estimates 
(Adegbola et al., 2006; Diagne et al., 2006), this 
shows a considerable increase in the area under 
NERICA varieties in Africa (see also Wopereis 
et al., 2008; Diagne et al., 2011). The probabil-
ity of  adoption and amount of  area planted 
were enhanced in Uganda by membership of  a 
farmers’ group, formal education of  the head of  
the farming household and the number of  farm-
ing household members (Kijima et al., 2006, 
2008, 2011). There were significant positive 
effects on rice yields through NERICA adoption 
in Benin and The Gambia (Dibba et al., 2012). 
However, no significant effects on rice yields 
were observed in Côte d’Ivoire and Guinea. 
Women profited generally more than men in 
almost all countries (Agboh-Noameshie et al.,
2006; Diagne et al., 2011). In Nigeria, uptake of  
NERICA varieties was reportedly high in Kaduna 
and Ekiti states, with up to 30% of  farmers in 
Ekiti and 42% of  farmers in PVS villages in 
Kaduna cultivating NERICA varieties in 2005 
(Spencer et al., 2006). In Uganda, NERICA vari-
eties have the potential to increase per-capita 
annual income by $20 (12% of  actual per-cap-
ita income) and to decrease the poverty inci-
dence by 5 percentage points, measured by the 
head count ratio (from 54.3% to 49.1%; Kijima 
et al., 2006).

The global rice sector has been particularly 
responsive to agricultural R&D investment: the 
median annual rate of  return amounting to 
51–60% (Alston et al., 2000; Evenson, 2001). 
Some 47% of  the global R&D payoffs of  the 
CGIAR, for instance, have been attributed to 
rice breeding (Raitzer and Kelley, 2008) and, in 
turn, 29% of  the returns from rice genetic 
enhancements in West Africa, in particular, 
were attributable to the CGIAR (Dalton and 
Guei, 2003). Alene et al. (2007) show that rice 
R&D yields high returns in different ecosystems, 
but particularly in the moist savannah. 
However, only a handful of  studies have actu-
ally attempted to estimate the rate of  return to 
R&D in the sub-Saharan African rice sector. 

Our meta-analysis (presented in Table 1.1) 
suggests a high median rate of  return of  68% 
to rice genetic improvement R&D in West and 
Central Africa. These findings concur with 
Renkow and Byerlee (2010), who conclude that 
the most profound documented positive impacts 
of  the CGIAR are recorded for crop genetic 
improvement research. It is thus surprising 
that more is not invested in agricultural R&D, 
particularly in rice R&D.

Rice value-chain development

The importance of  a value-chain approach to 
rice-sector development and the importance of  
rice quality came to the forefront with the 
Nigerian Rice Sector Policy Study of  2002–
2003 (see above) and was highlighted by Lançon 
et al. (2004). It was clear that local rice in Nigeria 
was being discounted by around 30% compared 
to imports, mainly because of  a lack of  clean-
ness and presentation. By contrast, in Guinea 
and Mali certain varieties of  local rice may 
receive a price premium (USAID, 2009). In order 
to improve the quality of  local rice, institutional 
innovations are needed that make producers 
more responsive to end-users’ requirements, 
and attach much more importance to milling 
and cleaning, and identity preservation (no mix-
ing of  different rice varieties).

The growing awareness of  grain quality and 
marketing issues came to a head in the Center’s 
2006 External Programme and Management 
Review, which recommended adoption of  a 
value-chain focus.

In 2008, AfricaRice and its national part-
ners started a series of  experimental auctions in 
Benin, Burkina Faso, Cameroon, The Gambia, 
Mauritania, Senegal and Uganda in order to 
assess consumers’ willingness to pay for rice 
quality and marketing attributes (Demont et al.,
2012, 2013a,b). The main finding was that 
local rice is or can become competitive with 
imported rice after the necessary quality 
improvements (see Demont and Neven, Chapter 
24, this volume).

Since 2011, AfricaRice and partners have 
adopted the concept of  ‘Rice Sector Development 
Hubs’, referred to by Seck (2012) as ‘fronts de 
développement agricole et rural’. These Hubs 
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represent key rice-growing environments and 
different market opportunities across African 
countries and are linked to major national or 
regional rice-development efforts to facilitate 
broader uptake of  rice knowledge and technolo-
gies. The geographic positioning of  each Hub is 
determined in national workshops, convened by 
the NARS. Activities in the Hubs focus on 
producing sufficient quantities of  the right 
quality of  rice and rice-based products of  
interest to the national or regional markets in a 
sustainable manner. Hubs are regions strategic 
for rice development, where local innovations 
and research products and services are tested, 
adapted and integrated in ‘baskets of  good agri-
cultural practices’ (GAP, i.e. IRM options) with 
feedback provided to researchers on technology 
performance. Hubs also work to improve value 
chains by investing in institutional innovations 
and market development. Care is taken that 
women and youth are not marginalized, but 
rather strengthened in the process of  rice 
value-chain development. By January 2013, 
some 59 Hubs had been identified in 20 coun-
tries in sub-Saharan Africa.

Surveys are currently (2012–2013) being 
conducted in the Hubs to understand farmers’ 
practices and to identify constraints to rice 
production, processing and marketing. Gaps 
between actual yields obtained by farmers and 
what would be possible through improved 
management are being quantified (rice yield 
and productivity gaps). The surveys will also 
help to assess farmers’ needs, gender dimen-
sions, institutional and political arrangements, 
and linkages among value-chain actors. The 
results from these surveys will be used to set 
research priorities and for developing ‘GAP 
baskets’ for each Hub, analogous to what was 
done in the 1990s for irrigated systems in the 
Sahel (see Box 1.3), but with greater precision, 
across rice-growing environments and moving 
beyond production to postharvest issues and 
rice processing.

Hubs are built around large groups of  farm-
ers and involve other value-chain actors, such as 
rice millers, input dealers and rice marketers. 
Change agents from research, NGOs and exten-
sion agencies work with these actors to evaluate 
technological and institutional innovations, 
facilitate diffusion of  knowledge and establish 

linkages along the rice value chain. These types 
of  interactions are stimulated through the esta-
blishment of  multi-stakeholder platforms (MSPs).

MSPs refer to a process which aims to bring 
stakeholders together in a new form of  commu-
nication, ‘decision finding’ and, possibly, deci-
sion making on a particular issue (Hemmati, 
2002). MSPs are also platforms for interaction 
among different stakeholders who share a com-
mon resource and interact to improve mutual 
understanding, create trust, define roles and 
engage in joint action (Thiele et al., 2011). MSP 
participants can include those directly involved 
in agricultural production, processing and mar-
keting, and also public- and private-sector part-
ners with technical knowledge about extension 
and agriculture.

In Benin, MSP participants noted that the 
most significant outcomes of  multi-stakeholder 
involvement were capacity development and 
increased rice yields in an inland-valley setting 
(Dossouhoui and Kinha, 2012). In relation to 
capacity development, participants noted how 
the MSP process helped actors who had other-
wise worked individually to come together to 
complete certain activities – notably cultivation, 
processing and wholesaling. Actors felt that 
they had gained more confidence and technical 
experience through the MSP process, which 
helped the collective but also the actors/produc-
ers themselves. One of  the MSPs in Benin noted 
that their yields had almost doubled, which was 
explained by access to improved rice varieties 
(i.e. IR841, NERICA-L 14, NERICA-L 19 and 
NERICA-L 20; Dossouhoui and Kinha, 2012).

In Mali, MSP participants noted similar 
benefits related to collective management of  
natural resources; however, their benefits 
focused more on improving governance 
(Bengaly et al., 2012). Members felt that by 
participating in the MSP process, they better 
understood others’ needs and resource- 
management objectives. They felt more cohesion 
among various resource-user groups such as 
fishers and potato farmers, who may not have 
been working in a collaborative capacity prior 
to MSP establishment. In addition, MSP actors 
noted that involvement in multi-actor pro-
cesses provided access to rice technology (intro-
duction of  improved rice varieties). Women 
parboilers who were MSP members had become 



From WARDA to AfricaRice 15

better organized with respect to rice parboiling 
and processing to sell their product. In terms of  
governance, the MSP facilitated negotiations 
among various sub-groups (e.g. fishers, potato 
farmers) for the use and management of  irriga-
tion systems within the inland valley. In addi-
tion, institutionally the MSP became the 
conduit to develop and implement the 5-year 
community plan for land and water develop-
ment within the inland valley.

Conclusions

Agricultural R&D can be classified into two main 
categories: supply-shifting and demand-lifting. 
Supply-shifting R&D can be further sub-divided 
into: (i) yield-increasing R&D (e.g. genetic 
enhancement, breeding, biotechnology, IRM, 
crop husbandry); and (ii) cost-reducing R&D
(e.g. technical change, collective management, 
efficiency increase, enhanced crop protection, 
labour-saving technologies). Demand-lifting
R&D can be further sub-divided into: (iii) quality-
enhancing R&D (e.g. grain quality, homogene-
ity and purity, visual, cooking, sensory and 
nutritional characteristics); and (iv) marketing 
R&D (e.g. processing, storage, transport, aggre-
gation, distribution, value-chain development, 
access to markets, branding, advertising and 
generic promotion). Marketing R&D can also be 
supply-shifting (e.g. by reducing marketing and 
transaction costs and increasing efficiency of  
marketing systems). A final category which may 
have both supply-shifting and demand-lifting
effects is: (v) policy R&D (creating a more con-
ducive general policy climate for agribusiness, 
production, marketing and consumption).

Looking back at over 20 years of  rice 
research for development in Africa, it is clear 
that most rice R&D has been related to supply-
shifting and policy R&D. The outbreak of  the 
civil war in Côte d’Ivoire in 2002 and the forced 
relocation of  AfricaRice to Mali and then Benin 
in 2005 severely disrupted the research pro-
grammes, forcing the Center to essentially focus 
on rice-breeding efforts and networking activi-
ties. Since 2007, the Center has regained stable 
ground and research activities have increased 
rapidly, including both supply-shifting and 
demand-lifting R&D as documented in this book. 

The annual budget of  the Center tripled from 
about $10 million in 2007 to $32 million in 
2013. This book itself  is an excellent illustration 
of  the renewed vigour of  the Center.

The new 2011–2020 strategic plan of  the 
Center (AfricaRice, 2011b) emphasizes the 
need to conduct demand-lifting R&D through 
one of  its seven priority areas, ‘Creating market 
opportunities for smallholder farmers and 
processors by improving the quality and the 
competitiveness of  locally produced rice and 
rice products’. The creation of  Rice Sector 
Development Hubs, which is central in the 
2011–2020 AfricaRice strategy (AfricaRice, 
2011b), also points to the importance of  com-
bining different types of  R&D and testing and 
developing technologies with partners along 
the rice value chain. The objective in these 
Hubs is to produce rice or rice-based products 
that respond to consumer preferences in urban 
and rural markets in quantities that are of  
interest to rice traders, who would usually 
import such products. Hubs will be strategi-
cally selected to allow linkage with major 
national or regional rice-development efforts to 
facilitate broader uptake of  rice knowledge and 
technologies.

Supply-shifting R&D and demand-lifting 
R&D complement each other. Supply-shifting 
R&D creates value, but part of  the value is 
transmitted to consumers through lower prices. 
Synchronous demand-lifting R&D redistributes 
part of  this consumer welfare back to produc-
ers and strengthens vertical links between pro-
duction and consumption throughout the 
value chain. Hence, the ultimate challenge for 
African policy makers, researchers and donors 
will be to find the optimal mix of  investment 
between supply-shifting and demand-lifting 
R&D (Demont and Rizzotto, 2012) and ensure 
optimal links with public- and private-sector 
partners involved in Africa’s multiple national 
and regional rice-sector development efforts 
(Seck et al., 2012). As an association of  cur-
rently 24 member states (February 2013), rec-
ognized by the African Union as the Center of  
Excellence for Rice Research in Africa, 
AfricaRice is well placed to coordinate these 
rice research-for-development efforts across 
the continent over the decades to come, in close 
collaboration with partners.
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Notes

1 AfricaRice is used throughout the rest of this chapter and book to refer to the Association and Center 
from its inception to the present day. One notable exception to this rule is the use of the correct name as it 
appears on publications in both citations and lists of references.
2 IITA, International Institute of Tropical Agriculture; ILRI, International Livestock Research Institute; IWMI, 
International Water Management Institute.
3 CIRAD, Centre de coopération internationale en recherche agronomique pour le développement.
4 IRRI, International Rice Research Institute; CIAT, International Center for Tropical Agriculture.
5 IRAT was responsible for crop genetic improvement in the French colonies and continued its rice breed-
ing activities in most of francophone West Africa after independence. Many varieties were created through 
this research during the 1960s and 1970s – in particular, upland varieties developed by crossing African 
japonica (63-104, 63-83) and Brazilian japonica (Iguape Cateto, Dourado Précoce) with Asian temperate 
japonica (e.g. Lung Sheng 1). These crosses formed the basis of the IRAT series (e.g. IRAT 110, IRAT 112, 
IRAT 144, IRAT 146, IRAT 147). IRAT 13 was a product of gamma mutation on 63-83 from Senegal. West 
African countries such as Burkina Faso, Côte d’Ivoire, Mali and Senegal continued to receive bilateral sup-
port from IRAT and later CIRAD to strengthen upland rice breeding, in some cases up to the 1990s (Dalton 
and Guei, 2003). CIRAD continues to support the rice varietal improvement programme for high-altitude 
upland systems in Madagascar in collaboration with the NARS.
6 During this period (1970s and 1980s), IITA conducted rice varietal improvement research at its head-
quarters in Ibadan, Nigeria. Its early programme (1974–1975) was primarily for upland rice environments, 
because it was believed that for irrigated systems with good water control there were many Asian-bred 
dwarf cultivars which could yield very well under West African conditions (Miézan and Sié, 1997). This 
resulted in the ITA series, the most well-known varieties being ITA 212 and ITA 306 released for irrigated 
systems in 1986, and ITA 150 released for upland cultivation in 1992 in Nigeria.
7 Aus cultivars are very early maturing, drought-tolerant rice varieties grown under upland conditions in 
Bangladesh and West Bengal state of India during the so-called Aus season (March–June).
8 ECOWAS, Economic Community of West African States; UEMOA, West African Economic and Monetary 
Union (Union économique et monétaire ouest-africaine); UNECA, United Nations Economic Commission 
for Africa; CILSS, Interstate committee for drought control in the Sahel region (Comité permanent Inter-
Etats de Lutte contre la Sécheresse dans le Sahel).
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political crop, in the sense that its price and 
accessibility influence social stability. Africa 
depends to a large extent on imports, however, 
and in 2008, African imports accounted for 32% 
of  the rice traded globally, most of  it from Asia.

Increasing wealth in Asia has resulted in 
greater demand for meat, thereby drawing 
maize increasingly into the animal feed market. 
This has resulted in steadily rising world cereal 
prices (since 2003) and the simultaneous emer-
gence of  Africa as a major player in the world 
rice market. Some influences on world cereal 
prices may be transient – for example, weather-
related crop failures, spikes in oil prices, and 
demand for ethanol from maize – but the long-
term outlook for rice production in Africa is bol-
stered by the signs that Asia’s consumption will 
outstrip its capacity to produce. In 2012, Asia 
accounted for 86% of  rice consumption and 
78% of  rice exports worldwide, and it is facing 
increasing local demand with already high pres-
sure on land and water resources.

Rice is often considered one of  the most pro-
tected commodities in the world and only about 
7% of  global rice production is traded on the 
international market. In this distorted market, 
the major producing countries may close their 
borders to trade during periods of  perceived 
supply shortage, as happened in 2007 and 2008. 

Introduction

Rice is the most rapidly growing food commodity 
in sub-Saharan Africa (SSA), mainly driven by 
urbanization. The opportunity costs of  women’s 
labour and the ease and rapidity of  cooking rice 
are key factors in urban settings. Urbanization is 
often accompanied by increased consumption of  
food away from the home, which has spurred 
rice demand due to the convenience of  rice stor-
age, preparation and cooking. With the propor-
tion of  Africans living in urban areas expected to 
increase from the current 38% to 48% by 2030 
(AfricaRice, 2011b), rice consumption in Africa 
is expected to continue to grow for the foresee-
able future. Household surveys reveal that urban 
consumers on lower incomes tend to spend a 
greater share of  their total budget on rice than 
higher-income households (AfricaRice, 2011b). 
These developments mean that rice is no longer a 
luxury food, but has become the main source of  
calories for low-income households, particularly 
in West Africa. Rice is also rapidly gaining in 
importance in other parts of  the continent. Rice 
is the leading provider of  food calories in West 
Africa and in Madagascar, and it is now the sec-
ond largest source of  food energy in SSA as a 
whole (Fig. 2.1). The increasing role of  rice in the 
food basket of  SSA consumers has made rice a 
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In 2008, Vietnam, India and Egypt banned rice 
exports for several months, pushing up rice 
prices, as predicted by the Africa Rice Center 
(AfricaRice) in 2007 (AfricaRice, 2011a). Sub-
Saharan Africa’s reliance on rice imports 
became painfully visible in 2008 during the food 
riots in several major capitals. In Africa, these 
riots were mostly related to high rice prices. 
Prices are predicted to remain high due to declin-
ing production capacity in major rice-producing 
countries in Asia and growing demand.

With the upward spikes in food prices in 
Africa, many African governments (assisted by 
the international donor community) embarked 
upon ambitious programmes to boost their rice-
production capacity, mostly as a response to the 
2008 rice crisis. In this chapter, we review 
trends in rice demand and production across 
the continent, placing particular emphasis on 
what happened before and after the rice crisis, 
and discuss the challenges faced in attempts 
to boost Africa’s rice sector. All data were 
retrieved from the United States Department of  
Agriculture (USDA, 2013), unless indicated 
otherwise. The USDA database was the source 
of  choice, because it contains more recent data 
than FAOSTAT.

Rice Production

Rice paddy production in SSA increased from 5.6 
million tonnes (Mt) in 1980 to 18.2 Mt in 2010, 
and in Africa as a whole from 8.2 Mt to 24.8 Mt 
over the same period. The relative contributions 
of  yield increase and harvested area in produc-
tion for the periods 1980–1990, 1990–2000 and 
2000–2010 for both Africa and sub-Saharan 
Africa are shown in Table 2.1. The relative contri-
bution of  enhanced yield increased over time, and 
the contribution of  yield increase and harvested 
area expansion to production increase in SSA 
reached approximate parity between 2000 and 
2010. The picture is more erratic for Africa as a 
whole, reflecting important yield gains in Egypt 
during 1990–2000 followed by stagnating yields 
and harvested area in 2000–2010.

Figures 2.2 and 2.3 present the trend in 
average paddy rice yield and harvested area from 
the 1960s to 2012. A clear shift in gear is visible 
in average paddy rice yield from 2007–2008 
onwards, which is analysed in more detail below.

Total paddy rice production in SSA 
increased during 2000–2012 by 7.5 Mt from 
11.5 Mt to 19.0 Mt. Contributions of  yield 
increase and harvested area expansion before 
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Table 2.1. Relative contributions of yield increase and harvested area expansion to rice production 
increase in sub-Saharan Africa (SSA) and Africa for the periods 1980–1990, 1990–2000 and 2000–2010. 
(Data derived from USDA, 2013.)

Region

1980–1990 1990–2000 2000–2010

Production
increase

(Mt)

Yield 
contr.a

(%)

Area
contr. 
(%)

Production
increase

(Mt)

Yield 
contr. 
(%)

Area
contr. 
(%)

Production
increase

(Mt)

Yield 
contr. 
(%)

Area
contr. 
(%)

SSA 4.2 26 74 1.7 33 67 6.7 47 53
Africa 3.8 6 94 5.4 63 37 7.4 37 63

acontr., contribution.

Fig. 2.3. Total harvested area under rice in sub-Saharan Africa. (Data from USDA, 2013.)
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and after the rice crisis are indicated in Table 2.2. 
Whereas about 25% of  production increase 
before the rice crisis can be attributed to yield 
increase, and 75% to harvested area expansion, 
after the rice crisis these percentages are more or 
less reversed, with yield increases contributing 
71% and area expansion 29%.

Tables 2.3, 2.4 and 2.5 provide annual 
growth rates for production, average yield and 
harvested area, respectively, for each major 

region, SSA and Africa as a whole. Annual 
production growth rate (Table 2.3) over the 
period 2000–2012 was 5.5% per year for SSA, 
with a clear difference between the periods 
before the rice crisis (i.e. 2000–2007; 3.2% per 
year) and after the rice crisis (i.e. 2007–2012; 
8.4% per year). Trends in the major regions 
were similar, except for North Africa, which was 
heavily influenced by the production decline in 
Egypt in the period 2007–2012.

Table 2.2. Relative contributions of yield increase and harvested area expansion to rice production 
increase in SSA and Africa for the periods 2000–2007 (before the rice crisis) and 2007–2012 (after the rice 
crisis). (Data from USDA, 2013.)

Region

2000–2007 2007–2012

Production
increase (Mt)

Yield contr.a

(%)
Area contr. 

(%)
Production

increase (Mt)
Yield contr. 

(%)
Area contr. 

(%)

SSA 2.8 24 76 4.7 71 29
Africa 3.7 22 78 4.2 54 46

acontr., contribution.

Table 2.3. Rice production (equivalent milled) growth rates (% per year) for major regions in Africa for the 
period 2000–2012 and sub-periods 2000–2007 (before the rice crisis) and 2007–2012 (after the rice 
crisis). The period 2010–2012 is added because 2011 and 2012 were affected by poor weather 
conditions across the continent (drought, floods). (Data from USDA, 2013.)

Region 2000–2012 2000–2007 2007–2012 2010–2012

Central Africa 1.2 –1.3 4.5 2.1
East Africaa 5.8 5.0 6.5 –0.1
North Africa 0.9 2.5 –4.6 –3.4
Southern Africa 6.1 –1.8 29.2 12.4
West Africa 5.5 2.5 9.7 3.7
Sub-Saharan Africa 5.5 3.2 8.4 2.3
Africa 4.1 3.0 4.5 0.7

aFor Rwanda and Uganda, no data available up to 2000; therefore the periods start from 2001 (2001–2012 and 2001–2007).

Table 2.4. Rice paddy yield growth rates (% per year) for major regions in Africa for the period 2000–2012 
and sub-periods 2000–2007 (before the rice crisis) and 2007–2012 (after the rice crisis). The period 
2010–2012 is added because 2011 and 2012 were affected by poor weather conditions across the 
continent (drought, floods). (Data from USDA, 2013.)

Region 2000–2012 2000–2007 2007–2012 2010–2012

Central Africa 0.0 –1.4 0.7 –0.6
East Africaa 2.8 2.0 2.6 –2.1
North Africa 0.3 1.2 –2.0 –5.6
Southern Africa 1.9 1.2 11.8 10.8
West Africa 2.5 –0.4 8.0 4.3
Sub-Saharan Africa 2.6 0.4 5.8 1.9
Africa 1.4 0.3 2.6 0.2

aFor Rwanda and Uganda, no data available up to 2000; therefore the periods start from 2001 (2001–2012 and 2001–2007).
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Annual yield growth rate1 (Table 2.4) over 
the period 2000–2007 was 0.4% per year for 
SSA. However, annual yield growth rate jumped 
to 5.8% per year for the period 2007–2012, 
despite a relatively low yield growth rate in the 
period 2010–2012 (1.9% per year). The slow-
ing rate of  yield growth during these last two 
years can be explained by the fact that rice crop-
ping in SSA is predominantly rainfed (see 
Diagne et al., Chapter 3, this volume), so pro-
duction and productivity are strongly influ-
enced by the rainfall regime. Harvests in 
2011–2012 were affected by poor weather con-
ditions (drought and floods). In real terms, and 
despite two relatively bad years, average rice 
yield in SSA increased in the period 2007–2012 
by 78 kg/ha per year. A segmented regression 
analysis2 was performed on rice yield in SSA 
over the period 1961 to 2012 partitioned into 
two intervals, 1961–2007 and 2007–2012. 
The analysis shows that rice yield increased by 
about 11 kg/ha per year from 1960 to 2007 
(R2 = 0.6) and by 108 kg/ha per year from 2007 
to 2012 (R2 = 0.8) (see Fig. 2.2).

In comparison, rice yield worldwide, 
driven by the Green Revolution in Asia, 
increased by 52 kg/ha per year over the period 
1960–2010. Cereal growth rates after the 
Second World War amounted to 78 kg/ha per 
year in the UK and 50 kg/ha per year in the 
USA. The rice yield growth rate in SSA – as a 
response to renewed commitments to boost-
ing Africa’s rice sector after the rice crisis in 
2008 – is, therefore, similar to growth rates 
witnessed on other continents after the intro-
duction of  technological innovation and 

institutional change. These trends are visible 
in West, East and Southern Africa, but not in 
Central Africa (virtually no change in yield in 
the period 2007–2012) and North Africa 
(decline in average yield, driven by Egypt). 
Major rice-growing countries contributing to 
the average yield increase after the rice crisis 
include: Côte d’Ivoire, Ghana, Guinea, Liberia, 
Madagascar, Mali, Nigeria, Senegal and Sierra 
Leone.

Harvested area growth rates (Table 2.5) 
over the periods 2000–2007 and 2007–2012 
in SSA were a constant 2.4% per year. In West 
Africa, the rate of  expansion of  harvested area 
declined somewhat after the rice crisis compared 
to before the rice crisis. Production increases in 
Central Africa in the period 2007–2012 were 
driven by expansion of  harvested area after the 
rice crisis.

Rice Consumption

Total rice consumption3 (Table 2.6) over the 
period 2000–2012 increased from 16 Mt to 
29 Mt in Africa and from 12 Mt to 24 Mt in 
SSA. Annual growth rates during this period in 
Africa were 4.3% per year compared to 5% per 
year for SSA. These percentages represent huge 
quantities of  rice. For 2012, a 5% per year 
increase in consumption in SSA is roughly 
equivalent to 1.2 Mt of  milled rice per year that 
needs to be either produced or imported. An 
upward trend in consumption is particularly 
clear for West Africa.

Table 2.5. Rice harvested area growth rates (% per year) for major regions in Africa for the period 
2000–2012 and sub-periods 2000–2007 (before the rice crisis) and 2007–2012 (after the rice crisis). 
The period 2010–2012 is added because 2011 and 2012 were affected by poor weather conditions 
across the continent (drought, floods). (Data from USDA, 2013.)

Region 2000–2012 2000–2007 2007–2012 2010–2012

Central Africa 1.2 –0.1 3.9 3.0
East Africaa 2.9 3.0 3.8 2.0
North Africa –0.1 0.8 –2.6 2.3
Southern Africa 3.9 –3.0 14.6 1.1
West Africa 2.4 2.5 1.6 –0.6
Sub-Saharan Africa 2.5 2.4 2.4 0.5
Africa 2.3 2.3 2.1 0.6

aFor Rwanda and Uganda, no data available up to 2000; therefore the periods start from 2001 (2001–2012 and 2001–2007).
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Future Trends in Rice Production and 
Consumption in sub-Saharan Africa

Rice consumption growth rate in SSA was esti-
mated at 5% per year from 2000 to 2012 
(Table 2.6). Assuming that this growth rate 
and all other parameters influencing demand 
remain equal, rice consumption would 
increase from 24 Mt of  milled rice in 2012 to 

36 Mt of  milled rice in 2020 (Fig. 2.4). The 
bulk of  this consumption (80%) will occur in 
West and East Africa.

Rice production projections to 2020 were 
made using 2012 as a starting point. The 19 Mt 
of  paddy rice production in 2012 was con-
verted to a production of  12 Mt of  milled rice, 
assuming a milling recovery of  65%. Next, pro-
jections were made assuming a production 

Table 2.6. Rice consumption growth rates (% per year) for major regions in Africa for the period 
2000–2012 and sub-periods 2000–2007 (before the rice crisis) and 2007–2012 (after the rice crisis). 
The period 2010–2012 is added because 2011 and 2012 were affected by poor weather conditions 
across the continent (drought, floods). (Data from USDA, 2013.)

Region 2000–2012 2000–2007 2007–2012 2010–2012

Central Africa 3.6 4.3 6.0 6.6
East Africaa 4.6 4.1 5.7 3.0
North Africa 1.5 2.9 –2.5 2.5
Southern Africa 4.9 9.2 1.7 12.3
West Africa 5.4 4.2 9.7 13.6
Sub-Saharan Africa 5.0 4.4 7.9 10.3
Africa 4.3 4.0 5.9 8.7

aFor Rwanda and Uganda, no data available up to 2000; therefore the periods start from 2001 (2001–2012 and 2001–2007).
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growth rate of  5.5% per year as witnessed for 
the period 2000–2012 and a growth rate of  
8.4% per year as witnessed for the period 
2007–2012 (Table 2.3). With the 5.5% per 
year growth rate, SSA rice production would 
increase to 19 Mt of  milled rice in 2020, creat-
ing a demand for imports estimated at 17 Mt 
of  milled rice. With the growth rate seen after 
the rice crisis (2007–2012), milled rice pro-
duction in 2020 would be at 23 Mt, closing 
the gap between demand and supply by 
4 Mt compared to the baseline 2000–2012 
scenario.

Rice Imports

Rice imports into SSA stabilized at around 
7–9 Mt from 2008 to 2011, illustrating that rice 
production on the continent was able to keep 
pace with the increase in rice consumption. 
However, a clear surge in imports occurred in 
2012 (Fig. 2.5).

Several factors explain this surge in rice 
imports. First, many West African countries 
incurred production setbacks because of  severe 
drought spells in 2011. In addition to rice, pro-
duction of  other staple crops – including maize, 
millet and sorghum – was also undermined by 
drought. Consumers substituted other grains 
with rice, thereby creating a greater dependence 
on imported rice.

According to the FAO Rice Market Monitor
(FAO, 2012), the announcement of  increased 
border protection in Nigeria prompted Nigerian 
importers to complete their procurement before 
the implementation of  the new import duties 
(tariffs on husked rice were raised from 5% to 
30% and for milled and semi-milled rice from 
30% to 50%). Second, the flow of  imports was 
facilitated by the recourse to lower import tariffs 
and/or ceiling reference prices at the retail level 
in several West and East African countries. In 
2012, Côte d’Ivoire adopted a three-month sus-
pension of  duty and taxes, which contributed to 
a growth of  imports from 850,000 t to 1.4 Mt, 
60% more than in 2011 (USDA, 2013). The 
same year, Côte d’Ivoire, Mali and Senegal 
established ceiling reference prices at the retail 
level to facilitate consumers’ access to rice. In 
East Africa, Burundi, Kenya and Rwanda faced 
a strong demand for imported rice with the 
adoption of  lower import tariffs in 2012. Lastly, 
the above-average population growth in SSA 
and the resulting increase in urbanization have 
been identified as contributing factors to an 
increase in demand for food, particularly rice 
(e.g. Kessides, 2005; Zuberi and Thomas, 
2012). The growing demand for rice provides a 
strong impetus to continue to improve growth 
and efficiency of  local rice production, but also 
to develop policies to control large imports that 
can impede the development of  the domestic 
rice sector.
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Competitiveness of Domestic 
Rice Production

To assess the potential for domestic rice produc-
tion following the rice crisis, AfricaRice and 
national (NARS) partners initiated rice competi-
tiveness studies in collaboration with Michigan 
State University. Selected estimates of  domestic 
resources cost (DRC) related to rice production 
are presented in Table 2.7: if  the value of  DRC is 
below 1, local rice is competitive against imports. 
Results indicate that local rice production sys-
tems are competitive and they make efficient use 
of  domestic resources (see AfricaRice et al.,
2011, for more details). It must be noted, how-
ever, that domestically produced rice often 
fetches a lower price in urban markets in Africa 
because of  perceived lower quality. The chal-
lenge often lies in postharvest practices, with the 
end result that African produced rice does not 
reach the standard of  imported rice in the eyes 
of  the African consumer (see Futakuchi et al.,
Chapter 25, this volume).

General Discussion

Using projections of  population from the United 
Nations and of  income from the Food and 
Agricultural Policy Research Institute (FAPRI), 
Seck et al. (2012) predicted that global rice 
demand will rise from 439 Mt (milled rice) in 
2010 to 496 Mt in 2020 and further increase to 
555 Mt in 2035. An additional 116 Mt of  rice 

will, therefore, be needed by 2035 to feed 
growing populations. In Africa, where rice is the 
most rapidly growing food source, about 30 Mt 
more rice will be needed by 2035, representing 
an increase of  130% from 2010. About one-
third of  this extra rice in Africa will be needed in 
Nigeria alone.

Promising developments in the African rice 
sector and improvements in rice productivity 
and competitiveness achieved after the 2008 
food crisis as presented in this chapter can only 
be sustained over time if  appropriate policies are 
adopted to incentivize producers and secure 
investments in the rice value chain. The most 
debated policy instrument is the Common 
External Tariff  (CET). Small-scale producers’ 
organizations in West Africa are currently 
(March 2013) pushing hard for an increase in 
the level of  CET from 10% to 35%, in order to 
secure investments, provide incentives for rice 
production, and control for massive rice imports. 
Another argument is that the increase in CET 
level will be consistent with the Economic 
Community of  West African States’ (ECOWAS) 
regional agricultural policy commitment to 
promote food sovereignty. The proposed tariff  is 
expected to be flexible, which means that the 
rate in force will fluctuate around the 35% refer-
ence level. The tariff  will closely follow the trends 
of  the international and the domestic regional 
markets: in times of  abundant supply and very 
low prices on the international market that 
could threaten domestic investments, the CET 
could be raised above its reference value. 
Similarly, when international prices are very 

Table 2.7. Estimations of domestic resources cost (DRC). (From AfricaRice et al., 2011, with permission 
from Africa Rice Center.)

Country National Rainfed rice Lowland rice Irrigated rice

Benin 0.65 0.61 0.64 0.62
Burkina Faso 0.50 0.75 0.38 0.18
Côte d’Ivoire 0.61 0.88 0.73 0.60
Ghana 0.34 1.17 0.40 0.29
Guinea 0.68 n/a n/a n/a
Mali 0.51a n/a n/a n/a
Nigeria 0.69 0.70 0.58 0.78
Senegal 0.75 0.83 n/a 0.55
Togo 0.41 0.50 0.23 0.68

aDRC of Mali is for the rice sector at the Office du Niger.
n/a, data not available.
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high or if  particularly poor harvests are antici-
pated within the ECOWAS community, the CET 
could be set below 35%. The argument for more 
protection of  domestic rice production is rooted 
in infant industry theory, which stipulates that 
smaller countries need to protect their emerging 
industries (Edwards, 1993) in order to develop. 
Although criticized, empirical evidence in the 
rice economy in Asia as well as in Africa strongly 
supports this theory. First of  all, the success of  
major rice producers and exporters was due to a 
large extent to the protectionist policy imple-
mented by their governments. The majority of  
rice-producing countries in Asia had a policy of  
maintaining a very high import tariff  on rice. 
Rice self-sufficiency and protection of  the 
domestic sector from entry of  cheaper rice are 
the reasons often provided to justify such high 
tariffs. The second empirical evidence is 
that trade liberalization and the reduction of  
import tariff, promoted mainly by the World 
Bank and the International Monetary Fund dur-
ing the structural adjustment period, encour-
aged massive rice imports into Africa and 
hindered the development of  the local rice indus-
try. The period before 1980 saw import restric-
tions, licensing, high tariff  rates, and government 
support to the development of  local rice produc-
tion. Those interventions enabled countries like 
Côte d’Ivoire to achieve self-sufficiency in rice in 
1977. From 1980 to 2000, major policy shifts 
took place through structural adjustment poli-
cies. Countries liberalized their domestic sector, 
reduced or dismantled their import restrictions 
and became outward-oriented to cover domestic 
rice consumption. As a result, self-sufficiency 
ratios began decreasing while imports grew. 
After 2000, some countries (Nigeria and Ghana) 
reverted back to more protection of  their local 
sector, but lack of  harmonization of  tariff  policy 
across countries4 in West Africa did not allow a 
reduction in import volume, thus the large gap 
between production and imports persisted. 
These facts demonstrate that more protection-
ism together with coordination and harmoniza-
tion of  import tariffs are necessary to boost the 
domestic sector and control large inflows of  rice.

Higher import tariffs undoubtedly play an 
important role in the performance of  the domes-
tic rice sector, but they should not be the only 
policy option and cannot alone solve the struc-
tural and marketing problems that hamper the 

expansion of  demand and supply of  locally pro-
duced rice. Additional policy measures need to 
be implemented throughout the rice value 
chain. As Demont and Neven (Chapter 24, this 
volume) point out, policy makers and stakehold-
ers need to gradually upgrade the domestic rice 
value chain according to a three-stage sequence: 
(i) investment in value adding through quality 
enhancement, certification, branding and label-
ling; (ii) adoption of  supply-shifting strategies, 
including investments in research, extension 
and storage infrastructure; and (iii) implementa-
tion of  demand-lifting actions based on the 
development of  marketing strategies.

More specifically, investment in value addi-
tion will raise rice quality: mechanized harvest-
ing and threshing operations to ensure product 
quality; promotion of  private-sector investment 
in efficient rice processing technologies with 
built-in capacity for de-stoning, polishing and 
sorting homogeneous high-quality rice; packag-
ing and labelling. Adoption of  supply-shifting 
strategies will need to be based on sustainable 
area extension, enhanced access to quality seed 
of  improved high-yielding varieties, promotion 
of  producer incentives including better access to 
credit, facilitation of  access to input subsidies 
(particularly fertilizer subsidy), and increased 
private-sector and local-community investment 
in storage infrastructures. Promotion to raise 
demand may include advertising, generic pro-
motion and consumer subsidy on local rice. 
Consumer subsidy will not only provide vulner-
able consumers with access to local rice, but also 
stimulate the demand for rice. Effective targeting 
of  the beneficiaries of  the subsidy will be made 
possible with the use of  modern technologies 
including biometry (Gelb and Decker, 2011). 
Regional integration and inter-country coopera-
tion within Africa are necessary to more effi-
ciently address some of  the cross-country 
challenges, including tariffs on imported rice 
and fertilizer subsidy.

Regional cooperation will be needed to 
develop efficient market regulation policies, 
including regional rice storage and bulk pur-
chase. Regional storage is considered as a policy 
instrument to stabilize price variability and 
ensure food security. Although countries possess 
national facilities for grain storage, the 2008 
food crisis illustrated the importance of  develop-
ing a stock of  rice at regional level. Quantities of  
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national stock released during the crisis were 
often small and had only limited effect in draw-
ing food prices down (ECOWAS, 2008). It is, 
apparently, therefore essential to stock rice at 
regional level to address price instability caused 
by domestic shocks as well as the international 
market. Prices will be stabilized through a 
release of  stocks during periods of  high domestic 
prices and accumulation of  stock during periods 
of  abundant production or low international 
prices. Market regulation will be through public 
or public–private purchasing and selling capac-
ity. The use of  regional public inventories to 
achieve price stabilization has been common in 
economic community blocs such as Europe, the 
USA and Asia (Larson et al., 2004; Yao et al.,
2005). Using data for the Middle East and North 
Africa region, Larson et al. (2012) were able to 
demonstrate that when the importing region is 
sufficiently large, setting a grain reserve is effec-
tive to hold domestic price below a specific target 
and to smooth global prices. Bulk purchase 
could facilitate increased access and provide 
affordable prices to consumers, particularly the 
most vulnerable. This policy will also help coun-
tries to address diverse forms of  distortions intro-
duced by the main exporters and importers and 
reduce most of  the transaction costs of  import-
ing rice. Despite the fact that SSA imports a third 
of  the international rice supply (AfricaRice, 
2011b), there is no regional instrument for reg-
ulating rice imports into the sub-Saharan 
regional economic blocs. Yet, by aggregating 
their procurement of  rice from the world rice 
market, countries could be in a position to exer-
cise some buyer power on the international rice 
import markets or at least improve their bargain-
ing power vis-à-vis the multinational grain trad-
ing firms or the state trading agencies on the 
export side. Support for this approach comes 
from Fiamohe et al. (2012), who show that if  
West African nations would aggregate their pur-
chase of  rice from Thailand, they could exercise 
a strong importer oligopsony5 market power and 

distort prices below their competitive level. But 
taken individually, only Nigeria could be in a 
position to exercise market power. The effective-
ness of  the bulk-purchase strategy will rely on 
agreement among stakeholders in the rice econ-
omy, including exporters, traders, commercial 
banks and importers.

Conclusions

Africa’s rice economy has seen a tremen-
dous boost since the rice crisis occurred in 
2008. Over the period 2007–2012, average 
rice yield in SSA increased in real terms by 
108 kg/ha per year, comparable to Green 
Revolution growth rates in Asia or what was 
witnessed in the USA and Europe after the 
Second World War. Given the tremendous 
growth in rice consumption across the conti-
nent, this positive trend must be continued 
and even enhanced, to ensure that imports 
can be kept at a manageable level.

Together with a continued emphasis on 
enhanced production, it will be essential to 
invest in harvest and postharvest equipment and 
infrastructure to improve processing and mar-
keting of  domestic rice to ensure that rice pro-
duced is of  the quality standard of  imported rice 
and can find a market. Appropriate policy 
instruments need to be applied at national and 
regional levels to encourage the development of  
Africa’s rice sector. Such instruments must be 
rules-based and predictable, avoiding uncer-
tainty which could discourage investment or 
undercut the emergence of  a dynamic private 
rice sector. Continued development of  Africa’s 
rice sector will take multiple paths and great 
caution is needed because of  the complexity, 
political sensitivity and context specificity of  the 
land issue within and across countries. African 
countries need to ensure that investments lead 
to win–win situations for all involved, not least 
the resource-poor local farmers.

Notes

1 ‘Growth rate’ as used in this chapter is the ordinary least squares growth rate used by the World Bank 
(http://data.worldbank.org/about/faq/specific-data-series). It represents the average annual growth rate 
over the entire period and has the advantage of taking into account intermediate values of the series. It 
does not necessarily match the actual growth rate over any given period.

http://data.worldbank.org/about/faq/specific-data-series
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2 ‘Segmented regression’ is a regression analysis method in which the independent variable is partitioned into 
intervals and a separate line segment is fit to each interval (http://en.wikipedia.org/w/index.php?title=Segmented_
regression&oldid=541637502, accessed 7 March 2013).
3 ‘Total consumption’ (or domestic consumption) refers to the sum of production and imports of milled rice. 
This apparent rice consumption is slightly different from real consumption by the value of stock and exports 
which are not very substantial in most of Africa.
4 For example, Nigeria has a very high import tariff, whereas its neighbour Benin has a low tariff of 10%. This 
is also the case with Ghana and Côte d’Ivoire: tariff rate in Ghana ranged between 20% and 37%, whereas 
Côte d’Ivoire implemented the West African Economic and Monetary Union tariff of 10%. These differences 
in import tariffs encouraged smuggling across borders and did not help high import tariff countries to reduce 
their rice imports.
5 ‘Oligopsony’: ‘a state of the market in which only a small number of buyers exists for a product’ (Oxford 
Dictionaries [online], http://oxforddictionaries.com/definition/english/oligopsony?q=oligopsony, accessed 4 
March 2013).
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Upland environments are situated at the 
high end of  the toposequence, where rice depends 
solely on rainfall as the water table is out of  the 
reach of  rice roots for much of  the growing sea-
son. At the lower end of  the toposequence, rice 
plants can reach the water table or profit directly 
from flood water. Along the toposequence, inter-
actions exist between environments (e.g. water 
and nutrient flow from upland to lowland). These 
externalities influence the environmental sus-
tainability of  rice farming. Furthermore, inter-
linkages can blur the boundaries between rice 
environments, as in the hydromorphic zones, 
between the upland and lowland areas, which 
rather than being flooded for long periods have a 
water table close enough to the surface for rice 
roots to reach during the growing season. 
Another unclear transition exists between rain-
fed and irrigated lowlands, where a continuum 
of  water management exists ranging from the 
strictly rainfed (no water control or only drain-
age), which may evolve (via investments in water 
control measures) to the fully irrigated lowlands. 
In this chapter, lowlands with partial water con-
trol (intensified lowland) are classified as rainfed 
lowland environments.

Introduction

Rice is an extremely versatile crop which can 
grow under a range of  water regimes (in dry- and 
wetland conditions) and temperatures (at low 
and high altitudes and latitudes) (Seck et al.,
2012; Saito et al., Chapter 15, this volume). The 
various rice environments are characterized 
mainly by the main source of  water for the plant – 
for example, rainfall (direct rainfall and/or 
inflow), irrigation (water controlled through a 
system of  canals, etc.), water table, uncontrolled 
flood water, and sea/brackish water. This has led 
to the distinguishing of  rainfed upland, rainfed 
lowland, irrigated upland, irrigated lowland, 
mangrove-swamp and deep-water environments. 
Taking other environmental factors into account, 
a more detailed classification of  rice environments 
is possible; for instance, ‘high-altitude rainfed 
upland rice’ versus ‘low-altitude rainfed upland 
rice’ (see Saito et al., Chapter 15, this volume).

Figure 3.1 depicts in a schematic manner the 
three major rice-growing environments in Africa: 
upland (excluding hydromorphic fringes, see below), 
rainfed lowland (inclusive of  hydromorphic fringes) 
and irrigated lowland (WARDA, 2004).
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Within each environment, rice is produced 
as part of  a wide range of  production systems 
(Saito et al., Chapter 15, this volume). The het-
erogeneity and the close interaction of  rice pro-
duction with other farm and off-farm activities 
highlight the need for technical components 
that can be readily used by producers to build 
more integrated production systems. The search 
for greater integration is above all a search for 
greater resource use efficiency through the crea-
tion of  positive interactions within rice produc-
tion systems, and between rice and other farm 
and non-farm activities. Seen in this way, the 
focus on integrated production systems encom-
passes many of  the concerns associated with 
natural-resources management.

Country-based information on potential 
and actual rice cultivation areas in each rice 
environment is useful to prioritize rice research 
and development because of  the differences 
in farming practices and productivity among 
environments. In this chapter, we estimate actual 
rice cultivation areas and farming population 

by rice environment in Africa as of  2009, based 
on survey data and secondary data from country 
publications and FAOSTAT (2012).

Methodology

The level of  detail in the information available 
on rice cultivation areas in Africa varies among 
countries. Estimates of  total annual rice har-
vested area are provided by FAOSTAT (2012) for 
most rice-producing countries in Africa. The 
United States Department of  Agriculture (USDA) 
provides similar statistics for many African 
countries. Unfortunately, these total area esti-
mates are not disaggregated by rice-growing 
environment.1 Here, we use farm-household 
survey data from the rice statistics survey con-
ducted by Africa Rice Center (AfricaRice) and its 
national (NARS) partners in 2009 (AfricaRice, 
2010) to estimate the total cultivated rice area 
by rice-growing environment in Africa.2 Because 

Fig. 3.1. Major rice environments and their attributes in Africa. (Adapted from WARDA, 2004, 
reproduced with permission from Africa Rice Center.)
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of  differences in the classification of  rice-growing 
environments between countries, we use four 
environments in our study: irrigated, (rainfed) 
upland, (rainfed) lowland and ‘other’. All rice-
growing environments found in the countries 
and described using different terminologies 
which may vary from one country to another 
were reclassified into these four environments in 
order to obtain consistent estimates and mean-
ingful comparison across countries (Table 3.1). 
For the purpose of  the estimation, we classified 
the countries into four groups on the basis of  the 
source of  the data used to do the estimation (see 
Table 3.2 for the country groupings).

In the first two groups of  countries (Table 3.2), 
the estimations of  total rice area and number of  
farming households were based exclusively on 
data from the rice statistics survey database. For 
the first group, the data includes the population 
inflation weights used to obtain the national-
level estimates from the sample estimates of  the 
average total household rice area by environ-
ment and the distribution of  rice-farming house-
holds by rice environment (see Appendix for 

details). These survey population weights3 are 
missing from the survey data for the second 
group of  countries. To obtain the national val-
ues from the sample estimates for the second 
group of  countries, we used total national rice 
area from the 2009 rice statistics divided by the 
average household rice area to derive the total 
number of  rice-farming households in the coun-
try. From this estimate and the average rice area 
by environment, we used the sample distribution 
of  rice-farming households by rice environment 
to obtain estimates of  the total number of  rice-
farming households and total rice areas by envi-
ronment per country.

The third group comprises seven country 
members of  the Coalition for African Rice 
Development (CARD), which were also part of  
the 2009 rice statistics survey. These countries 
also had missing survey population extrapola-
tion weights. In addition, these countries did not 
have estimates of  total rice cultivated area in 
their country reports. Thus, we used the infor-
mation on rice area and production by rice envi-
ronment for 2008 available in their National 

Table 3.1. Classification of rice-growing environments by country in the rice statistics survey. (Modified 
from AfricaRice, 2011.)

Countriesa Irrigated Lowland Other

Benin, Burkina Faso, Cameroon, 
CAR, Côte d’Ivoire, DRC, 
Ghana, Guinea, Kenya, 
Madagascar, Nigeria, 
Rwanda, Tanzania

Irrigated lowland
Upland with supplementary 

irrigation

Lowland
Hydromorphicb

Upland with groundwaterb

Mangrove
Other

The Gambia Irrigated
Upland with supplementary 

irrigation

Lowland
Upland with groundwater

Mangrove

Mali Irrigated Lowland
Senegal Irrigated Lowland Mangrove

Upland with supplementary 
irrigation

Upland with groundwater

Sierra Leone Inland-valley swamp Mangrove
Bolilandc Other

Togo Irrigated Lowland
Upland with supplementary 

irrigation
Upland with groundwater

Uganda Irrigated
Upland with supplementary 

irrigation

Lowland
Hydromorphicb

Upland with groundwaterb

aCAR, Central African Republic; DRC, Democratic Republic of Congo.
bHydromorphic and upland with groundwater share the same definition, but the NARS partners differentiated them in the 
survey.
cBoliland is lowland where flooded conditions continue for 2–4 months in a year.
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Table 3.2. Distribution of rice area by rice environment in Africa (2009).

Groupa Country

Distribution of area by rice environment (ha)

Irrigated Upland Lowland Other All

Group 1 Guinea 52,526 532,329 381,756 39,211 1,005,822
Nigeria 86,079 557,256 1,032,935 219,427 1,895,697
Senegal 94,185 36,178 43,948 0 174,311
Sierra Leone 0 453,531 117,720 28,266 599,517

Group 2 Benin 4,798 10,407 23,552 0 38,757
Burkina Faso 13,328 16,022 61,743 0 91,093
Cameroon 25,212 60,926 19,635 0 105,773
Kenya 17,521 449 414 0 18,384
Togo 3,689 4,345 27,876 0 35,910
Mali 335,269 174,747 134,851 0 644,867
Madagascar 782,487 78,439 322,688 0 1,183,614
Côte d’Ivoire 37,110 615,325 314,863 973 968,271

Group 3 CAR 377 18,310 2,731 373 21,791
DRC 71,910 248,485 28,021 23,378 371,794
The Gambia 27,916 19,350 25,231 7,013 79,510
Ghana 24,496 8,126 129,533 2,485 164,640
Rwanda 14,433 0 0 0 14,433
Tanzania 254,679 9,382 677,806 571 942,438
Uganda 361 65,790 72,109 0 138,260

Group 4 Mozambique 72,684 36,182 73,954 0 182,820
Liberia 7,433 143,662 82,013 0 233,108
Ethiopia 6,313 3,852 2,811 155 13,131
Zambia 6,724 4,696 11,775 6 23,201
Chad 51,579 51,961 37,734 2,075 143,349
Niger 5,023 4,279 4,727 797 14,826
Guinea-Bissau 8,479 38,025 47,521 11,042 105,067
Mauritania 7,261 1,630 4,779 0 13,670
Egypt 518,520 12,935 12,810 31,203 575,468
Morocco 6,392 160 172 1,076 7,800
Algeria 63 43 35 8 149
Angola 4,023 4,153 6,036 0 14,212
Burundi 18,585 1,258 7,778 0 27,621
Comoros 12,001 4,314 6,266 0 22,581
Republic 

of Congo
207 1,028 1,008 469 2,712

Gabon 80 253 258 84 675
Malawi 17,951 9,678 28,338 52 56,019
Somalia 1,890 1,142 710 102 3,844
South Africa 378 114 572 0 1,064
Sudanb 2,529 2,285 1,438 206 6,458
Zimbabwe 117 55 145 0 317

Total Africa 2,594,608 3,231,102 3,748,292 368,970 9,942,974
Total Africa 

(%)
26 32 38 4 100

aGroup 1: countries with all data including sampling weights; Group 2: countries with full information on total rice area 
and farmers’ distribution across rice-growing environments from rice statistics survey data 2009; Group 3: countries 
with full information on total rice area from NRDS 2008 data, distributions across rice-growing environments and 
average rice area by environment from rice statistics survey data 2009; Group 4: countries with total rice in 2009 from 
FAOSTAT (2012), farmers’ distribution and average area by rice-growing environment predicted using spatial 
econometrics.
bIncluding what is now South Sudan.
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Rice Development Strategies (NRDS) and fol-
lowed the same estimation procedure as for the 
countries in the second group.

Countries in the fourth group are the 
remaining rice-producing countries in Africa 
which were not covered by the 2009 rice statis-
tics survey.4 For this group, we first used the 
2009 rice statistics survey data of  the first three 
groups of  countries and the GIS coordinates at 
the third level of  administrative sub-division in 
the country to estimate a spatial forecasting 
model based on the universal kriging interpola-
tion method (Calder and Cressie, 2009). We 
then used the estimated model parameters to 
predict the average total household rice area and 
proportion of  rice-farming households in each 
rice-growing environment for all the countries 
in the fourth group. And, finally, we used the 
2009 total country rice harvested areas from 
FAOSTAT (2012), which we multiplied by the 
predicted averages and proportions to estimate 
the total rice area and number of  rice-farming 
households in 2009 for each rice environment 
for each country in this fourth group (see 
Appendix for more details).

Rice yields per rice environment were esti-
mated for countries covered by the 2009 rice sta-
tistics survey (Groups 1, 2 and 3). These yields 
were obtained by dividing total rice production 
by the total rice-cropped area of  the household.

Results

The estimated rice areas disaggregated by coun-
try and by rice environment are shown in Table
3.2. The estimated total number of  rice-farming 
households by rice-growing environment are 
presented in Table 3.3, but will not be discussed 
as the trends are the same as for the area esti-
mates. The total rice area harvested in Africa in 
2009 is estimated at 9,942,974 ha. Countries 
with high total rice areas (500,000 ha or more) 
are Nigeria (1,895,697 ha), Guinea (1,005,822 
ha), Madagascar (1,183,614 ha), Côte d’Ivoire 
(968,271 ha), Tanzania (942,438 ha), Mali 
(644,867 ha), Sierra Leone (599,517 ha) and 
Egypt (575,468 ha). The disaggregation by rice 
environment shows rainfed lowland (3,748,292 
ha) and upland (3,231,102 ha) to be the domi-
nant environments with 38% and 32% of  the 

total rice areas, respectively. The total area under 
irrigation is estimated at 2,594,608 ha, which 
represents about 26% of  the total rice area on 
the continent. The other rice-growing environ-
ments are estimated to occupy only 4% of  the 
total rice area.

The total cultivated rice area estimated for 
2009 in this study is 4.5% higher than the 
estimated 9,514,792 ha for 2008 (Seck et al.,
2012). This may be due to differences in the ref-
erence years or that Seck et al. (2012) used a dif-
ferent methodology to estimate the total area.5

When the estimates from the two studies are 
compared country by country, the most impor-
tant increases in the estimated total rice areas 
are for Côte d’Ivoire (568,271 ha, +142%), The 
Gambia (45,510 ha, +134%), Cameroon 
(55,772 ha, +112%), Mozambique (72,820 ha, 
+66%), Senegal (48,982 ha, +39%), Mali 
(162,315 ha, +34%) and Tanzania (232,437 
ha, +33%). Substantial decreases in the esti-
mated total rice area are also recorded in three 
of  the major rice-producing countries in Africa: 
Sierra Leone (400,483 ha, –40%), Nigeria 
(486,304 ha, –20%) and Egypt (169,923 ha, 
–23%).

Table 3.4 presents average paddy rice yield 
per rice environment as obtained from the sur-
vey data of  countries in Groups 1, 2 and 3. These 
yields were obtained at the household level by 
dividing total household rice production by total 
household rice-cropped area and then averaged 
across the country.

Highest country average household rice 
yields (per season) were in Rwanda, Mali, 
Cameroon, Senegal and Nigeria. These rela-
tively high yields are due to the high yield in irri-
gated growing environment, except for Nigeria 
and Cameroon where lowland yields exceed irri-
gated ones. The highest national average yields 
were recorded in Rwanda (4.43 t/ha), Mali (4.01 
t/ha) and Senegal (3.90 t/ha) for irrigated envi-
ronments and in Cameroon (3.20 t/ha) and 
Nigeria (3.02 t/ha) for lowlands. Countries with 
lowest rice yields across rice environments 
include the Central African Republic, the 
Democratic Republic of  Congo and Sierra Leone.

Table 3.5 gives estimates for rice yields in irri-
gated environments in the Sahel–savannah and 
sub-humid agroecological zones. Sahel–savannah 
irrigated zones occur throughout The Gambia and 
Mali, and in the extreme north of  Benin; the Sahel 
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Table 3.3. Number of rice-farming households by rice environment in Africa (2009).

Groupa Country

Distribution of rice-farming households by 
rice-growing environment (number)

Irrigated Upland Lowland Other All

Group 1 Guinea 39,911 522,917 297,555 26,518 886,901
Nigeria 16,557 135,186 262,379 42,448 456,570
Senegal 93,468 30,315 44,960 0 168,743
Sierra Leone 0 400,906 97,307 24,880 523,093

Group 2 Benin 8,594 20,033 43,765 0 72,392
Burkina Faso 13,256 25,750 123,251 0 162,257
Cameroon 21,778 63,229 23,503 0 108,511
Kenya 7,107 273 195 0 7,575
Togo 3,631 5,603 29,517 0 38,751
Mali 162,425 146,654 59,399 0 368,478
Madagascar 669,254 107,771 389,329 0 1,166,354
Côte d’Ivoire 27,480 493,906 287,929 1,297 810,612

Group 3 CAR 633 36,470 6,554 633 44,290
DRC 61,199 261,946 40,774 21,466 385,385
The Gambia 13,060 5,803 8,708 2,281 29,852
Ghana 6,580 2,709 32,353 621 42,263
Rwanda 55,648 0 0 0 55,648
Tanzania 125,563 3,044 251,506 380 380,493
Uganda 1,098 109,127 133,852 0 244,077

Group 4 Mozambique 37,986 23,287 42,094 0 103,367
Liberia 4,644 104,174 56,688 0 165,506
Ethiopia 3,836 2,207 1,554 251 7,848
Zambia 3,887 3,001 5,799 534 13,221
Chad 38,326 38,268 23,366 1,441 101,401
Niger 1,901 2,205 1,577 316 5,999
Guinea-Bissau 8,593 34,193 30,393 9,650 82,829
Mauritania 5,943 1,092 3,087 0 10,122
Egypt 864,200 9,097 9,097 27,291 909,685
Morocco 9,541 106 106 848 10,601
Algeria 50 28 22 6 106
Angola 2,250 2,802 3,535 0 8,587
Burundi 20,757 569 4,727 0 26,053
Comoros 6,457 2,910 4,213 0 13,580
Congo 138 750 822 382 2,092
Gabon 49 173 170 55 447
Malawi 10,276 5,857 14,111 2,708 32,952
Somalia 1,484 796 493 74 2,847
South Africa 173 73 299 0 545
Sudanb 2,046 1,607 1,000 151 4,804
Zimbabwe 60 36 80 0 176

Total Africa 2,349,839 2,604,873 2,336,069 164,231 7,455,012
Total Africa (%) 32 35 31 2 100

aGroup 1: countries with all data including sampling weights; Group 2: countries with full information on total rice area 
and farmers’ distribution across rice-growing environments from rice statistics survey data 2009; Group 3: countries with 
full information on total rice area from NRDS 2008 data, distributions across rice-growing environments and average rice 
area by rice-growing environment from rice statistics survey data 2009; Group 4: countries with total rice area from 
FAOSTAT (2009), farmers’ distribution and average area by rice-growing environment predicted using spatial 
econometrics.
bIncluding what is now South Sudan.
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agroecological zone occurs in northern 
Cameroon, the Senegal River valley and 
Casamance regions in Senegal, the northern 
states of  Nigeria (Borno, Jigawa, Kano, Katsina, 

Kebbi, Sokoto, Yobe and Zamfara) and Boucle du 
Mouhoun, Central, North and Sahel regions of  
Burkina Faso. Sub-humid irrigated zones are irri-
gated zones located outside the Sahel–savannah.

Table 3.4. Average rice yield (t/ha) by rice environment for countries in Groups 1, 2 and 3 (2009).

Country

Irrigated Upland Lowland Other

n Mean SD n Mean SD n Mean SD n Mean SD

Benin 41 2.07 0.9 75 1.51 0.8 159 1.83 0.8 0 – –
Burkina Faso 51 2.21 1.4 99 1.73 1.2 455 1.71 1.1 0 – –
Cameroon 227 1.94 1.2 659 2.95 1.4 245 3.20 1.4 0 – –
Côte d’Ivoire 39 1.68 0.7 665 1.22 0.6 389 1.61 0.7 2 1.10 0.1
The Gambia 62 2.16 2.0 25 1.70 1.8 39 1.28 0.6 11 1.30 0.0
Ghana 78 1.60 0.7 32 1.01 0.4 394 1.16 0.6 8 1.00 0.4
Guinea 53 1.24 0.4 601 1.12 0.4 357 1.10 0.4 32 1.09 0.3
Kenya 226 1.53 0.9 13 1.25 0.5 9 1.29 1.1 0 – –
Madagascar 446 1.69 1.0 70 1.04 0.7 257 1.71 0.9 0 – –
Mali 618 4.01 1.4 558 2.33 1.0 226 2.85 1.8 0 – –
Nigeria 244 2.24 1.6 1815 1.44 0.8 3448 3.02 2.1 973 2.55 1.2
CAR 7 0.49 0.2 407 0.57 0.3 71 0.53 0.2 7 0.53 0.2
DRC 57 1.34 0.4 244 1.00 0.4 36 0.88 0.3 20 1.13 0.4
Rwanda 168 4.43 2.2 0 – – 0 – – 0 – –
Senegal 370 3.90 1.7 358 1.12 0.7 868 1.22 0.6 0 – –
Sierra Leone 0 – – 780 0.55 0.4 218 0.56 0.4 41 0.77 0.4
Tanzania 305 1.40 0.6 8 0.63 0.3 527 1.13 0.6 1 1.08 0.0
Togo 68 2.06 0.8 104 1.40 0.8 549 1.82 0.9 0 – –
Uganda 4 1.85 0.8 480 1.72 1.0 588 1.79 1.0 0 – –
All countries in 

Groups 1, 2 
and 3a

3064 2.22 1.0 6993 1.23 0.2 8835 1.89 0.7 1095 2.07 0.5

n, sample size matching the criteria; SD, standard deviation, –, not applicable.
aThe yield for all countries in Groups 1, 2 and 3 is the average country yield weighted by the estimated area per country.

Table 3.5. Average rice yield (t/ha) by irrigation environment for countries in Groups 1, 2 and 3 (2009).

Country

Sahel–savannah irrigated systems Sub-humid irrigated zones

n Mean SD n Mean SD

Benin 13 2.12 1.0 28 2.05 0.9
Burkina Faso 23 2.78 1.0 28 1.74 1.5
Cameroon 48 2.95 1.6 179 1.68 1.0
The Gambia 62 2.16 2.0 0 – –
Mali 618 4.01 1.4 0 – –
Nigeria 109 2.23 1.7 135 2.24 1.6
Senegal 365 3.91 1.7 5 1.96 1.2
All 1238 3.65 1.7 375 1.92 1.3

n, sample size matching the criteria; SD, standard deviation; –, not applicable.
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Notes

1 Balasubramanian et al. (2007) provide estimates of country total rice areas disaggregated by rice-growing 
environments.
2 The estimation methodology is detailed in the Appendix.
3 ‘Survey population weights’ are coefficients associated with sampled units which are used to extrapolate 
from the sample to the whole population of farmers. In essence, the coefficient gives the number of farmers 
represented by each sample farmer.
4 Liberia and Mozambique, which are included in this group, were covered by the 2009 rice statistics sur-
vey, but data analyses were not conducted.
5 Seck et al. (2012) used a simpler procedure to estimate the distribution of total rice area by rice-growing 
environment for these countries: the percentage distribution of area by environment of a similar neighbour-
ing country for each country of this group in combination with the estimated total rice area in 2008 for that 
country as given by FAOSTAT (2012).

References

AfricaRice (2010) Rice data systems for sub-Saharan Africa: Contribution to the Japan–AfricaRice 
Emergency Rice Project Synthesis Report. Africa Rice Center, Cotonou, Benin.

Balasubramanian, V., Sie, M., Hijmans, R.J. and Otsuka, K. (2007) Increasing rice production in sub-Saharan 
Africa: opportunities and challenges. Advances in Agronomy 94, 55–133.

Calder, C. and Cressie, N.A. (2009) Kriging and variogram models. In: Kitchin, R. and Thrift, N. (eds) 
International Encyclopedia of Human Geography, Vol. 1. Elsevier, Oxford, pp. 49–55.

FAOSTAT (2012) http://faostat.fao.org/ (accessed 21 June 2012).
Kastelec, D. and Košmelj, K. (2002) Spatial interpolation of mean yearly precipitation using universal 

kriging. In: Mrvar, A. and Ferligoj, A. (eds) Developments in Statistics. FDV, Ljubljana, Slovenia, 
pp. 149–162.

Ribeiro, P.J. Jr and Diggle, P.J. (2001) geoR: a package for geostatistical analysis. R NEWS 1(2), 15–18.
Seck, P.A., Diagne, A., Mohanty, S. and Wopereis, M.C.S. (2012) Crops that feed the world 7: rice. Food 

Security 4(1), 7–24.
WARDA (2004) Strategic Plan 2003–2012. Africa Rice Center (WARDA), Bouaké, Côte d’Ivoire.

Appendix 3.1 Methodology for Estimating Total Rice 
Cultivated Area by Rice-growing Environment

In this appendix we describe the methodology used to estimate a country’s total cultivated rice area 
and number of  rice-farming households in 2009 by rice environment. The estimated total area for 
the whole continent was obtained by aggregating the country estimates.

For a country with a population of  farmers (i.e. farming households) of  size N and J rice envi-
ronments each with Nj number of  rice farmers, let aij denote the total rice area in environment j of  a 
farmer i and dij be a dummy binary indicator taking the value 1 if  the farmer grows rice in environ-
ment j and zero otherwise, i = 1, . . . ,N and j = 1, . . . ,J. Let also Aj denote the country’s total cultivated 
rice area in environment j, fj the proportion of  farmers in the country growing rice in environment j
and a–j the average total household cultivated rice area in environment j. Then we have for j = 1, . . . ,J,
N dj i

N
ij= =å 1 , A a d aj i

N
ij i

N
ij ij= == =å å1 1 , f N

Nj
j=  and a A

Nj
j

j

= . The country’s total rice area A is thus given by 

A Aj
J

j= =å 1
.

From these expressions, we can obtain from a (possibly multistage stratified) random sample of  
rice-farming households consistent estimates of  the country’s total number of  farmers growing rice 

http://faostat.fao.org/
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in environment j and the corresponding total rice area in environment j. More precisely, we have 
N w dJ i

n
i ij

� = =å 1  and A w d aJ i
n

i ij ij
� = =å 1 , where wi i =1,. .,n, are the survey population weights such that 

åi
n

iw N= =1 .1 Similarly, the country’s proportion of  farmers growing rice in environment j and the 
average total household rice area in environment j are consistently estimated by f

w
w dJ

i

n
i

i

n
i i j

� =
=

=
1

1
1å

å
and a w d aj i

n
i i j ij

i
n

i ijw d
� =

=
=

1

1
1å

å , respectively.

For the countries in the second and third groups where we did not have the survey population 

weights, we have estimated A N A N a N N fj j J J j j j
� � � � � � �and by and= =´ ´, , respectively, where f dJ i

n
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is the sample proportion of  farmers growing rice in environment j and a d aj i

n
ij i jnfJ

�
�= =
1

1
å  is the sample 

average of  the total household rice area under environment j. We estimate N, the total number of  rice-
farming households in the formulae above, by dividing the total cultivated rice area obtained from 
the 2009 survey country reports (for the second group) and the NRDS (for the third group) by the 
sample average of  total household rice area across all rice environments.

In the 2009 rice statistics survey, the area information was collected for all of  the plots of  each 
household. Unfortunately, the information on the rice environment of  each household plot was not 
collected. Instead, the rice environment information was collected at the household level by asking 
the household to indicate by order of  importance all the environments where it was growing rice. 
Hence, we cannot know the aij quantities in the formulae above from the rice statistics survey data. 
Only the dij quantities are available from the rice statistics survey. This makes it impossible to estimate 
Aj from the formulae above. To circumvent the problem of  non-availability of  the rice-growing 
environment-specific household cultivated area variables, we use the household-level rice environ-
ment information and the total household cultivated rice area a ai j

J
ij= =å 1 , which can be computed 

from the rice statistics survey data (since the information on the size of  each household rice culti-
vated plot was collected) and proceed as follows.

Let j arg a j Ji ij
* ; , . . . }= =max{ 1  designate the household’s most important rice-growing environ-

ment in terms of  area occupied (the first rice-growing environment listed by the household) and let 
d*

ij be the dummy binary indicator taking the value 1 if  j ji= * and 0 otherwise. We can then approxi-
mate Aj, the country’s total rice area in environment j, by the quantity A d aj i

N
ij i

* *= =å 1 . It is clear that  
A*

j = Aj if  every household grows rice in only one environment. Also, A*
j is close to Aj if  the area of  a 

household’s minor (secondary) rice-growing environment is small (i.e. if  aij is small for j ji¹ *). The 
reality is very close to these two conditions as the vast majority of  African rice farmers generally 
grow rice in small plots located in the same environment (Seck et al., 2012). This turned out to be 
overwhelmingly the case in the 2009 rice statistics survey data, where less than 10% of  farmers 
grew rice in more than one rice-growing environment. Moreover, this percentage becomes insignifi-
cant after grouping the various rice-growing environments into the four major environments 
(Table 3.A.1). Hence, A*

j is a very good approximation of  Aj when using the data from the 2009 rice 
statistics survey. To obtain an estimate Aj

�* of  A*
j and the coresponding approximate quantities it suf-

fices to replace in the estimation formula above dij by dij
*  and aij by ai.

Spatial interpolation: kriging

Let {(Zs):s ∈ D ⊂ R2} be a spatial process specified as follow: Zs = m(s) + Xs where m(s) = E(Zs) < ∞ is the 
trend of  the process and Xs = (Zs − E(Zs)) the fluctuation (Calder and Cressie, 2009).

Let {si : i = 1, . . . ,n} be the geostatistical data, i.e. a set of  known locations of  the process: si = (xi, yi)
with xi being the longitude and yi the latitude at location si. For this chapter, si represents data points 
at the third sub-division level for Benin, Burkina Faso, Cameroon, CAR, Côte d’Ivoire, Guinea, Kenya, 
Rwanda, Sierra Leone, Togo and Uganda. The second sub-division was used for DRC, The Gambia, Ghana, 
Madagascar, Nigeria and Tanzania, whereas the first sub-division level was used for Mali and Senegal 
according to the availability of  data. For countries of  the fourth group, we randomly selected within 
each country 25 locations where further predictions will be made. In total, n = 695 locations were 
obtained from the above cited 19 countries on which models are based to predict values at the other 
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850 locations where no data are available. The country predicted value is the average value of  the 
predicted values at sampled locations.

The mean part of  the model can be specified as a function of  given covariates and/or coordinates, 
but we specified it as a polynomial function of  the coordinates: m s x y( ) * * *= + +b b b0 1 2 ,

where ( , , ) arg min ( )* * *b b b b b b0 1 2 0 1 2
2

1
= - - -

=
å

n

i
z x ys i ii  are coefficients of  the linear trend.

For the sake of  kriging, Xs was assumed to be a random process with an existing Gaussian 
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= -( ), h = d(si, sj) being the Euclidian distance between si and sj, with 
the parameter g estimated as (see Calder and Cressie, 2009):
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The range is the longest distance with correlated values of  the process; the nugget effect repre-
sents the semivariance of  the process on microscale, i.e. very close to 0 (Kastelec and Košmelj, 
2002) and the sill is the maximum semivariogram value. The range, nugget effect and sill para-
meters were estimated by maximum likelihood using the package geoR (Ribeiro and Diggle, 2001). 
The predicted values of  Z are obtained as weighted linear combinations of  the available data:  
Ẑ Z

n

i
i sis0 1

=
=
å l where s0 is an unobserved location. The weights li are obtained by minimizing the mean 

square error: min( )Z Zs s0 0

2-  subject to the condition of  an unbiased estimator å
n

i i=
=

1
1l  (Calder and

Cressie, 2009).

Table 3.A.1. Estimation details for countries of Group 1.

Estimated
area (ha)

Standard
error 95% Confidence interval

Senegal
Irrigated 94,185 2,734 88,813 99,557
Upland 36,178 1,242 33,736 38,621
Lowland 43,948 1,090 41,809 46,086
Total estimated 174,311 4156 166,160 182,462

Guinea
Irrigated 52,526 3,584 45,320 59,731
Upland 532,329 13,142 506,522 558,137
Lowland 381,756 9,862 362,362 401,150
Others 39,211 4,061 30,940 47,482
Total estimated 1,005,822 17,618 971,252 1,040,392

Nigeria
Irrigated 86,079 4,868 76,503 95,655
Upland 557,256 12,063 533,600 580,911
Lowland 1,032,935 21,240 991,292 1,074,577
Others 219,427 12,823 194,267 244,586
Total estimated 1,895,697 28,071 1,840,668 1,950,723

Sierra Leone
Upland 453,531 13,154 427,713 479,348
Lowland 117,720 5,824 106,255 129,185
Others 28,266 3,602 21,059 35,474
Total estimated 599,517 14,842 570,397 628,636
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We used this spatial interpolation method to predict the proportion of  rice-farming households 
in irrigated, upland and lowland environments (the proportion of  farmers in other environments, 
where applicable, is deduced from the first three) and the average total household area in each of  the 
four environments for each country of  the fourth group.

Note

1 We note that W N
ni =  for a simple random sample. But most countries have used a two-stage stratified 

random sampling procedure (see AfricaRice, 2010, and the country reports cited therein for details of the 
countries’ sampling procedures and survey populations).
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water- or nutrient-limited production levels in a 
given rice environment. Yield-reducing factors 
induce yield losses by reducing or hampering 
growth, including abiotic and biotic factors. 
Biotic factors include weeds, pests and diseases; 
abiotic factors include salinity, alkalinity and 
iron toxicity.

Attainable yield (Ya) refers to the yield that 
can be achieved with best management practices 
that control yield-limiting and yield-reducing fac-
tors in a economically optimal manner. Under 
irrigated conditions, this is typically about 80% 
of  Yp. The yield gap is commonly defined as the 
difference between Yp or Ya and actual average 
farmers’ yields. A range of  socio-economic rea-
sons underpin these yield gaps at harvest and the 
substantial losses that often occur after harvest 
(see Rickman et al., Chapter 27, this volume), 
such as lack of  availability of  key inputs (labour, 
fertilizer, etc.) and sub-optimal knowledge of  
improved management practices.

In this chapter, we quantify farmer percep-
tions of  major biotic and abiotic constraints that 
limit and reduce rice yields in farmers’ fields in 
SSA. We also estimate the potential impact of  
research addressing such constraints.

Introduction

Average rice yield in Africa (2.15 t/ha; 
USDA, 2013)1 is low compared with other con-
tinents; this is to a large extent a result of  the 
fact that rice cropping in sub-Saharan Africa 
(SSA) is predominantly rainfed (see Diagne 
et al., Chapter 3, this volume). Important gaps 
exist, however, between actual farmers’ yields 
in a growing season and what would be possi-
ble with improved crop management practices. 
The maximum or potential yield (Yp) in farm-
ers’ fields is defined as the yield of  a cultivar 
when grown under the conditions to which it 
is adapted, where nutrients and water are not 
limiting, and pests and diseases are effectively 
controlled (Evans, 1993). Estimates of  Yp are 
usually based on crop simulation modelling 
studies (see Saito et al., Chapter 15, this volume).

Solar radiation, carbon-dioxide concentra-
tion, temperature and crop characteristics are 
the major yield-defining factors that deter-
mine Yp. Breeding efforts may help raise Yp – for 
example, by introducing hybrid rice varieties. 
Yield-limiting factors are related to shortage of  
water or nutrients (or both) and determine 
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Methodology

Data used in this chapter are derived from 
farm-household surveys conducted in 2009–
2010 in 21 countries by Africa Rice Center 
(AfricaRice) in collaboration with partners 
from national agricultural research systems 
(NARS) and national agricultural statistics 
systems. Data were complete and of  acceptable 
quality for 18 countries: Benin, Burkina Faso, 
Cameroon, Central African Republic (CAR), 
Côte d’Ivoire, Democratic Republic of  Congo 
(DRC), The Gambia, Ghana, Guinea, Kenya, 
Madagascar, Nigeria, Rwanda, Senegal, Sierra 
Leone, Tanzania, Togo and Uganda. These 
18 countries accounted for almost 87% of  area 
harvested and 84% of  total rice production in 
SSA in 2010 (FAOSTAT, 2010).

Surveys were designed to produce 
nationally representative rice production data. 
A two-stage stratified random sampling 
methodology was used in most countries (for 
details see AfricaRice, 2010) with regions, prov-
inces, departments or states used as strata. 
Within each stratum, rice-producing villages 
were randomly selected in the first stage and 
rice-farming households were randomly selected 
in the second stage. The sample size ranged from 
395 (Rwanda) to 10,500 (Nigeria). Detailed 
descriptions of  the sampling methodologies and 
data analyses can be found in the country reports 
and the synthesis report (AfricaRice, 2010).

Farmer perceptions of abiotic and 
biotic constraints

We used the following grouping of  abiotic and 
biotic constraints:

1. Biotic constraints: weeds (considering all 
weed species, except parasitic weeds), diseases 
(Rice yellow mottle virus, blast and bacterial leaf  
blight), insects (African rice gall midge, termites 
and stem borers), birds and rodents.
2. Abiotic constraints (climate-related): 
drought, flooding and extreme temperatures.
3. Abiotic constraints (soil-related): non-
fertile soil (low organic-matter content, poor 
water-holding capacity), nutrient deficiencies 
(N, P, K, Zn), Fe toxicity, salinity, alkalinity, 
acidity and soil erosion.

In each rice environment (upland, rainfed 
lowland, irrigated and others, including 
mangrove-swamp and deep-water environments), 
we assessed the relative prevalence of  these biotic 
and abiotic constraints and the losses they cause as 
perceived by farmers. The proportion of  farmers 
who experienced one of  the constraints was 
estimated along with the average area affected 
within their field and the yield loss incurred on 
a whole-field basis when the constraint occurred.

Data on rice production constraints were col-
lected in each country through a sequence of  three 
surveys, involving: (i) rice experts in the country; 
(ii) focus groups in sample villages; and (iii) indi-
vidual farmers. Rice experts’ knowledge enabled us 
to identify the major biotic and abiotic constraints 
occurring in the country in each rice environment 
and to develop materials to be used during inter-
views with farmers (e.g. pictures of  symptoms and 
descriptions in local languages). For this purpose, 
an exhaustive list of  biotic and abiotic constraints 
was available (complete with local names), along 
with pictures of  accompanying symptoms – a 
resource developed by AfricaRice scientists and 
refined over time, reflecting experience in collect-
ing this type of  information gained since 2000.

Data collected in the village focus groups 
enabled enumerators to establish a list of  biotic 
and abiotic constraints for each village (by rice 
environment) (list one). We also identified the five 
major biotic or abiotic constraints that negatively 
affected rice production in each village (list two).

From the lists and symptom illustrations, 
farmers identified the constraints that they expe-
rienced and provided their perceptions of  their 
incidence and their importance in general in 
terms of  scope and severity. For each constraint 
known in the village, information on awareness 
of  the constraint and its occurrence in the village 
was elicited from each sample farmer and for each 
rice environment. Farmers scored or ranked the 
relative importance of  each constraint that they 
were aware of  on a scale of: 0 – constraint does not 
occur (i.e. in the village); 1 – minor constraint; 2 – 
intermediate constraint; 3 – major constraint.

Next, for each of  the five major constraints, the 
farmer was asked the following set of  questions:

1. Do you know the constraint? If  so:
2. Have you experienced the constraint in each 
of  the past three years, i.e. 2008, 2007, 2006? 
(This chapter uses only results for 2008.)
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3. What was the proportion of  area affected in 
your field in 2008, 2007, 2006? (This chapter 
uses only data for 2008.)
4. What was the percentage reduction in yield 
for your entire field because of  this constraint 
as compared to a year without it?

There are several points that should be 
noted on farmer perception of  the relative 
importance of  constraints. First, the set of  indi-
cators derived from the information collected 
using the two lists are not independent. Indeed, 
the ordinal ranking of  the perceived relative 
importance of  the constraint obtained from the 
first list can be taken as a summary measure of  
the farmer perception of  the prevalence of  the 
constraint as measured in (2) and the percep-
tion of  its scope and severity when it occurs as 
measured in (3) and (4), respectively. Second, 
farmers’ perceptions of  the relative importance 
of  a constraint can be very different from the 
real importance of  the constraint (in terms of  
scope and severity) if  it were measured. In 
other words, farmers may have the wrong per-
ception about the relative importance of  the 
constraint. However, it is important to keep in 
mind that it is this subjective perception, right 
or wrong, that drives farmers’ production deci-
sions, including the ex-ante preventive and ex-
post mitigating actions they take with respect to 
the constraint. Hence, in the end the real
effects of  the constraint on each farmer’s pro-
ductivity outcomes will be the results of  both 
the real importance (as it would be measured 
objectively by an expert) and that farmer’s per-
ception of  its importance (which dictates the 
ex-ante preventive and ex-post mitigating 
actions he or she takes). Thus, in determining 
the relative importance of  a constraint in 
terms of  its negative effects on productivity, 
both the objective assessments of  knowledge-
able experts and the subjective assessments of  
farmers are important and complementary. 
Furthermore, one can argue that the diver-
gence between the two assessments is smaller 
with the ordinal ranking based on the first list 
than with the estimates of  proportion of  areas 
affected and yield loss in (3) and (4) above. This 
is because of  its ordinal nature, the first assess-
ment is a measure of  relative importance 
which can lead to the same ordinal ranking of  

a constraint by a farmer and a knowledgeable 
expert even if  they give different estimates of  
yield loss and area affected by the constraint.2

From the information collected, we deve-
loped four alternative measures of  relative 
importance of  a biophysical constraint as per-
ceived by a sample of  farmers randomly selected 
from a population of  rice farmers.

We use the following notation. First, let S
~

 be 
the set of  all biotic and abiotic constraints exist-
ing in a country and let n be the sample size. For 
any constraint s Î S

~
 and any farmer i, i = 1,..,n,

let ri
sÎ{ }0 1 2 3, , ,  be the rank given to the con-

straint s by farmer i when expressing his or her 
perception of  the relative importance of  con-
straint s. Also, for any given rank r Î {0,1,2,3},
let dir

s  be the dummy binary indicator that takes 
the value 1 if  r ri

s =  and the value 0 if  r ri
s ¹ . Also 

for any constraint s Î S
~

 and any farmer i, let ei
s

be the dummy binary indicator taking the value 
1 if  the farmer has experienced the constraint s
(in a particular year) and 0 otherwise; let ai be 
the total rice area of  farmer i, ai

s  the area 
affected by the constraint s and a i

s i
s

i

a
a=  the pro-

portion of  the land affected by the constraint; 
D = -yi

s y
y

i
s

i
s1 1

0
 the farmer’s perceived percentage 

yield reduction on a whole-field basis when he or 
she experiences the constraint, where yi

s
1 and yi

s
0

are the yield obtained by the farmer (total quan-
tity of  harvested rice divided by the total culti-
vated rice area) with and without experience of  
the constraint, respectively. Finally, to reflect the 
restrictive nature of  the top-five list of  con-
straints (list two), we will define for any farmer i
a sub-set Si

m�  of  S
~

 of  five major constraints iden-
tified in his or her village and the dummy binary 
indicator mi

s  that takes the value 1 if  s Î Si
m�  and 

0 otherwise.
From these notations, we defined five meas-

ures for assessing the relative importance of  
each biotic or abiotic constraint s found in the 
different rice environments as perceived by a 
sample of  size n of  rice farmers randomly 
selected from a rice-farming population:

1. The percentage of  sample farmers who per-
ceive the constraint s to have a relative impor-
tance of  rank r, r = 0,1,2,3 (does not exist in the 
village, minor, medium, major): f dr

s
ir
s

i
n

n= å =
1

1

2. A farmer perception index of  the relative impor-
tance of  the constraint as given by the average 
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rank given to the constraint by sample farmers, 
normalized to lie between the values 0 and 1:  
r r

s s= = ´1
3

– where r r rd
s

i
s

i
n

ir
s

ri
n

n n
=

= === å = åå1 1
1 0

3
1  is the 

average ranking of  the constraint.3

3. Percentage of  farmers experiencing the 
constraint in 2008, provided it is among 
the five ‘major’ constraints in the village: 
E m es

i
s

i
n

i
s

n
,2008

1
1= å = .

4. Proportion of  area affected for farmers 
who experienced the constraint in 2008, pro-
vided it is among the five ‘major’ constraints 
in the village: A n m es

m
s i i

n
i
s

i
s

i
s, 2008 1= =S a .

5. Percentage reduction in yield on a whole-field 
basis compared to no-constraint conditions for 
farmers who have experienced the constraint, 
provided it is among the five ‘major’ constraints 
in the village: D = D=y m e ys

m
s i

n
i
s

i
s

i
s

n
,2008

1
1 S .

Unfortunately, even if  the sample is ran-
dom, all five constraint indicators derived above 
are biased estimates of  the respective population 
measures of  the relative importance of  a con-
straint. Indicators 1 and 2 are based on list one 
and suffer from population non-awareness 
bias that arises from the fact that awareness of  
the existence of  a constraint is not universal in 
the rice farming population. This non-awareness 
bias, which is a characteristic of  the popula-
tion, is the same type of  bias identified by 
Diagne (2006) in the context of  adoption of  a 
new variety the existence of  which is not uni-
versally known in the population (see also 
Diagne and Demont, 2007; Diagne, 2009).

Indicators 3, 4 and 5 are based on the sec-
ond list of  constraints (top five) and also suffer 
from the same population non-awareness bias. 
They also suffer from a sample minority-
exclusion bias caused by the restricted nature 
of  the second list, which (by the design of  the 
survey instruments) excluded the ‘non-major’ 
constraints. This exclusion is intentional, made 
in order to reduce the time taken to collect the 
information related to farmers’ estimates of  the 
proportion of  area affected and yield loss when 
they experience a constraint. Hence, in contrast 
to the non-awareness bias, the exclusion bias is 
a property of  the sample and not a property of  
the population.

In Appendix 4.1, we formally demonstrate 
the following facts about these two biases. 
First, everything else being equal, population 

non-awareness introduces a downward bias in 
all five constraint indicators if  the measure of  
relative importance of  the constraint at the 
individual farmer level is monotonically and 
positively related to awareness of  the existence 
of  the constraint – for any farmer, the per-
ceived relative importance of  the constraint 
cannot be lower when he or she is aware of  the 
constraint compared to when he or she is not. 
This positive monotonicity is clearly satisfied 
by all five measures of relative importance of  
a constraint.4 Furthermore, the downward 
bias introduced by non-awareness disappears 
completely when all farmers are aware of  the 
existence of  the constraint; conversely, and 
everything else being equal, the bias is more 
severe for constraints that farmers are less 
likely to be aware of  compared to the ones 
they are more likely to be aware of. This is par-
ticularly the case for most abiotic constraints, 
which are usually more difficult for farmers to 
diagnose. Hence, we should expect abiotic con-
straints in the sample to have generally lower 
sample estimates for indicators 1 and 2 com-
pared to biotic constraints.

Second, everything else being equal, sam-
ple minority-exclusion introduces an upward
bias in constraint indicators 3, 4 and 5 if  the 
measure of  relative importance of  the constraint 
at the individual farmer level is positively corre-
lated with the constraint being major for the 
farmer – for any farmer, the perceived relative 
importance of  the constraint cannot be lower 
when the constraint is a major constraint 
compared to when it is not. Again, positive 
correlation with the constraint being a major 
constraint is clearly satisfied by all five meas-
ures of  relative importance of  a constraint. 
Also, as with non-awareness, the upward bias 
introduced by sample minority-exclusion disap-
pears completely when all the constraints are 
major constraints for all farmers.

Third, the two biases introduced by popu-
lation non-awareness and sample minority-
exclusion are additive and operate in opposite 
directions. Hence, the direction of  the overall 
bias in the three sample indicators of  relative 
importance of  a constraint in (3)–(5) is indeter-
minate and depends on the relative sizes of  the 
two biases. Moreover, the overall bias may van-
ish if  the biases cancel out each other.
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Potential Impact of Research Aiming 
to Reduce Yield Loss Caused by 
Biotic and Abiotic Constraints

Next, we assessed the potential economic and 
poverty impact of  reducing part of  the yield gap 
caused by the major biotic and abiotic con-
straints in SSA, directly in the 18 African countries 
surveyed and indirectly through extrapolation 
to another 18 rice-producing countries in Africa 
using secondary data (i.e. 36 countries in total; 
for more details see Diagne et al., Chapter 32, 
this volume).

The evaluation of  the potential impact of  
reduction of  the yield loss incurred by farmers 
when they experience a biotic or abiotic con-
straint is based on an econometric model that 
links yield loss, farmers’ profits and village pov-
erty levels. For this purpose, research to address 
a biotic or abiotic constraint is assumed to lead 
to some percentage reduction in yield loss caused 
by the constraint when it occurs. The impact on 
income and production is assessed directly at the 
farmer level, while the impact on poverty is done 
at village level (see Appendix 4.2).

We use an autoregressive model for each 
outcome (farmer income and village poverty 
headcount) with the contemporaneous yield loss 
of  each constraint to assess the impact of  research 
technology addressing the constraint. The gen-
eral form of  the equation estimated is E(Zt|Zt−1, e s,
Dys, x) = aZt−1 + besDys + ges + s (x), where Zt is the 
outcome variable at year t and Zt−1 that for the 
preceding year; Dys stands for the yield loss caused 
by the constraint s; es is a binary variable indicat-
ing the experience or not of  a given constraint 
(es = 1 and es = 0 indicate the experience and the 
non-experience of  the constraint by a farmer, 
respectively); x is a vector of  covariates that 
encompasses household socio-demographic and 
economic characteristics (the head of  household’s 
age, gender, education level and occupational 
status; household size, farm size, community 
infrastructures, etc.); and a, b, g and s are the 
model parameters to be estimated (with the 
parameter s being modelled as a function of  x). 
For the purpose of  this estimation, we assume the 
yield loss to be exogenous to the farmer’s decision, 
thus ordinary least squares estimation would 
yield consistent parameter estimates.

Following Diagne et al. (2012), a first-order 
autoregressive (AR1) model is used to estimate 

impact parameters and project annual individual 
impact over time up to 2035, in line with the 
25-year vision of  success of  the Global Rice 
Science Partnership (GRiSP; IRRI et al., 2010). 
The estimated impact parameters are combined 
with secondary data on the number of  rice-
farming households and the average household 
size to get aggregated impact at country level 
under the assumption that the technology adoption 
follows a logistic diffusion curve (for more details 
see Diagne et al., Chapter 32, this volume). The 
attainable yield loss reduction by research for each 
constraint and each environment was obtained 
through a consultation process involving rice sci-
entists at AfricaRice. For each constraint, assump-
tions on initial and peak adoption rates with the 
respective year they may be reached are also used.

Results

The estimations of  the five constraint indicators 
in the different rice environments as perceived 
by the rice farmers in our sample are presented 
in Tables 4.1 (for the biotic constraints), 4.2 
(for the soil-related abiotic constraints) and 4.3 
(for the climate-related constraints).

Perception, experience and effects 
of major biotic constraints

About 76% of  farmers (see Table 4.1) reported 
having experienced (in 2008) at least one of  the 
biotic constraints in the list of  the five major bio-
physical constraints identified in the village. The 
proportion was 60% for irrigated, 81% for upland 
and rainfed lowland, and 88% for other rice envi-
ronments. When these constraints occurred, 
about 30% of  the harvested areas were affected, 
causing on average 22% of  yield loss across all rice 
environments and all countries. The area affected 
and the yield losses due to biotic constraints varied 
slightly across rice environments. The estimated 
areas affected and yield losses were, respectively, 
29% and 21% in irrigated, 30% and 23% in 
upland, 30% and 21% in rainfed lowland, and 
32% and 19% in other environments.

Among biotic constraints, weed infestation 
was ranked as the most important by far, followed 
by birds and rodents, the various insects and rice 
diseases (Table 4.1).
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Continued

Table 4.1. Farmers’ perceptions of the relative importance of biotic constraints across rice environments 
in 18 countries in sub-Saharan Africa.

Biotic constraints

Percentage of farmers
assigning a given rank
to the constraint ( )fr

s

Normalized 
average 

rank given 
to the 

constraint 
by farmers 
( )r s=

 (scale: 
0–100)

Percentage
of farmers 
who had

experienced 
the constraint 

(Es,2008)

Average 
percentage

of areas 
affected by the 
constraint when 

experienced 
(As,2008)

Average 
percentage

yield
reduction
caused by

the constraint 
when

experienced 
(Δy s,2008)

None
(r=0)

Minor
(r=1)

Inter-
mediate

(r=2)
Major
(r=3)

All rice environments
All biotic 

constraints
93 76 30 22

Weeds 2 8 20 70 86 53 33 22
Birds and 

rodents
4 14 24 59 79 45 29 21

Diseases 61 17 25 20
Bacterial 

leaf blight
36 25 24 15 39 5 22 17

Blast 29 26 24 21 46 7 28 22
Rice yellow 

mottle virus 
(RYMV)

23 30 27 20 48 4 23 19

Insects 76 50 27 20
African rice 

gall midge
34 16 19 30 49 14 27 20

Stem borers 24 32 25 19 46 11 29 23
Termites 18 24 28 30 56 14 31 23
Other insects 6 26 31 37 66 29 26 19

Irrigated
All biotic 

constraints
93 60 29 21

Weeds 2 9 27 62 83 39 27 18
Birds and 

rodents
4 16 22 58 78 31 30 19

Diseases 56 15 26 19
Bacterial 

leaf blight
34 30 23 13 39 4 21 16

Blast 36 28 24 12 38 5 32 19
RYMV 39 25 22 14 37 4 30 25
Other

diseases
41 29 19 11 33 4 23 21

Insects 66 37 30 22
African rice 

gall midge
57 10 19 14 30 4 36 29

Stem borers 32 31 24 14 40 9 35 25
Other insects 12 24 36 29 61 25 29 21

Upland
All biotic 

constraints
96 81 30 23

Weeds 1 6 14 79 90 54 32 22
Birds and 

rodents
2 8 19 71 87 51 32 24

Diseases 66 20 22 19
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Table 4.1. Continued.

Biotic constraints

Percentage of farmers
assigning a given rank
to the constraint ( )fr

s
Normalized 

average 
rank given 

to the 
constraint 
by farmers 
( )r s=

 (scale: 
0–100)

Percentage
of farmers 
who had

experienced 
the constraint 

(Es,2008)

Average 
percentage

of areas 
affected by the 
constraint when 

experienced 
(As,2008)

Average 
percentage

yield
reduction
caused by

the constraint 
when

experienced 
(Δy s,2008)

None
(r=0)

Minor
(r=1)

Inter-
mediate

(r=2)
Major
(r=3)

Bacterial leaf 
blight

43 19 19 19 38 5 16 15

Blast 31 23 22 24 46 10 26 22
Other

diseases
42 23 18 17 36 7 17 15

Insects 83 55 27 21
African rice 

gall midge
32 11 15 42 55 21 25 19

Stem borers 25 33 19 23 46 14 27 24
Termites 11 19 27 43 67 16 30 24

Rainfed lowland
All biotic 

constraints
92 81 30 21

Weeds 2 9 20 69 86 61 36 23
Birds and 

rodents
5 19 28 48 73 46 28 21

Diseases 58 14 23 18
Bacterial leaf 

blight
38 29 21 12 36 4 17 16

Blast 29 29 21 21 45 4 25 18
RYMV 25 34 23 18 45 4 23 18
Other diseases 34 31 21 15 39 5 27 23
Insects 73 53 26 19
African rice 

gall midge
34 24 17 25 44 13 26 19

Stem borers 24 35 23 18 45 10 31 22
Termites 17 32 27 24 53 14 28 22

Others
All biotic 

constraints
93 88 32 19

Weeds 0 5 41 54 83 56 38 21
Birds and 

rodents
0 2 29 69 89 64 25 17

Diseases 76 26 41 23
Bacterial leaf 

blight
2 7 68 23 71 13 51 26

Blast 1 8 68 23 71 14 28 18
Other

diseases
1 8 62 29 73 2 34 31

Insects 84 62 34 18
African rice 

gall midge
0 3 54 43 80 18 37 21

Stem borers 1 3 71 25 73 9 24 13
Other insects 0 6 44 50 81 35 24 14
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Weeds

Weeds cause economic losses to agricultural 
crops, and require some action to reduce their 
effects on crop production (Zimdahl, 2007). 
Various categories of  rice weeds are common in 
rice production in Africa, including sedges, 
broad-leaved species, grasses, parasitic weeds 
and aquatic weeds (see Rodenburg and Johnson, 

Chapter 16, this volume). Weeds are the pre-
dominant biotic constraint, as perceived by 
farmers. An estimated 70% of  farmers perceive 
weeds as a major problem across the rice envi-
ronments, with the highest percentage reported 
for upland areas (79%). Similar reports were 
obtained with the perception index. An esti-
mated 53% of  rice farmers experienced weed 

Table 4.2. Farmers’ perceptions of relative importance of soil-related abiotic constraints across rice 
environments in 18 countries in sub-Saharan Africa.

Soil-related
constraints

Percentage of farmers 
assigning a given rank to 

the constraint ( )fr
s

Normalized 
average rank 
given to the 
constraint

by farmers ( )r s=

(scale: 0–100)

Percentage 
of farmers 
who have 

experienced 
the

constraint 
(Es,2008)

Average 
percentage

of areas 
affected
by the 

constraint 
when

experienced 
(As,2008)

Average 
percentage

yield
reduction
caused
by the 

constraint 
when

experienced 
(Δy s,2008)

None
(r=0)

Minor
(r=1)

Medium
(r=2)

Major
(r=3)

All rice environments
All soil-related 

constraints
77 18 37 27

Non-fertile soil 14 24 33 30 59 6 45 32
Salinity/

alkalinity
39 20 22 19 41 1 32 28

Iron toxicity 43 20 19 18 37 2 36 32
Irrigated

All soil-related 
constraints

73 19 36 30

Non-fertile soil 12 26 36 27 59 5 43 29
Salinity/

alkalinity
53 20 16 11 28 7 34 31

Iron toxicity 47 24 17 13 32 2 30 29
Upland

All soil-related 
constraints

80 18 34 25

Non-fertile soil 15 21 28 36 62 7 43 32
Rainfed lowland

All soil-related 
constraints

76 17 37 28

Non-fertile soil 15 26 33 27 57 7 45 34
Iron toxicity 42 22 18 18 37 2 38 34

Others
All soil-related 

constraints
78 20 50 26

Non-fertile soil 54 34 5 7 11 7 59 27
Salinity/alkalinity 65 23 3 9 9 3 28 15
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infestation across rice environments, affecting 
33% of  their rice area, causing 22% of  rice 
yield loss in 2008. The area affected by weed 
infestation ranged from 27% in irrigated envi-
ronments to 38% in other environments, while 

yield losses ranged from 18% in irrigated envi-
ronments to 22% in uplands.

Comparison across countries (data not 
shown) indicated that the highest proportions 
of farmers experiencing weed infestation were 

Table 4.3. Farmers’ perceptions of relative importance of climate-related abiotic constraints across rice 
environments in 18 countries in sub-Saharan Africa.

Climate-related
constraints

Percentage of farmers 
assigning a given rank
to the constraint ( )fr

s

Normalized 
average 

rank given
to the 

constraint
by farmers 
( )r s=  (scale: 

0–100)

Percentage 
of farmers 

who
experienced 

the
constraint 

(ES,2008)

Average 
percentage

of areas 
affected 
by the 

constraint 
when

experienced 
(AS,2008)

Average 
percentage

yield
reduction
caused
by the 

constraint 
when

experienced 
(Δy s,2008)

None
(r = 0)

Minor
(r = 1)

Inter-
mediate
(r = 2)

Major
(r = 3)

All rice environments
All climate-related 

constraints
76 24 36 27

Drought 16 24 30 30 58 10 37 29
Flooding 25 26 24 25 50 5 37 27
Heat 30 33 23 13 40 1 28 16
Cold 35 30 20 16 39 1 33 29

Irrigated
All climate-related 

constraints
75 17 35 28

Drought 20 24 30 26 54 7 31 28
Flooding 26 24 26 24 49 6 40 34
Heat 37 34 19 10 35 1 36 17
Cold 27 37 18 18 43 2 24 16

Upland
All climate-related 

constraints
77 25 35 28

Drought 17 18 31 35 61 13 38 31
Flooding 29 19 24 27 50 4 34 25
Heat 28 29 27 16 44 1 30 11
Cold 37 24 22 16 39 1 37 28

Rainfed lowland
All climate-related 

constraints
75 28 37 26

Drought 15 30 27 28 56 11 38 28
Flooding 25 33 20 22 46 6 38 27
Heat 35 39 17 9 33 2 26 17
Cold 43 33 13 11 31 1 41 41

Others
All climate-related 

constraints
80 16 25 18

Drought 1 5 66 27 73 2 29 28
Flooding 2 4 54 41 78 5 16 13
Heat 1 8 63 28 72 0.1 0 0
Cold 1 4 68 26 73 5 0 0
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observed in Madagascar (82%), Togo (78%), 
DRC (77%), Uganda (76%), Côte d’Ivoire (74%) 
and Burkina Faso (72%). The largest propor-
tions of  fields affected were reported in Burkina 
Faso (57%), Côte d’Ivoire (49%), Togo (43%), 
Kenya (41%) and Benin (40%). Greatest yield 
losses were observed in Kenya (43%) and Côte 
d’Ivoire (40%).

Birds and rodents

Birds feed on rice grains before germination, 
during crop establishment and during grain fill-
ing (see also de Mey and Demont, Chapter 19, 
this volume). Rodents cause damage at all stages 
of  rice cultivation. Bird and rodent attacks were 
perceived as a major biotic constraint, coming in 
second after weed infestation. About 59% of  
farmers ranked bird and rodent attacks as a 
major constraint across rice environments, 24% 
of  farmers considered the attacks of  intermedi-
ate importance, and 14% considered them as a 
minor constraint. About 45% of  rice farmers 
experienced bird and rodent attacks in 2008, 
affecting 29% of  the area and leading to an esti-
mated 21% yield loss.

About 31% of  irrigated-rice farmers 
experienced losses to birds and rodents in 
2008 compared to 64% in other environ-
ments. The proportion of  the areas affected 
and yield loss caused by birds and rodents 
varied little across rice environments. There 
were, however, noticeable differences across 
countries (data not shown). The proportion of  
farmers reporting bird and rodent problems in 
2008 ranged from 5% in Rwanda to 91% in 
Nigeria. The percentage area affected ranged 
from 8% in Guinea to 51% in Kenya, while the 
yield loss ranged from a low of  9% in DRC and 
Guinea to up to 44% in Kenya.

Diseases

There are many diseases that affect rice plants 
(see Séré et al., Chapter 17, this volume). In this 
analysis, we focused on bacterial leaf  blight, 
blast and Rice yellow mottle virus (RYMV). The 
normalized average score for all diseases across 
rice environments is estimated to be 61%, 
which corresponds to more than the intermediate 
rank. This means that farmers perceive diseases 
to be of  high relative importance. The average 

normalized score of  all diseases is relatively high 
in upland environments (66%), meaning that 
they are perceived to be of  high relative impor-
tance in uplands. About 17% of  rice farmers 
experienced at least one disease in 2008, affect-
ing 25% of  the area and leading to an estimated 
20% yield loss.

An assessment based on the perception 
index shows that bacterial leaf  blight is the most 
important disease in irrigated environments and 
RYMV and blast in rainfed lowlands.

Looking at differences across countries 
(data not shown), 71% of  Guinean farmers expe-
rienced diseases as a major constraint in 2008, 
followed by CAR (63%) and Madagascar (41%). 
The area affected by diseases ranged from a low 
10% in Guinea to a high of  50% in Kenya, and 
yield loss ranged from 2% (The Gambia) to 47% 
(Kenya).

Insects

Several insect species attack the rice plant 
during its growth stage (see Nwilene et al.,
Chapter 18, this volume). In this analysis, we 
focused on African rice gall midge, stem borers 
and termites. In 2008, insect attacks were 
experienced least in the irrigated environ-
ments (37%) and most often in the other rice 
environments (62%). About half  of  rice farm-
ers experienced at least one insect attack 
across rice environments in 2008, affecting 
27% of  the area and leading to an estimated 
20% yield loss.

Differences between countries were rela-
tively large (data not shown). An estimated 84% 
of  farmers from Sierra Leone and Guinea experi-
enced at least one insect attack in 2008, fol-
lowed by Burkina Faso (72%) and Madagascar 
(62%). The average area affected by this con-
straint ranged from a low 11% in Guinea to a 
high of  49% in Kenya. The yield loss caused 
ranged from a low of  8% in DRC to 45% in 
Kenya.

Perception, experience and effects
of major abiotic constraints

Abiotic constraints are dealt with in two groups: 
soil-related abiotic constraints and climate-related 
abiotic constraints.
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Soil-related constraints

Soil-related constraints included in this survey 
included: low soil fertility (poor soil fertility, 
deficiencies in soil macro-nutrients [N, P, K] 
and Zn, and acidity), salinity and alkalinity, 
Fe toxicity and other soil-related constraints 
(soil erosion).

Across all rice-growing environments, the 
normalized average score for soil-related con-
straints is about 77%, which means that farmers 
perceive soil-related constraints to be of  high 
relative importance. According to the perception 
index, soil-related problems are more important 
in the uplands than in the irrigated or rainfed 
lowland environments.

About 18% of  rice farmers reported having 
experienced at least one soil-related constraint as 
a major constraint in 2008, affecting 37% of  their 
rice area, leading to a yield loss of  27%. The pro-
portion of  farmers who had experienced soil-
related constraints was 19% in irrigated, 18% in 
upland and 17% in rainfed lowland. The area 
affected by these constraints by rice environment 
ranged from 34% in upland to 50% in other envi-
ronments. The resulting yield losses ranged from 
25% in upland to 30% in irrigated environments.

In Burkina Faso, Senegal and Togo, almost 
37% of  rice farmers reported major soil prob-
lems, both in terms of  the proportion of  farmers 
perceiving them of  major importance and the 
proportion of  farmers having experienced at 
least one soil constraint in 2008. For the other 
countries, this proportion ranged from 0.4% in 
Rwanda to 31% in The Gambia. The highest 
share of  area affected was 56% (observed in 
Burkina Faso) and the lowest proportion of  area 
affected was 1% (in Rwanda). The minimum 
yield loss recorded was 6% in CAR and maxi-
mum yield loss was 52% in Kenya.

Drought

An estimated 30% of  farmers perceived drought 
as a major problem across rice environments, 
with the highest percentage reported for upland 
areas (35%). Across rice environments, an esti-
mated 10% of  rice farmers experienced drought 
affecting 37% of  their rice area, causing 29% 
of  rice yield loss in 2008. Upland and rainfed-
lowland rice farmers were most affected by 
drought in 2008 (11% or more).

Comparison of  individual countries (data 
not shown) indicated that the highest propor-
tions of  farmers experiencing drought were in 
Rwanda (45%), followed by Cameroon (30%) 
and Burkina Faso (28%). The largest proportion 
of  fields affected was reported in Senegal (51%), 
followed by Burkina Faso and The Gambia (46%), 
Benin and Côte d’Ivoire (44%). Greatest yield 
losses were observed in The Gambia (46%), fol-
lowed by Senegal (45%) and Côte d’Ivoire (41%).

Flooding

An estimated 25% of  farmers perceived flooding 
as a major problem across rice environments. 
An estimated 5% of  rice farmers experienced 
flooding across rice environments, affecting 
37% of  their rice area, causing 27% of  rice yield 
loss in 2008.

Comparison of  individual countries (data 
not shown) indicated that the highest propor-
tion of  farmers experiencing flooding was in 
Kenya (17%), followed by Burkina Faso (11%), 
Benin and Togo (9%). The largest proportion of  
fields affected was re  ported in Burkina Faso 
(56%), followed by Cameroon (53%), Togo (50%) 
and Côte d’Ivoire (47%). Greatest yield losses 
were observed in Rwanda (53%), followed by 
Kenya (45%), Côte d’Ivoire (42%), Burkina Faso 
(40%) and Benin (38%).

Extreme temperatures

Very few farmers reported extreme temperatures 
(cold or heat) across rice environments and 
countries.

Potential Impact of Research 
Addressing Biophysical Constraints

We assessed the potential impact of  rice 
research on the biophysical constraints facing 
rice farmers. The assessments assumed that 
research targeting a particular biotic or abiotic 
constraint will generate technological options 
which, if  adopted by farmers, will reduce yield 
loss due to the occurrence of  the constraint 
by a reasonable magnitude. Assumptions on 
reduction in yield loss that can reasonably be 
expected were derived from scientific expert 
opinions taking into account the presently 



Farmer Perceptions of Constraints of Rice Production 57

observed average losses (from the survey) and 
the chances of  finding solutions through 
research (Table 4.4).

The relative magnitude of  yield loss 
reduction expected from research ranged from 
20% (for birds and rodents) to 35% (for weeds and 
soil-related constraints). Technology options to 
reduce yield loss due to biophysical constraints 
are expected to be available for farmer use 
starting in 2014. The adoption of  these 
technologies is assumed to follow a logistic 
diffusion curve (see Appendix 4.2 for details 
on the logistic diffusion curve parameters). 
The assumed starting adoption rate is 1% for 
all constraints and the peak ranges from 25% 
for solutions that address insects to 45% for 
solutions that address diseases. Peak adoption 

is assumed to be reached after 2025 for most 
solutions with half  of  this peak reached 
around 2020–2023.

Individual impact on farmer’s income 
and village poverty headcount

Appendix Tables 4.A.2.1 and 4.A.2.2 present the 
estimation of  the farmer income and village 
poverty rate determination models, respectively. 
Only the estimates corresponding to the parame-
ters a, b and g are reported to save space. For the 
farmer income model (Table 4.A.2.1), the estimated 
values for the b coefficients that measure the 
effects of  yield loss on farmer income range from 
–2.78 for diseases to –1.06 for birds and rodents, 

Table 4.4. Characteristics of scientific options to reduce yield loss due to biophysical constraints 
and adoption patterns (start of simulation is 2010).

Characteristic Weeds Insects
Birds and 
rodents Diseases

Soil-related
constraints

Climate-
related

constraints

Yield loss
Actual yield loss, AL (%) 22 20 21 20 27 27
Relative reduction, 

R (fraction between 
0 and 1)

0.35 0.25 0.20 0.25 0.35 0.25

Absolute reduction, 
AR=AL×R (%)

8 5 5 5 10 7

Remaining yield loss 
after technology 
adoption, RL=
AL−AR (%)

14 15 17 15 18 20

Logistic adoption rate 
curve parameters
Adoption rate in the 

first year (%)
1 1 1 1 1 1

No. adopters in the 
first year of adoption 
(thousands)

72 68 62 23 24 33

Starting year of adoption 2014 2014 2014 2014 2014 2014
Peak adoption rate 0.35 0.25 0.30 0.45 0.40 0.35
Peak no. 

adopters (million)
4.97 1.93 4.5 4.29 2.14 1.93

Year of peak 
adoption rate

2025 2025 2030 2025 2027 2025

Year when adoption 
rate is half of peak 
adoption

2020 2023 2020 2020 2022 2022

Logistic growth 
parameter

0.29 0.18 0.30 0.31 0.14 0.22
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and they are all statistically significantly different 
from zero at the 10% level except for the ones for 
diseases and climate-related constraints. The esti-
mated lagged income effects as measured by the a
coefficients are all significantly different from 
zero at the 1% level with estimated values ranging 
from 0.93 for climate-related constraints to 0.81 
for birds and rodents. In addition, the total effect 
of  the experience of  the constraint is negatively 
related to the income as expected and statis-
tically significantly different from zero at the 
10% level except for diseases and climate-related 
stresses.

For the village poverty rate determinants 
models (Table 4.A.2.2), the estimated effects of  
yield loss on village poverty rate range from 0.17 
for soil-related constraints to 0.02 for birds and 
rodents and insects, with only the coefficient for 
weeds being statistically significantly different 
from zero. The estimated lagged village poverty 
effects are very high and statistically significantly 
different from zero at the 1% level, with values 
ranging from 0.95 for weeds to 0.81 for birds and 
rodents. In addition, the total effect of  the experi-
ence of  the constraint is positively related to the 
village poverty rate as expected, but not statisti-
cally different from zero except for weeds.

The estimated coefficients of  the models are 
used to forecast the individual impact over time 
as described by the formula in Appendix 4.2. 
The results represent the change over time in the 
income and poverty headcount as a result of  the 
adoption of  technology options generated by 
research to help farmers mitigate the effects of  
the different constraints. Average increases in 
household total annual income from research to 
mitigate the effect of  the losses are estimated in 
the starting year to be $37 for weed infestation, 
$21 for insects, $16 for birds and rodents, $58 
for diseases, $54 for soil-related constraints and 
$33 for climate-related constraints. Average 
annual increase in household income grows 
over time to reach at least $25 from technology 
options that mitigate bird and rodent damage, 
up to $140 from technology solutions to miti-
gate diseases (with $110 for soil-related stresses, 
$91 for climate-related stresses, $80 for weeds 
and $40 for insect attacks).

In terms of  poverty reduction, the village 
poverty headcount reductions range from 0.33% 
from bird and rodent technology options to 
5.9% from soil-related technology options. 

This reduction in poverty will grow to reach 0.5% 
from technology options dealing with bird and 
rodent attacks, 9.7% for options that alleviate 
soil-related constraints, 4.5% for options that 
alleviate weed infestation and 5.5% for options 
that alleviate climate-related constraints in 2035.

These estimated average household income 
benefits and village poverty rate reductions 
were combined with the projection of  adoption 
of  the technology options based on the logistic 
diffusion model to obtain the estimates of  
aggregate gross impact of  adoption of  the tech-
nology options generated by rice research that 
addresses the various biophysical constraints 
(Figs 4.1, 4.2 and 4.3).

Aggregate impact on farmer’s income

Figures 4.1, 4.2 and 4.3 present the annual 
nominal income benefits, the discounted annual 
income benefits and the discounted cumulated 
income benefits ($ millions), respectively.

The expected average annual nominal 
income gain from research addressing all con-
straints in the 36 rice-producing countries consid-
ered in our analysis is $14 million in 2014 and 
growing to reach $917.3 million in 2035. This cor-
responds to an average annual aggregate nominal 
income gain of  about $344 million per year for 
the period 2014–2035. The discounted value of  
these benefits is $11 million in 2014 and $258 
million in 2035, with an average discounted 
annual benefit for the period 2014–2035 of  
$127 million. By aggregating the discounted 
annual income benefits across time we obtain a 
total aggregated discounted income benefit of  
$2.8 billion by 2035.

Comparing the different constraints, the 
highest impact is given by research address  ing 
weed infestation (due to higher number of  adop-
ters), with an average annual nominal income 
benefit of  $118 million and a cumulated dis-
counted income benefit over the period 2014–
2035 of  $947 million. This is followed by 
research addressing rice diseases, with an aver-
age annual nominal income benefit of  $83 mil-
lion ($667 million cumulative discounted 
benefit over the period 2014–2035). Research 
that mitigates soil-related constraints comes in 
third position, with an average nominal income 
benefit of $41 million ($322 million discounted 
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cumulative benefits for the period 2014–2035). 
Research that mitigates bird and rodent attacks 
comes in fourth position, with an average nominal 
income benefit of  $36 million and a discounted 
cumulative value of  $292 million for the period 
2014–2035, and in fifth position research that 
alleviates climate-related constraints, with an 

average annual income gain of  $36 million 
($281 million cumulative over the period 2014–
2035). In comparison, the income benefits 
derived from research addressing insects 
will be substantially lower, with $21 million 
(corresponding to $171 million cumulative 
benefits over the period 2014–2035).

Fig. 4.1. Annual nominal income benefits of research addressing biophysical constraints.
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Fig. 4.2. Discounted annual income benefits of research addressing biophysical constraints (5% discounted).
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Aggregate impact on poverty reduction

The poverty reduction resulting from the 
increase in rice-farming household incomes 
as a result of  adopting technologies to address 
biophysical constraints are presented in Fig. 4.4.

It is expected that at least 12,162 people will 
be lifted above the poverty line in 2014, the start-
ing year of  adoption of  the technological options 
resulting from rice research addressing all the 
biophysical constraints in Africa. This number 
will grow rapidly to reach 1.5 million in 2035. 
These numbers represent the maximum reduc-
tions in the number of  poor farmers each year 
across all technology options addressing the dif-
ferent biotic and abiotic constraints (taking into 
account the fact that a person is lifted out of  poverty 
only once even if  he or she experiences an income 
gain from more than one technology option).5

Although research addressing soil-related con-
straints will initially lead to the highest reduc-
tion in poverty, technology options that mitigate 
the effects of  weed infestation are the ones that 
will eventually achieve the highest poverty reduc-
tion (starting around 2022, because of  higher 
growth in its number of  adopters; reaching the 
maximum 1.5 million lifted out of  poverty with-
out the other constraint-mitigating technology 

options). This is followed by technology address-
ing soil-related constraints starting in 2028 
(and which without the weed technology 
options would have lifted 0.9 million people out 
of  poverty in 2035), and by those addressing 
climate-related constraints starting in 2030 
(with 0.6 million people lifted out of poverty in 
2035 without technologies addressing weed 
infestation and diseases). Thus, technology 
options addressing soil-related constraints moved 
from achieving the highest poverty reduction 
numbers in 2014 to being second in 2035 
because of  relatively slower growth in its number 
of  adopters. Research addressing insects and 
birds and rodents are those that consistently 
deliver the lowest poverty reduction numbers 
without the other technologies across the years 
(leading respectively to 0.18 million and 0.16 
million people they could lift out of  poverty in 
2035 without the other technology options).

Our estimates are slightly higher than the 
ones reported by IRRI et al. (2010), who con-
ducted a similar analysis for Africa using data 
from a similar but different set of  surveys. 
However, our analysis is based on data from 
18 countries and extrapolates the results to 36 rice-
producing countries, while the IRRI et al. (2010) 
analysis used data from 12 of  the 18 countries 

Fig. 4.3. Cumulated discounted income benefits of research addressing biophysical constraints (5% discounted).
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and extrapolated the results to 31 countries 
only. Nevertheless, the results from the two 
studies are qualitatively similar. In both stud-
ies, alleviation of  weed infestations provides 
the highest impact, followed by alleviation of  
diseases.

Conclusions

In this chapter, we have analysed the biophysical 
constraints in rice production in 18 major 
rice-producing countries in Africa using survey 
data of  farmers’ perceptions of  the occurrence 
and relative importance of  these constraints col-
lected in 2009. The biophysical constraints were 
grouped into three broad categories: biotic con-
straints, soil-related constraints, and climate-
related constraints. From the results of  the 
analysis, a large proportion of  farmers across all 
countries and rice environments perceive sev-
eral biophysical constraints as major produc-
tion constraints. The average area affected by all 
biophysical constraints across all rice environ-
ments and all countries in 2008 was 30%, with 
22% of  yield loss. These effects vary significantly 
across constraints, rice environments and coun-
tries. Across all categories of  biotic and abiotic 

constraints, the proportion of  farmers giving a 
high rank to a constraint was consistently high-
est in Burkina Faso and Madagascar, while the 
area affected and yield loss incurred was consist-
ently highest in Kenya.

The biotic constraints appear to be the 
most important biophysical constraints per-
ceived by farmers. Among these biotic con-
straints, weed infestation is the most important, 
followed by insects and birds and rodents. It is 
perhaps not surprising that these constraints 
are all very ‘visible’ to the farmers and involve 
major mitigation efforts. The importance of  
weeds as major rice production constraints 
has been reported in several previous studies. 
Somado et al. (2008) also found weeds to be 
the most important biophysical constraint in 
SSA, with annual losses estimated at around 
2.2 million tonnes (Mt). The losses have been 
reported to vary from 30% to 100% according 
to locality (Balasubramanian et al., 2007; 
Rodenburg and Demont, 2009; Rodenburg and 
Johnson, Chapter 16, this volume). Damage by 
birds is also considered to be important (de Mey 
and Demont, Chapter 19, this volume). Addition-
ally, stem borers, and bacterial and virus dis-
eases are reported to be major biotic constraints 
that significantly reduce rice productivity (Seck 
et al., 2012). Among the abiotic constraints, 
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Fig. 4.4. Number of people lifted out poverty (PPP $1.25 poverty line) by research addressing 
biophysical constraints.
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poor soil fertility is the most important soil-
related constraint, while drought and flooding 
are the most important climate-related con-
straints. This latter finding concurs with 
Balasubramanian et al. (2007).

The ex-ante evaluation of  the impact 
of adoption of  technology options from 
research addressing the different biophysical 
constraints in rice production showed great 
potential impact in terms of  both additional 
income generated and poverty reduction. These 
impact studies were based on farmer per-
ceptions of  yield-limiting and yield-reducing 
factors in rice cropping in SSA. It is this subjec-
tive perception, right or wrong, that drives a 

farmer’s decision-making. Hence, in the end 
the real effects of  the constraint on a farmer’s 
productivity outcomes will be the result of  both 
the real importance (as it would be measured 
objectively by yield-gap surveys as proposed 
by Saito et al., Chapter 15, this volume) and the 
farmer’s perception of  that importance 
(reflected in the ex-ante preventive and ex-post
mitigating actions the farmer takes in relation 
to the constraint). Thus, in determining the 
relative importance of  a constraint in terms of  
its negative effects on rice productivity, both the 
objective assessments of  knowledgeable experts 
and the subjective assessments of  farmers are 
important and complementary.

Notes

1 ‘Average yield’ calculated from total annual paddy production divided by total annual harvested area in 
2012.
2 See, however, discussion later in the chapter on the inherent population and sample selection biases in 
the indicators derived below caused respectively by unawareness of the existence of some constraints by 
some farmers and the restrictive nature of the second list of constraints.
3 The r

= s  index can also be viewed as a weighted average of the ranking of the constraint by farmers 
in terms of relative importance with the weight of a rank value corresponding to the proportion of sample 
farmers giving that rank value to the constraint: r

n
rd r f

=s
ir
s s

rri

n
r= 1

3
= 1

3 =0

3

=0

3

=1 ååå . Hence, the r
= s  index is an 

aggregation of two measures of relative importance of a constraint: (i) a measure of its perceived inci-
dence, scope and severity at the individual farmer level as indicated by the rank r ; and (ii) a measure of 
the prevalence of its occurrence (in the village) being perceived by farmers as indicated by the proportion 
fr

s of farmers giving it the rank r.
4 In fact, positive monotonicity is trivially satisfied by the ordered rank measure. To see why, we note that 
only farmers who are aware of the existence of the constraint s are able to give their ordered ranks for s.
Hence, ri

s can be observed only for farmers who are aware of the existence of constraint s. In other words, 
ri

s is missing for s-constraint unaware farmers. For this group of farmers, it is as if the constraint s did not 
occur in their villages or anywhere else (since for them the constraint does not exist). That is, it is as if the 
observed rank given to s by a farmer in this s-constraint unaware group is equal to 0, the rank correspond-
ing to the non-occurrence of the constraint in his or her village, which is the lowest possible value for ri

s. This 
may not be the case, however, for other measures of relative importance. Indeed, if we take the experience 
measure of relative importance, in principle a farmer may experience a constraint without being aware of 
its existence. Although this is unlikely for most constraints, it is still possible for constraints that are difficult 
for farmers to diagnose. Even in these cases, it is safe to assume that positive monotonicity is satisfied.
5 In other words, the number of people lifted out of poverty cannot be aggregated across the various tech-
nology options (this would be double counting). For the same reason, the poverty reduction numbers are 
not cumulative across time.
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Appendix 4.1. The Population Non-Awareness and Sample 
Minority-Exclusion Biases in the Farmers’ Perceptions 

of the Relative Importance of Biotic and Abiotic Constraints

In this appendix, we derive the expressions and signs of  the non-awareness and sample minority-
exclusion biases in the five measures of  farmers’ perceptions of  the relative importance of  biotic and 
abiotic constraints.

Population non-awareness bias

For this purpose, we consider the full population and use expected population values instead of  sam-
ple averages as in the main text. Also, for any constraint sÎS

~
 we will use the random variable xs to 

denote generically any of  the perception measures of  relative importance of  the constraint as given by 
a farmer randomly selected from the population of  rice farmers.1 First, let w s be a dummy binary 
indicator, with w s = 1 if  the farmer is aware of  the existence of  the constraint s, w s = 0 otherwise and, 
following the counterfactual outcome framework, define the two potential outcomes xs

1 and xs
0 of  xs

associated with the two mutually exclusive states of  awareness and non-awareness of  the existence 

http://faostat.fao.org/site/452/default.aspx
http://faostat.fao.org/site/452/default.aspx
www.fas.usda.gov/psdonline/psdQuery.aspx
http://data.worldbank.org/data-catalog/world-development-indicators


64 A. Diagne et al.

of  the constraint, respectively by: x xs s= 1  if  w s = 1 and x xs s= 0 if  w s = 0. The two potential outcomes 
xs

1 and xs
0 are supposed to exist for any farmer in the population. However, for any given farmer, we 

can only observe one of  the two potential outcomes because a farmer can only be in one of  the two 
mutually exclusive states (being aware or unaware).2 In particular, the value of  the perception indi-
cator xs

1 is missing for farmers who are not aware of  the existence of  the constraint. Hence, we cannot 
directly compute E xs( )1 , its expected value for the full population of  rice farmers. And yet, it is E xs( )1 ,
the mean perception of  relative importance of  the constraint when all farmers are aware of  its exist-
ence, that truly informs on the whole population of  rice farmers’ perception of  the relative impor-
tance of  the constraint s (as measured by xs at the individual farmer level).3 On the other hand, the 
sample measures of  perception of  relative importance of  a constraint given in points (3)–(5) in the 
main text will, as the sample size grows, all converge to their population counterparts corresponding 
each to E(xs), which is the population mean of  the observed values of  xs. Consequently, the population 
non-awareness bias (PNAB) is defined as the difference between the expected population value, to which 
the directly computed sample average of  the observed values of  xs converges, and the population mean 
perception of  relative importance of  the constraint when all farmers are aware of  its existence. 
That is, PNABs = E(xs) – E(x1

s).
To show that PNABs is negative when the positive monotonicity with respect to non-

awareness condition is satisfied, we decompose the unconditional expectation E(xs) into its 
conditional parts as:

E x E x P E x P E x P E xs s s s s s s s s s s( ) ( | ) ( | )( ) ( | ) (= = + = - = = +w w ww w w1 0 1 11 0|| )( )w w
s sP= -0 1

where Ps s
w w= =Prob{ 1}  is the probability that a farmer randomly selected from the population is 

aware of  the existence of  the constraint. Similarly, we decompose the unconditional expectation E xs( )1

into its conditional parts as:

E x E x P E x Ps s s s s s s( ) ( ( | )( )1 1 11 0 1= = + = -| )w ww w

Hence, from the two equations above we obtain the expression of  the PNAB as:

PNAB E x E x P E x E xs s s s s s s s= - = - - = - =( ) ( ) ( ){ ( ( )}|1 1 01 0 0w w w| )

This shows that PNAB is negative if  we assume that the perception of  relative importance of  
a constraint is positively monotonically related to awareness for all farmers, which means that 
x xs s

1 0³  uniformly (implying that E x E xs s s s( | ) ( | )1 00 0w w= ³ = ). Also, the above expression of  the 
population non-awareness bias shows that it is a decreasing function of  the probability of  aware-
ness and hence, everything else being equal, it is more severe for constraints the existence of  which 
farmers are less likely to be aware of  compared to those they are more likely to be aware of.

Sample minority-exclusion bias

The sample minority-exclusion bias results from the restriction of  the farmer perception of  the 
relative importance of  a constraint to those that he or she considers major constraints. For any 
given constraint s, the mean perception of  its observed relative importance under such restric-
tion is given by the conditional mean E(xs|ms = 1), where ms is a dummy binary indicator with ms = 1
if  constraint s is a major constraint for the farmer and ms = 0 otherwise. Hence, the expected 
sample minority-exclusion bias is defined as the difference between this conditional mean 
perception of  relative importance and its unconditional counterpart, E(xs). That is, SMEBs =
E(xs|ms = 1) − E(xs).

As above, we decompose the conditional expectation E(xs) into its conditional parts, but this 
time with respect to the constraint being a major constraint or not for the farmer, to obtain:

SMEBs = E(xs|ms = 1) - {E(xs|ms = 1)Pm
s - E(xs|ms = 0) (1 - Pm

s)}
= (1 - Pm

s) {E(xs|ms = 1) - E(xs|ms = 0)}
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where P Prob mm
s s= ={ }1  is the probability that constraint s is a major constraint for a farmer ran-

domly selected from the population. Hence, the sign of  the expected sample minority-exclusion bias 
is the sign of  the expression within the curly bracket. But, this expression is positive if  we assume 
that the expected perceived relative importance of  the constraint when the constraint is major for 
the farmer is not lower compared to when it is not (i.e. if  the perception of  relative importance of  a 
constraint is positively correlated with the constraint being a major constraint for the farmer). The 
above expression also shows that the expected sample minority-exclusion bias is more severe for 
constraints that are less likely to be major constraints for farmers.

The combination of population non-awareness 
and sample minority exclusion

The expected bias introduced by the combination of  the constraint not being universally known in 
the population and not being a major constraint for all the farmers is given by the quantity 
E x m E xs s s( | ) ( )= -1 1 , which is the difference between the mean perception of  the observed relative 
importance of  the constraint for the sub-population of  farmers for which the constraint is major and 
the population mean perception of  relative importance of  the constraint when all farmers are aware 
of  its existence.

By subtracting and adding E(xs) to this difference we have:

E x m E x E x m E x E x E x SMEB PNABs s s s s s s s s( | ) ( ) ( | ) ( ) ( ) ( )= - = = - + - = +1 11 1
ss

This shows that the two biases introduced by population non-awareness and sample minority exclu-
sion are additive and operate in opposite directions.

Notes

1 More precisely, x ys
i
s

i
sÎ D{ , , }r d ei

s
i
s

i
s a , . Working at the population level means that we can omit the i sub-

script in our notation and use the mathematical expectation operator instead of sample averages.
2 We note that observed value x s of a farmer is linked to the two associated potential outcomes by the 
following relationship: x x xs s s s s= + -w w1 0( )1 .
3 It is important to note the difference between the mean perception for the full population, E x s( )1  , and 
the mean perception for the sub-population of farmers who are aware of the existence of the constraint, 
which is given by the conditional mean E x s s

1 | w =( )1 . The latter is usually greater than the full population 
mean perception of relative importance because of the likely positive correlation between awareness of 
the existence of a constraint and perception of its relative importance.

Appendix 4.2. Theoretical Framework of Evaluation of Potential 
Impact of Research Addressing Biophysical Constraints

To show theoretically the relationship between the yield loss and the various producer outcomes, we 
use the producer quasi-rent function (defined as the excess of  gross receipts over total variable costs) 
as welfare measurement and the counterfactual or potential outcomes framework introduced by 
Rubin (1974), which has now become the standard framework for impact assessment (Imbens and 
Wooldridge, 2009).

As explained by Just et al. (2004), a change in the producer quasi-rent is a willingness-to-pay 
measure of  the change in producer welfare. In contrast, change in the producer profit (which is 
equal to the quasi-rent minus total fixed cost) and change in the producer surplus (the area under 
the supply curve) introduced by Marshall (1930) are not in general willingness-to-pay measures of  
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change in producer welfare. Quasi-rent, profit and producer surplus coincide only when there is no 
fixed cost and markets are complete (see Just et al., 2004, chapter 4 for more details on the measure-
ment of  changes in producer welfare).

Let the producer quasi-rent be expressed as p = PQ − C, where P is the output unity price, Q is 
the quantity of  output produced and C is the total variable cost. Also, let es be the binary varia-
ble indicating the experience or not of  a given constraint s with es = 1 indicating experience of  
the constraint and es = 0 indicating non-experience of  the constraint by a population unit (a farmer 
or a village). Under the potential outcome framework, each population unit has ex-ante two poten-
tial quasi-rents: p1 = P1Q1 − C1 when he or she experienced the constraint, and p0 = P0Q0 − C0 when 
he or she did not experience the constraint. Thus, the observed quasi-rent is p = p0 + es(p1 − p0).

We have p1 − p0 = (P1Q1 − C1) − (P0Q0 − C0) = P1(Q1 − Q0) + P1Q0 − P0Q0 − (C1 − C0), 
hence p1 − p0 = P1(y1a1 − y0a0) + P1Q0 − P0Q0 − (C1 − C0), where y

Q
a=  is the observed yield and a is 

the observed total area cultivated. Noting that a1 = a0 = a, we get:

p p1 0 1 0 1 0 1 0 1 0 0 0- = - + - - -P a y y P Q C P Q C( ) ( )

and
p = - + - + - - -P Q C e P a y y e P Q C e P Q Cs s s

0 0 0 1 0 1 0 1 0 1 0 0 0( ) ( ) ( )

or
p p= - + - + -e P a y y e P Q C es s s

1 0 1 0 1 0 1 01( ) ( ) ( ) .

Now, letting b = - D = -P1 0 0
1

0

1 a y y
y

y
s, , g = - -P Q C1 0 1 0p and s = p0, we have:

p b g s= + +De y es s s

By making the coefficients random and dependent on the socio-demographic characteristics X
of  the producer and assuming additive separability, they can be expressed as b = b (X) + m1, g = g (X)
+ m2, s = s (X) + m3, m = m1 + m2 + m3. Hence, we obtain the following relation:

E X x Es es x e y x e xs s s( | , ) ( ) ( ) ( )p b g s m= = = D + + +

which shows theoretically how the change in the yield loss due to a given production constraint 
can affect the producer quasi-rent function and consequently his or her total income. This rela-
tion also shows that the village poverty headcount is affected by the occurrence of  constraints 
in the village because constraints affect the income of  the village members.

Projection over time and aggregation at country level

The different steps followed to project the impact over time and to extrapolate it at country level are 
described here following Diagne et al. (Chapter 32, this volume).

Step 1: Projection of impact over time

The estimation of  the models gives the impact at starting year of  availability of  technology. This year 
corresponds t0 = 2010 + td with td being the estimated number of  years to technology delivery (from 
2010). Using the AR1 model parameters estimated, we forecast the mean impact starting in a given 
year t0 to any subsequent year t0 + r in the future as:

E y E y r andt
j

j
t j eD = D =

-
-

=+
=

-

+å0 0
0

1 1
1r

r

r

r

b a b
a

r( )-
a

1,2, ...

Where re stands for the constant reduction in yield loss. This formula gives the r – period ahead fore-
casted value for the outcome y. Finally, the annual nominal income gained is discounted at the rate 
of  5% and cumulated to get gross benefit at farmer level.
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Step 2: Estimation of the number of rice farmers and rice farming population

The extrapolation from farmer and village levels to country level is based on the estimation of  the total 
number of  rice farmers in each country. Due to the lack of  national estimates of  the total number of  rice 
farmers per country, we combined household-survey and secondary data to get these estimates.

The total number of  rice farming households Nh in each of  the countries included in our analy-
sis was estimated by taking the ratio of  the country’s total rice harvested area S (obtained from 
FAOSTAT, 2010) and the average rice area per household sh (estimated from the farm-household 
surveys) and projected over time assuming a constant population growth rate of  g = 2.5% (average 
rural population growth rate in SSA from the World Development Indicators; World Bank, 2010). 
The formula used is N s

s gh
h

= +´( )1 r, where r stands for time.

Step 3: Determination of the number of adopting farmers

The total number of  adopting farmers was derived by using a logistic adoption model, starting with 
a 1% adoption rate in 2014 and with a peak adoption rate of  20% in 2025.

Assuming a logistic diffusion curve, the number of  adopters at each time t is given by the 
following formula:

N
N

N
N

e
t
a p

a

p
a

a
t t

=

+ -
æ

è
çç

ö

ø
÷÷

æ

è
çç

ö

ø
÷÷

- -1 1
0

g ( )0

where Nt
a = Number of  adopters at time t; Np

a = Peak number of  adopters; Np
a = Na0(1 + b0)(tp - t0) with a0

the percentage of  rice farmers who experienced a given constraint; b0 population growth rate and 
N number of  rice farmers; N0

a = starting number of  adopters and
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with tp = the year of  peak of  adoption, t p
2

= year when adoption reaches half  of  its peak value and 
t0 = starting year of  adoption.

Adopting farmers will be made aware of  the technologies through video, radio and other learning 
tools, farmer-to-farmer training and out-scaling by development partners from both the public and 
private sectors.

Step 4: Extrapolation of impact from household and 
village levels to country level

For each country included in the analysis, the farmer individual impact on income is extrapolated 
to country level by multiplying the average estimated impact by the estimated total number of  
direct and indirect beneficiaries in the country. Diagne et al. (2012) have shown how this pro-
vides a consistent estimate of  the total benefit to rice farmers at the national level.

The poverty impact estimated at the village level was multiplied by the total rice-farming 
population size in the country. Evidence that this provides a consistent estimate of  the 
reduction in the total number of  poor rice farmers at the national level is provided by Diagne 
et al. (2012).
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Table 4.A.2.1. Econometric model of impact of yield loss on household income.a

Dependent variable (household 
total income in 2008) Weeds Insects

Birds and 
rodents Diseases

Soil-related
constraints

Climate-
related

constraints

Yield loss due to constraint (β) −1.20*** −1.07** −1.06* −2.78 −1.43*** −1.13
(−2.71) (−2.23) (−1.66) (−1.02) (−2.70) (−0.19)

Whether the farmer 
experienced the constraint (γ)

−25.19*** −20.09** −20.97* −20.37 −30.99*** −3.58
(−2.71) (−2.23) (−1.66) (−1.02) (−2.70) (−0.19)

Household total income 
in 2007 (α)

0.89*** 0.87*** 0.81*** 0.91*** 0.88*** 0.93***
(95.87) (86.44) (68.55) (41.72) (51.41) (56.26)

No. observations 6,577 5,243 5,456 1,087 2,240 1,558
R-squared 0.632 0.643 0.536 0.684 0.619 0.716

aThe estimated coefficients for the demographic variables and the constant term (σ(x))are omitted to save space.
t-statistics in parentheses. ***P < 0.01, **P < 0.05, *P < 0.1.

Table 4.A.2.2. Econometric model of impact of yield loss on village level poverty headcount.a

Dependent variable (village 
poverty headcount in 2008) Weeds Insects

Birds and 
rodents Diseases

Soil-
related

constraints

Climate-
related

constraints

Yield loss due to constraint (β) 0.04** 0.02 0.02 0.03 0.17 0.10
(2.01) (0.99) (0.35) (0.52) (0.63) (0.60)

Whether the farmer 
experienced the constraint (γ)

0.66** 0.35 0.25 0.27 0.65 0.33
(2.01) (0.99) (0.35) (0.52) (0.63) (0.60)

Village poverty headcount in 
2007 (α)

0.95*** 0.92*** 0.81*** 0.93*** 0.83*** 0.89***
(132.99) (105.78) (56.50) (62.14) (34.64) (56.71)

No. observations 1,869 1,907 1,809 769 562 801
R-squared 0.932 0.900 0.744 0.893 0.790 0.875

aThe estimated coefficients for the demographic variables and the constant term (σ(x)) are omitted to save space.
t-statistics in parentheses. ***P < 0.01, **P < 0.05, *P < 0.1.
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within countries. For example, surveys in Benin 
showed large differences between consumer pref-
erences in urban and rural areas (see Futakuchi 
et al., Chapter 25, this volume).

The challenge to develop new rice varieties 
for such diversity is huge and compounded by 
the fact that training and recruitment of  rice 
breeders has been neglected across the conti-
nent since the 1990s. There are very few rice 
breeders left, and those remaining are mostly 
over 50 years of  age, often with additional man-
agerial responsibilities.

In response to this tremendous lack of  
research capacity, in 1991 AfricaRice estab-
lished rice-breeding Task Forces (collective 
research and development efforts by national 
and AfricaRice breeders, based on the principles 
of  sustainability and build up of  critical mass at 
the national and regional levels) catering to the 
different rice environments in West and Central 
Africa. These Task Forces were later merged into 
a regional rice research and development net-
work in West and Central Africa (ROCARIZ). 
Funding for ROCARIZ ceased in 2005 and this 
has severely disrupted AfricaRice’s ability to col-
laborate and plan activities with national  agri-
cultural research system (NARS) partners.

AfricaRice established a new, continent-
wide Rice Breeding Task Force in 2010, aiming 

Introduction

Urbanization, changes in employment patterns, 
rising income levels, shifts in consumer prefer-
ences, and rapid population growth have con-
tributed significantly to the widening gap 
between rice supply and demand in sub-Saharan 
Africa (SSA) (Seck et al., 2012). In 2008, Africa 
imported about 10 million tonnes (Mt) of  milled 
rice, at a cost of  US$3.6 billion. Continued reli-
ance on imports is unsustainable and potentially 
dangerous, as it may affect food security and civil 
stability on the continent. Rice is one crop for 
which SSA can become self-sufficient given the 
continent’s available land and water resources.

Rice is grown across a large diversity of  
growth environments in Africa, from the salty 
delta of  the Senegal River to the highlands of  
Madagascar. The Africa Rice Center’s (AfricaRice) 
gene bank alone contains about 17,000 African 
rice germplasm accessions (Sanni et al., Chapter 7, 
this volume). Rice environments are generally 
divided into rainfed upland, rainfed lowland, irri-
gated lowland, deep-water/floating and mangrove-
swamp production systems (for details, see Saito 
et al., Chapter 15, this volume). In addition to this 
tremendous diversity of  rice-growing environ-
ments, there are also large differences in terms of  
consumer preferences for rice, both between and 
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to accelerate rice varietal development through 
continent-wide varietal evaluation of  nomi-
nated elite lines from AfricaRice and its interna-
tional and NARS partners.

Despite the difficulties, AfricaRice and part-
ners have contributed to the release of  many new 
rice varieties since 1960 (Sanni et al., Chapter 6, 
this volume). However, many rice farmers still do 
not have access to new varieties that are better 
adapted to their farming environment and likely 
to sell well on the market. This is partly related to 
cumbersome, non-functional or non-existent 
varietal release procedures (Sanni et al., Chapter 6, 
this volume) or non-functional seed systems 
(Bèye et al., chapter 14, this volume). However, 
there is also a clear need to develop rice varieties 
better targeted to rice environments and market 
segments.

This chapter reviews the continent-wide, 
product-oriented breeding approach promoted 
by AfricaRice within the framework of  the 
Global Rice Science Partnership (GRiSP). 
GRiSP is a CGIAR research programme for rice, 
led globally by the International Rice Research 
Institute (IRRI) and for Africa by AfricaRice 
(IRRI et al., 2010).

A Systematic, Continent-wide 
Product-oriented Approach 

to Rice Breeding

The systematic, continent-wide product-oriented 
approach to rice breeding pursues varietal 
development in different phases, with feedback 
loops as schematically represented in Fig. 5.1. 
These phases feed into ‘varietal development pipe-
lines’ tailored to different growth environments 
and market segments. The important phases in this 
breeding approach are: (i) definition of  breeding 
goals; (ii) pre-breeding activities; (iii) breeding activ-
ities; and (iv) multi-environment testing (MET). 
These phases are discussed in more detail below.

Definition of breeding goals

Rice breeding in Africa aims to develop improved 
cultivars with high and stable grain yield – 
varieties that are able to resist environmental 
stresses that reduce or limit productivity, and 

that respond well to nutrient inputs. Traditional 
varieties usually have good yield stability, but 
often low yield potential. In addition to these two 
general requirements, grain quality has become 
important in meeting the demands of  consum-
ers for healthy, high-quality food. Grain quality 
is essential for marketability of  locally produced 
rice in SSA. Long slender grain and aromatic 
rice is preferred by urban consumers; rice of  
medium amylose content (20–25%) is widely 
acceptable, but rice with high amylose content 
(>25%) is preferred in Nigeria.

Breeding goals must, therefore, address the 
most important challenges of  the target rice-
growing environment (e.g. iron-toxicity in some 
rainfed lowlands, salinity in mangrove-swamp 
areas), the level of  input use (low-, medium- or 
high-input system) and specific desired traits of  
the variety (e.g. grain quality, growth duration 
and plant height). The breeding goals must also 
respond to the needs of  the various stakeholders 
in the rice value chain (with due consideration 
of  gender issues), including rice farmers, millers, 
traders and consumers. For example, a varietal 
development pipeline for rice grown in irrigated 
Sahelian systems and tailored to the urban mar-
ket may have as breeding goals: high and stable 
yield potential, tolerance to salinity, resistance to 
Rice yellow mottle virus (RYMV) and bacterial 
leaf  blight, short duration, medium height, and 
aromatic, long and slender grains.

Pre-breeding

Activities in the pre-breeding phase aim to accel-
erate and facilitate the varietal development 
process in the different varietal development 
pipelines. This includes: (i) ex-situ conservation 
and characterization of  different Oryza species 
germplasm in AfricaRice’s gene bank; (ii) devel-
opment of  novel populations through enhanced 
recombination of  cultivated and wild gene pools; 
(iii) phenotyping for key agronomic traits, resist-
ance to diseases and responses to major stresses, 
including those of  importance to adapt to cli-
mate change (e.g. tolerance to drought, high 
temperatures, salinity); and (iv) identification of  
genes responsible for these traits through quan-
titative trait loci (QTLs) mapping or association 
analysis, then fine mapping.
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AfricaRice and partners have focused in 
particular on gene discovery related to tolerance 
to abiotic stresses such as drought, different types 
of  submergence, salinity, cold, heat, iron-toxicity 
and phosphorus deficiency (Dramé et al., Chapter 
11, this volume), and resistance to biotic stresses 
including blast, bacterial blight and RYMV (Séré 
et al., Chapter 17, this volume) and African rice 
gall midge (AfRGM) (Nwilene et al., Chapter 18, 
this volume; see also Lorieux et al., Chapter 10, 
this volume). Among these target traits, novel 
resistant or tolerant germplasm has been suc-
cessfully identified for salinity (unpublished), 
cold (unpublished), RYMV (Albar et al., 2006) 
and AfRGM (Nwilene et al., 2009).

Institut de recherche pour le développement 
(IRD, France) has been a collaborator of  AfricaRice 

in studies on RYMV, and a new resistance gene 
(RYMV2) has been identified in O. glaberrima
(Thiémélé et al., 2010). The International Center 
for Tropical Agriculture (CIAT) and IRD have 
developed novel populations based on chromosome 
segment substitution (chromosome segment sub-
stitution lines, CSSL) that have O. glaberrima
segments introgressed in different genetic back-
grounds. These populations are used by collabora-
tors for the localization of  genes/QTLs for 
important traits such as drought tolerance, pani-
cle architecture, root development, iron-toxicity 
tolerance and bacterial leaf  blight resistance.

Through the IRD–CIAT–AfricaRice collab-
oration, efforts have been made to overcome the 
sterility barrier in the interspecific breeding of  
the two cultivated rice species to make greater 

Breeding goals

• Biophysical characterization of target environment (field surveys;
remote sensing; GIS; crop simulation modelling)

• Socio-economic characterization of target environment
(farmer, gender, miller and market surveys; input use)

Pre-breeding

• Establishment of screening protocol
• Development of specialized genetic stock
• Evaluation of germplasm; trait identification
• QTL analysis, association analysis for marker acquisition
• Gene identification

Breeding

• Setting a breeding goal and a breeding plan
• Selection of parental lines
• Selection for the target traits through conventional screening and

markers, if available
• Fixation of traits incorporated
• Evaluation for overall agronomic performance including yield

Multi-environment
testing

• Setting a MET evaluation plan including sites
• Selection of the best lines to enter MET trials
• Evaluate stability and adaptability of target traits
• Collect opinions from farmers and other stakeholders
• Collect data to fulfil requirements of variety release committee
• Select the best lines to recommend for release
• Produce breeder and foundation seeds

Variety release

Fig. 5.1. Stages of a varietal development pipeline: definition of breeding goals, pre-breeding activities, 
breeding activities and multi-environment testing (MET).
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use of  useful traits of  O. glaberrima; one of  the 
project outputs is the development of  ‘interspe-
cific bridge lines’, which possess a high content 
of  the O. glaberrima genome and produce fertile 
hybrids with O. sativa (Lorieux et al., Chapter 10, 
this volume).

Japan International Research Center for 
Agricultural Sciences (JIRCAS) has worked with 
AfricaRice on drought research, focusing on 
deep rooting. Screening of  654 rice accessions 
identified 17 with deep-rooting capabilities; 
efforts to identify associated QTLs are under way 
(Tsunematsu and Samejima, 2011). AfricaRice 
and JIRCAS are also collaborating on tolerance 
to phosphorus deficiency and resistance to blast. 
Diversity analysis of  blast isolates in Africa is 
conducted using ‘differential varieties’, each of  
which carries one resistance gene in the same 
genetic background (these varieties were devel-
oped under long-term collaboration between 
Japan and IRRI). To develop a variety with dura-
ble blast resistance, DNA markers linked with 
field resistance (Fukuoka et al., 2009; Hayashi 
et al., 2010) identified by the National Institute 
of  Agrobiological Sciences (NIAS), Japan, are 
being used. For the development of  rice cultivars 
capable of  using a greater portion of  phospho-
rus from the soils, markers for the Pup1 (Heuer 
et al., 2009) gene were introduced from JIRCAS 
and are being used to detect donors among 
upland varieties in Africa.

Breeding

The most suitable parents and breeding methods 
are selected on the basis of  the breeding target. 
The availability of  a reliable phenotyping method 
to identify desirable individuals or lines giving 
adequate performance for each trait of  interest, 
especially for quantitative traits such as drought 
tolerance and yield potential, is crucial for the 
success of  any breeding programme.

In principle, ‘hot spots’ with regular occur-
rence of  a particular abiotic or biotic constraint 
offer the breeder a natural screening platform. 
However, spatial and temporal variability of  the 
constraint may be large. For instance, iron-toxicity 
in the AfricaRice breeding hot spot in Burkina 
Faso is unevenly distributed in the field. For diseases 
and insects, prevailing strains and constraint 

severity may vary from year to year. Therefore, 
hot-spot screening should be coupled with screen-
ing in a controlled environment, to ensure more 
reliable evaluation of  phenotypic performance.

AfricaRice will benefit from the global phe-
notyping platform that is being established 
within GRiSP, focusing mainly on tolerance to 
abiotic stresses and yield potential. AfricaRice is 
developing additional facilities for phenotyping 
for major abiotic stresses (e.g. drought, cold, 
Fe-toxicity) and the most important diseases 
(i.e. blast, bacterial leaf  blight, RYMV) under 
controlled conditions, where stress intensity is 
managed to mimic the target environment and 
artificial inoculation is carried out using the 
prevalent strains.

Use of molecular markers

Marker-assisted selection (MAS) improves the 
efficiency of  the breeding process when molecu-
lar markers tightly linked to the trait of  interest 
are available and when phenotypic performance 
for the trait cannot be evaluated reliably or in a 
timely fashion on a routine basis. Loci or genes 
responsible for important agronomic traits in rice 
(e.g. disease resistance, abiotic-stress tolerance, 
grain quality) have been identified through QTL 
analyses and association analyses. The Q-TARO 
(‘QTL annotation rice online’, http://qtaro.abr.
affrc.go.jp) (Yonemaru et al., 2010) and Gramene 
(http://www.gramene.org/) databases summa-
rize and update important QTLs for rice.

AfricaRice is using MAS on a routine basis to 
incorporate resistance to biotic and abiotic stresses 
in different rice varietal development pipelines 
(Table 5.1). For example, MAS was used to incor-
porate the resistance allele, rymv1-2, of  the 
RYMV1 gene into a number of  major varieties 
grown in Africa, such as IR64. Near-isogenic lines 
(NILs) of  IR64 bearing the resistance allele were 
developed and evaluated in Burkina Faso, Côte 
d’Ivoire, Mali and Nigeria (Ndjiondjop et al.,
Chapter 12, this volume). Likewise, markers linked 
to genes/QTLs for tolerance to abiotic stresses are 
also routinely used in MAS. For instance, the Sub1
gene (Septiningsih et al., 2009) is being intro-
gressed into major African varieties such as WITA 
4 and NERICA-L 19 to increase tolerance to flash 
floods during the early vegetative stage.

http://qtaro.abr.affrc.go.jp
http://www.gramene.org/
http://qtaro.abr.affrc.go.jp
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In addition to using MAS to target a single 
gene or major QTL, AfricaRice is also using a 
more advanced MAS scheme where QTLs for tar-
get traits are detected within the segregating 
progenies of  elite lines crossed for their comple-
mentarities. This marker–phenotype informa-
tion serves to guide the breeding process towards 
the ideal mosaic of  QTLs or favourable chromo-
somal segments from the two parents. Such a 
breeding scheme, involving several successive 
generations of  crossing of  progenies bearing 
complementary QTLs, is referred to as marker-
assisted recurrent selection (MARS) or genotype 
construction (Stam, 1995; Peleman and van der 
Voort, 2003). AfricaRice, Centre de coopération 
internationale en recherche agronomique pour le 
développement (CIRAD) and partners are imple-
menting a MARS scheme to increase drought tol-
erance in lowland rice. Bi-parental populations 
are being developed for mapping QTLs involved in 
drought tolerance and yield potential; the breed-
ing scheme (directed recombination between spe-
cific individuals carrying the favourable allele of  
the detected QTLs) is designed to produce or 
approach the ideal genotype accumulating 
favourable alleles for as many QTLs as possible.

Breeding for high yield

Most varietal development pipelines in Africa 
address the incorporation of  resistance or toler-
ance to various stresses, because there are so 

many constraints that hinder the expression of  
the full potential of  a variety in farmers’ fields 
(see Dramé et al., Chapter 11, this volume). 
However, more emphasis is now being placed on 
raising yield potential in different growth envi-
ronments. This is important because high-yielding 
varieties that have been bred and do well in envi-
ronments without major yield-reducing or yield-
limiting factors will usually also out-perform in 
environments where a particular stress inter-
feres, unless the stress becomes too severe (e.g. 
Bänziger et al., 1997, for soil fertility status in 
maize; Kumar et al., 2008, for drought tolerance 
in rice; Saito, 2010, for rice competitiveness 
against weeds). Several approaches are used to 
increase yield potential.

The first approach is to validate and incor-
porate yield-component QTLs detected else-
where (Ando et al., 2008; Obara et al., 2010; 
Ookawa et al., 2010) into popular varieties in 
Africa.

The second approach is to apply recurrent 
selection, a multi-parental scheme designed to 
facilitate the accumulation of  favourable alleles 
for complex traits such as yield through successive 
cycles of  recombinations and phenotypic selection 
(Gallais, 1990; Guimaraes, 2005). Such a scheme 
was used successfully in Brazil to achieve rapid 
gains in grain yield for upland rice (e.g. Breseghello 
et al., 2009, 2011). The third approach is to 
develop F1 hybrid varieties adapted to African 
rice environments. Hybrid rice has been very suc-
cessful in Asia, especially in China and India. 
AfricaRice started work on hybrids in 2009, 

Table 5.1. Ongoing marker-assisted selection (MAS) at AfricaRice, 2012.

Trait Locus Reference(s)

RYMV1 resistance rymv1-2 Ndjiondjop et al. (1999); 
Thiémélé et al. (2010)

RYMV2 resistance rymv2 Thiémélé et al. (2010)
Bacterial blight resistance Xa4 Sun et al. (2003)

xa5 Jiang et al. (2006)
Xa7 Chen et al. (2008)

Blast resistance (field) Pb1 Hayashi et al. (2010)
pi21 Fukuoka et al. (2009)

Salt tolerance saltol Thompson et al. (2010)
Submergence tolerance sub1 Xu et al. (2006)
Drought tolerance (upland) DTY12.1 Bernier et al. (2007)
Drought tolerance (lowland) DTY 3.1 Venuprasad et al. (2009)
Cold tolerance Ctb1, Ctb2 Saito et al. (2010)

qRCT6b Negussie (2011 unpublished)
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evaluating hybrids from China and developing an 
in-house hybrid-rice breeding programme for the 
irrigated environment at the AfricaRice Sahel sta-
tion in Senegal. Some parental lines, including 
male sterile lines and restorer lines, were intro-
duced from IRRI, Egypt and China, and are being 
tested (El-Namaky and Demont, Chapter 13, this 
volume).

Grain quality

Given the importance of  grain quality in ena-
bling locally produced rice to compete with 
imported rice (Fofana et al., 2010; Futakuchi 
et al., Chapter 25, this volume), it is important to 
assess grain quality when choosing the parental 
lines and then during the breeding process. 
Since grain quality is easily affected by many 
factors (e.g. timing of  harvest, moisture content, 
storage condition of  harvested grain), repeated 
evaluation of  properly prepared grain samples is 
necessary. At AfricaRice, all elite lines entering 
the multi-environment testing phase are evalu-
ated for quality traits, including basic parame-
ters directly related to farmers’ income, such as 
chalkiness, grain colour and milling properties. 
Attention is also paid to the needs of  the various 
stakeholders. For instance, among the three aro-
matic varieties released in Senegal in 2009, 
Sahel 177 has the highest yield potential, Sahel 
328 the shortest growth duration and Sahel 
329 is the most appreciated for its taste.

Multi-environment Testing (MET) 
Network, the Africa-wide Rice 

Breeding Task Force

In 2010, the Africa-wide Rice Breeding Task 
Force was launched by AfricaRice involving 
NARS from 25 countries (Plate 1). The objec-
tives of  the MET network are to evaluate the sta-
bility of  traits incorporated in breeding processes 
and to identify varieties that best fit the growth 
conditions in target regions and the markets. 
The Task Force also accumulates data on the 
performance of  new elite lines, thereby facilitat-
ing varietal release procedures. Furthermore, by 
exposing scientists from NARS and farmers to 

these elite lines during the testing phase, dissemi-
nation will be facilitated (Table 5.2). Moreover, 
the Task Force is also building the capacity of  rice 
breeders, by enabling experienced and younger 
breeders to work together on evaluation trials.

The MET conducted by the Africa-wide Rice 
Breeding Task Force consists of  a series of  three 
consecutive trials. Promising breeding lines devel-
oped by AfricaRice, national or international part-
ners (e.g. IRRI and CIAT) are nominated for 
evaluation in one or several rice-cultivation envi-
ronments: lowland, irrigated, upland, high eleva-
tion and mangrove (Plate 1). All nominated lines 
should be fixed and accompanied by supporting 
data on traits incorporated during the breeding pro-
cess and with information on yield performance. 
These characteristics are checked at AfricaRice 
before incorporation into the MET network.

The first phase (MET-1) consists of  an initial 
evaluation of  about 100 lines selected from the 
nominated lines. Each national partner evaluates 
these lines at sites in its country. Such sites may be at 
an experimental station under optimal manage-
ment to evaluate yield potential, or may be a ‘hot 
spot’ to check the performance of  the nominations 
in a stressed growth environment. Trials are repli-
cated three times and include common and local 
checks. Data collected at all sites are analysed 
centrally at AfricaRice, including comprehensive 
genotype-by-environment (G×E) analysis. Based on 
the results of  these analyses and breeders’ observa-
tions, about 30 lines are advanced to the next phase.

The second phase (MET-2) serves to evalu-
ate and confirm the performance of  the selected 
lines. These lines are cultivated at the same sites 
as MET-1 using the same experimental design 
with three replications. An important feature of  
MET-2 is that farmers and other stakeholders 
(e.g. millers and traders) are invited to partici-
pate in varietal selection and their opinions on 
the performance of  all entries are collected 
through a participatory varietal selection (PVS) 
procedure (Sié et al., 2010). Members of  national 
varietal release committees are also invited. 
Using the data collected, observations by the 
breeders and the opinions of  stakeholder groups, 
NARS partners select up to ten lines.

In the third phase (MET-3), the ten lines 
selected during MET-2 are evaluated in at least 
three sites per country during one or more growing 
seasons, depending on varietal release require-
ments. Entries are arranged in an alpha-lattice 
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Table 5.2. Principles of multi-environment testing (MET) conducted by the Africa-wide Rice Breeding 
Task Force.

Trial 
phase Name of trial

Characteristics 
of trials

Sites/
country

No. lines 
in trial Exp design

No. lines 
to advance Evaluator(s)

MET-1 MET
(multi-
environment 
trial)

Evaluation of 
lines
nominated
by breeders

1 About
100
lines

Alpha-lattice
with 3 
replications

About 30 NARS breeders

MET-2 PET
(participatory 
evaluation 
trial)

Evaluation 
of lines 
selected
in MET

1 About 30 Alpha-lattice
with 3 
replications

About 10 NARS breeders 
Farmers
VRC members 
Other

stakeholders
MET-3 PAT 

(participatory 
advanced 
trial)

Evaluation 
of lines 
selected
in PET 
by NARS 
breeders

3 About 10 
best
lines

RCBD with 4 
replications

1–3 lines 
recom-
mended
for release

NARS breeders 
Farmers
VRC members 
Other

stakeholders

FAT 
(farmers’ 
adoption
trial) 

Evaluation of 
a few lines 
selected
in PET
by farmer

50 3 lines 
among
10 for 
each
farmer

No replication

Exp = experimental; NARS = national agricultural research system; RCBD = randomized complete block design; 
VRC = varietal release committee.

design (Patterson and Williams, 1976) with at 
least four replications. All stakeholders are 
again invited to familiarize them with the new 
lines and voice their opinions to help select 
lines for further advancement. Among the ten 
lines, farmers are invited to select three lines 
and cultivate these in their own fields, together 
with a common check and their own variety 
(Sié et al., 2010).

The ultimate decision to nominate a par-
ticular variety for release in a country will be 
made by the country’s rice breeder involved in 
the Task Force, based on evaluation of  all data 
acquired before and during the MET phase.

In 2011, AfricaRice and partners decided 
to assign a new name to particularly promising 
breeding lines that result from Task Force activi-
ties: ‘ARICA’, which stands for ‘Advanced RICes 
for Africa’.

ARICA varieties can be considered as the 
next generation of  rice varieties for Africa, after 
the success of  the ‘NEw RICes for Africa’ 
(NERICAs) developed in the 1990s and the first 
decade of  this century. For a breeding line to be 
nominated as an ARICA line it must have a clear 

advantage over the best check varieties in a 
region, backed by quality data over at least three 
seasons. Moreover, at least one country should 
show interest in nominating the line for varietal 
release. Unlike the NERICA varieties, they are 
not restricted to interspecific crosses. Any line 
that shows promise, regardless of  its origin, can 
become an ARICA line as long as the data col-
lected are convincing. The ultimate decision on 
naming an ARICA line is taken by AfricaRice, 
and is based on data gathered in the Task Force 
trials, and any other data gathered during the 
breeding process.

During the 2013 Task Force meeting, five 
nominations for ARICA naming were examined 
and accepted to become the first ARICA lines. 
ARICA1, 2 and 3 are suited for the rainfed low-
land growth environment and are proposed for 
varietal release in Mali (ARICA1, ARICA2 and 
ARICA3) and Nigeria (ARICA2 and ARICA3). 
ARICA4 and 5 are suited for the upland growth 
environment and have just been released in 
Uganda. All these ARICAs out-yielded local 
checks including NERICA-L 19 in the rainfed 
lowland environment and NERICA 4 in the 
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upland environment. In addition, ARICA3 has 
better grain quality, higher milling recovery, 
lower chalkiness and shorter cooking time than 
NERICA-L 19.

Data management

Rapid access to information on germplasm, 
including advanced breeding lines and varieties, is 
essential to the use and deployment of  breeding 
lines for further research and evaluation. Data 
management plays a central role starting from 
germplasm stored in a gene bank up to informa-
tion on performance of  elite breeding lines about 
to be released – high-quality data needs to be avail-
able for all the fixed breeding lines generated.

Data acquired by NARS in the MET trials 
are collected and sent to AfricaRice for central 
analyses and archiving, following the standards 
of  the International Rice Information System 
(McLaren et al., 2005). These data can be used to 
facilitate varietal release in a particular country 
or new varietal development activities.

Conclusions

Setting correct breeding goals is essential in 
any breeding process. Each region, country or 
market niche will have specific requirements in 
terms of  traits that ideally need to be incorpo-
rated in a new variety. However, in general, 
very little knowledge is available about the tar-
get environment, both in terms of  biophysical 

settings and preferences of  farmers, millers 
and rice consumers. Much greater and more 
precise information with respect to such 
requirements is needed. AfricaRice is gather-
ing such information through focused field 
surveys and trials and increasing use of  crop 
simulation modelling to deal with spatial and 
temporal variability of  growth conditions, in 
collaboration with partners such as CIRAD, 
IRRI and Wageningen University. AfricaRice 
and partners are also conducting surveys in 
key rice-growing regions across Africa, inter-
viewing farmers, millers, traders and consum-
ers. This information will allow more precise 
definition of  breeding goals and a greater vari-
ety of  varietal development pipelines. It will 
also allow collaborating NARS to specify in 
greater detail their requirements for their 
growth and market conditions, enabling more 
targeted selection of  germplasm entering the 
MET-1 trials of  the Africa-wide Rice Breeding 
Task Force. Greater breeding precision and a 
larger diversity of  varietal development pipe-
lines will only be possible by strengthening 
national rice-breeding capacity in Africa.
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of: (i) a mandatory procedure for testing varie-
ties proposed for release; (ii) a national varietal 
release committee (NVRC), which recommends 
or rejects release based on test results; and (iii) 
an official register of  released varieties, record-
ing names and main agronomic characteristics 
of  varieties that have successfully passed the 
tests and have been recommended for release 
(Louwaars, 2002). An officially released variety 
is a new variety that has been tested according 
to the standards of  a country and recommended 
by the NVRC of  that same country to be of  
proven value, registered and made available to 
the public.

In practice, some African countries keep a 
register of  varieties that are ‘adopted’ in their 
country, because they do not operate a varietal 
release mechanism covering the three features 
mentioned above. In that case, ‘adopted varie-
ties’ are those that are widely cultivated and for 
which the country has deemed it important to 
include them in the national crop register.

If  international standards (UPOV, 1978, 
1991) are followed, new varieties can only be 
registered if  they satisfy four criteria: novelty or 
value for cultivation and use (VCU), distinctness, 
uniformity and stability. Distinctness, uniform-
ity and stability are often referred to as a group: 
the ‘DUS criteria’.

Introduction

National rice breeding programmes in Africa 
differ in strength, with some focusing only on 
testing lines introduced from outside, while 
others also conduct their own hybridization and 
line-development programmes targeting specific 
market segments and rice-growing environ-
ments in their respective countries. International 
partners, such as Africa Rice Center (AfricaRice), 
International Rice Research Institute (IRRI), 
International Center for Tropical Agriculture 
(CIAT), Centre de coopération internationale en 
recherche agronomique pour le développement 
(CIRAD) and International Institute of  Tropical 
Agriculture (IITA) have backstopped and contrib-
uted to rice varietal development in Africa since 
1960 (see Tollens et al., Chapter 1, this volume).

Countries also differ greatly with respect to 
seed regulation. Seed regulation encompasses 
two basic areas: seed quality control (certifica-
tion) and variety regulation. Variety regulation 
primarily seeks to control the release of  new 
varieties developed by public and private breed-
ing programmes for seed production and mar-
keting. National seed laws establish national 
seed boards (councils, authorities) that govern 
varietal release regulations. Common features of  
varietal release regulations are the establishment 
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Novelty means that the new rice variety 
performs better than the existing varieties for 
one or more traits of  agronomic or technological 
importance. The VCU of  a new variety is tested 
and compared to local check varieties using 
standard protocols measuring key agronomic 
data such as yield, growth duration, grain qual-
ity, and resistance to biotic and abiotic stresses.

Distinctness means that the variety is visu-
ally distinguishable from existing registered 
varieties in one or more morphological (shape, 
colour, height, leaf  length, etc.) and agronomic 
(disease resistance, growth duration, etc.) traits.

Uniformity or homogeneity means that at 
any development stage all individual plants are 
identical for all plant characteristics.

Stability means that the variety remains 
identical to its initial description in its essential 
characteristics after repeated cycles of  reproduc-
tion or propagation.

There are ongoing efforts to harmonize reg-
ulations for registration of  varieties, for seed 
trade across borders, and for phytosanitary docu-
ments needed for seed movement across Africa, 
by the Economic Community of  West African 
States (ECOWAS), the East African Community 
(EAC) and the South African Development 
Community (SADC). These efforts aim at encour-
aging seed system development to broaden the 
choice of  varieties and enhance accessibility to 
and quality of  seeds for farmers.

In the ECOWAS region, the harmonization 
system has started with a regional varietal cata-
logue published in 2008. Common crop variety 
release systems, seed certification standards and 
accreditation of  seed producers, quarantine pest 
lists and seed import–export manuals are being 
prepared. EAC also maintains a regional cata-
logue of  varieties released in different member 
countries and is in the process of  finalizing com-
mon seed certification standards and accredita-
tion of  seed producers. In the SADC region, a 
regional varietal release system has existed since 
2009. A common quarantine pest list, seed 
import–export manuals, seed certification 
standards and accreditation of  seed producers, 
and seed tests using International Seed Testing 
Association (ISTA) rules as a common standard 
have been established. SADC is most advanced in 
the harmonization process.

This chapter provides an overview of  the 
degree to which varietal release systems are in 

place in Africa and to what extent they are func-
tional at the national level. It also provides an 
overview of  rice varieties released or adopted (in 
case of  absent or non-functional varietal release 
systems) in Africa since 1960.

Methodology

Questionnaires were sent out to AfricaRice col-
laborators from national agricultural research 
institutes of  30 African countries in 2010, ask-
ing for information on the procedures for varietal 
release in their respective countries and to pro-
vide an update on varieties released or adopted 
since 1960. Participating countries are listed in 
Tables 6.1 and 6.2. The data from this survey 
were complemented with information contained 
in the national and regional catalogues of  varie-
ties, published literature and information avail-
able from the International Network for Genetic 
Evaluation of  Rice (INGER-Africa) in AfricaRice.

Results and Discussion

Rice varietal release systems in Africa

National seed boards are responsible for conven-
ing and chairing the NVRC meetings and gener-
ally meet once a year. However, some committees 
may not meet for several years for a variety of  
reasons (financial constraints are often men-
tioned). The functionality of  the varietal release 
system in a country can be assessed by consider-
ing whether or not its NVRC meets to assess and 
recommend varieties for release before those 
varieties are made available to the public.

We classified countries into four groups 
based on: (i) the existence of  a varietal release 
system (comprising varietal testing, regular 
NVRC meetings to judge test results and official 
varietal registration); (ii) functionality of  the 
varietal release system; and (iii) existence of  at 
least a varietal register in the absence of  a varie-
tal release system.

Of  the 30 countries surveyed (Table 6.1), 18 
have a varietal release system in place (Groups 1 
and 2). Of  these, 13 have regular NVRC meetings 
(Group 1; although Gabon has yet to release any 
rice variety), and 5 countries have non-effective 
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NVRCs (the committee exists on paper but is not yet 
functional; Group 2). Eight countries do not have a 
varietal release mechanism, but operate a varietal 
register (Group 3), and 4 countries lack both a vari-
etal release system and a varietal register (Group 4).

In countries without a formal varietal 
release system, varietal registers are made up of  

varieties that are already being cultivated and 
are recognized as such by the authority main-
taining the register, e.g. the ministry of  agricul-
ture, the national seed board or the national 
agricultural research institute. Feedback obtained 
from the national partners indicated that there 
is considerable variation in consistency and 

Table 6.1. Rice varietal release systems in 30 African countries.

Country

Existence
of varietal 
release
system

Release
system
functional?

Registration 
required for 
growing 
commercially

Existence
of varietal 
register

Registration 
required for 
certified 
seed sale

Varietal 
descriptor 
part of 
registration 
process

Group 1
Ghana Yes Yes No Yes Yes Yes
Burkina Faso Yes Yes Yes Yes Yes Yes
Côte d’Ivoire Yes Yes Yes Yes Yes Yes
Egypt Yes Yes Yes Yes Yes Yes
Ethiopia Yes Yes Yes Yes Yes Yes
Gabon Yes Yes Yes Yes Yes Yes
Kenya Yes Yes Yes Yes Yes Yes
Mali Yes Yes Yes Yes Yes Yes
Mozambique Yes Yes Yes Yes Yes Yes
Nigeria Yes Yes Yes Yes Yes Yes
Senegal Yes Yes Yes Yes Yes Yes
Tanzania Yes Yes Yes Yes Yes Yes
Uganda Yes Yes Yes Yes Yes Yes

Group 2
Benin Yes No No Yes Yes Yes
Burundi Yes No Yes Yes Yes Yes
Democratic 

Republic of 
Congo

Yes No Yes Yes Yes Yes

Madagascar Yes No Yes Yes Yes Yes
Mauritania Yes No Yes Yes Yes Yes

Group 3
The Gambia No n/a No Yes No Yes
Guinea-Bissau No n/a No Yes No Yes
Liberia No n/a No Yes No Yes
Niger No n/a No Yes No Yes
Republic of 

Congo
No n/a No Yes No Yes

Rwanda No n/a No Yes No Yes
Sierra Leone No n/a No Yes No Yes
Guinea No n/a No Yes Yes Yes

Group 4
Cameroon No n/a No No No n/a
Central African 

Republic
No n/a No No No n/a

Chad No n/a No No No n/a
Togo No n/a No No No n/a

n/a = not applicable.
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accuracy among countries in keeping the varie-
tal register up to date. Some countries do not 
promptly update their varietal register when 
new varieties are released or adopted.

Official release of  a variety is required 
before it can be grown commercially (grown 
for sale) in all the countries with a release 
system, except Benin and Ghana (Table 6.1). 

Most West African countries have sent their 
varietal register to be included in the West 
African catalogue of  plant species and varie-
ties. In East Africa, Kenya, Tanzania and 
Uganda have included their varieties in the 
EAC list of  crop varieties.

The registration of  varieties in the national 
varietal catalogue is required for the sale of  

Table 6.2. Current status of application of DUS and VCU requirements for varietal release and 
registration in 30 African countries.

Country
Published 
DUS protocols

DUS required 
for rice varietal 
release or 
registration

Published 
VCU protocols

VCU required 
for rice varietal 
release or 
registration

Data from 
other countries 
allowed

PVS data 
accepted
for release

Group 1
Ghana Yes Yes Yes Yes No No
Burkina Faso No Yes No Yes No Yes
Côte d’Ivoire No Yes No Yes No No
Egypt Yes Yes Yes Yes No No
Ethiopia Yes Yes Yes Yes No No
Gabon No Yes No Yes No Yes
Kenya Yes Yes Yes Yes No No
Mali No Yes No Yes Yes Yes
Mozambique No Yes Yes Yes Yes Yes
Nigeria No Yes Yes Yes No Yes
Senegal No Yes No Yes No Yes
Tanzania Yes Yes Yes Yes No No
Uganda Yes Yes No Yes Yes No

Group 2
Benin No Yes No Yes Yes Yes
Burundi No Yes No Yes No No
Democratic 

Republic 
of Congo

No Yes No Yes No Yes

Madagascar Yes Yes Yes Yes No No
Mauritania No Yes No Yes No No

Group 3
The Gambia n/a No No No No n/a
Guinea-Bissau n/a No No No No n/a
Liberia n/a No No No No n/a
Niger n/a No No No No n/a
Republic of 

Congo
n/a No No No No n/a

Rwanda n/a No No No No n/a
Sierra Leone n/a No No No No n/a
Guinea n/a No No No No n/a

Group 4
Cameroon n/a n/a No n/a No n/a
Central African 

Republic
n/a n/a No n/a No n/a

Chad n/a n/a No n/a No n/a
Togo n/a n/a No n/a No n/a

n/a = not applicable.
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certified seeds in all 18 countries with a varietal 
release system. Since the other countries do not 
have a varietal release system, this condition is 
not applicable to them.

Table 6.2 provides an insight into require-
ments with respect to varietal release in the 
30 surveyed countries. In the 18 countries with 
varietal release system (Groups 1 and 2), DUS and 
VCU information are needed for a new rice variety 
to be released and registered, but only seven coun-
tries have published protocols for the conduct of  
DUS testing and just eight countries have pub-
lished protocols for VCU testing. In countries with-
out protocols, the new varieties are compared 
with the best existing variety for the targeted traits 
to decide whether or not they will be released.

The list of  traits measured for VCU (grain 
yield, disease resistance, plant height, etc.) and 
DUS (shape, colour, height, leaf  length, etc.) var-
ies across countries. Tests are repeated for at least 
two or three seasons. Requirement for the num-
ber of  locations depends on the environment for 
which the variety is being recommended.

In most countries, the national seed board is 
responsible for assembling and conducting 
national performance trials (NPTs) from which 
VCU and DUS data are obtained. Once the VCU 
and DUS data have been recorded, they are then 
submitted to the NVRC for consideration. In 
Kenya, Tanzania and Uganda, the NPTs are con-
ducted by the national seed boards for a set fee, 
and this may hinder some breeders from submit-
ting their varieties, especially in the public sector.

To complement the VCU data from NPTs, 
independent trials, grown on farmers’ fields by 
the farming community are required. Some 
countries – such as Benin, Mali, Mozambique 
and Uganda – accept VCU and DUS data from 
other countries with similar agro-ecological 
conditions to complement in-country data.

Agronomic data collected by breeders and 
socio-economic information from participatory 
varietal selection (PVS) are acceptable as credible 
VCU data for varietal release in eight countries.

History of rice varietal 
release/adoption in Africa

Between 1960 and 2010, over 700 rice varieties 
were released or adopted in sub-Saharan Africa 
(Table 6.3). The number of  varieties released/
adopted varied between countries and years. 

A total of  250 varieties were released between 
1960 and 1990, i.e. about 8 per year. This 
increased to an average of  16 per year during 
the next decade (1991–2000), reaching 29 
varieties per year in the period 2001–2010, 
with more countries progressively becoming 
involved in rice research and development.

The highest number of  varieties released 
between 1960 and 2010 was in Burkina Faso 
(64), followed by Mali (62), Nigeria (57), Côte 
d’Ivoire (56) and Senegal (50). Rice cultivation is 
just taking off  in Gabon and the country has not 
yet officially released any rice variety. The rela-
tively high release rates in Burkina Faso, Mali, 
Nigeria, Côte d’Ivoire and Senegal are probably 
related to their long histories of  rice cultivation 
and relatively advanced varietal release systems 
compared to other countries (they are all Group 1 
countries). Another factor could be that some 
countries, such as Mali, accept agronomic data 
from other countries with similar growing condi-
tions to complement their own data. Although 
the countries of  East Africa are well advanced in 
their seed and varietal release systems, they have 
not yet released large numbers of  varieties 
because rice only recently became a major crop in 
the region. Egypt is the most advanced in terms of  
rice production, but not many varieties have been 
released (only ten), because the country has a sys-
tem in place that ensures that only a limited num-
ber of  varieties are released over a period of  time.

Varieties were released for four rice-growing 
agroecosystems: upland, rainfed lowland, irri-
gated lowland and mangrove. Of  the released 
varieties, the largest number of  varieties was 
released for upland systems (34%), followed by 
irrigated lowland (31%), rainfed lowland (24%) 
and mangrove (9%), while the growth environ-
ment is not known for 2% of  the varieties.

Conclusions

The survey results show that varietal release sys-
tems differ greatly among countries in sub-
Saharan Africa. Countries could be classified 
into four groups, based on the existence and 
functionality of  the varietal release system and, 
in the absence of  a varietal release system, 
whether a varietal register exists. Thirteen of  the 
30 countries surveyed had a functional varietal 
release system (Group 1 countries).
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Table 6.3. Varietal release/adoption history by country and rice-growing environment in 30 African countries between 1960 and 2010.

Irrigated Rainfed lowland Upland Mangrove

Country
Pre-
90

91 to 
00

01 to 
10 NA

Pre-
90

91 to 
00

01 to 
10 NA

Pre-
90

91 to 
00

01 to 
10 NA

Pre-
90

91 to 
00

01 to 
10 NA Total Source of information

Varieties released by country
Burkina Faso 3 1 0 0 20 9 4 0 18 6 3 0 0 0 0 0 64 ECOWAS (2008); survey through 

national partner
Côte d’Ivoire 7 5 2 0 8 1 2 0 13 14 4 0 0 0 0 0 56 ECOWAS (2008); MINAGRI 

(2002); CNRA (2011); survey 
through national partner

Democratic Republic 
of Congo

0 1 2 0 0 2 1 0 1 1 11 0 0 0 0 0 19 Survey through national partner

Egypt 2 9 2 0 0 0 0 0 0 0 0 0 0 0 0 0 13 Survey through national partner
Ethiopia 0 0 0 0 0 0 1 0 0 0 4 0 0 0 0 0 5 Survey through national partner
Gabon 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Survey through national partner
Ghana 1 1 11 0 6 1 11 0 0 0 10 0 0 0 0 0 41 ECOWAS (2008); survey through 

national partner
Kenya 0 0 7 0 0 0 0 0 0 0 5 0 0 0 0 0 12 KEPHIS (2010); survey through 

national partner
Madagascar 0 0 16 0 0 0 0 0 0 0 6 0 0 0 0 0 22 Survey through national partner
Mali 9 4 11 0 3 0 11 0 1 0 10 6 5 0 2 0 62 ECOWAS (2008); survey through 

national partner
Mauritania 3 3 6 0 1 0 0 0 0 0 1 0 0 0 0 0 14 ECOWAS (2008); survey through 

national partner
Mozambique 0 4 0 0 0 4 0 0 0 0 0 0 0 0 0 0 8 Survey through national partner
Nigeria 13 1 1 0 18 0 2 0 18 0 3 0 1 0 0 0 57 Guei and Traoré (2001); 

NACGRAB (2009)
Senegal 2 5 23 0 5 4 0 0 3 1 2 0 1 3 1 0 50 ECOWAS (2008); survey through 

national partner
Tanzania 6 0 2 0 0 0 0 0 0 0 6 0 0 0 0 0 14 Survey through national partner
Uganda 0 0 0 0 0 0 0 0 0 4 6 0 0 0 0 0 10 Survey through national partner
Sub-total 46 34 83 0 61 21 32 0 54 26 71 6 7 3 3 0 447

Varieties adopted by country
Benin 3 1 0 0 6 2 2 0 3 5 0 0 0 0 0 0 22 MAEP (2011)
Burundi 0 0 0 0 0 0 0 0 1 5 9 0 0 0 0 0 15 Survey through national partner
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Central African Republica 2 1 0 0 0 0 1 4 2 0 0 0 0 1 0 0 11 Survey through national partner
Chada 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 4 Guei and Traoré (2001); survey 

through national partner
The Gambiaa 8 4 1 0 2 0 0 0 2 0 5 0 1 4 2 0 29 ECOWAS (2008); survey through 

national partner
Guineaa 0 0 0 0 3 5 6 0 0 4 5 0 7 6 0 0 36 Dalton and Guei (2003); survey 

through national partner
Guinea-Bissaua 0 0 0 0 1 2 0 0 0 5 1 0 2 13 0 0 24 Survey through national partner
Liberiaa 0 0 0 0 0 0 2 0 7 3 5 0 0 0 0 0 17 Guei and Traoré (2001); survey 

through national partner
Nigera 4 4 4 0 0 0 3 0 0 0 1 0 0 0 0 0 16 ECOWAS (2008); survey through 

national partner
Republic of Congoa 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 3 Survey through national partner
Rwandaa 0 0 12 0 0 0 8 0 0 0 0 0 0 0 0 0 20 ISAR (2010)
Sierra Leonea 7 0 0 0 6 0 2 0 8 1 6 0 6 2 6 0 44 ECOWAS (2008); survey through 

national partner
Togoa 1 1 3 0 0 0 5 0 0 1 0 4 0 0 0 0 15 ECOWAS (2008); survey through 

national partner
Sub-total 25 11 23 0 18 9 29 4 23 28 37 4 16 26 8 0 261
Total 71 45 106 0 79 30 61 4 77 54 108 10 23 29 11 0 708

aCountries without varietal release system; NA = not available.
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Varietal testing and release systems in sub-
Saharan Africa are fragmented, which makes the 
system overall costly and prone to duplication – since 
the same variety is often tested in all countries where 
it is being targeted for marketing. Also, most national 
varietal catalogues are not updated regularly, which 
makes it difficult for seed companies and farmers to 
keep up to date with every improved variety. It is not 
surprising, therefore, that seed systems in Africa are 

underdeveloped and access to good performing 
(rice) seed is still a major issue and constraint (see 
Bèye et al., Chapter 14, this volume).

To increase rice production in sub-Saharan 
Africa, well-coordinated rice breeding efforts 
(see Kumashiro et al., Chapter 5, this volume), 
functional national varietal release systems, and 
regional efforts to facilitate seed trade across 
borders are essential.
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O. glaberrima, both of  which are diploid (genome 
AA, 2n = 24).

Oryza sativa was introduced to East Africa, 
probably in the first century AD, via traders from 
India (Harlan and Stemler, 1976; Ng et al.,
1991) and subsequently to West Africa by the 
Portuguese in about AD 1500 (Portères, 1962).

According to Portères (1962, 1976), O. gla-
berrima was first domesticated from the wild 
ancestor O. barthii (formerly known as O. brev-
iligulata) by people living in the inland delta of  
the upper Niger River about 3500 years BP. The 
species spread to two secondary centres of  
domestication, one along the coast of  The Gambia, 
Casamance (Senegal) and Guinea-Bissau and 
the second in the Guinea forest between Sierra 
Leone and the western part of  Côte d’Ivoire. 
However, Harlan and Stemler (1976) suggest 
that O. glaberrima was domesticated from O. barthii
in several different localities within the vast for-
est and savannah areas. Many studies have con-
firmed that O. barthii is the progenitor of  
O. glaberrima and both are restricted to West 
Africa, while O. longistaminata (from which 
O. barthii is derived) is widely distributed in 
Africa (Brar and Khush, 2003).

Introduction

In-depth understanding and wise management 
of  genetic resources and genetic diversity is of  
great importance to progress in rice breeding 
and sustainable production (Guimaraes, 2002). 
Africa possesses an enormous wealth of  rice 
genetic resources which can contribute to the 
broadening of  the genetic base of  rice varieties 
grown in farmers’ fields to ensure that they 
become better adapted to the multiple biotic and 
abiotic stresses in Africa. This diversity is under 
threat from both environmental and socio-
economic factors, such as urbanization and cli-
mate change (Kiambi et al., 2008).

Rice belongs to the genus Oryza, classified 
under the tribe Oryzeae, sub-family Oryzoideae
(Ehrhartoideae) of  the grass family Poaceae
(Gramineae). The Oryza genus was named by 
Linnaeus (1753). The taxonomy of  the genus has 
undergone numerous revisions. Vaughan et al.
(2003) recognized 23 species. GRIN Taxonomy 
(USDA, ARS, National Genetic Resources Program, 
2012), a standard widely adopted by the genetic-
resources community, now recognizes 26 species. 
Of  these, two are cultivated in Africa, O. sativa and 
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Oryza also contains 24 wild species distrib-
uted throughout the tropics and sub-tropics and 
representing 10 genome types (AA, BB, CC, BBCC, 
CCDD, EE, FF, GG, HHJJ and HHKK) (Vaughan 
et al., 2003). Africa is home to representatives of  
five of  these genome types: AA (O. longistaminata, 
O. barthii, O. glaberrima and O. sativa), BB (O. punc-
tata), BBCC (O. schweinfurthiana), CC (O. eichingeri)
and FF (O. brachyantha) (Vaughan et al., 2003).

The collection, conservation and utiliza-
tion of  genetic diversity of  these rice resources 
and related wild species in Africa were entrusted 
to the Africa Rice Center (AfricaRice) and 
resources are kept in trust for humanity under 
the auspices of  the Food and Agriculture 
Organization of  the United Nations (FAO). This 
chapter provides an overview of  efforts by 
AfricaRice and partners since 1970 to build up 
an ex-situ collection. The current status of  
knowledge with respect to these accessions is 
presented. The chapter concludes with a discus-
sion of  the challenges remaining for expansion, 
characterization and more effective use of  the 
collection.

Collection Efforts and Conservation

Between 1973 and 1977, AfricaRice received 
collections from national and international 
research institutes working on rice in Africa, 
including the Office de la Recherche Scientifique 
et Technique d’Outre-Mer (ORSTOM), Institut de 
Recherches Agronomiques Tropicales (IRAT) 
and the International Institute for Tropical 
Agriculture (IITA) (Abifarin, 1988). Since 
1978, it has continued to receive materials from 
various collaborators and has also organized its 
own missions to collect landraces from all rice-
growing environments, mostly in West Africa. The 
mangrove-swamp rice station in Rokupr (Sierra 
Leone) collected landraces from the mangrove-
swamp environment; the then irrigated rice station 
based in Saint-Louis (Senegal) collected lowland 
rice; the station based in Mopti (Mali) collected 
deep-water/floating rice and the upland station 
based in M’bé/Bouaké (Côte d’Ivoire) collected 
upland landraces. Between 2000 and 2008, col-
lections were made through various missions by 
AfricaRice scientists and partners in Burkina 
Faso, Côte d’Ivoire, Niger, Sierra Leone and Togo.

About 20,000 accessions of  rice are being 
conserved in the gene bank of  AfricaRice, 
made up of  both cultivated (O. glaberrima and 
O. sativa) and wild species (O. barthii, O. longis-
taminata, O. punctata, O. brachyantha and 
O. eichingeri) from all across the world, with 
over 80% of  the germplasm accessions from 
Africa (Table 7.1). AfricaRice, the International 
Rice Research Institute (IRRI) and national 
partners are now collaborating to expand the 
germplasm collection to include entries from 
North, Central, East and Southern Africa 
(Table 7.1).

The accessions conserved in the AfricaRice 
gene bank are from about 85 countries and are 
kept in trust for humanity under the Multi-
Lateral System (MLS) of  access and benefit 
sharing within the purview of  the International 
Treaty on Plant Genetic Resources for Food 
and Agriculture of  FAO as part of  the global ex-
situ collections. These accessions are kept in a 
medium-term storage at 5°C at the temporary 
headquarters of  AfricaRice in Cotonou (Benin) 
and in a long-term conservation facility 
at –18°C at IITA in Ibadan (Nigeria). Two 
safety duplications are also maintained at the 
National Center for Genetic Resources Preser-
vation (NCGRP), Fort Collins, USA and 
Svalbard Global Seed Vault (SGSV), Norway in 
collaboration with Global Crop Diversity Trust 
as part of  the global effort for crop diversity 
security.

Seeds of  cultivated species are multiplied 
during the dry season when good-quality 
seeds (free from disease and pest attack) can 
be produced. Wild species are grown in pots 
in a quarantined screen house. After harvest, 
seeds are partially dried, threshed and hand 
cleaned. Seeds are then brought to a cool 
drying room maintained at 18°C and 20% 
relative humidity to attain a moisture con-
tent of  6% before medium- and long-term 
conservation. The temperature and humidity 
of  the storage rooms are monitored daily, and 
the viability of  the seeds in medium-term 
storage is monitored every 5 years for each 
accession.

AfricaRice has established a database for 
the accessions stored in its gene bank, which is 
being bar-coded. Data associated with each 
accession consist of  passport information and 
phenotypic and genotypic data.
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Current Status of Knowledge

Molecular diversity analysis

The population structure of  O. glaberrima was 
analysed using 93 simple sequence repeat (SSR) 
markers on 198 accessions by Semon et al.
(2004). The accessions were selected among 
1136 accessions in the AfricaRice gene bank to 
maximize geographical and morphological 
diversity. Five genetically distinct groups were 
identified. Two of  those groups (groups 4 and 5) 
shared ancestry with the two subspecies of  
O. sativa (indica and japonica, respectively). It was 
suggested that the three other groups corre-
sponded to the three ecotypes reported by 
Portères (1970). Group 1 contained plants that 
were relatively tall and was found throughout 
West Africa. This group may represent the 
ancestral floating type first domesticated in the 
inland delta of  the upper Niger River. Group 2, 
mostly from Nigeria, consisted of  late-maturing 
entries. This group represented the non-floating 
(lowland) rice type that migrated to Nigeria along 
the Niger River. The third group originated from 
Liberia and was characterized by a larger number 
of  tillers per plant and longer grain, correspond-
ing phenotypically to the upland rice type.

Barry et al. (2007) used 11 SSR markers to 
characterize 26 O. glaberrima and 144 O. sativa
accessions collected in maritime Guinea. They 
revealed the existence of  two major ecotypes – 
floating and erect – among the O. glaberrima
accessions. Moreover, they detected an original 
genetic compartment, highlighting the occur-
rence of  O. glaberrima × O. sativa hybridization.

Dramé et al. (2011) used a highly polymor-
phic set of  30 SSR markers to characterize 74 
accessions of  O. glaberrima collected from various 

ecosystems in eight countries. They differentiated 
the two major ecotypes – a floating photosensitive 
type grown in deep water, including coastal man-
grove areas, and an early erect ecotype grown in 
upland or moderately inundated lowlands 
(Ghesquière et al., 1997) – and an intermediate 
group between O. sativa and O. glaberrima.

Morphological characterization

Guei et al. (2005) assessed the genetic diversity 
of  434 O. sativa landraces from Côte d’Ivoire 
using morphological traits such as plant height, 
leaf  length, number of  days to heading and 
maturity, tillering ability, panicle length and 
grain size (weight, length and width) as the prin-
cipal discriminatory characteristics. The acces-
sions were classified into seven groups, each 
with specific traits. This information could be 
used by breeders in making parental selection 
based on their traits of  interest.

Sanni et al. (2008) analysed the geographi-
cal patterns of  phenotypic diversity of  880 
O. sativa landraces of  upland rice collected from 
the four main rice-production regions in Côte 
d’Ivoire: Gagnoa (west-central), Touba (north-
western), Boundiali (northern) and Danané 
(western). Variation was observed across the 
geographical zones and ecological regions with 
respect to the 13 traits measured. The majority 
of  accessions from the north and north-west 
were early maturing, a sign of  adaptation to the 
short rainfall period in these zones. Meanwhile, 
most accessions from the west and west-central 
regions were late maturing.

Jones et al. (1999) studied 1300 O. glaberrima
accessions and reported considerable variation in 
seedling vigour. More than 90% of  the accessions 

Table 7.1. Number of rice germplasm accessions per region in the AfricaRice 
gene bank as of April 2012.

Origin O. glaberrima O. sativa Wild species Total

Central Africa 83 190 101 374
East Africa 14 743 13 770
North Africa 0 53 0 53
West Africa 2,400 12,025 311 14,736
Southern Africa 0 869 53 922
Total Africa 2,497 17,033 482 20,012
Others 0 3,153 4 3,157
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showed very high seedling vigour, and 15% also 
had very rapid vegetative growth and produced a 
large number of  tillers and droopy lower leaves 
within 20 to 30 days after sowing, resulting in 
rapid ground cover and good weed suppression.

AfricaRice has initiated a comprehensive 
morphological characterization of  the whole 
O. glaberrima collection (about 2500 accessions) in 
order to understand its diversity, as well as to make 
the information available for breeding activities.

Trait Identification in O. glaberrima

Oryza glaberrima constitutes a rich reservoir of  
adaptive traits essential for new rice varieties for 
Africa. It has sources of  resistance to African 
rice gall midge (Nwilene et al., 2002), for weed 
competitiveness (Rodenburg et al., 2009), for 
tolerance to iron toxicity (Sahrawat and Sika, 
2002), and for drought tolerance (Ndjiondjop 
et al., 2010; Bimpong, 2011; Bocco, 2012).

New screening, inspired by identification of  
a source of  resistance to Rice yellow mottle virus
(RYMV) among O. sativa, O. glaberrima and O. bar-
thii (Thottappilly and Rossel, 1993), led to the 
identification of  new resistant accessions. Among 
these accessions, TOG5681 and TOG5672 exhib-
ited two new resistance alleles (rymv1-3 and 
rymv1-4, respectively), different from the resist-
ance allele rymv1-2 first identified in an O. sativa
accession Gigante (Albar et al., 2006). Further-
more, using 337 O. glaberrima accessions, cover-
ing a wider geographic area in Africa, a new gene 
named RYMV2, different from RYMV1, was 
identified (Thiémélé et al., 2010).

Screening a set of  107 O. glaberrima accessions, 
selected on the basis of  their geographical origin, for 
resistance to African strains of  Xanthomonas oryzae,
Djedatin et al. (2011) identified 20 accessions show-
ing resistance to strains from Mali.

Challenges for More Effective 
Use of Genetic Resources

Enhancing use

Arguably the greatest challenge facing gene 
bank managers is how to facilitate effective use 

of  the germplasm. Germplasm without informa-
tion about its major characteristics has little 
value, hindering its wide use. AfricaRice has 
worked with Bioversity International and IRRI 
to define standards for characterizing rice 
(Bioversity International et al., 2007). However, 
it is neither practically nor economically feasible 
to evaluate all accessions in a gene bank for agri-
culturally important traits. Even if  it were feasi-
ble, much of  the genetic variation present in 
germplasm collections is hidden by factors such 
as epistasis and epigenetics – valuable traits may 
be expressed in the progeny of  crosses between 
accessions in ways that cannot be predicted sim-
ply by evaluating the accessions. Traditionally, 
gene bank managers have characterized their 
accessions for highly heritable traits that are 
simple enough to record for all accessions; how-
ever, most such traits have little agronomic 
relevance.

To overcome this problem, the concept of  
‘core collections’ (van Hintum et al., 2000) has 
become established as an effective ‘entry point’ 
to start exploring the potential value of  collec-
tions. A core collection consists of  a sub-set of  
the germplasm believed to provide a reasonable 
representation of  the genetic diversity of  a par-
ticular species, and small enough to be evalu-
ated in detail. In most cases, however, a core set 
has been derived from a sub-set of  the germ-
plasm, but not the entire collection. Furthermore, 
traits evaluated have usually been limited. 
A core set should be derived from an entire collec-
tion of  a particular species, and be evaluated for 
the majority of  agriculturally important traits.

Thanks to rapid advances in genomics, 
molecular markers such as SSRs and single 
nucleotide polymorphisms (SNPs) can be used to 
characterize the diversity of  rice germplasm at 
reasonable cost, and the information can be 
used to define more representative core collec-
tions for detailed evaluation. Development of  
core sets of  wild species and landraces is an 
urgent task in Africa. Realizing the importance 
of  this, AfricaRice – in collaboration with Institut 
de recherche pour le développement (IRD) – has 
started to develop core sets of  O. glaberrima and 
O. barthii based on SNP markers and will subse-
quently evaluate them for major agronomic 
traits including disease resistance.

However, the core collection concept itself  
suffers limitations. First, although intended as an 



Diversity of Rice and Related Wild Species 91

entry point to explore the collection, mechanisms 
have not been developed to go beyond the core to 
explore the rest of  the collection. Second, since 
core collections are constructed to represent the 
greatest possible diversity in a reasonably small 
sub-set regardless of  the trait(s) of  interest, they 
are by definition a generic entry point; for the user 
with a specific breeding or research objective, it is 
often possible and suitable to construct a sub-set 
better tailored to their specific needs.

One proven alternative is the ecogeographic 
approach to select use-specific sub-sets (Sackville 
Hamilton et al., 2002; Mackay and Street, 2004). 
Assuming that accessions are adapted to the 
environment they came from, we may use knowl-
edge of  the distribution of  accession origins to 
predict probable patterns of  variation. However, 
creating such a sub-set requires intensive analy-
sis. There is a need to mainstream this approach 
so that gene bank curators or even users can 
more easily select tailor-made sub-sets designed 
to better meet the specific needs of  each user.

A new approach that brings the promise of  
radically improving the effectiveness of  using 
germplasm collections, is the genomics approach 
(McCouch et al., 2012; McCouch et al., Chapter 9, 
this volume). In the 3 years from 2008, the cost 
per raw megabase of  DNA sequence decreased 
from approximately US$500 to less than $0.10. 
We can now envision that in the future the 
genome of  every accession present in the collec-
tion will be sequenced. Having sequence infor-
mation of  every accession, discovery of  new 
alleles for agronomically important traits can be 
done by association analysis based on available 
phenotypic data (McCouch et al., 2012).

The keys to this approach will be to tie all 
phenotyping to genotyping or sequencing, and 
to involve gene banks more in gene discovery. 
For that, gene bank curators should no longer 
characterize independently of  other phenotyp-
ing efforts; for rice, this work should be inte-
grated into the phenotyping network of  the 
Global Rice Science Partnership (GRiSP).

Collection of germplasm from 
under-represented regions

Since 1978, AfricaRice has organized collection 
missions with national (NARS) partners to 

collect landraces and wild species from all rice-
growing environments, mostly in West Africa 
(Burkina Faso, Côte d’Ivoire, Niger, Sierra Leone 
and Togo). NARS scientists have also collected 
in Côte d’Ivoire, Mali, Senegal and Sierra Leone. 
Collection efforts are under way with NARS 
partners and IRRI in East Africa.

However, there may still be areas and coun-
tries that are under-represented in the AfricaRice 
gene bank. We intend to check the gene bank 
database for under-represented areas and, when 
needed, establish collection programmes with 
NARS partners in compliance with their 
national priorities, policies and regulations on 
collecting germplasm and traditional knowl-
edge. Complete information associated with the 
collected germplasm (e.g. geographical origin, 
including latitude, longitude and altitude) will 
be recorded.

It will be essential to plan the further col-
lection of  African rice in the context of  the 
global rice strategy (Hay and Sackville 
Hamilton, 2010). Compared with many other 
crops, the rice gene pool is already relatively 
well conserved ex situ, with over 500,000 
accessions in gene banks worldwide. Annual 
investment in conservation is high. The addi-
tional cost of  adding a new accession to a col-
lection is much higher than the recurrent 
annual cost of  conserving the accession 
(Shands et al., 2011). Thus, it is becoming 
increasingly important to ensure that efforts to 
collect additional germplasm genuinely add 
additional diversity.

However, no methodology exists to address 
this need systematically, or to estimate when a 
collection can be considered ‘complete’. As 
genotyping and sequencing become ever more 
affordable, it is now possible – as well as increas-
ingly important – to develop such a methodol-
ogy: to determine how much genetic novelty is 
added to a collection when new accessions are 
added; to quantify the diminishing rate of  
return on sequentially adding more acces-
sions; and to devise the cost–benefit relation-
ships to guide how much more collecting is 
needed. We will rely on the geographic infor-
mation system- (GIS-) based global gap analysis 
of  the Global Crop Diversity Trust (Hijmans 
et al., 2001; Ramírez-Villegas et al., 2010) to 
establish priorities for collection of  the wild 
relatives of  rice.
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Up-to-date databases

A wide range of  information about rice acces-
sions is recorded by various stakeholders. This 
includes information on their genealogy and ori-
gins, conservation status, availability and use, 
genetic and phenotypic characteristics, agro-
nomic adaptation, performance and quality, and 
the performance of  their progeny. Much of  this 
information is generated through scientific 
research by those who receive germplasm from 
gene banks, and much is in the domain of  tradi-
tional knowledge held by the indigenous com-
munities that originally grew landraces now 
conserved in the gene bank. For effective conser-
vation and use of  accessions, all this information 
should ideally be integrated and made available. 
However, the task of  collating and publishing it is 
beyond the capacity of  any gene bank or any 
other laboratory. One effective strategy to help fill 
a critical component of  the information gap is 
based on recognizing that the most important 
scientific knowledge generated by recipients of  
accessions is typically published in scientific 
journals. Information in a published journal can 
be incorporated into the germplasm database. 
With a large proportion of  the scientific litera-
ture now available electronically, it would be pos-
sible (as well as desirable) to organize a systematic 
survey of  journals, augmented by enquiries to 
the germplasm recipients. Such surveys should 
lead to an increase in the available information, 
thereby increasing the value of  accessions.

Information on rice germplasm conserved 
in the AfricaRice gene bank is stored in a data-
base called AfricaRice Genebank Information 
System (ARGIS) and made available to users 
online (www.africarice.org/argis). Likewise, 
information newly gained through internal 
research activities as well as that obtained from 
the recipients will be stored and managed in this 
system. Here, the accuracy of  information and 

data for each accession is the most important. 
These data are now being integrated into IRIS 
(International Rice Information System, http://
iris.irri.org). A key priority for the future devel-
opment of  IRIS will be to develop improved 
mechanisms for seamlessly sharing data, to 
facilitate collaboration among the many differ-
ent partners involved in GRiSP.

Conclusions

The rational exploitation of  the genetic diversity 
existing among the 20,000 accessions held in 
the AfricaRice gene bank represents one of  the 
basic components of  efforts to improve rice pro-
duction in Africa. To enhance this exploitation, 
service to stakeholders needs to be improved in 
three areas:

• The information associated with each acces-
sion conserved in the gene bank: there is a 
need to complete the identification of  key 
descriptors for each accession in collabora-
tion with experts for target traits. This will 
enable the formation of  sub-sets for targeted 
traits and users. There is also a need to geno-
type/sequence the accessions in the selected 
sub-sets and associate the genotypic and 
phenotypic data, to enhance their use.

• Conservation methods and equipment: 
regeneration methods that avoid genetic 
drift are needed to ensure the maintenance 
of  the genetic integrity of  accessions.

• Management and use of  information from the 
gene bank: it is important to update the infor-
mation on a regular basis. Within the frame-
work of  GRiSP, AfricaRice, IRRI and the 
International Center for Tropical Agriculture 
(CIAT) will collaborate to ensure the accessi-
bility, through IRIS, of  all available informa-
tion on rice gene bank accessions worldwide.
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as the Togo Hills – African rice continues to be 
present, and is locally important (Barry et al.,
2007; Nuijten et al., 2009; Okry, 2011, Teeken 
et al. 2011; Temudo, 2011). In these older, estab-
lished areas of  rice cultivation, wild rice is some-
times still gathered locally (Richards, 1986; 
Nuijten, 2005).

It is often assumed that in traditional agri-
culture crops are enriched by gene exchange 
with wild and weedy relatives (De Wet and 
Harlan, 1975; Altieri and Merrick, 1987; Prain, 
1993), although there seems little hard evidence 
for the movement of  valuable traits from wild 
relatives into crops (Wood and Lenné, 1997). 
This, however, does not mean that no new 
potentially valuable traits arise from introgres-
sion (Jarvis and Hodgkin, 1999). Discovering 
actual gene flow between wild and cultivated 
species in the field is complicated by the fact that, 
because of  pairing of  homologous genes and 
other processes during meiosis and fertilization, 
fertile interspecific progenies resemble either the 
wild or the cultivated species. This is illustrated 
by research on gene exchange between O. sativa
and O. glaberrima that indicates that as the inter-
specific hybrids are sterile, backcrosses are 
needed to restore fertility. Therefore, the fertile 
hybrid derivatives resembled the parental phe-
notypes (Sano, 1989). This explains why the 

Introduction

West Africa is an important region for rice 
genetic resources. Here are found two species of  
wild rice (Oryza barthii, O. longistaminata) and an 
indigenous domesticated rice (O. glaberrima). In 
addition, the two subspecies of  Asian cultivated 
rice (O. sativa) – indica and japonica – are exten-
sively cultivated. Collection of  wild rice in the 
Lake Chad basin has been dated to 3500 BP based 
on archaeological findings of  wild rice remains 
(Klee et al., 2004). It has been proposed that the 
domestication of  African rice (O. glaberrima)
began about this time, most likely in the upper 
Niger delta (Portères, 1962; Li et al., 2011). 
Asian rice has been present in West Africa since 
at least the 15th century, introduced through 
cross-continental trading links with the Middle 
East during the Middle Ages (Carpenter, 1978) 
or coastal links with the Mediterranean from the 
arrival of  the Portuguese on the West African 
coast (late 15th century). Since the colonial 
period or earlier, higher-yielding Asian rice has 
tended to predominate, especially in areas such 
as southern Nigeria, where rice is a recent crop. 
However, in older centres of  cultivation – the 
major valleys of  the West African savannah, the 
upper Guinean coastal region from Senegal to 
Sierra Leone, and some mountain outliers, such 

8 Gene Flow in African 
Rice Farmers’ Fields

Edwin Nuijten* and Paul Richards
Wageningen University, Wageningen, Netherlands

* Corresponding author: Edwin.Nuijten@wur.nl



96 E. Nuijten and P. Richards

interspecific rice types found by Nuijten et al.
(2009) can be divided into two main forms, one 
morphologically similar to O. glaberrima and the 
other similar to O. sativa. This may also explain 
why, although it is often suggested that farmer 
crop management plays an important role in 
gene flow between wild and cultivated rice, the 
number of  studies documenting recognition and 
selection by farmers of  genetic variation arising 
from natural introgression is limited (Jarvis and 
Hodgkin, 1999). Maintaining gene flow between 
wild and cultivated species in farmers’ fields may 
also meet concerns about the reduction of  
genetic diversity (see Chang, 2003; cf. Sang and 
Ge, 2007).

The significance of  gene flow between cul-
tivated and wild species is placed in a new light 
by work on a protracted model of  crop domesti-
cation (Allaby et al., 2008). This model empha-
sizes the need for more information on how 
populations of  farmers influence gene flow 
between cultivated and wild species over long 
periods of  time. It is wrong to assume that 
selection must be based on conscious manage-
ment strategies by individual farmers. Even 
‘modern’ management systems often depend 
on what is termed ‘distributed cognition’ 
(Hutchins, 1995). No single individual holds 
an overview of  the direction in which collective 
action develops. Hutchins’ (1995) example is 
the navigation of  a modern warship. A model 
of  this kind has been proposed for farmer crop 
selection, based on neural network engineering 
concepts of  unsupervised learning. In un -
supervised learning there is no master plan. 
The stable states of  a network are a function of  
nodal weightings in a massively interconnected 
network. Rice farmers in a region such as West 
Africa, it has been proposed, approximate these 
network conditions (Richards et al., 2009). 
From an empirical point of  view, information is 
needed on the weights to be applied to the 
nodes. (Depending on the scale, nodes can be 
different actors, among others, farmers, varie-
ties and plants.) Observation of  gene flow rates 
and how farmers’ actions influence the direc-
tion and amount of  these flows is thus a crucial 
empirical step.

This chapter focuses on how farmers 
influence gene flow. Conscious management 
practices could be part of  this influence, but 
not its sum total. We are equally interested in 

the unintended consequences of  farm man-
agement practices unconnected to variety 
choice, such as decisions over labour alloca-
tion that result in a particular field mosaic of  
planted varieties. This way we try to avoid the 
pitfall of  imposing a breeder’s rationale on 
farmer gene-flow management. Breeders seek 
to control gene flow according to genetic the-
ory. Farmers weigh the nodes in a gene-flow 
network in a wide variety of  ways, only some 
of  which will be connected with their own 
(possibly imperfect) ideas about descent and 
inheritance in planting materials. Since gene 
flow is, at a biological level, the mechanism of  
‘extended domestication’, detailed informa-
tion on gene flow patterns in ‘distributed’ net-
works is important. The information also has 
practical consequences for food security in 
regions where adaptation (e.g. to climate 
change) depends to a significant extent on 
farmer seed choice. We need to know whether 
‘extended domestication’ and ‘unsupervised 
learning’ remain robust, or whether they have 
begun to break down due to network fragmen-
tation linked to the spread of  market-based 
seed supply.

The relevance of  our focus on document-
ing gene flow at field level is emphasized by 
work on the existence of  local rice varieties in 
West Africa with an interspecific O. sativa × 
O. glaberrima background, resulting from gene 
flow between the two species in farmers’ fields 
(Jusu, 1999; Semon et al., 2005; Barry et al.,
2007; Nuijten and Van Treuren, 2007; Nuijten 
et al., 2009). It has been shown that there is 
regional variation in the occurrence of  these 
local interspecifics. Hybrid-derived farmer 
varieties do not occur everywhere the two spe-
cies occur together. For instance, interspecific 
hybrid-derived rice varieties (so-called farmer 
hybrids) are much less common in the Togo Hills 
than in the upper West African coastal areas – 
especially Casamance, Guinea-Bissau and 
Sierra Leone (Nuijten et al., 2009). Perhaps the 
relatively earlier arrival of  Asian rice on the 
upper Guinea coast (Angladette, 1966) has 
played a part in the development of  interspecific 
varieties as it has increased the window of  
opportunity for interspecific hybridization. 
Topography has also played a part in keeping 
O. sativa and O. glaberrima physically apart on 
the Togo side of  the Togo Hills (O. sativa is confined 
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to lower elevations with more fertile soils and 
O. glaberrima is cultivated in poor upland soils at 
higher elevations). On the Ghanaian side of  the 
Togo Hills, local cultural practices have also 
contributed to the physical separation of  the 
two species. In general, local communities on 
the Ghanaian side of  the Togo Hills favour Asian 
rice for commerce, and reserve African rice for 
ceremonies and ritual usage (Teeken et al.,
2011). This suggests that farmers’ practices 
influencing gene flow need to be explained with 
reference to a range of  cultural and environ-
mental factors (Nuijten 2005, 2010; Teeken 
et al., 2010, 2011; Nuijten and Richards, 
2011). But only a handful of  studies exist on 
how farmers ‘manage’ gene flow in these diverse 
circumstances (Dyer et al., 2011). In particular, 
rice has been little studied in this regard (Jarvis 
and Hodgkin, 1999).

Variation in farmer strategies is known. 
The reasons why are not fully established, and 
ought to be given growing interest in endoge-
nous processes of  crop development (Semon 
et al., 2005; Barry et al., 2007; Nuijten et al.,
2009). For instance, in some cultures it is con-
sidered good practice to cultivate the two rice 
species mixed (among other reasons, to spread 
risk and ensure a good harvest), whereas in 
other cultures seed purity is emphasized. In 
cultures where seed purity is emphasized (and 
it may be for aesthetic as well as practical 
reasons), selection of  seeds from the middle 
part of  the field is often thought desirable 
(Longley and Richards, 1993), though there 
are few if  any records on how often this ideal is 
met in practice. In other settings maintaining 
low levels of  mixture is considered virtuous, 
since this is connected with the probability of  
finding new plants in the field and in-field 
diversity makes farming impractical (Richards, 
1986). A local idea that mixture serves as a 
kind of  gene bank has been reported (Nuijten, 
2005). Temudo (2011) reports that mixture 
can help identify theft. The role of  men and 
women in seed selection and seed exchange 
may also be very different across different eth-
nic groups. For example, in The Gambia both male 
and female farmers think that women have the 
skills and patience to develop new rice varieties 
by selecting off-types in the field and then test-
ing them for several years (Nuijten, 2010). In 
Sierra Leone, by contrast, men and women are 

thought to be equally capable of  developing 
new rice varieties (Richards, 1986).

Thus, we argue that knowing more about 
gene flow in farmers’ fields is important for two 
reasons: (i) it supports management approaches 
that help to preserve processes underlying 
endogenous crop development, including in situ
gene flow between wild and cultivated rice 
species, and the associated emergence of  inter-
specific progenies; and (ii) to understand how to 
link these ‘unsupervised’ processes with formal 
variety development. The need for a decentral-
ized varietal development approach in which 
farmers have an essential role has become 
clearer, not only in Africa (Gridley et al., 2002; 
Dorward et al., 2007; Efisue et al., 2008; Nuijten 
et al., 2009; Mokuwa et al., 2013), but world-
wide (Almekinders and Elings, 2001; Ceccarelli 
et al., 2001, 2010; Sperling et al., 2001; 
Witcombe, 2002; Gyawali et al., 2007; Desclaux, 
2008; Østergård et al., 2009; Joshi et al., 2012).
Conserving the ‘unsupervised’ system may offer 
a cost-efficient way of  supporting a continued 
output of  robust, adapted varieties for farmers 
not yet within reach of  the formal system.

Methodology

The information provided in this chapter is based 
on a review of  the literature and extensive field-
work in The Gambia (2000–2003, 2007 and 
2008), Senegal and Guinea-Bissau (2007 and 
2008), and Sierra Leone (various times from 
1981 to 2008). The research focused on upland 
rice farming systems and used interdisciplinary 
approaches integrating social science and bio-
logical science research methods (Nuijten, 
2011). This approach is based on critical realism 
(Sayer, 2000), of  which the Context Mechanism 
Outcome configuration is a central element (see 
Pawson and Tilley, 1997). Depending on the 
research question, candidate mechanisms are 
postulated, after which various research meth-
ods are used to test the candidate mechanisms. 
Critical realism does not exclude positivistic or 
post-modern research approaches and can be 
considered a framework for integrating methods 
from the social and biological sciences. For this 
research it implies describing the socio-economic
and biological aspects of  the farming context, 
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and testing socio-economic, biological and com-
plex socio-biological candidate mechanisms for 
explaining the dynamics of  gene flow in rice-
farming systems. The research methods used 
consisted of  various qualitative and quantitative 
surveys with farmers (Richards, 1986; Nuijten, 
2005), field mapping (for methods see Nuijten 
and Richards, 2011), field observations, field 
trials and molecular analysis for comparisons of  
seed materials collected from farmers at the 
phenotypic (Nuijten and Van Treuren, 2007) 
and molecular levels (Nuijten and Van Treuren, 
2007; Nuijten et al., 2009).

Gene Flow as a Mechanism

Although much research has been done on the 
genetics of  the isolation barriers between vari-
ous rice species found in West Africa (Sano, 
1989; Heuer and Miézan, 2003; Garavito et al.,
2010), the literature is not conclusive on the 
possibility and level of  introgression between 
species of  the O. sativa complex. According to 
Second (1991), O. barthii and O. longistaminata
are the only rice species of  the O. sativa genome 
group between which no introgression is possi-
ble, although Chu and Oka (1969) suggest intro-
gression is possible between these two species. 
No sterility barriers exist between O. barthii and 
O. glaberrima, which are closely related (Chu and 
Oka, 1969; Second, 1982; Wang et al., 1992). 
There has also been some lack of  clarity about 
the levels of  introgression among O. sativa, 
O. barthii and O. glaberrima. Some have reported 
that O. sativa is completely isolated from O. gla-
berrima and O. barthii (Chu and Oka, 1969; 
Spillane and Gepts, 2001), but artificial hybridi-
zation has been successful in the laboratory 
(Sano, 1989; Pham and Bougerol, 1993; Jones 
et al., 1997; Heuer and Miézan, 2003) and some 
level of  introgression does seem to occur in the 
field (Semon et al., 2005; Barry et al., 2007; 
Nuijten et al., 2009). Information about the 
direction of  gene flow between the different spe-
cies is contradictory, most likely because the lev-
els of  interspecific gene flow are low and, hence, 
difficult to measure. We assume that some gene 
flow is possible between all species in all direc-
tions, although the actual levels of  gene flow are 
not known.

The only allogamous rice species known in 
West Africa is O. longistaminata. All other rice 
species in West Africa are strongly autogamous. 
The level of  cross-pollination of  O. sativa is well 
studied, in particular in relation to genetically 
modified (GMO) rice (for a historical overview 
see Gealy et al., 2003), but reports on the level of  
cross-pollination in O. barthii and O. glaberrima
are difficult to find (Grist, 1986; Oka, 1988). 
One interesting question is whether there may 
be more gene flow from the other rice species to 
O. longistaminata than vice versa. The low levels 
of  cross-pollination together with the strong F1

sterility barriers make introgression between the 
various rice species rather rare, and conse-
quently difficult to quantify.

Chances of Co-flowering

Between cultivated and wild species

Oryza barthii × O. glaberrima and
O. longistaminata × O. glaberrima

The extent of  sympatry1 of  O. glaberrima with 
O. longistaminata and O. barthii varies widely over 
time and space across West Africa and is shaped 
by a complex interplay of  agroecological, socio-
economic and cultural factors. As a result the 
overlap in co-flowering varies accordingly. Both 
O. barthii and O. longistaminata are found 
throughout West Africa. Oryza longistaminata
grows only in lowlands that are seasonally sub-
merged. Oryza barthii is found over a wide range 
of  lowlands, including the hydromorphic zone, 
while O. glaberrima is grown in uplands and low-
lands. In Sierra Leone and Guinea, some plants 
resembling O. barthii grow as weeds in upland 
fields, and these are on occasion collected for seed 
and planted (Richards, 1986). Aside from being 
deliberately planted from time to time, the (semi) 
wild material persists when panicles are har-
vested along with the main cultivar and the seed 
is only incompletely rogued (Richards, 1986).

Oryza barthii × O. sativa and
O. longistaminata × O. sativa

Almost all lowlands are today cultivated with 
O. sativa varieties. This suggests that, compared 
to O. glaberrima, there are more opportunities for 



Gene Flow in Rice Farmers’ Fields 99

co-flowering of  O. sativa with O. barthii and 
O. longistaminata. In areas where farmers trans-
plant rice, they weed out the wild species 
through ploughing (Nuijten, 2005). In lowland 
areas where rice is broadcast, some farmers are 
able to differentiate wild from cultivated rice at 
the vegetative stage whereas others cannot, 
resulting in diverse levels of  wild rice in adjacent 
fields. In The Gambia, the wild rices tend to flower 
earlier than the cultivated rice (Nuijten, 2005). 
The overlap in co-flowering depends on the 
duration and the level of  photoperiod sensitivity 
of  the cultivated rice varieties. In lowland areas 
adjacent to the cultivated rice, farmers generally 
leave O. barthii to grow as it can be harvested for 
food (Richards, 1986; Nuijten 2005). Thus, 
some farmer practices (ploughing, weeding) 
reduce the chances of  co-flowering, while other 
practices (cultural value of  wild rice as a food) 
allow co-flowering (Nuijten, 2005). The genetic 
background of  some semi-wild varieties resem-
bling O. barthii collected in Guinea and Sierra 
Leone (Nuijten et al., 2009) suggests that gene 
flow occurs between O. sativa and O. barthii. The 
exact implications and potential benefits of  these 
findings need to be studied further.

Among cultivated species

Oryza sativa × O. glaberrima

Oryza sativa and O. glaberrima are often found in 
the same field across the upper Guinea coastal 
region, whereas this is not common in the Togo 
Hills (Teeken et al., 2011). The reasons why 
farmers purposively plant the species in mixtures
are agronomic (e.g. increase in yield, prevention 
of  lodging, more simultaneous flowering, or a 
second harvest on the same land due to different 
flowering periods) and related to local beliefs (to 
encourage a good harvest or to prevent witch-
craft). Often O. glaberrima is considered as the 
first (i.e. ancestral) rice (in historical terms) and 
hence good to have in a field with O. sativa, to 
guide it, much as an indigene guides a settler to 
understand the local terrain (Richards, 1986; 
Nuijten, 2005). But the importance of  having 
pure O. glaberrima seed (with its distinctive grain 
shape in addition to its red seed coat) for rituals is 
the main reason why farmers in the Hohoe area 
(Ghana) do not mix O. sativa and O. glaberrima

(Nuijten et al., 2009; Teeken et al., 2011). In 
countries like The Gambia and Senegal farmers 
have largely abandoned the cultivation of  O. gla-
berrima, but it is still a frequent weed in farmers’ 
fields, particularly in the transitional zones 
(Nuijten, 2005). Despite the fact that Gambian 
and Senegalese farmers do not like to have O. gla-
berrima in their fields, they do not bother to 
rogue it carefully from their seed (Teeken et al.,
2011). Elsewhere, for example in southern 
Guinea-Bissau, Guinea and Sierra Leone, O. gla-
berrima is liked and reputed to have better nutri-
tional or therapeutic properties than O. sativa
(Richards, 1996; Teeken et al., 2010). The impli-
cation is that various cultural factors, together 
with agroecological factors, influence the level 
of  gene flow between the two species in differ-
ent ways.

Oryza sativa subsp. indica × O. sativa
subsp. japonica

In general, in West Africa, varieties of  O. sativa
subsp. indica are grown in the lowlands and 
varieties of  O. sativa subsp. japonica are grown 
in the uplands (De Kochko, 1987a; Barry et al.,
2007). However, some indica varieties can be 
found in upland fields, as a plot or mixed in 
plots with japonica (Nuijten and Van Treuren, 
2007; Nuijten and Richards, 2011). For exam-
ple, improved varieties developed for irrigated 
lowland cultivation, known locally as ‘Peking’ 
and ‘CCA’, were adopted by farmers for upland 
cultivation in The Gambia during the 1970s 
and 1980s (Nuijten, 2005). In various regions 
of  Guinea-Bissau, varieties of  both subspecies 
were found growing adjacently or mixed in 
upland areas and transitional zones (Nuijten, 
unpublished). Mixed stands of  both subspecies 
may also be found in other regions in West 
Africa, such as in Guinea and Sierra Leone, as 
both subspecies are cultivated in lowland and 
upland areas (Okry, 2011; Teeken et al., 2011; 
Mokuwa et al., 2013). Whether japonica varie-
ties are grown in lowland areas has not been 
studied. An F1-hybrid sterility barrier exists 
between the two subspecies of  O. sativa,
although not as strong as the one between 
O. sativa and O. glaberrima (Oka, 1988). The 
presence in the field of  varieties with an inter-
subspecific background in West Africa has been 
reported (De Kochko, 1987b).
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Field Settings

Adjacent plots may experience gene flow. Often 
farmers within a village will plant their rice in 
a single area. In the case of  upland rice this is 
commonly done for sharing labour to clear 
vegetation, to make the burning process more 
effective and to reduce pest damage (Richards, 
1986; Nuijten and Richards, 2011). In low-
land areas fields are also situated in single 
areas, often because of  limitations in land. 
Whether two adjacent rice varieties belonging 
to different species or subspecies then co-flower 
along a field boundary depends on various fac-
tors (Nuijten and Richards, 2011). The plant-
ing dates on adjacent plots may differ, 
especially if  farmers share labour for planting. 
The duration of  the rice varieties may differ, 
with no gene flow between varieties with dif-
ferent flowering periods if  they are planted at 
the same time. Conversely, types with longer 
and shorter flowering periods may coincide in 
flowering if  planted at different times. For that, 
topography is an important factor, since farm-
ers often plant slopes (in inland valleys and 
hilly areas) with varieties with different dura-
tions to avoid labour bottlenecks and food scar-
city (Richards, 1986). Rice varieties with the 
same flowering intervals may not exchange 
pollen if  they have been planted at different 
levels on a slope. Those with different flower-
ing intervals might overlap in flowering at a 
field boundary if  the longer-duration variety is 
planted first on a lower slope. Thus, precise 
information is needed for assessing cross-
boundary gene flow – on the number of  rice 
varieties planted, their flowering period, plant-
ing dates, and location in the field, and the 
topography (Nuijten and Richards, 2011).

An important finding from rice farms in 
The Gambia, however, is that the chance of  gene 
flow is much greater among co-flowering plants 
within a single field than across field boundaries. 
It was estimated that the average rate of  cross-
pollination between different varieties within 
the same field was 0.125%, some 25 times 
higher than the estimated average rate of  cross-
pollination between different varieties in neigh-
bouring fields (0.005%) (Nuijten and Richards, 
2011). Data collected by Okry (unpublished) 
suggest similar rates for upland rice farms in 

south-west maritime Guinea. If  these findings 
are replicated for other rice-farming systems in 
West Africa then it seems that mixing of  seed – 
whether deliberate planting of  O. sativa and 
O. glaberrima within one field (Longley and 
Richards, 1993; Jusu, 1999; Teeken et al.,
2011), or due to a relaxed attitude to roguing 
off-types – is the more likely origin of  varieties 
with an interspecific background than planting 
of  O. sativa and O. glaberrima in adjacent plots. 
The findings of  Nuijten and Richards (2011) 
also imply that the chances of  cross-pollination 
between wild and cultivated species are higher 
when the wild rice plants are found within rice 
fields (i.e. when wild varieties remain unweeded), 
rather than as populations occurring on a field 
margin.

From F1 Hybrid to a New Variety, 
Taking O. sativa × O. glaberrima F1

Hybrids as Starting Point

A crucial factor in the development of  interspe-
cific varieties – after the emergence of  rice plants 
with an interspecific background – is the natural 
backcrossing process in the field. Oryza sativa × 
O. glaberrima F1 hybrids with the cytoplasmic 
DNA from O. sativa do not produce pollen (Sano, 
1989), although there may be exceptions (Pham 
and Bougerol, 1993). F1 hybrids can backcross 
to either species, provided co-flowering occurs. 
Various scenarios for backcrossing are illus-
trated in Fig. 8.1. Two main scenarios for back-
crossing can be identified and are described in 
detail below.

First scenario: backcrossing 
to the F1 hybrid

F1 hybrids are known to farmers – as ‘useless’ 
plants that flower but set no seeds. In very rare 
cases, F1 hybrids do produce a few seeds (one or 
two per plant), as the result of  pollination from 
surrounding ‘normal’ plants (Nuijten, 2005). 
These seeds will not be harvested (as the farmer 
will consider the mother plant useless) and, if  
not eaten by birds or other animals, may co-
flower the next season if  rice is planted in the 
same field. In the case where fertility is restored 
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with the first backcross, the progeny of  the 
backcross may produce fully filled panicles 
which can then be included in the harvest by a 
farmer. Whether or not partly fertile panicles are 
included in the seed depends on the harvesting 
method used. If  farmers use a sickle, a partly 
filled panicle is likely included in the harvest 
(Fig. 8.2), but this is less likely if  farmers use a 

knife. Another possibility is that the fertility of  
the backcross is not fully restored, and that the 
pollen produced by the backcross pollinates a 
few flowers of  surrounding normal plants. In 
both sub-scenarios the same field needs to be 
cultivated for at least two seasons. For upland 
rice a general rule is not to sow rice for a second 
season in the same field.

Offspring maintains itself in
the seed, tacit selection on
duration and adaptation 

Hybridization event

F1 hybrid is sown in a field and flowers

Crop is harvested

F1 hybrid is pollinated by normal plants
and produces one or two seeds that are

left in the field to germinate next year

F1 hybrid does not 
produce any seed 

or pollen 

F1 hybrid produces 
pollen and pollinates 

normal plants

Crop is harvested,
and seed is sown

in another field

F0

F1

BC2

BC1

BC1 produces pollen
and pollinates
normal plants

BC1 is pollinated by
normal plants

The same field is
used the next year

Selfing for several generations

Selection as off-type
by farmer after F5

Selection as off-type by farmer
before F5, material segregates

After 1 or 2 years
of testing, the off-type

is accepted by the
farmer and grown and
distributed as a new

variety

The off-type segregates little
and is accepted by the farmer

after 1 or 2 years of testing
and grown and distributed as a

new variety

Because of poor
performance the

off-type is
discarded by the

farmer

The off-type
segregates a

lot and is
discarded by
the farmer

Further selections are made within
the new variety, tested and

distributed if proven acceptable

The off-type is not 
selected by the

farmer but maintains 
itself in the seed

BC1 may produce
offspring
through
selfing

×

× ×

Fig. 8.1. Scenarios for the development of rice varieties with interspecific background.
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Second scenario: backcrossing 
to the parent

The other scenario is that F1 hybrids do produce 
some pollen that pollinates surrounding plants. 
So far, research on the fertility of  crosses 
between O. sativa and O. glaberrima has not 
found an F1 progeny that produces pollen, but 
it is suggested that wide compatibility varieties 
may be able to produce F1 hybrids with fertile 
pollen (Pham and Bougerol, 1993). In this sce-
nario, the backcrossed seed will not be recog-
nized by a farmer (as it sits on a panicle of  a 
normal plant), and will be included in the seed 
for the next season. Assuming two backcrosses 
are needed to restore full fertility, this in-field 
backcrossing needs to be repeated in the next 
two seasons, in which the backcross pollinates 
surrounding normal plants, of  which some will 
be included in the seed for the following year. 
This scenario is not limited to rice-growing areas 
where the same fields are used for several years, 
or where rice ratoons, but is also possible in 
upland areas where farmers only grow rice for 
one year and then move to a new area to clear 
fields for the next season’s rice farms.

More research is needed to decide which of  
the scenarios in Fig. 8.1 are more likely, and 
under what conditions. Among other observa-
tional requirements, it is necessary to observe – 
in detail over a season – a sample of  different 
locations to work out the co-flowering intervals 
of  the different rice types, including ratoons of  
the main cultivars.

After the backcrossing

When fertility is fully restored after two or three 
backcrosses, the offspring of  the interspecific 
cross may maintain itself  in the farmer’s seed 
through self-pollination, if  it is adapted to the 
local agroecological conditions, and if  the farmer 
does not consider the offspring as clearly inferior.

When the level of  mixture in the field is low, 
farmers apply negative selection, only roguing 
those plants with an inferior morphotype 
(Nuijten, 2005). The roguing is done either at 
harvest or when seed is being prepared for sav-
ing (Richards, 1986; Nuijten, 2005). The rigour 
of  roguing also depends on the availability of  
time and labour. Only when the level of  mixture 
is high do most farmers decide to remove all off-
types. Women may object to pounding mixtures 
of  varieties that have different threshabilities, 
cooking times, pericarp colours, etc. Conversely, 
when the level of  mixture in the field is low, an 
off-type (being the progeny of  a backcross) may 
readily remain in the seed. So long as it is not 
considered to be clearly inferior farmers will not 
bother to remove it (Nuijten, 2005).

Some farmers even prefer mixed material, 
since (with small plots) they may have time to 
sort and try out off-types (Richards, 1986), or be 
able to rediscover lost varieties (Nuijten and 
Richards, 2011). Depending on their socio-
economic position, some farmers may have suf-
ficient time – in their own words ‘patience’ – to 
look for off-types (Nuijten, 2010). Such farmers 
exercise positive selection for off-types, having 
learned the value of  experimenting with ‘new’ 
types (often on difficult land). Eventually, off-
types that seem valuable to the farmer (in terms 
of  duration, panicle size, grain size, tillering, 
etc.), may be selected by farmers for testing to see 
whether the off-type may make a useful new 
variety. If  after 1 or 2 years of  testing the 

Fig. 8.2. Two off-types found in a field with the 
variety Pa Three Month (farmer hybrid with semi-
droopy panicle, e.g. variety with interspecific 
background) in Kamba, Sierra Leone, 2009. Most 
of the flowers on panicle (1) are unfertilized and 
have awns similar in colour to those of O. barthii
and interspecific F1 hybrids. The seeds of panicle 
(1) dropped off very easily. The features of the 
(fertile) off-type (2) are intermediate between the 
off-type (1) and the variety Pa Three Month 
(3). Molecular analysis may clarify the genetic 
status of the two off-types.
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farmer finds the new variety useful, he or she 
gives some seed to friends and relatives for testing 
(Nuijten and Richards, 2011). If  the new variety 
endures this cycle of  testing successfully a new 
variety has been developed. A valuable off-type, 
once separated out and carefully tested, may 
bring prestige or gratitude to the farmer who 
selected it in the field, if  it has some useful trait 
(e.g. taste, yield, duration, ability to grow on low-
fertility soils, tillering ability). This prestige and 
gratitude is reflected in the newly developed vari-
ety being named after the farmer who selected it 
as an off-type (Nuijten and Almekinders, 2008).

Participatory research with farmers in The 
Gambia suggests that off-types that segregate a 
lot are abandoned very quickly. These farmers 
were given F3 progenies, but they complained 
that the level of  mixture was too high (Nuijten, 
2005). In fact, various farmers who had devel-
oped new varieties from selected off-types said 
they never observed segregation in the progeny. 
Morphological observation of  the farmer hybrids 
(rice varieties with an interspecific background 
as described by Nuijten et al., 2009) suggests 
that some of  these farmer hybrids look com-
pletely uniform, whereas others show some seg-
regation for one or two traits (e.g. husk colour, 
awning, basal sheath colour).

The spread of  new varieties depends on 
various factors. Important factors are climatic 
variability and climate change. Some farmer 
hybrids identified by Nuijten et al. (2009) are 
very short in duration and were quickly adopted 
in The Gambia and southern Senegal in the 
1970s and 1980s when rainfall was reduced. 
War, such as the conflict in Sierra Leone, may 
force farmers to crop their lands more frequently 
(due to security concerns), and in these cases 
there is a greater need for varieties adapted to 
poor soils and low management. Cultural factors 
may determine patterns of  out-migration (in 
times of  peace and war) and hence influence the 
dispersion of  new varieties over wider regions.

Macro, Regional Settings

It is not only the micro setting at field and village 
levels that shapes farmer activities in relation to 
crop development, but also the macro (regional) 
setting. The above illustrates that distances 

between the nodes of  the networks farmers are 
working in vary from short to very long. How 
exactly the macro/regional setting influences 
farmer activities is not yet well understood. 
Portères (1962) thought that the domestication 
of  O. glaberrima took place in the Inner Niger 
Delta in Mali because of  the large diversity found 
there. Archaeological findings show that gather-
ing of  wild rice also took place in the Lake Chad 
basin (Klee et al., 2004), and this therefore is a 
second possible site for initiation of  the long-
term domestication cycle as described by Alleby 
et al. (2008). Domestication of  rice in West 
Africa began in a wetter phase, about 3500 BP

(see McIntosh and McIntosh, 1981), so it is 
likely that early varieties were taken south by 
populations of  gatherers following the gradual 
shift of  the savannah and forest zones towards 
their present position (see Brooks, 1989). Earlier 
arid phases (enlargement of  Dahomey Gap) 
served to split a number of  West African animal 
and plant species into ‘upper’ and ‘lower’ West 
African populations. It is known that this hap-
pened with oil palm (Cochard et al., 2009). But it 
is not known if  there are similar differences 
among wild rice populations in the region. If  so, 
the domestication of  African rice based on a 
western and eastern focus (Inner Niger Delta 
and Lake Chad) might preserve, in a similar way 
to oil palm, some degree of  ancient geographical 
and evolutionary differentiation in the genetic 
make-up of  African rice.

Semon et al. (2005) suggest that O. glaber-
rima from northern Nigeria is genetically differ-
ent from O. glaberrima from western West Africa. 
Our own data point to an upper Guinean coast 
gene pool being somewhat different from 
O. glaberrima collected in the Togo Hills (Nuijten 
et al., 2009). There was once a debate among 
anthropologists and linguists about whether the 
people of  the Togo Hills belonged to some kind of  
a remnant West African palaeolithic population 
(Westermann, 1954). Notwithstanding a strong 
argument based on anthropological and histori-
cal studies (Nugent, 1997), the idea that there 
may be some connections in language and mate-
rial culture (e.g. African rice) across the chain of  
West African uplands north-eastwards from the 
Togo Hills, through the Atacora Mountains and 
Jos Plateau (central Nigeria), to the Adamawa 
Plateau, adjacent to the Lake Chad basin 
(Blench, 1989) is not entirely dead. To shed 
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more light on this, further investigation, with (e.g.) 
molecular markers, with more extensive sampling, 
in particular from the western and eastern halves 
of  West Africa, is needed (see Li et al., 2011).

Linking the Macro Level 
with the Micro Level

In addition to biological data, better archaeo-
logical, historical and anthropological data will 
improve our understanding of  the level of  differ-
entiation in genetic material on the upper and 
lower Guinea coast compared to Mali, central 
Nigeria and regions adjacent to the Lake Chad 
basin and, most importantly, the development of  
the wide range of  rice-farming systems across 
West Africa, at micro and macro levels. The 
interspecific rice types in the upper Guinea coast 
region (from Senegal to Sierra Leone) identified 
by Nuijten et al. (2009) can be sub-divided into 
two types resulting from a combination of  natu-
ral and cultural selection pressures. The earliest 
cultivation of  the interspecific rice types appears 
to have been in Sierra Leone and Guinea-Bissau, 
which were connected through trade overseas 
(Mouser et al., forthcoming). Both sub-types 
seem to have advantages under adverse condi-
tions such as drought and war (Nuijten et al.,
2009). They are found cultivated adjacent to 
fields with O. sativa and O. glaberrima varieties, 
and within fields, mixed to various degrees, with 
varieties of  O. sativa and O. glaberrima (Nuijten 
and Richards, 2011). Although it is not clear 
whether an F1-hybrid sterility barrier exists 
between these farmer hybrids (varieties with an 
interspecific background) and O. glaberrima and 
O. sativa, it is likely that some hybridization, lead-
ing to the development of  new varieties, takes 
place. As such, the farmer hybrids contribute in 
various ways to the portfolio of  rice varieties 
managed by farmers working under sub-optimal 
farming conditions, indirectly increasing the 
coping strategies of  farmers. They may also have 

potential relevance for exploitation by plant 
breeders (Nuijten et al., 2009). Future advances 
in crop development could be achieved through 
better co-operation between scientists and rice 
farmers working under sub-optimal conditions 
in order to provide solutions in a world of  increas-
ing socio-political and climatic uncertainty.

Conclusion

Without an integrated approach for crop devel-
opment it will not be possible to: (i) set up a man-
agement approach to maintain farmers’ 
activities resulting in the development of  new 
germplasm; or (ii) better understand how to link 
farmer crop development with scientific crop 
development (through participatory plant 
breeding). In this chapter we have described 
several scenarios for the development of  inter-
specific rice varieties. Much information on how 
farmers influence gene flow is not yet known, 
both at micro and macro levels. From an empir-
ical point of  view, more information is needed 
on the weights applied by farmers to the nodes 
and the ways farmers weigh the nodes in a 
so-called gene-flow network. In order to do 
that, biological data on gene flow and the level 
of  interspecific mixtures within farmers’ fields 
need to be integrated with, among other things: 
(i) anthropological data on farmer practices in 
relation to field use and co-flowering of  differ-
ent rice species, and what type of  farmers 
experiment with off-types and under what sorts 
of  conditions; and (ii) with historical data on 
trade routes, cultural linkages between ethnic 
groups and time and place of  introduction of  
various types of  O. sativa in West Africa. 
Although such data sets seem very diverse, they 
can be analysed in an integrated way using an 
interdisciplinary approach, combining natural-
science modelling approaches with social-
science descriptive approaches (Nuijten, 2011; 
Nuijten et al., Chapter 29, this volume).

Note

1 ‘Sympatry’ is defined as ‘species occupying the same geographical range without loss of identity 
from inter-breeding’ (modified from www.merriam-webster.com/dictionary/sympatry, accessed 14 
February 2013).

www.merriam-webster.com/dictionary/sympatry
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Africa are already in place. These include 
diverse germplasm resources, reference genome 
sequences (RefSeq) for both wild and cultivated 
Oryza species, high- and low-density SNP arrays 
and sequence-based genotyping platforms, co -
ordinated phenotyping networks, and models 
and strategies for using genomics information to 
predict phenotypic performance in a breeding 
programme. Given this foundation, the feasibil-
ity of  implementing genomics-based breeding in 
African rice programmes ultimately depends on 
the ability to integrate large genotypic and phe-
notypic data sets in real time and the ability to 
practise rapid-cycle genotype-based selection. To 
meet this challenge, new types of  data manage-
ment, decision-support systems, and timely 
nursery management will be required, as well as 
new institutional partnerships, training pro-
grammes and coordinated research networks.

Finally, genomics-facilitated selection can 
only improve breeding efficiency if  useful models 
are developed linking DNA polymorphisms with 
plant performance in appropriate field environ-
ments. The challenge facing the next generation 
of  rice researchers and breeders is to implement 

Introduction

In this chapter we explore opportunities and chal-
lenges associated with making rice genomics work 
for Africa. In the first section, we discuss how 
sequencing technology is being used to describe 
the extent, distribution and evolution of  genetic 
variation in African rice. The sequence informa-
tion is used to discover single nucleotide polymor-
phisms (SNPs), to inform germplasm conservation 
efforts, and to provide a framework for dissecting 
phenotype–genotype relationships. In the second 
section, we discuss strategies for identifying 
genotype–phenotype associations and using that 
information to enhance the efficiency of  applied 
plant breeding programmes. The strategies include 
quantitative trait locus (QTL) mapping, genome-
wide association mapping, marker-assisted selec-
tion (MAS) and genomic selection. We take note of  
some of  the biological, logistical and institutional 
challenges that must be addressed, and envision 
the development of  a functioning breeding pipeline 
that makes effective use of  new tools.

Many of  the tools and resources needed to dev-
elop genomics-based rice breeding programmes in 
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cost-effective strategies that take advantage of  
high-throughput genotyping and increasingly 
efficient phenotyping strategies to make reliable 
predictions about plant performance in field envi-
ronments that are relevant to African farmers.

What Do We Mean by Genomics?

Genomics is the study of  the genomes of  organ-
isms, or the entirety of  their hereditary informa-
tion. It includes intensive efforts to determine 
the complete DNA sequence of  individuals, to 
annotate that sequence by identifying structural 
features (such as chromosomes, genes, regula-
tory sequences, repetitive elements, and poly-
morphisms), and to interpret the functional 
significance or breeding value of  these features. 
The development of  increasingly high-throughput 
and low-cost sequencing methodologies makes it 
possible to identify and study genome-wide DNA 
variation in hundreds, thousands or millions of  
individuals in real time (Craig et al., 2008; Schuster, 
2008; Edwards and Batley, 2010).

These new sequencing technologies have 
dramatically changed the landscape for detecting 
and monitoring genetic variation in crop plants 
(Rafalski, 2002; Duran et al., 2009; Edwards 
and Batley, 2010). SNPs are the most abundant 
form of  genetic variation in plants and other 
eukaryotic genomes (Kwok et al., 1996). As 
genetic markers, SNPs represent sites in the 
genome where the DNA sequence differs between 
individuals. SNPs are rapidly replacing simple 
sequence repeats (SSRs) as the DNA marker of  
choice for applications in plant breeding and 
genetics because they are more abundant, stable, 
amenable to automation, efficient and cost-effec-
tive to detect, and straightforward to manage in a 
database (Schuster, 2008; McCouch et al., 2010). 
SNPs occur in both coding and non-coding 
regions of  nuclear and plastid DNA, however not 
all SNPs are equally informative. Informative 
SNPs must first be polymorphic in the germplasm 
of  interest. If  they are polymorphic, they may be 
informative because they are in or near genes that 
contribute to a phenotype of  interest or they may 
be useful simply because they provide a finger-
print that uniquely identifies a line or lineage. 
SNPs that are directly responsible for a phenotype 
(because they cause a change in the protein 

product of  a gene or alter the way the gene is 
expressed) are called causative or functional 
SNPs, while SNPs that do not directly affect the 
way a gene functions are called indicative or 
linked SNPs. All types of  SNPs are of  interest to 
plant researchers; functional SNPs directly affect 
plant biology or plant performance, while linked 
SNPs can be used to track alleles of  interest or to 
trace the evolutionary history of  a gene, a region 
of  the genome or the genome as a whole, and col-
lections of  genome-wide SNPs, even without 
knowing if  they are linked to a gene or QTL of  
interest, are useful in genomics-assisted breeding 
applications (Gupta et al., 2001; Rafalski, 2002).

SNPs are generally discovered by sequenc-
ing two or more genomes, aligning the sequences 
and comparing them. In 2005, rice became the 
first crop species to have its genome completely 
sequenced, and this accomplishment rapidly cat-
alysed international interest in rice as a model 
genome for crop genetic research (IRGSP, 2005). 
For many years, the Oryza sativa subsp. japonica
(temperate) variety Nipponbare was the only rice 
genome that had been sequenced to high accu-
racy via the sequencing of  physically aligned 
bacterial artificial clones (BACs). Additional rice 
varieties were ‘re-sequenced’ using a shotgun 
approach, where short sequence reads were 
aligned to the Nipponbare reference genome. 
Re-sequencing is a strategy that generates mil-
lions of  short-sequence reads (50–150 base pairs 
[bp]) at random throughout the genome. These 
short sequences are aligned to the higher-quality, 
fully assembled Nipponbare sequence in order to 
identify SNPs, insertion/deletions (indels) and 
other forms of  DNA variation that distinguish 
the re-sequenced genome from Nipponbare. This 
approach has been used to sequence dozens of  
diverse rice genomes from different subpopula-
tions and species (Ammiraju et al., 2010a; 
Huang et al., 2010; McCouch et al. 2010; Xu 
et al., 2011). Once the short reads are aligned to 
Nipponbare, DNA polymorphisms (SNPs, indels, 
copy number variants or CNVs) are individually 
identified based on their nucleotide position in 
the Nipponbare reference genome. Alignment to 
a reference genome that has been annotated to 
identify genes makes it possible to predict whether 
a SNP falls within or near a gene of  interest, and 
whether a genic SNP is expected to cause a func-
tional change in the protein product (i.e. non-
synonymous change) that might alter the 
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expression of  the gene (Ondov et al., 2008). This 
information can be very useful in predicting 
whether a particular SNP or indel is responsible 
for a phenotype of  interest.

Sequencing of Oryza Species

Sequencing of O. glaberrima

Oyrza glaberrima cv. CG14 was the first African 
rice genome to be completely sequenced to high 
accuracy using a pooled BAC approach (Wing 
et al., 2012, unpublished results). CG14 now 
serves as an independent reference genome for 
domesticated African rice, alongside Nipponbare 
for Asian rice. The O. glaberrima RefSeq is being 
annotated to identify genes, transposons and 
other functionally relevant motifs. It is also being 
compared with the Nipponbare sequence to iden-
tify structural variation, novel genes and selective 
sweeps. This analysis will allow us to identify spe-
cific genes and QTLs that distinguish O. glaberrima
from O. sativa, and will provide insights about the 
traits and genomic regions that were under selec-
tion by early agriculturalists in West Africa.

Reference sequences 
for wild relatives

In addition to the O. glaberrima RefSeq, an interna-
tional effort is under way to generate high-quality 
de-novo reference sequences from representative 
accessions of  all 21 wild Oryza species under the 
organizational umbrella of  the International Oryza
Map Alignment Project (IOMAP) (Goicoechea 
et al., 2010) (Fig. 9.1). The wild relatives of  rice, 
although agronomically inferior, contain a virtu-
ally untapped reservoir of  agriculturally impor-
tant genes that could be used to improve the 
cultivated rice species. Once developed, these 
RefSeqs will be available for SNP calling to facili-
tate diversity analysis of  rice and its wild relatives 
(Ammiraju et al., 2010a). The IOMAP consortium 
is emphasizing the generation of  high-quality de-
novo RefSeqs rather than re-sequences, because 
of  the significant amount of  structural variation 
detected in targeted gene regions. So far, this has 
been demonstrated both for specific regions, such 
as Adh1, Moc1 and Hd1 (Ammiraju et al., 2008, 

2010b; Lu et al., 2009; Sanyal et al., 2010) and 
genome wide (Hurwitz et al., 2010). Additionally, 
efforts are under way to generate de-novo RefSeqs 
for other AA genome wild relatives, as well as for 
each of  the major subpopulations of  O. sativa,
because it is acknowledged that a single RefSeq is 
insufficient to comprehensively understand or 
capture genome diversity within Oryza.

Characterization of genes on 
chromosome 3, short arm

In addition to these full genome Oryza reference 
sequences, the IOMAP project aims to function-
ally characterize the majority of  genes on the 
short arm of  chromosome 3 as part of  an interna-
tional effort to functionally characterize all rice 
genes by 2020 (Zhang et al., 2008). Interest in this 
region of  the genome was related to the fact that 
the Wing laboratory led the US effort to sequence 
the short arm of  chromosome 3 as part of  the 
International Rice Genome Sequencing Project 
(IRGSP, 2005). A nearly complete set of  chromo-
some 3 short arm RefSeqs is available for 12 Oryza
species (indicated with an asterisk in Fig. 9.1) and 
the Oryza outgroup species Leersia perrieri.

Once these sequences have been annotated 
to identify the genes and regulatory sequences 
they contain, it will be possible to determine how 
much useful variation is found in distantly 
related wild species and to begin to introgress 
useful variation (from the AA genome species). 
It should also be possible to take advantage of  
the new knowledge contributed by the IOMAP 
initiative to modify domesticated genomes via 
transgenics in cases where novel genes are found 
in genomes that are not sexually compatible 
with O. sativa and O. glaberrima.

Diversity of Oryza in Africa

Africa contains the largest diversity of  Oryza spe-
cies in the world, with three AA genome species 
(O. glaberrima, O. barthii and O. longistaminata), 
the BB genome species (O. punctata), the CC 
genome species (O. eichingeri), the FF genome 
species (O. brachyantha), and finally the BBCC 
tetraploid species (O. punctata). These species 
span 10–15 million years of  evolutionary history 
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(Vaughan, 1994), making Africa a critical player 
in understanding and preserving the genomic 
diversity of  the Oryza genus.

Brief descriptions of the African Oryza
species and their sequencing status

Oryza glaberrima was domesticated approximately 
3500 years ago from its wild ancestor, O. barthi in 
West Africa (Porteres, 1962; Klee et al., 2000, 
2004). There is some contention about whether the 
domestication process was truly independent of  
Asian rice (Nayar, 2010), but it is evident that 
O. glaberrima experienced a drastic domestication 
bottleneck and, compared to O. barthii, has a very 
narrow genetic base. This suggests that there is 
ample opportunity for African breeders to exploit the 
genetic diversity of  its closely related wild ancestor.

The other closely related AA genome species, 
O. longistaminata, is a highly diverse species capable 

of  reproducing both clonally, via rhizomes, and 
sexually, where it behaves primarily as an outcross-
ing species. To agriculturalists, O. longistaminata is 
a noxious weed because of  the invasive nature of  
its rhizomatous habit which makes it very difficult 
to eradicate. The first disease-resistance gene 
cloned in rice was Xa21, which was derived from a 
backcross introgression line between O. sativa and 
O. longistaminata (Ikeda et al., 1990; Song et al.
1995) (Table 9.1). RefSeqs for both O. barthii and 
O. longistaminata are in progress.

The diploid BB genome species, O. punctata,
is a serious noxious weed in East Africa (Vaughan, 
1994; Brink and Belay, 2006). The IOMAP con-
sortium completed a RefSeq for this genome, 
which is slightly larger than the AA genome spe-
cies at 425 megabases (Mb) (Ammiraju et al.,
2006). This genome will serve as an important 
evolutionary outgroup for all the AA genome 
species comparisons, as it is estimated to have 
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Fig. 9.1. Oryza: 24 species (two cultivated) – ten genome types. Asterisks indicate species for which a 
nearly complete set of chromosome 3 short arm reference sequences is available. (After Ge et al., 1999; 
Ammiraju et al., 2008; www.knowledgebank.irri.org/extension/index.php/wild-rice-taxonomy.) MYA, million  
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diverged from the AA genome lineage about 2–3 
million years ago. The classification of  O. puncta-
ta’s tetraploid BBCC genome is still in question. 
Several important traits have been identified in 
O. punctata, including resistance to bacterial leaf  
blight and brown planthopper (Brink and Belay, 
2006), which could potentially be used to improve 
cultivated rice.

Oryza eichingeri is one of  three CC genome 
species and the only one endemic to Africa. 
Potentially useful traits that have been identified 
in specific accessions include resistances to rice 
stem rot (Figoni et al., 1983), Rice yellow mottle 
virus (RYMV) (Brar and Khush, 1997), brown 
planthopper (Brar and Khush, 2003) and green 
leafhopper (Brar and Khush, 2003) (Table 9.1). 
The genome of  O. eichingeri is about 650 Mb, 
twice that of  O. glaberrima (Ammiraju et al.,
2006). Development of  a full genome sequence 
for this species is still in the planning stage.

Oryza brachyantha (FF genome) is one of  the 
most distantly related species of  cultivated rice, 
having diverged from a common ancestor approx-
imately 10 million years ago. It contains alleles for 
disease and insect resistance, as well as tolerance 
to laterite soils (Figoni et al., 1983; Heinrichs et al.,
1985; Chaudhary and Khush, 1990; Khush and 
Brar, 2002; Brar and Khush, 2003) (Table 9.1). It 
has the smallest genome of  any Oryza species at 

362 Mb (Ammiraju et al., 2006) and is being 
sequenced under the leadership of  Mingsheng 
Chen (Chinese Academy of  Sciences, Beijing).

The rapid accumulation of  sequence infor-
mation on diverse species opens the door to a 
new age of  germplasm conservation, evaluation 
and utilization (McCouch et al., 2012). It also 
challenges gene banks and the breeding com-
munity to join forces with geneticists, molecular 
biologists, computational biologists and evolu-
tionists to better understand the relationship 
between DNA, RNA, phenotypic and environ-
mental variation and to better utilize the wealth 
of  natural variation for plant improvement.

Breeding Using Diverse 
Gene Pools of Oryza

Despite global awareness about the value of  
genetic variation and efforts to preserve genetic 
resources in the world’s gene banks, only a small 
fraction of  the naturally occurring wild and cul-
tivated variation in rice has been explored to date. 
This is changing as genomics and sequencing-
based activities begin to provide descriptions of  
germplasm resources at the molecular level 
(Sakai et al., 2011). Since the mid-1990s, 

Table 9.1. African rice species as sources of resistance and tolerance to abiotic and biotic stresses.

Stress
O. barthii
AA

O. glaberrima
AA

O. longistaminata
AA

O. punctata 
BB

O. eichingeri 
CC

O. brachyantha 
FF

Drought Tolerance Tolerance Tolerance
High mineral 

content in soil
Tolerance Tolerance

Bacterial blight Resistance Resistance Resistance Resistance
Bacterial leaf 

streak
Resistance

Stem rot Resistance Resistance
Tungro virus Resistance
RYMV Resistance Resistance
Nematodes Resistance Resistance
African rice 

gall midge
Resistance

Brown 
planthopper

Resistance Resistance Resistance

Green
leafhopper

Resistance

Stem borer Resistance
Whorl maggot Resistance Resistance
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marker-based breeding strategies at Africa Rice 
Center (AfricaRice) have focused primarily on 
introgressing single genes/QTLs or simply inher-
ited traits from diverse donors into elite recur-
rent parents (see Ndjiondjop et al., Chapter 12, 
this volume). Marker-assisted selection (MAS) 

has been very productive in rice, where many 
genes and QTLs of  large effect are known to con-
fer agronomically useful phenotypes, and where 
SNPs, SSRs and other molecular markers are 
available for efficient backcross conversion 
(Fig. 9.2) (Collard and Mackill, 2008).

Marker type use
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O. eichingeri
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Fig. 9.2. Projected relative contribution of different factors to genomics-assisted rice breeding over a 
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Significant progress has been made using 
marker-assisted backcrossing to move genes and 
QTLs across species (e.g. O. sativa × O. glaberrima)
or subspecies (O. sativa subsp. indica × O. sativa
subsp. japonica) boundaries. In these cases, there 
are usually sterility barriers to contend with, 
and these must be overcome on a case-by-case 
basis. To address the sterility barrier, several 
forms of  interspecific (O. sativa × O. glaberrima)
bridging materials have been created (AfricaRice, 
2010). These bridge materials make it easier to 
exploit the range of  variation available in O. gla-
berrima and O. barthii and to recombine that 
variation with diverse forms of  Asian rice 
(AfricaRice, 2010).

With the availability of  new, high-resolution 
genomics platforms, there is growing interest in 
a molecular breeding strategy known as 
genomic selection. Genomic selection involves 
the use of  genome-wide SNP scans to model 
phenotypic performance, and makes it possible 
for a breeder to select on multiple, complex 
(quantitatively inherited) traits simultaneously, 
without prior knowledge of  the genes or QTLs 
involved. Genomic selection is most efficient 
when the objective is to make rapid genetic gain 
within a well-adapted, well-defined breeding 
pool, and where selection is being imposed on 
additive genetic variation (see ‘Genomic selec-
tion’ below).

To take advantage of  the diverse gene pools 
available in rice, African rice breeders are likely to 
handle multiple streams of  germplasm in their 
breeding programmes. One stream focuses on 
introgressing novel genetic variation from diverse 
and often unadapted donors, and the other 
focuses on recombining favourable alleles within 
adapted gene pools. The first is a form of  pre-
breeding and requires the development of  inter-
specific or inter-subspecific populations, where 
the objective is to enhance the performance of  
adapted, elite lines by introgressing selected novel 
alleles from divergent sources (Tanksley and 
McCouch, 1997; Xiao et al., 1998; Moncada et al.,
2001; Li et al., 2004; Sarla and Mallikarjuna 
Swamy, 2005; McCouch et al., 2007; Venuprasad 
et al., 2009, 2011a). The second breeding stream 
involves only elite, adapted materials that are 
inter-mated in an effort to improve their overall 
performance. This may involve the improvement 
of  defensive traits (e.g. resistance to diseases, 
insects, weeds, abiotic stress), grain quality 

characteristics or the improvement of  yield per se 
(Lamkey and Lee, 2006).

While the quantitative genetic models 
underlying these two streams are different (the 
first involves additive, epistatic and genotype-by-
genotype interaction [G×G] effects and the sec-
ond targets mostly additive genetic variation), in 
both cases genomics can help drive the efficiency 
of  breeding programmes and enhance genetic 
gain per cycle of  selection. In the case of  genomic 
selection, information about the effects of  single 
genes or specific introgressions that are known 
to be of  value can be readily incorporated into 
the quantitative models used to predict perfor-
mance. For complex traits like yield under 
drought, several potentially useful large-effect 
QTLs have been detected whose expression var-
ies depending on the genetic background (e.g. 
Bernier et al., 2007; Venuprasad et al., 2009, 
2011b,c). It is particularly important to address 
the question of  genetic background effects in 
rice because of  the number of  deeply differenti-
ated subpopulations and species that are used in 
most breeding programmes. Prediction of  intro-
gressed allele effects across a range of  genetic 
backgrounds will be necessary to facilitate the 
efficient utilization of  variation from wild and 
unadapted donor materials. Detailed sequence 
information can be used to model G×G interac-
tions and to facilitate the identification of  allelic 
series where different donor accessions may con-
tribute subtle trait variation based on finely 
tuned differences among alleles at the same loci.

Understanding Genotype–
Phenotype Relationships

Understanding the relationship between geno-
typic (SNP) variation and phenotypic variation 
is key to the application of  genomics in plant 
improvement, and it is also an important area of  
basic study in the biological sciences. Using both 
‘forward genetics’ (phenotype to genotype) and 
‘reverse genetics’ (genotype to phenotype) 
approaches, researchers are investigating how 
variation at the DNA level contributes to an 
organism’s phenotype in the context of  normal 
growth and development, response to environ-
ment, and ability to withstand biotic or abiotic 
stress. Our understanding of  genotype–phenotype 
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relationships for rice in Africa will expand and 
deepen with the accumulation of  data and infor-
mation related to germplasm and growing envi-
ronments of  interest to African rice breeders. 
This will enable scientists to develop predictive 
models where genotypic information is used to 
predict phenotypic performance and to test these 
predictions in the field. As participants in this 
process, the new generation of  plant breeders in 
Africa will collectively begin to transform plant 
breeding from a largely black-box activity into 
an increasingly predictive and hypothesis-driven 
science.

Genomics-based studies that examine 
genotype–phenotype relationships can be used 
to enhance the productivity and sustainability 
of  rice production in Africa. Here we review four 
approaches: (i) quantitative trait locus (QTL) 
mapping (Tanksley, 1993; Mauricio, 2001); (ii) 
genome-wide association studies (GWAS) (Zhu 
et al., 2008); (iii) marker-assisted selection 
(MAS) (Lande and Thompson, 1990; Collard 
and Mackill, 2008); and (iv) genomic selection 
(GS) (Meuwissen et al., 2001; Jannink et al.,
2010). Some of  these approaches aim to identify 
markers that uniquely tag genes or regions of  
the genome that condition traits or phenotypes 
of  interest for MAS, while others utilize genome-
wide polymorphisms to identify parents with 
complementary forms of  variation for use in 
crossing, or to predict which offspring are most 
likely to outperform others in a breeding pro-
gramme (as in GS).

These methodologies are of  interest because 
the resulting associations or correlations between 
genotype and phenotype provide the basis for 
predicting the performance of  new lines from 
DNA evidence. In turn, these predictions enable 
much more rapid and inexpensive selection of  
the most valuable lines, accelerating the breed-
ing cycle and increasing selection intensity. All 
four of  the genomics-based studies reviewed 
below require the same essential ingredients: a 
relevant population of  plants, a set of  genotypes 
for each member of  the population, data on trait 
values or phenotypic performance for each 
member of  the population, and appropriate 
analysis tools. The essential difference between 
studies focusing on genetic discovery and those 
focusing on plant improvement have to do with 
the finite nature of  genetic studies, which are 
conducted as discrete projects, while genomic 

selection is integrated into a continuous prod-
uct-development pipeline that has to be man-
aged by the breeders. None the less, because 
both types of  studies share the same ingredients 
and require similar attention to the quality of  
their execution, we begin by reviewing strategies 
that maximize their efficiency.

Genotyping and phenotyping strategies

To achieve the highest level of  statistical power 
for identifying QTLs, experimental and environ-
mental variation associated with both the geno-
typic and the phenotypic assays must be 
minimized. Genotyping with SNPs is currently 
the most reliable method for achieving this on 
the genotypic side, because SNP technology is 
highly automated and readily differentiates the 
four nucleotides (ACTG), eliminating a large 
degree of  the experimental error and subjectiv-
ity involved in interpreting SSR polymorphisms 
and restriction fragment length polymorphisms 
(RFLPs), and greatly facilitating data integration 
across laboratories. In rice, numerous different 
types of  SNP detection platform are available, 
including several low-density assays designed 
for specific types of  populations (e.g. 384-SNPs; 
Thomson et al., 2011), a medium-density fixed 
array (44,000 SNPs; Zhao et al., 2011), a high-
density fixed array (1M SNPs; McCouch et al.,
2010) and the genotyping by sequencing 
approach (Huang et al., 2010; Elshire et al.,
2011; Wang et al., 2011). In addition, re-
sequencing data for hundreds or thousands of  
different rice genomes, including several African 
species (as outlined above), is being generated 
and will soon be publicly available as the basis 
for designing virtually any SNP assay of  interest 
(Ammiraju et al., 2010a; McCouch et al., 2010; 
Xu et al., 2011).

Fixed-array or uniplex SNP assays are well-
suited to linkage and association mapping or 
single-gene introgression projects where the key 
cost concern is the price per marker data point. 
However, they remain too expensive for routine 
use in breeding where the key cost is the geno-
typing cost per selection unit (the line, family or 
individual under selection). Breeders are likely to 
begin to routinely acquire and use genome-wide 
marker data when the cost of  genotyping is 
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equivalent to the cost of  phenotyping a new 
selection candidate in a single replicated field 
trial (about US$20–30 in many species and 
environments). Genotyping based on highly 
multiplexed next-generation sequencing of  
restriction-site associated DNA (RAD) (Baird 
et al., 2008) – also referred to as genotyping by 
sequencing (GBS) (Elshire et al., 2011) – is rapidly 
reducing genotyping costs to this level, and will 
shift the phenotyping:genotyping cost balance on 
a per-line basis strongly in favour of  genotyping. 
At this cost, genotyping a line or population is a 
fraction of  the cost of  acquiring highly precise 
phenotypic information for low-heritability agro-
nomic traits, which requires replicated field test-
ing over several locations and years.

With the rapid evolution of  high-throughput 
genotyping platforms and technologies, it is dif-
ficult for small laboratories and institutions to 
keep up with the pace of  change. Thus, routine 
genotyping is almost always out-sourced to pro-
fessional genotyping centres that offer competi-
tive pricing based on economies of  scale. 
Collectively, these centres can ensure ready 
access to the newest technologies, which are 
almost always cheaper, faster and technically 
more straightforward than older ones. Advanced 
laboratories in the EU, USA and Asia routinely 
out-source their genotyping to commercial cen-
tres for these reasons. In contrast, expertise on 
the phenotyping side, which is in critically short 
supply, is much more deeply rooted in local sci-
entific communities that are well positioned to 
evaluate materials directly in environments of  
interest. This suggests that the competitive 
advantage of  international agricultural research 
centres, such as AfricaRice, and national agri-
cultural research systems (NARS) located in 
rice-growing environments, will be to invest in 
new phenotyping capabilities and to enhance 
the efficiency of  phenotyping strategies, while 
out-sourcing most of  their genotyping activities. 
Phenotyping capabilities are in great demand 
and a serious investment in sophisticated and 
efficient phenotyping and analytical capacity 
would drive new forms of  collaborative research 
internationally, bringing renewed attention to 
the advantages of  the international agricultural 
research centres.

In any phenotyping endeavour, variation 
due to genetics must be distinguished from varia-
tion due to environment. When phenotyping is 

done in the field, this has traditionally been 
addressed by replicating experiments over years 
and locations, as well as by controlling as many 
environmental variables at each site as possible. 
When experiments are conducted in a growth 
chamber or greenhouse, environmental varia-
tion may be further reduced and this may 
enhance a researcher’s ability to identify mean-
ingful genotype–phenotype associations. For 
example, traits such as disease or insect resist-
ance are amenable to evaluation under con-
trolled conditions because they often require that 
specific strains of  a pathogen or pest be used for 
inoculation and that plants be protected from 
other stresses that may interfere with the evalua-
tion of  the disease response. Similarly, for some 
abiotic stresses, a specific amount, timing or type 
of  stress may be critical to the evaluation, mak-
ing it preferable to evaluate plants under con-
trolled conditions. While controlled conditions 
can greatly accelerate the identification of  genes 
and QTLs underlying complex phenotypes, these 
associations must ultimately be tested in the field 
to determine their relevance and reliability for 
breeding applications. For composite traits, such 
as yield, drought resistance and flowering time, 
where the genotype × environment interaction 
component is known to be high, and the com-
plexity of  environmental signals over the course 
of  the growing season cannot be modelled in a 
greenhouse or growth chamber, phenotypic 
evaluation is best performed directly in the field. 
New tools and screening methodologies are 
being used to enhance the precision and effi-
ciency of  phenotyping, in concert with the use of  
genomics to enhance the power and efficiency of  
genetic characterization. For example, geo-
graphic information systems (GIS) are widely 
used to help identify and characterize target pop-
ulations of  environments (TPEs) selected to be 
representative of  the larger spectrum of  produc-
tion environments, and remote-sensing technol-
ogies make it feasible to evaluate the performance 
of  large populations of  plants under diverse field 
conditions. Where possible, simultaneous phe-
notypic evaluation of  a QTL-mapping population 
or GWAS diversity panel under both controlled 
and field conditions provides valuable data for 
determining whether the same or different SNPs 
are significantly associated with a phenotype in 
different environments. Ultimately, advances in 
phenotyping, genotyping and environmental 
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characterization together make it possible for 
breeders to begin to tailor varieties to specific 
environments.

It is critical that when phenotyping a map-
ping population or association mapping panel, a 
high level of  broad-sense heritability (H) or 
repeatability be achieved to ensure reliable esti-
mation of  effects (this H should be estimated on 
a marker or haplotype basis, as discussed below). 
This is especially important when alleles are at 
low frequency in the population, with the minor 
allele occurring in only a few lines. Broad-sense 
heritability is rarely reported for GWAS pheno-
typic information, but is the key parameter to 
monitor in any genetic analysis of  quantitative 
traits that are affected by the environment. In 
association or QTL-mapping experiments, invest-
ments aimed at increasing phenotyping preci-
sion, in order to achieve a high level of  H, provide 
high returns because the effects estimated in 
these experiments are the basis for subsequent 
marker-assisted breeding and introgression.

Existing phenotypic data can be leveraged 
at virtually any phase of  a breeding programme 
to begin to identify markers or QTLs that are 
associated with a major effect on plant perfor-
mance. Selective genotyping, including bulked 
segregant analysis (BSA) (Lander and Botstein, 
1989; Darvasi and Soller, 1992; Navabi et al.,
2009; Sun et al., 2010) may be performed on a 
population that has been evaluated for pheno-
typic performance in the field, greenhouse or 
growth chamber to identify marker alleles that 
exist at different frequencies in individuals with 
contrasting phenotypes. The breeder harvests 
leaf  tissue (and ideally seed) from one or both 
phenotypic extremes of  the population, extracts 
DNA and performs a genotyping assay using one 
of  the many SNP assays available to the rice 
community (the density of  SNPs required at this 
point depends on the population structure of  the 
lines being evaluated) and compares SNP allele 
frequencies among the two phenotypic groups. 
This approach was successfully used by Bernier 
et al. (2007) and Venuprasad et al. (2009) to 
identify large-effect QTLs for grain yield under 
drought stress in rice, and by Nandi et al. (1997) 
to identify a submergence-tolerance QTL in low-
land rice.

Finally, we note that to maximize the bene-
fit of  applying genomics to plant breeding, 
researchers need to evaluate the effects of  

alleles more so than those of  lines. Traditional 
plant breeding research has developed effective 
tools for the identification and crossing of  
favourable lines. Genomics research, on the 
other hand, is providing tools to increase the effi-
ciency of  manipulating alleles, by identifying 
desirable alleles and pyramiding them or by 
using their estimated effects to predict the value 
of  new lines. For the purpose of  allele evalua-
tion, the replication of  lines is much less, or not 
at all, necessary: the alleles themselves are repli-
cated across lines regardless of  whether the lines 
themselves are replicated. Experiments with 
unreplicated lines can therefore have the great-
est QTL detection power (Knapp and Bridges, 
1990) and provide the best predictive ability 
(Zhong et al., 2009). The same holds true for 
GWAS studies. Daetwyler et al. (2007) and 
Hayes et al. (2009) have described the relation-
ship between trait heritability on an evaluation-
unit basis (lines, families, etc.), the number of  
loci affecting the trait of  interest, and the size of  
the GWAS population. Their analyses indicate 
that the precision of  haplotype effect estimation 
increases with the size of  the population, and that 
optimal designs consider the marker or haplotype 
as the unit of  evaluation, rather than the line.

Earlier mapping experiments emphasized 
achieving a high repeatability of  effect estimates 
for individual lines because genotyping was 
much more expensive than phenotyping. Now 
that the balance has shifted, optimal designs – 
i.e. those that maximize the repeatability of  hap-
lotype rather than line effects – are those that 
test as many lines as possible with little or no 
replication of  individual lines. Designs maximiz-
ing the number of  unreplicated lines used in the 
genetic analysis of  populations, although theo-
retically superior, were impractical until geno-
typing costs dropped to the point where 
genotyping became inexpensive relative to phe-
notyping. We have now reached this point, 
which has far-reaching consequences for the 
implementation of  field trials for phenotyping 
complex traits in the context of  genomics-based 
crop improvement.

QTL mapping

A QTL is a region of  the genome defined by 
molecular markers that is predicted to contain a 
gene or genes associated with a specific trait 
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(Mauricio, 2001; Bernardo, 2008). QTL map-
ping involves the analysis of  a population (or 
populations) derived from a cross between two 
parents, where individual plants, lines or families 
within the population have been characterized 
for a set of  well-distributed molecular-marker 
polymorphisms (RFLP, SSR, SNPs, etc.), as well 
as for one or more quantitative traits. A QTL is 
declared when there is a statistical association 
between the segregation of  molecular polymor-
phism and a measurable phenotype, using the 
individual segregants within the population as 
replicates (Tanksley, 1993). The phenotype of  
interest may be a feature of  the whole plant, an 
organ or a tissue, or it may be characterized as a 
feature associated with the DNA, RNA or pro-
tein. It may be evaluated under field conditions 
or experiments may be conducted under con-
trolled conditions in a growth chamber or green-
house. The objective of  QTL analysis is to identify 
the position and relative importance of  genetic 
factors that collectively determine a trait or phe-
notype of  interest, and to identify sources of  
favourable and unfavourable alleles at each QTL 
(Bernardo, 2008).

QTL mapping is relevant to the agricultural 
community because it provides a way of  geneti-
cally dissecting quantitative variation found in 
naturally occurring germplasm resources and 
offers insight into the linkage and epistatic rela-
tionships among genes and QTLs controlling 
diverse traits of  interest. The QTL database in 
Gramene offers one of  the largest repositories of  
QTL information for rice in the world (Ni et al.,
2009). Plant breeders are able to make direct 
use of  QTL results for MAS as long as the genetic 
materials in their breeding programme are iden-
tical or closely related to the parents used to 
detect the QTLs. Molecular geneticists use QTLs 
as a first step in map-based cloning to identify 
genes underlying the QTL and to examine their 
molecular function and role in a biochemical or 
regulatory pathway. QTL information is valuable 
in both cases because it narrows the genomic 
search space for identifying genes underlying 
complex phenotypes, and it provides global 
information about the genetic architecture of  
those phenotypes, including the location and 
relative importance of  each locus contributing 
to the quantitative trait.

It should be noted that QTL mapping works 
well when the genetic architecture of  a trait is 

such that one or a few loci account for a large 
proportion of  the genetic variance. All QTL 
effects are estimated with error, but when effects 
are very large, the ‘signal-to-noise’ ratio is large 
and effects are estimated with reasonable accu-
racy. When this is not the case, i.e. when the trait 
is actually controlled by many genes with small 
effects that are similar in size, QTL mapping 
experiments can provide misleading results due 
to the selection bias that results from the process 
of  ranking QTLs by their effect sizes, and then 
selecting as significant only those that exceed a 
given threshold. If  the true sizes of  effects of  
genes contributing to a polygenic trait are small 
and similar, as is likely to be the case for many 
complex traits, then much of  the difference in 
estimates will result from experimental ‘noise’ 
that will not recur in subsequent experiments. 
The situation is analogous to a cultivar trial in 
which differences are small, and error variance 
is large relative to genotypic differences; in such 
trials, when cultivars are ranked on the basis of  
their mean yields, and then the high tail of  the 
distribution is selected, the effect sizes of  the 
selected genotypes always shrink back towards 
the mean in subsequent trials, in rough propor-
tion to their repeatability in the estimation 
experiment. This type of  selection bias in QTL 
mapping leads to a more or less random subset 
of  QTLs being declared significant in any par-
ticular experiment (Lande and Thompson, 
1990; Beavis, 1994; Bernardo, 2008; Heffner 
et al., 2009). MAS schemes based on such QTL 
effects are likely to give disappointing results. 
When the genetic control of  traits is truly poly-
genic, approaches based on genome-wide asso-
ciation of  phenotypes with haplotypes at many 
loci are likely to be superior (Heffner et al., 2009).

Genome-wide association studies (GWAS)

GWAS, like QTL mapping, are based on the anal-
ysis of  phenotypes and genotypes, but in GWAS, 
the genotyping and phenotyping are performed 
on a diverse collection of  unrelated strains 
(referred to as a diversity panel) rather than on 
the progeny of  a bi-parental cross (referred to as 
a QTL-mapping population) (Yu et al., 2005; Zhu 
et al., 2008). Genetic relationships among indi-
viduals that comprise association mapping pan-
els vary widely. The use of  very diverse panels 
may make it difficult to phenotype certain traits 
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in the field, if  some genotypes are so poorly 
adapted that trait expression is affected; in prac-
tice, association mapping panels should be com-
posed of  the most diverse set of  adapted lines 
possible. GWAS analysis, like QTL mapping, 
relies on the strength of  linkage disequilibrium 
(LD) between markers and phenotypes in the 
materials under study, and both aim to identify 
genes or regions of  the genome that underlie 
complex phenotypes. While both approaches 
depend on identifying association between 
markers (i.e. SNPs) and traits of  interest, GWAS 
does so in the context of  evolutionary biology 
and population genetics, while QTL mapping 
does so in the context of  inheritance genetics 
(Bernardo, 2008). GWAS generally provides 
greater resolution for the same population size, 
due to the fact that LD generally decays more 
quickly in a set of  unrelated lines compared to 
bi-parental mapping populations (Flint-Garcia 
et al., 2003; Famoso et al., 2011). This is because 
there have been more generations of  effective 
recombination separating lines in a diversity 
panel from their last common ancestor, than 
among segregants derived from a recent bi-
parental cross. Despite these differences in reso-
lution, the two approaches are complementary 
and are often pursued jointly (Yu et al., 2008; 
Legarra and Fernando, 2009; McMullen et al.,
2009; Famoso et al., 2011). They can be used to 
dissect complex traits in virtually any segregat-
ing population of  interest as long as genotypes 
and phenotypes can be reliably assayed on the 
same individuals or families.

Marker-assisted selection (MAS)

MAS represents an early stage in the develop-
ment of  genomic-assisted breeding strategies 
(Lande and Thompson, 1990) and can be used 
as soon as marker-alleles are identified that can 
reliably predict a trait or a phenotype of  interest 
in populations that are relevant to the breeder. 
The reliability of  the association between a 
marker-allele and a phenotype of  interest is key 
because MAS substitutes selection on phenotype 
with selection on specific marker-alleles. Most 
MAS programmes use small numbers of  mark-
ers to select for genes or QTLs of  relatively large 
effect and use two schemes: (i) backcrossing to 
introduce favourable alleles from a donor variety 
into one or more elite genetic backgrounds; and 

(ii) recurrent selection to cumulate alleles from 
several loci in a breeding population, using 
markers to enrich favourable alleles in each gen-
eration. This latter practice is called marker-
assisted recurrent selection (MARS; Charmet 
et al., 1999). A requirement of  using markers 
identified in prior QTL studies is that these mark-
ers can be traced as identical by descent (IBD) to 
the parents carrying the favourable allele in the 
QTL analysis. Thus, there must be a clear line of  
descent from the QTL study to the breeding 
material, with loci being followed by marker 
genotyping throughout. In addition, when 
breeding populations are generated by crossing 
highly divergent materials, as in the case of  
O. sativa × O. glaberrima or O. sativa × O. longis-
taminata populations, breeders must ensure 
that the marker–trait relationship is not dis-
rupted by dramatic changes in the genetic 
background as the favourable alleles are trans-
ferred to an elite agronomic background.

As reviewed by Collard and Mackill (2008), 
MAS has several advantages over conventional 
phenotypic selection in a breeding programme, 
as long as the marker genotypes can be inexpen-
sively generated within the context of  the nor-
mal breeding cycle and the information can be 
communicated to the breeder in a timely and 
cost-effective way. The practice saves the breed-
er’s time, resources and effort because it allows 
selection to be carried out at the seedling stage 
(even for traits expressed late in the life of  the 
plant), it permits the selection of  heterozygous 
individuals without the need for progeny testing, 
it facilitates gene pyramiding for durable disease 
and insect resistance, and it greatly enhances 
the efficiency of  backcross conversion by facili-
tating both foreground and background selec-
tion, thereby helping to break linkage between 
favourable and unfavourable alleles (known as 
linkage drag).

As the cost of  genotyping continues to fall 
and the number of  markers available for rice 
continues to rise, large populations of  lines can 
now be genotyped at much lower cost than it 
would take to evaluate them in multi-location 
trials for key phenotypes associated with perfor-
mance (Jannink, 2005; Heffner et al., 2010). In 
rice, MAS has been used successfully to rapidly 
introgress genes and QTLs into elite breeding 
lines to enhance biotic and abiotic stress toler-
ance, grain quality and yield (Xiao et al., 1998; 
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Ashikari and Matsuoka, 2006; McCouch et al.,
2007; Neeraja et al., 2007; Septiningsih et al.,
2008; Shanti et al., 2010; Lorieux et al., Chapter 
10, this volume; Ndjiondjop et al., Chapter 12, 
this volume). MAS strategies require high confi-
dence in marker–QTL allele association and 
therefore do not reliably handle quantitative 
traits with complex genetic architecture involv-
ing hundreds of  genes or QTLs, where this confi-
dence cannot be obtained. Even for traits with 
such architectures, however, a few large-effect 
loci may segregate that are amenable to these 
strategies.

Genomic selection (GS)

Genomic selection (GS) extends the use of  mark-
ers to breeding highly polygenic traits when there 
can be little confidence in specific marker–QTL 
associations, and is complementary to conven-
tional MAS. Genomic selection couples the rele-
vant phenotyping of  large plant breeding 
populations with high-density marker technolo-
gies to deal with quantitative traits such as yield, 
drought tolerance or flowering time (Meuwissen 
et al., 2001; Buckler et al., 2009; Jannink et al.,
2010). This coupling requires effective database 
solutions to handle the large amounts of  pheno-
typic and genotypic (marker) data, as well as new 
statistical methods. The requisite genotyping 
capacity is already available in rice, as inexpen-
sive genome-wide marker-detection platforms 
permit parallel scoring of  a few hundred up to 
hundreds of  thousands of  polymorphisms across 
the rice genome (Huang et al., 2010; McCouch 
et al., 2010; Wang et al., 2011). At the same time, 
algorithms have been developed that can simul-
taneously estimate the effects of  all markers on 
phenotype, providing unbiased predictions of  the 
performance of  newly genotyped lines and 
capturing the influence of  even the many small 
effects determining quantitative traits (Meuwissen 
et al., 2001; Jannink et al., 2010).

To generate accurate predictions, genomic 
selection proceeds as follows. A training popula-
tion must be constituted and characterized both 
genotypically and phenotypically, generating a 
joint genotype–phenotype data set. This popula-
tion should be closely related to the breeding 
lines on which genomic selection will be prac-
tised. For a breeding programme, a logical choice 
for the training population are experimental 

lines that have previously passed through the 
programme and are therefore already well char-
acterized in the environments that the pro-
gramme targets (Heffner et al., 2009; Jannink 
et al., 2010). In practice, this is likely to be 
the early-generation testing component of  the 
breeding programme, with the model updated 
every time a test of  new breeding materials is 
conducted. This joint genotype–phenotype data 
set is analysed using one of  the statistical meth-
ods that have been proposed to train a prediction 
model (a comprehensive review is given by 
Lorenz et al., 2011).

Models can be optimally designed to predict 
either the performance of  the lines themselves or 
that of  their progeny. In the latter case, the pre-
diction is called the genomic estimated breeding 
value (GEBV) and it is the optimal predictor for 
selecting parents to initiate a new round of  
crosses and breeding. Prediction models can be 
developed for any trait for which there is suffi-
cient phenotypic data, and these multivariate 
predictions can then be combined into a selection 
index, much like phenotypic measurements. 
A great value of  GS methods is that, through 
evaluation of  the effects of  alleles that occur in 
many lines across a breeding programme, they 
leverage investment made in all phenotyping 
efforts for the purpose of  improving the prediction 
for any given line. This leveraging is an important 
advancement over conventional phenotypic selec-
tion where a phenotypic measurement really pro-
vides information only on the line itself.

In conventional breeding systems, selection 
is based almost exclusively on the phenotype of  a 
candidate. In GS schemes, selection (at least in 
the preliminary stages) is based on the candi-
date’s genotype, which is quickly and inexpen-
sively determined, rather than on its phenotype, 
which is very expensive to measure reliably, 
particularly for low-heritability traits. This ‘de -
coupling’ of  selection from phenotyping can 
potentially increase breeding progress in three 
main ways:

1. It permits estimates of  haplotype effects from 
previous testing to be used in predicting line per-
formance, potentially increasing accuracy.
2. It allows selection intensity to be increased 
by permitting selection of  lines that have been 
inexpensively genotyped, but not expensively 
phenotyped.
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3. It permits recurrent selection to be conducted 
without intervening cycles of  line extraction 
and phenotyping, allowing a radical shortening 
of  the breeding cycle.

Developing the capacity for GS represents 
a significant investment of  time, labour and 
organizational resources for a breeding pro-
gramme (Eathington et al., 2007), but it is an 
essential step forward in an era where geno-
typing hundreds or thousands of  accessions 
can be accomplished more quickly and eco-
nomically than evaluating those same mate-
rials for phenotypic performance in the field. 
We are witnessing a dramatic shift in how we 
value and invest in phenotypic evaluation. 
Previously, when molecular evaluation was 
slower and more expensive than phenotypic 
evaluation, genotyping of  a line made it pre-
cious and, in order to leverage value from the 
genotype, candidate lines were extensively 
evaluated over replications, locations and 
years. The reverse is now true: the pheno-
typing of  a line makes it precious, and inexpen-
sive genotyping serves to extract value from 
that investment, whether the measurements 
have been highly replicated or not.

These changes require non-trivial 
improvements in bioinformatic and logistical 
support to jointly manage and analyse, on 
time, thousands of  marker data points in hun-
dreds or thousands of  individuals every sea-
son. If  appropriate coordination can be 
achieved between the genotyping and pheno-
typing activities, nursery management and 
decision support for selection, GS can serve as 
a valuable proxy for field-based evaluation, 
increasing genetic gains per unit time (Heffner 
et al., 2010). Taking advantage of  historical 
data available to a breeding programme, the 
accuracy of  GS predictions can be validated 
relatively rapidly. Fully realizing the benefits of  
GS in breeding schemes across a programme is 
far easier said than done, however, and can be 
expected to take years. African rice pro-
grammes would be well advised to begin to 
integrate the use of  genome-wide SNP panels 
to document the genotypic variation that is 
being utilized by breeding programmes 
throughout the continent. The information 
will provide the basis for all future efforts to 
assess genotype–phenotype associations and 

to assign GEBVs for materials of  interest to 
breeders and farmers in Africa.

Genomics and adaptive breeding

Just as genomics tools are facilitating the mobili-
zation of  genetic resources from wild and culti-
vated relatives for use in breeding, they will also 
open the door to the utilization of  elite germ-
plasm resources coming from outside of  Africa. 
Many elite lines have hitherto been inaccessible 
because of  lack of  adaptation (disease and insect 
resistance, tolerance to problem soils, etc.) or 
grain quality. In breeding terms, a mega-
environment may be defined as a set of  environ-
ments in which lines perform similarly. In rice, 
mega-environments are defined by crop man-
agement (e.g. transplanting versus direct seed-
ing; irrigated versus rainfed), hydrology (upland 
versus lowland), soils and climate (e.g. tropical, 
subtropical or temperate), among other delinea-
tions. Particular combinations of  hydrology, 
crop management and climate may recur across 
vast regions, and even on different continents; 
there are many rice-growing areas in Africa 
where conditions are similar to those in parts of  
South or South-East Asia, or South America.

In the past, movement of  elite germplasm 
between mega-environments has been ham-
pered by the occurrence of  region-specific 
diseases or local grain-quality preferences. 
However, with over a decade of  investment in 
identifying markers closely linked to or mapping 
within major genes controlling diseases impor-
tant in Africa, such as blast, bacterial leaf  blight 
and Rice yellow mottle virus, as well as grain 
quality traits such as grain shape and aroma, 
the use of  MAS allows breeders to rapidly intro-
gress specific traits of  interest. This helps to ‘adapt’ 
elite but exotic lines coming from the same 
mega-environment(s) but different geographic 
regions, to the local biotic or socio-economic 
environment. GS approaches would also facilitate 
the movement of  new, potentially elite germplasm 
among regions within the same mega-environment. 
If mega-environments are well characterized, 
breeders will be able to confidently identify mul-
tiple locations at which the agronomic perfor-
mance of  breeding lines is expected to be highly 
correlated with their own, with obvious implications 
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for identifying new sources of  useful elite mate-
rials. Investment in breeding-site characteriza-
tion could connect distant but environmentally 
similar locations into breeding networks that 
could exchange promising new lines on the basis 
of  GEBVs.

Summary of Genomic-assisted 
Breeding Potential

The key conceptual difference between conven-
tional breeding and either MAS or GS 
approaches is that in the former, the line or 
family is the unit of  evaluation, whereas in the 
latter, marker or haplotype alleles are evaluated 
(Meuwissen et al., 2001). Because marker 
alleles recur across lines, additive effects may 
be estimated over many environments regard-
less of  the identity of  lines that contain them. 
Effects estimated previously in relevant train-
ing sets can be used to predict the performance 
of  new lines containing those same alleles, 
despite the fact that the new lines may not have 
been phenotyped (Eathington et al., 2007; 
Heffner et al., 2009; Lorenzana and Bernardo, 
2009). This concept is particularly important 
in the application of  GS to breeding for stress-
prone environments. It means that not every 
line needs to be evaluated in the target environ-
ment (e.g. drought-affected or N-deficient) to 
predict its performance in that environment. 
Rather, through allele effect estimates, lines 
evaluated in specific mega-environments ‘share 
information’ on a target environment with all 
members of  a cohort.

This information sharing has exciting rami-
fications beyond breeding for improved adapta-
tion to optimal and stress environments. It means 
that different breeding programmes may contrib-
ute to each other’s success at picking broad-
adaptation winners through data pooling – in 
effect, allowing a number of  small but cooperat-
ing breeding programmes to leverage each oth-
er’s efforts to increase their breeding efficiency.

Both scientific research and institutional 
innovations are needed to take advantage of  
these ideas and bring them to fruition. On the 
scientific side, a programme needs to be estab-
lished to examine the relationships between 
allelic effects for environments targeted by different 

breeding programmes. When considering possi-
ble sources of  difference between allelic effects 
important to national rice improvement pro-
grammes in Africa, Asia and America, two 
sources must be distinguished. First, the effect of  
the allele may be modulated by specifics of  the 
environments targeted by the national pro-
grammes – for example, the allele may be benefi-
cial under one rainfall pattern but not another. 
Second, less obviously, the effect of  the allele 
may be modulated by genetic background: aver-
age allele frequencies across loci might differ 
sufficiently among national programmes to gen-
erate gene-interaction effects. Divergence in the 
average genetic background of  African national 
programmes is an empirical issue of  utmost 
importance that is, at present, poorly quantified. 
It is easily addressed by developing genome-wide 
SNP profiles for representative breeding lines 
and populations from each of  the major rice-
breeding programmes in Africa and assembling 
this information in a central diversity database. 
A central research body such as AfricaRice 
would be well positioned to address this question 
and provide a firm empirical foundation for 
future work seeking to enhance mutual benefit 
among African national programmes through 
cooperative genotype–phenotype analyses.

The mutual benefits that could be derived 
from cooperation through genomics will require 
central coordination and coordinated research. 
A far-reaching and transformative use of  the 
potential to predict performance is referred to as 
‘open source’ collaborative breeding. In this 
model, a central research body like AfricaRice 
collects and analyses genotype–phenotype infor-
mation from a number of  national programme 
partners or small seed and breeding companies 
in Africa, Asia and America. In exchange for 
the information delivered by the breeding pro-
grammes, AfricaRice would deliver analyses, 
providing predictions for new lines that combine 
both genome-wide estimates of  value for highly 
polygenic traits and genotypes for large-effect 
QTL affecting oligogenic traits. These predictions 
contribute decision support for the selection of  
parents and specific crosses. AfricaRice’s own 
breeding efforts would focus on validating those 
predictions, as well as developing pre-breeding 
lines and improving source populations to address 
deficiencies identified broadly across its ‘client’ 
breeding programmes. Deliverables would include 
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genotyped lines tailored to specific environments 
and markets, as well as predictions of  their per-
formance. The sustainability and scaling up of  
this approach would be driven by continued 
decreases in genotyping cost per data point and 
per DNA sample, and by the needs for constant 
updating and validating of  training sets, develop-
ing breeding plans and breeder-friendly software 
for implementation of  GS, and trained personnel 
in applied breeding programmes to manage 
rapid-cycle genotype-based selection.

Institutional Implications for 
International Research Centres

The insight that alleles, rather than the lines 
themselves, need to be evaluated across environ-
ments opens opportunities for research pro-
grammes in Africa to benefit fully from the global 
drop in genotyping costs by increasing selection 
intensity. This can be achieved by investing early 
in the genotyping of  large numbers of  African 
rice accessions and breeding lines, using the gen-
otyping information as the basis for selecting 
informative subsets of  lines for phenotyping in 
target environments, and achieving a high level 
of  precision in estimating GEBVs. It is important 
that the training population(s) be representative 
of  the breeding population(s) (selection candi-
dates) and that the training population(s) be ade-
quately evaluated in the target environments.

International research centres, like 
AfricaRice, may position themselves in a key 
niche between upstream technology developers 
and downstream producers of  finished varieties, 
serving an essential role as generators of  pre-
breeding materials, training populations and 
elite candidate lines with associated GEBVs, as 
well as serving a vital role in educating the next 
generation of  African plant breeders. Generating 
reliable GEBVs will require ongoing collabora-
tion with both public- and private-sector pro-
grammes on the ground in Africa to develop and 
evaluate appropriate training sets in target envi-
ronments. AfricaRice’s ability to support these 
activities (not to take exclusive responsibility for 
them) will be synergistic in the African context, 
enabling the system as a whole to deliver 
improved rice varieties to meet the diverse needs 
of  African farmers.

It is important that researchers at AfricaRice 
stay abreast of  the latest developments in geno-
typing technology, statistical analysis and infor-
mation management through collaborations 
with universities and research institutions or 
companies worldwide. Collaboration is under 
way to re-sequence the contents of  the AfricaRice 
gene bank, including both O. glaberrima and 
O. sativa, as well as related wild Oryza species, and 
to develop a public database of  information about 
genetic variation in Oryza species in Africa. 
A similar investment is needed to genotype breed-
ing populations that provide the foundation for 
selection by each of  the national programmes as 
well as the international centre(s) on the African 
continent. This information can be used to sys-
tematically explore these materials and develop 
novel pre-breeding populations, develop SNP 
assays tailored to the needs of  the African rice 
community, and to expand the rice gene pool 
available to breeders and researchers worldwide. 
This is likely to expand the rational use of  
O. glaberrima, O. barthii and other African rice 
germplasm, as well as to accelerate the adapta-
tion of  stress-tolerant O. sativa lines adapted to 
African conditions. Links with breeding pro-
grammes and seed companies will be essential to 
ensure that the generation of  training sets and 
GEBV information is relevant to local needs; and 
iterative cycles of  genotyping and phenotyping, 
along with consistent exchange of  information 
and feedback, will be essential to fine-tune the 
process.

Finally, making rice genomics work for 
Africa will inevitably involve the evolution of  a 
new institutional culture. Incorporating high-
throughput genomics information into a breed-
ing programme requires new management 
structures and reporting protocols. Vast amounts 
of  genomic information are generated and pro-
cessed with every cycle of  selection, and this 
requires rapid and transparent communication 
and exchange of  information among all members 
of  a team. Successful integration of  genomics can 
improve breeding efficiency by accelerating the 
selection of  parents, reducing breeding cycle 
times, enhancing genetic gain per cycle of  selec-
tion (due to improvements in the accuracy with 
which offspring with high breeding value are 
selected), and helping to match varieties/alleles to 
specific environments. However, it also imposes 
new requirements on the people involved, including 
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formulation of  explicit goals, objectives and time 
frames for each activity, transparency of  work 
plans and transparent monitoring of  both pro-
gress and impediments, open access to informa-
tion at all levels of  transaction, formalized 
reporting and communication pipelines, and 
streamlined teamwork among collaborating sci-
entists. In many ways, these changes mimic the 
organization of  many private-sector breeding 
organizations. For this reason, internships for 
young African plant breeders in the private sector 
may be an efficient way of  helping to prepare 
them for a productive career in public service 
where they are expected to be able to integrate 
genomics into breeding programmes.

As discussed by Reece and Haribabu 
(2007), the sociological changes required to 
enable multi-disciplinary teams to work together 
with a shared vision are often the most difficult 
to achieve and require visionary and highly 
skilled research managers to guide the process. 
At every level, innovation will be required and 
adjustments will have to be made to match 

expectations with local realities, but the process 
of  making genomics work for Africa has already 
begun, and a great deal will be learned in the 
years ahead as we explore the opportunities that 
unfold before us.
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Note

1 QTL analysis can detect many significant loci (QTLs), but attention is focused only on those QTLs with 
highly significant LOD scores (logarithm [base 10] of odds). This is to avoid type 1 error when using small 
(biased) sample/population sizes. However, it leads to an inflated estimate of the percentage variance 
explained (R 2 value) in the second step of the analysis where a model is built based only on the highly 
significant QTLs, ignoring the many QTLs of small effect. Thus, the model overestimates the effect (R 2

value) of the loci included in the model, and fails to acknowledge the ‘minor’ effect loci that collectively also 
contribute to the phenotype. For this reason, QTLs that are detected using small mapping populations 
(such as are normally used in QTL-mapping studies) appear to explain a greater portion of the phenotypic 
variance than they really do.

References

AfricaRice (2010) New Breeding Directions at AfricaRice: Beyond NERICA. Africa Rice Center, Cotonou, Benin.
Ammiraju, J.S., Luo, M., Goicoechea, J.L., Wang, W., Kudrna, D., Mueller, C., Talag, J., Kim, H.R., Sisneros, N.B., 

Blackmon, B., Fang, E., Tomkins, J.B., Brar, D., MacKill, D., McCouch, S., Kurate, N., Lambert, G., 
Galbraith, D.W., Arumuganathan, K., Rao, K., Walling, J.G., Gill, N., Yu, Y., SanMiguel, P., Soderlund, C., 
Jackson, S. and Wing, R.A. (2006) The Oryza bacterial artificial chromosome library resource: con-
struction and analysis of 12 deep-coverage large-insert BAC libraries that represent the 10 genome 
types of the genus Oryza. Genome Research 16, 140–147.

Ammiraju, J.S., Lu, F., Sanyal, A., Yu, Y., Song, X., Jiang, N., Pontaroli, A.C., Rambo, T., Currie, J., Collura, K., 
Talag, J., Fan, C., Goicoechea, J.L., Zuccolo, A., Chen, J., Bennetzen, J.L., Chen, M., Jackson, S. and 
Wing, R.A. (2008) Dynamic evolution of Oryza genomes is revealed by comparative genomic analysis 
of a genus-wide vertical data set. The Plant Cell 20, 3191–3209.

Ammiraju, J.S., Song, X., Luo, M., Sisneros, N., Angelova, A., Kudrna, D., Kim, H.R., Yu, Y., Goicoechea, L.J., 
Lorieux, M., Kurata, N., Brar, D., Ware, D., Jackson, S. and Wing, R.A. (2010a) The OryzaBAC 



Making Rice Genomics Work for Africa 125

resource: a genus-wide and genome scale tool for exploring rice genome evolution and leveraging 
useful genetic diversity from wild relatives. Breeding Science 60, 536–545.

Ammiraju, J.S., Fan, C., Yu, Y., Song, X., Cranston, K., Pontaroli, A.C., Lu, F., Sanyal, A., Jiang, N., Rambo, T., 
Currie, J., Collura, K., Talag, J., Bennetzen, J.L., Chen, M., Jackson, S. and Wing, R. (2010b) Spatio-
temporal patterns of genome evolution in allotetraploid species of the genus Oryza. The Plant Journal
63(3), 430–442.

Ashikari, M. and Matsuoka, M. (2006) Identification, isolation and pyramiding of quantitative trait loci for rice 
breeding. Trends in Plant Science 11, 344–350.

Baird, N.A., Etter, P.D., Atwood, T.S., Currey, M.C., Shiver, A.L., Lewis, Z.A., Selker, E.U., Cresko, W.A. and 
Johnson, E.A. (2008) Rapid SNP discovery and genetic mapping using sequenced RAD markers. 
PLoS ONE 3, e3376.

Beavis, W.D. (1994) The power and deceit of QTL experiments: lessons from comparative QTL studies. In: 
Wilkinson D.B. (ed.) Proceedings of the 49th Annual Corn and Sorghum Research Conference.
American Seed Trade Association, Washington, DC, pp. 250–265.

Bernardo, R. (2008) Molecular markers and selection for complex traits in plants: learning from the last 
20 years. Crop Science 48, 1649–1664.

Bernier, J., Kumar, A., Venuprasad, R., Spaner, D. and Atlin, G. (2007) A large-effect QTL for grain yield 
under reproductive-stage drought stress in upland rice. Crop Science 47, 507–516.

Brar, D.S. and Khush, G.S. (1997) Alien introgression in rice. Plant Molecular Biology 35, 35–47.
Brar, D.S. and Khush, G.S. (2003) Utilization of wild species of genus Oryza in rice improvement. In: Nanda, J.S. 

and Sharma, S.D. (eds) Monograph on genus Oryza. Science Publishers, Enfield, New Hampshire 
and Plymouth, UK, pp. 283–309.

Brink, M. and Belay, G. (Eds) (2006) Plant Resources of Tropical Africa 1. Cereals and Pulses. PROTA 
Foundation, Wageningen, Netherlands; Backhuys Publishers, Leiden, Netherlands; and Technical 
Centre for Agricultural and Rural Cooperation, Wageningen, Netherlands.

Buckler, E.S., Holland, J.B., Bradbury, P.J., Acharya, C.B., Brown, P.J., Browne, C., Ersoz, E., Flint-Garcia, S., 
Garcia, A., Glaubitz, J.C., Ma. Goodman, M., Harjes, C., Guill, K., Kroon, D.E., Larsson, S., Lepak, N.K., 
Li, H., Mitchell, S.E., Pressoir, G., Peiffer, J.A., Oropeza Rosas, M., Rocheford, T.R., Cinta Romay, M., 
Romero, S., Slavo, S., Sanchez Villeda, H., Sofia da Silva, H., Sun, Q., Tian, F., Upadyayula, N., Ware, D., 
Yates, H., Yu, J., Zhang, Z., Kresovich, S. and McMullen, M.D. (2009) The genetics architecture of 
maize flowering time. Science 325(5941), 714–718.

Charmet, G., Robert, N., Perretant, M.R., Gay, G., Sourdille, P., Groos, C., Bernard, S. and Bernard, M. 
(1999) Marker-assisted recurrent selection for cumulating additive and interactive QTLs in recombi-
nant inbred lines. Theoretical and Applied Genetics 99, 1143–1148.

Chaudhary, R.C. and Khush, G.S. (1990) Breeding rice varieties for resistance against Chilo spp. of stem 
borers in Asia and Africa. Insect Science and Its Application 11, 659–669.

Collard, B.C.Y. and Mackill, D.J. (2008) Marker-assisted selection: an approach for precision plant breeding 
in the twenty-first century. Philosophical Transactions of the Royal Society B 363, 557–572.

Craig, D.W., Pearson, J.V., Szelinger, S., Sekar, A., Redman, M., Corneveaux, J.J., Pawlowski, T.L., Laub, T., 
Nunn, G., Stephan, D.A., Homer, N. and Huentelman, M.J. (2008) Identification of genetic variants 
using bar-coded multiplexed sequencing. Nature Methods 5, 887–893.

Daetwyler, H.D., Villanueva, B., Bijma, P. and Woolliams, J.A. (2007) Inbreeding in genome-wide selection. 
Journal of Animal Breeding and Genetics 124, 369–376.

Darvasi, A. and Soller, M. (1992) Selective genotyping for determination of linkage between a marker locus 
and a quantitative trait locus. Theoretical and Applied Genetics 85, 353–359.

Duran, C., Appleby, N., Clark, T., Wood, D., Imelfort, M., Batley, J. and Edwards, D. (2009) AutoSNPdb: an 
annotated single nucleotide polymorphism database for crop plants. Nucleic Acids Research 37, 
D951–D953.

Eathington, S.R., Crosbie, T.M., Edwards, M.D., Reiter, R.S. and Bull, J.K. (2007) Molecular markers in a 
commercial breeding program. Crop Science 47, S154–S163.

Edwards, D. and Batley, J. (2010) Plant genome sequencing: applications for crop improvement. Plant
Biotechnology Journal 8, 2–9.

Elshire, R.J., Glaubitz, J.C., Sun, Q., Poland, J.A., Kawamoto, K., Buckler, E.D. and Mitchell, S.E. (2011) 
A robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. PLoS ONE
6(5), e19379.

Famoso, A.N., Zhao, K., Clark, R.T., Tung, C.-W., Wright, M.H., Bustamante, C., Kochian, L.V. and McCouch, S.R. 
(2011) Genetic architecture of aluminum tolerance in rice (Oryza sativa) determined through 



126 S. McCouch et al.

genome-wide association analysis and QTL mapping. PLoS Genetics 7(8): e1002221. DOI: 10.1371/
journal.pgen.1002221 (accessed 24 February 2012).

Figoni, R.A., Rutger, J.N. and Webster, R.K. (1983) Evaluation of wild Oryza species for stem rot (Sclerotium
oryzae) resistance. Plant Disease 67, 998–1000.

Flint-Garcia, S.A., Thornsberry, J.M. and Buckler, E.S. IV (2003) Structure of linkage disequilibrium in 
plants. Annual Review of Plant Biology 54, 357–374.

Ge, S., Sang, T., Lu, B.R. and Hong, D.Y. (1999) Phylogeny of rice genomes with emphasis on origins of 
allotetraploid species. Proceedings of the National Academy of Sciences USA 96(25), 14400–14405.

Goicoechea, J.L., Ammiraju, J.S.S., Marri, P.R., Chen, M.S., Jackson, S., Yu, Y., Rounsley, S. and Wing, R.A. 
(2010) The future of rice genomics: sequencing the collective Oryza genome. Rice 3(2–3), 89–97.

Gupta, P.K., Roy, J.K. and Prasad, M. (2001) Single nucleotide polymorphisms: a new paradigm for molecu-
lar marker technology and DNA polymorphism detection with emphasis on their use in plants. Current
Science 80, 524–535.

Hayes, B.J., Bowman, P.J., Chamberlain, A.J. and Goddard, M.E. (2009) Invited review: Genomic selection 
in dairy cattle: progress and challenges. Journal of Dairy Science 92, 433–443.

Heffner, E.L., Sorrells, M.E. and Jannink, J.L. (2009) Genomic selection for crop improvement. Crop
Science 49, 1–12.

Heffner, E.L., Lorenz, A.J., Jannink, J.L. and Sorrells, J.E. (2010) Plant breeding with genomic selection: 
gain per unit time and cost. Crop Science 50, 1681.

Heinrichs, E.A., Viajante, V.D. and Romena, A.M. (1985) Resistance of wild rices, Oryza spp., to the whorl 
maggot Hydrellia philippina ferino (Diptera, Ephydridae). Environmental Entomology 14, 404–407.

Huang, X., Wei, X., Sang, T., Zhao, Q., Feng, Q., Zhao, Y., Li, C., Zhu, C., Lu, T. and Zhang, Z. (2010) 
Genome-wide association studies of 14 agronomic traits in rice landraces. Nature Genetics 42, 
961–967.

Hurwitz, B.L., Kudrna, D., Yu, Y., Sebastian, A., Zuccolo, A., Jackson, S.A., Ware, D., Wing, R.A. and Stein, L. 
(2010) Rice structural variation: a comparative analysis of structural variation between rice and three 
of its closest relatives in the genus Oryza. Plant Journal 63, 990–1003.

Ikeda, R., Khush, G.S. and Tabien, R.E. (1990) A new resistance gene to bacterial blight derived from 
O. longistaminata. Japanese Journal of Breeding 40 (Suppl. 1), 280–281.

IRGSP (International Rice Genome Sequencing Project) (2005) The map-based sequence of the rice 
genome. Nature 436, 793–800.

Jannink, J.L. (2005) Selective phenotyping to accurately map quantitative trait loci. Crop Science 45, 
901–908.

Jannink, J.L., Lorenz, A.J. and Iwata, H. (2010) Genomic selection in plant breeding: from theory to prac-
tice. Briefings in Functional Genomics 9, 166–177.

Khush, G.S. and Brar, D.S. (2002) Biotechnology for rice breeding: progress and potential impact. Paper 
presented at the 20th Session of the International Rice Commission, Bangkok, Thailand, 23–26 July.

Klee, M., Zach, B. and Neumann, K. (2000) Four thousand years of plant exploitation in the Chad Basin of 
northeast Nigeria I: the archaeobotany of Kursakata. Vegetation History and Archaeobotany 9(4), 
223–237.

Klee, M., Zach, B. and Stika, H.-P. (2004) Four thousand years of plant exploitation in the Lake Chad Basin 
(Nigeria), part III: plant impressions in potsherds from the final stone age Gajiganna culture. Vegetation 
History and Archaeobotany 13(2), 131–142.

Knapp, S.J. and Bridges, W.C. (1990) Using molecular markers to estimate quantitative trait locus param-
eters: power and genetic variances for unreplicated and replicated progeny. Genetics 126, 
769–777.

Kwok, P.Y., Deng, Q., Zakeri, H., Taylor, S.L. and Nickerson, D.A. (1996) Increasing the information content 
of STS-based genome maps: identifying polymorphisms in mapped STSs. Genomics 31, 123–126.

Lamkey, K.R. and Lee, M. (Eds) (2006) Plant Breeding, The Arnel R. Hallauer International Symposium.
Blackwell, Ames, Iowa.

Lande, R. and Thompson, T. (1990) Efficiency of marker-assisted selection in the improvement of quantita-
tive traits. Genetics 124, 743–756.

Lander, E.S. and Botstein, D. (1989) Mapping Mendelian factors underlying quantitative traits using RFLP 
linkage maps. Genetics 121, 185–199.

Legarra, A. and Fernando, R.L. (2009) Linear models for joint association and linkage QTL mapping. 
Genetics Selection Evolution 41, 43–60.



Making Rice Genomics Work for Africa 127

Li, J., Xiao, J., Grandillo, S., Jiang, L., Wan, Y., Deng, Q., Yuan, L. and McCouch, S. (2004) QTL detection 
for rice grain quality traits using an interspecific backcross population derived from cultivated Asian 
(O. sativa L.) and African (O. glaberrima S.) rice. Genome 47, 697–704.

Lorenz, A.J, Chao, S., Asoro, F.G., Heffner, E.L., Hayashi, T., Iwata, H., Smith, K.P., Sorrells, M.E. and 
Jannink, J.L. (2011) Genomic selection in plant breeding: knowledge and prospects. Advances in 
Agronomy 110, 77–123.

Lorenzana, R. and Bernardo, R. (2009) Accuracy of genotypic value predictions for marker-based selection 
in biparental plant populations. Theoretical and Applied Genetics 120, 151–161.

Lu, F., Ammiraju, J.S.S., Sanyal, A., Zhang, S., Song, R., Chen, J., Li, G., Sui, Y., Song, X., Cheng, Z., de 
Oliveira, A.C., Bennetzen, J.L., Jackson, S.A., Wing, R.A. and Chen, M. (2009) Comparative sequence 
analysis of MONOCULM1-orthologous regions in 14 Oryza genomes. Proceedings of the National 
Academy of Sciences USA 106(6), 2071–2076.

Mauricio, R. (2001) Mapping quantitative trait loci in plants: uses and caveats for evolutionary biology. 
Nature Reviews Genetics 2, 370–381.

McCouch, S.R., Sweeney, M., Li, J., Jiang, H., Thomson, M., Septinginsih, E., Edwards, J., Moncada, P., 
Xiao, J., Garris, A., Tai, T., Martinez, C., Tohme, J., Sugiono, M., McClung, A., Yuan, L.P. and Ahn, S.N. 
(2007) Through the genetic bottleneck: O. rufipogon as a source of trait-enhancing alleles for O. sativa. 
Euphytica 154, 317–339.

McCouch, S.R., Zhao, K., Wright, M., Tung, C.-W., Ebana, K., Thomson, M., Kimball, J., Reynolds, A., 
Tyagi, W., Wang, D., DeClerck, G., Ali, M.L., McClung, A., Eizenga, G. and Bustamante, C. (2010) 
Development of genome-wide SNP assays for rice. Breeding Science 60, 524–535.

McCouch, S.R., McNally, K.L., Wang, W. and Sackville-Hamilton, R. (2011) Genomics of gene banks: a 
case study in rice. American Journal of Botany 99(2), 407–423. DOI:_10.3732/ajb.1100385.

McMullen, M.D., Kresovich, S., Villeda, H.S., Bradbury, P., Li, H., Sun, Q., Flint-Garcia, S., Thornsberry, J., 
Acharya, C., Bottoms, C., Brown, P., Browne, C., Eller, M., Guill, K., Harjes, C., Kroon, D., Lepak, N., 
Mitchell, S.E., Peterson, B., Pressoir, G., Romero, S., Rosas, M.O., Salvo, S., Yates, H., Hanson, M., 
Jones, E., Smith, S., Glaubitz, J.C., Goodman, M., Ware, D., Holland, J.B. and Buckler, E.S. (2009) 
Genetic properties of the maize nested association mapping population. Science 325, 737–740.

Meuwissen, T.H.E., Hayes, B.J. and Goddard, M.E. (2001) Prediction of total genetic value using genome-
wide dense marker maps. Genetics 157, 1819–1829.

Moncada, M., Martinez, C., Tohme, J., Chatel, M., Borrero, J., Gauch, H. and McCouch, S. (2001) 
Quantitative trait loci for yield and yield components in an Oryza sativa × Oryza rufipogon BC2F2 popu-
lation evaluated in an upland environment. Theoretical and Applied Genetics 102, 41–52.

Nandi, S., Subudhi, P.K., Senadhira, D., Manigbas, N.L., Sen-Mandi, S. and Huang, N. (1997) Mapping 
QTLs for submergence tolerance in rice by ADLP analysis and selective genotyping. Molecular and 
General Genetics 255(1), 1–8.

Navabi, A., Mather, D.E, Bernier, J., Spaner, D.M. and Atlin, G.N. (2009) QTL detection with bidirectional 
and unidirectional selective genotyping: marker-based and trait-based analyses. Theoretical and 
Applied Genetics 118(2), 347–358.

Nayar, M.N. (2010) Origin of African rice from Asian rice. In: Innovation and Partnerships to Realize Africa’s 
Rice Potential. Proceedings of the Second Africa Rice Congress. Africa Rice Center, Cotonou, Benin, 
pp. 1.18.1–1.18.13. Available at: www.africarice.org/workshop/ARC/1.18%20Nayar%20ed2.pdf 
(accessed 23 February 2012).

Neeraja, C., Maghirang-Rodriguez, R., Pamplona, A., Heuer, S., Collard, B., Septiningsih, E., Vergara, G., 
Sanchez, D., Xu, K. and Ismail, A.M. (2007) A marker-assisted backcross approach for developing 
submergence-tolerant rice cultivars. Theoretical and Applied Genetics 115, 767–776.

Ni, J., Pujar, A., Youens-Clark, K., Yap, I., Jaiswal, P., Tecle, I., Tung, C.-W., Ren, L., Spooner, W., Wei, X., 
Avraham, S., Ware, D., Stein, L. and McCouch. S.R. (2009) Gramene QTL database: development, 
content and applications. Database 2009, bap005. DOI:10.1093/database/bap005.

Ondov, B.D., Varadarajan, A., Passalacqua, K.D. and Bergman, N.H. (2008) Efficient mapping of Applied 
Biosystems SOLiD sequence data to a reference genome for functional genomic applications. 
Bioinformatics 24, 2776.

Porteres, R. (1962) Berceaux agricoles primaires sur le continent Africain. Journal of African History 3(2), 
195–210.

Rafalski, A. (2002) Applications of single nucleotide polymorphisms in crop genetics. Current Opinion in 
Plant Biology 5, 94–100.

www.africarice.org/workshop/ARC/1.18%20Nayar%20ed2.pdf


128 S. McCouch et al.

Reece, J.D. and Haribabu E. (2007) Genes to feed the world: the weakest link? Food Policy 32(4), 459–479.
Sakai, H., Ikawa, H., Tanaka, T., Numa, H., Minami, H., Fujisawa, M., Shibata, M., Kurita, K., Hamada, M., 

Kanamori, H., Namiki, N., Wu, J., Itoh, T., Matsumoto, T. and Sasaki, T. (2011) Distinct evolutionary 
patterns of Oryza glaberrima deciphered by genome sequencing and comparative analysis. The Plant 
Journal 66(5), 796–805.

Sanyal, A., Ammiraju, J.S., Lu, F., Yu, Y., Rambo, T., Currie, J., Kollura, K., Kim, H.R., Chen, J., Ma, J., San 
Miguel, P., Mingsheng, C., Wing, R.A. and Jackson, S.A. (2010) Orthologous comparisons of the Hd1
region across genera reveal Hd1 gene lability within diploid Oryza species and disruptions to 
microsynteny in sorghum. Molecular Biology and Evolution 27(11), 2487–2506.

Sarla, N. and Mallikarjuna Swamy, B.P. (2005) Oryza glaberrima: a source for the improvement of Oryza 
sativa. Current Science 89, 955.

Schuster, S.C. (2008) Next-generation sequencing transforms today’s biology. Nature Methods 5, 16–18.
Septiningsih, E.M., Pamplona, A.M., Sanchez, D.L., Neeraja, C.N., Vergara, G.V., Heuer, S., Ismail, A.M. 

and Mackill, D.J. (2008) Development of submergence-tolerant rice cultivars: the Sub1 locus and 
beyond. Annals of Botany 103, 151–160.

Shanti, M.L., Devi, G.L., Kumar, G.N. and Shashidhar, H.E. (2010) Molecular marker-assisted selection: a 
tool for insulating parental lines of hybrid rice against bacterial leaf blight. International Journal of 
Plant Pathology 1, 114–123.

Song, W.-Y., Wang, G.-L., Chen, L.-L., Pi, L.-Y., Holsten, T., Gardner, J., Wang, B., Zhai, W.-X., Zhu, L.-H., 
Fauquet, C. and Ronald, P. (1995) A receptor kinase-like protein encoded by the rice disease resist-
ance gene, Xa21. Science 270(5243), 1804–1806.

Sun, Y., Wang, J., Crouch, J.H. and Xu, Y. (2010) Efficiency of selective genotyping for genetic analysis of 
complex traits and potential applications in crop improvement. Molecular Breeding 26, 493–511.

Tanksley, S.D. (1993) Mapping polygenes. Annual Review of Genetics 27, 205–233.
Tanksley, S.D. and McCouch, S.R. (1997) Seed banks and molecular maps: unlocking genetic potential 

from the wild. Science 277, 1063–1066.
Thomson, M.J., Zhao, K., Wright, M., McNally, K.L., Rey, J., Tung, C.-W., Reynolds, A., Scheffler, B., 

Eizenga, G., McClung, A., Ismail, A., de Ocampo, M., Mojica, C., Reveche, M.Y., Dilla, C.J., Mauleon, R., 
Leung, H., Bustamante, C. and McCouch, S.R. (2011) High-throughput single nucleotide polymor-
phism genotyping for breeding applications in rice using the BeadXpress platform. Molecular Breeding.
DOI: 10.1007/s11032-011-9663-x (accessed 23 February 2012).

Vaughan, D.A. (1994) The Wild Relatives of Rice: A genetic resources handbook. International Rice 
Research Institute, Manila, Philippines.

Venuprasad, R., Dalid, C.O., Del Valle, M., Zhao, D., Espiritu, M., Sta Cruz, M.T., Amante, M., Kumar, A. 
and Atlin, G.N. (2009) Identification and characterization of large-effect quantitative trait loci for grain 
yield under lowland drought stress in rice using bulk-segregant analysis. Theoretical and Applied 
Genetics 120, 177–190.

Venuprasad, R., Impa, S., Veeresh Gowda, R.P., Atlin, G.N. and Serraj, R. (2011a) Rice near-isogenic-lines 
(NILs) contrasting for grain yield under lowland drought stress. Field Crops Research 123(1), 38–46.

Venuprasad, R., Bool, M.E., Quiatchon, L. and Atlin, G.N. (2011b) A QTL for rice grain yield in aerobic 
environments with large effects in three genetic backgrounds. Theoretical and Applied Genetics. DOI: 
10.1007/s00122-011-1707-4 (accessed 23 February 2012).

Venuprasad, R., Bool, M.E., Quiatchon, L., Sta Cruz, M.T., Amante, M. and Atlin G.N. (2011c) A large-effect 
QTL for rice grain yield under upland drought stress on chromosome 1. Molecular Breeding. DOI: 
10.1007/s11032-011-9642-2 (accessed 23 February 2012).

Wang, L., Wang, A., Huang, X., Zhao, Q., Dong, G., Qian, Q., Sang, T. and Han, B. (2011) Mapping 49 
quantitative trait loci at high resolution through sequencing-based genotyping of rice recombinant 
inbred lines. Theoretical and Applied Genetics 122(2), 327–340.

Xiao, J., Li, J., Grandillo, S., Ahn, S., Yuan, L., Tanksley, S. and McCouch, S. (1998) Identification of trait-
improving quantitative trait loci alleles from a wild rice relative, Oryza rufipogon. Genetics 150, 
899–909.

Xu, X., Liu, X., Ge, S., Jensen, J.D., Hu, F., Li, X., Dong, Y., Gutenkunst, R.N., Fang, L., Huang, L., Li, J., 
He, W., Zhang, G., Zheng, X., Zhang, F., Li, Y., Yu, C., Kristiansen, K., Zhang, X., Wang, J., Wright, M., 
McCouch, S., Nielsen, R., Wang, J. and Wang, W. (2011) Resequencing 50 accessions of cultivated 
and wild rice yields markers for identifying agronomically important genes. Nature Biotechnology
30(1), 105–111.



Making Rice Genomics Work for Africa 129

Yu, J., Presspoir, G., Briggs, W.H., Bi, I.V., Yamasaki, M., Doebley, J.F., McMullen, M.D., Gaut, B.S., Nielsen, D.M., 
Holland, J.B., Kresovich, S. and Buckler, E.S. (2005) A unified mixed-model method for association 
mapping that accounts for multiple levels of relatedness. Nature Genetics 38(2), 203–208.

Yu, J., Holland, J.B., McMullen, M.S. and Buckler, E.S. (2008) Genetic design and statistical power of 
nested association mapping in maize. Genetics 178, 539–551.

Zhang, Q., Li, J., Xue, Y., Han, B. and Deng, X.W. (2008) Rice 2020: a call for an international coordinated 
effort in rice functional genomics. Molecular Plant 1, 715–719.

Zhao, K., Tung, C.-W., Eizenga, G.C., Wright, M.H., Ali, M.L., Price, A.H., Norton, G.J., Islam, M.R., 
Reynolds, A., Mezey, J., McClung, A.M., Bustamante, C.D. and McCouch, S.R. (2011) Genome-wide 
association mapping reveals rich genetic architecture of complex traits in Oryza sativa. Nature 
Communications. DOI: 10.1038/ncomms1467 (accessed 23 February 2012).

Zhong, S., Dekkers, J.C.M., Fernando, R.L. and Jannink, J.L. (2009) Factors affecting accuracy from 
genomic selection in populations derived from multiple inbred lines: a barley case study. Genetics
182, 355–364.

Zhu, C., Gore, M., Buckler, E.S. and Yu, J. (2008) Status and prospects of association mapping in plants. 
Plant Genome 1, 5–20.



© CAB International 2013. Realizing Africa’s Rice Promise
130 (eds M.C.S. Wopereis et al.)

in O. sativa (Second, 1982; Wang et al., 1992; 
Ishii et al., 2001). The domestication of  O. glaber-
rima occurred much later than that of  O. sativa,
but prior to the introduction of  the latter into 
Africa (Sweeney and McCouch, 2007). The most 
recent analysis of  diversity, comparing nucleo-
tide variation of  14 independent nuclear loci 
between O. glaberrima and O. barthii, showed that 
O. glaberrima has lost 76% of  the nucleotide diver-
sity of  its wild progenitor (Li et al., 2011a), while 
O. barthii itself  harbours slightly less diversity 
than O. sativa subsp. indica. The low genetic diver-
sity of  O. glaberrima compared to O. sativa is likely 
to have resulted from a reduction of  diversity 
during the migration of  the wild progenitor of  
African Oryza species into Africa plus a severe 
genetic bottleneck during its domestication from 
small initial populations of  O. barthii. The eco-
geographical diversity seems to be so low that 
clustering analysis is unable to pinpoint the 
domestication places and dispersion of  O. glaber-
rima (Li et al., 2011a). Portères’ (1970) hypoth-
esis remains the most probable – that African 
rice was first domesticated in the inland delta of  
the upper Niger River and subsequently spread 
along Sahelian rivers and their tributaries to two 

Domestication and Genetic Diversity 
of Oryza glaberrima

African cultivated rice (Oryza glaberrima Steud.) 
was domesticated independently of  Asian culti-
vated rice (Oryza sativa L.) in Africa from the wild 
species O. barthii A.Chev. (syn. O. breviligulata
A.Chev. & Roehr.) (Second, 1982), which 
diverged 0.6–0.7 million years ago from O. sativa
(Zhu and Ge, 2005; Ammiraju et al., 2008). 
While Asian rice has spread worldwide and 
become the most produced food crop in the 
world, African rice is grown only in tropical 
West Africa and there sporadically. Oryza glaber-
rima demonstrates a typical case of  reduction of  
genetic diversity observed in crops compared to 
their wild progenitors as a result of  the dual bot-
tlenecks of  domestication and breeding (Buckler 
et al., 2001; Tenaillon et al., 2004; Zeder et al.,
2006). Using isozyme, RFLP (restriction fragment 
length polymorphism), SSR (simple sequence 
repeat) and transposable element markers, pre-
vious studies have detected dramatic reduction 
of  genetic diversity associated with the domesti-
cation of  African rice and revealed substantially 
lower genetic diversity in O. glaberrima than 
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secondary centres of  diversity: one along the 
coast of  The Gambia and Guinea-Bissau, and the 
other in the Guinea forest between Sierra Leone 
and western Côte d’Ivoire.

Although O. glaberrima was recognized as 
an interesting source of  agronomically important 
traits for rice breeding by the French and inter-
national scientific community, its utilization was, 
for a long time, hampered by the strong repro-
ductive isolation between the two cultivated rice 
species (Sano et al., 1979) and by a lack of  con-
venient tools and general strategy for rational 
introgression into O. sativa. Interspecific hybridi-
zation with formal breeding objectives was initi-
ated in the 1990s by the Africa Rice Center 
(AfricaRice) and resulted in NERICA (New Rice 
for Africa) varieties adapted to upland and low-
land growing conditions of  Africa (Jones et al.,
1997; Saito et al., 2010).

This chapter reviews recent advances of  
research on interspecific sterility in rice with 
emphasis on the reproductive barriers between 
the two cultivated rice species, and highlights 
how we can – with the advent of  sequence infor-
mation, genetic maps and markers – develop 
pre-breeding schemes suitable for gene and 
trait discovery, with the aim of  easier transfer of  
O. glaberrima traits of  agronomic interest into 
elite O. sativa cultivars.

Interspecific Sterility Between 
O. sativa and O. glaberrima

Two main types of  reproductive barriers are 
observed in plants: pre-zygotic barriers that pre-
vent the formation of  hybrid zygotes and post-
zygotic barriers (such as hybrid weakness, 
unviability and hybrid sterility) that hamper 
gene flow between species or subspecies, and 
which largely depend on divergence time between 
the species (Ouyang et al., 2010). Hybrid sterility 
is the most common form of  post-zygotic repro-
ductive isolation. In rice, one of  the best known 
examples is the hybrid sterility between the sub-
species of  O. sativa (indica and japonica), which 
show embryo-sac abortion and pollen sterility. 
A general gametic lethal model has been pro-
posed in which two independent loci affect the 
gamete development and gametes carrying the 
recessive alleles at both loci are aborted during 

the development while gametes of  other genotypes 
were normal (Oka, 1957, 1974). These negative 
interactions can be also observed within a single 
locus as the consequence of  independent evolu-
tion of  its alleles causing sterility when two incom-
patible alleles are brought together in hybrids. 
The (recently cloned) sterility gene S5 (Ikehashi 
and Araki, 1986; Chen et al., 2008) is an example 
where neutral alleles are found in wide compati-
bility varieties (WCVs) and suppress the negative 
effects of  indica and japonica alleles in hybrids. 
Nevertheless, the molecular basis of  hybrid incom-
patibility is usually complex and often involves 
accumulative effects and interactions of  genes at 
multiple loci. It is critical that we obtain a better 
understanding of  the genetic bases and biologi-
cal mechanisms of  hybrid sterility, since it hin-
ders the transfer of  useful genes between the 
two cultivated rice species and is a major obstacle 
for utilization of  the strong heterosis exhibited in 
O. sativa F1 hybrids.

Approximately 50 loci controlling hybrid 
fertility have been identified in the ‘A genome’ 
Oryza species, mainly from studies of  indica–
japonica crosses. Post-zygotic sterility is the most 
frequent and includes loci causing female-gamete 
abortion and others inducing pollen sterility. 
There is increasing documentation of  interspe-
cific sterility and the identification of  sterility genes 
in O. sativa–O. glaberrima hybridization. Near com-
plete pollen sterility is generally observed in F1

hybrids of  the two species. Pollen sterility is 
accompanied by a reduction in female fertility 
(Bouharmont et al., 1985). Nevertheless, obtain-
ing backcross progenies is feasible and allows us 
to derive advanced-backcross lines and near-
isogenic lines suitable for identifying and map-
ping sterility genes (Garavito et al., 2010). More 
than 12 pollen-sterility loci have been described, 
some of  which are associated with embryo-sac
sterility (see Table 10.1 for review). Transmission 
ratio distortion (TRD) of  parental alleles at steril-
ity loci is commonly observed in interspecific 
progenies and may be the result of  many differ-
ent post-zygotic effects. Considering, for exam-
ple, a locus with two a and A alleles coming from 
O. sativa and O. glaberrima, respectively, a backcross 
between a hybrid plant with Aa genotype and an 
O. sativa plant with aa genotype is expected to 
give a 1:1 segregation between aa and Aa geno-
types in the following generation. The TRD refers 
to the departure from this ratio and its origin is 
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inferred according to the cross analysed. When 
an interspecific F1 plant is used as the female 
parent, the TRD can be attributed to the female 
TRD (fTRD), since interspecific F1 hybrids are 
almost completely male sterile. Reciprocally, 
when an advanced interspecific isoline is used as 
the male parent for crossing with an O. sativa
parental line, we measure male TRD (mTRD).

A genetic map has been constructed from 
125 individuals of  an (O. sativa × O. glaberrima) × 
O. sativa (IR64/TOG5681//IR64) backcross pop-
ulation, using 140 SSR anchor markers derived 
from a Universal Core Genetic Map (UCGM; 
Orjuela et al., 2010) to monitor loci involved in 
hybrid sterility through the detection of  fTRD 
(Garavito et al., 2010). A majority of  sterility loci 
between the two species and previously identified 
by Li et al. (2008, 2011b,c) and Doi et al. (1998b) 
could be co-localized with fTRD regions mapped 
by Garavito et al. (2010) and confirmed the link 
between f TRD and pollen and spikelet sterility 
(Plate 2). In one case (S33), sterility genes seemed 
specific for pollen sterility as no accompanying 
fTRD was found. Variations in direction and 
intensity of  fTRD were also observed and may 
suggest the existence of  different alleles involved 
in the sterility barriers. Occurrence of  TRD in 
genomic regions where no sterility loci have been 
recorded could be explained by new sterility loci 

still to be discovered or other mechanisms not 
related to gamete elimination, such as pre-zygotic 
sterility favouring, for example, pollen germina-
tion on hybrid stigmas or post-zygotic effects lead-
ing to hybrid weakness or endosperm abortion 
which are also reported in interspecific hybridiza-
tion (Matsubara et al., 2003; Koide et al.,
2008a,b). Epistatic interactions are suspected to 
be acting between regions harbouring TRD and 
sterility locus, similar to barriers between indica
and japonica (Li et al., 2008). The strongest fTRD 
(P < 10–5) was found at the S1 locus and is charac-
terized by an extreme distortion in favour of  the 
O. glaberrima allele whatever the orientation of  
crosses or genetic background of  the parents. 
Thus, the S1 locus is presumed to be the major 
determinant of  female sterility, while pollen steril-
ity is the result of  S1 plus additive and epistatic 
effects of  other sterility loci dispersed on the dif-
ferent chromosomes (Garavito et al., 2010).

Focus on the S1 Locus

The S1 locus was first mapped on chromosome 6 
thanks to its strong linkage with waxy (Wx)
gene, which can be identified by pollen staining 
of  F1 hybrids (Sano, 1983, 1990). Sano’s group 

Table 10.1. A non-exhaustive list of loci involved in reproductive barriers between the cultivated rice species.

Locus Chromosome Effects on sterilitya Reference(s)

S1 6 P, ES Sano (1990); Koide et al. (2008c); 
Garavito et al. (2010)

S3 11 P, ES Sano (1983, 1986)
S4 6 P, ES Sano (1986)
qSS-6a 6 P Li et al. (2011c)
S18 10 P Doi et al. (1998a, 2003b)
S19/qSS-3 3 P, ES Taguchi et al. (1999); Doi et al. (2003b); 

Li et al. (2011c)
S20/qSS-7a 7 P Doi et al. (1999, 2003b); Li et al. (2008)
S21 7 P Doi et al. (2003b)
S29(t)b/qSS-2 2 P Hu et al. (2006); Li et al. (2008); 

Zhu et al. (2005)
S33(t)b 1 P, ES Ren et al. (2005); Jing et al. (2007)
S34(t)b 3 P Zhang et al. (2005); Jing et al. (2007)
S36(t) 2 P Li et al. (2011b)
qSS-1 1 P Li et al. (2008)
qSS-7b 7 P Li et al. (2008, 2011c)

aES: embryo sac sterility; P: pollen sterility.
bLocus name given in sterility studies of O. sativa subsp. indica × subsp. japonica crosses, but with different chromosome 
positions.
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has also suggested that the S1 locus has at least 
two components, one controlling mTRD mapped 
in a 45 kb interval of  the Nipponbare chromo-
some 6 sequence, and a second controlling the 
female sterility component (Koide et al., 2008c). 
On the assumption that the degree of  fTRD would 
be inversely proportional to the genetic distance 
between the sterility factor and the markers sub-
jected to fTRD, several backcross populations 
between Nipponbare, IR64, Curinga (O. sativa)
and CG14, MG12 (O. glaberrima, alias IRGC103544) 
were fine-mapped using SSR (Garavito et al.,
2010). Taken together, these maps enabled 
determination of  a sharp peak of  the fTRD value, 
corresponding to a maximum common fTRD, and 
leading to high-resolution mapping of  S1 in a 
region of  a 27.8 kb on chromosome 6.

To compare the chromosomal regions 
between the two species, we used the large 
genomic library of  the O. glaberrima cv. CG14 pre-
pared in bacterial artificial chromosomes (BAC) 
for the Oryza Mapping Alignment project (OMAP; 
Kim et al., 2008). The BAC clone OG-BBa0049I08 
containing a 164,664-bp genomic sequence of  
O. glaberrima was selected as it carried the markers 
with the highest fTRD. Additional convenient 
markers were derived from the O. glaberrima
sequence and were used to analyse the recombi-
nation events around the peak of  fTRD in the rare 
BC1 plants homozygous for the O. sativa allele of  S1

(S1
s), since each of  these plants originated from a 

viable S1
s female gamete transmitted by the F1

hybrids and the other S1
s from the recurrent O. 

sativa parent. No recombination was observed in a 
chromosomal segment of  at least 7.3 cM around 
S1

s (886 kb in the Nipponbare genome) which was 
shared by all the S1

s/S1
s plants. Thus, results sug-

gested the necessity of  inheriting other O. sativa
factors in the vicinity of  S1 to ensure the viability 
of  the S1

s gametes. The existence of  an additional 
factor on each side of  S1 (hereafter denoted as S1A
and S1B) was proposed to infer a sterility system 
based on three components (S1, S1A, S1B) playing 
a role in female sterility of  F1 hybrids and the asso-
ciated fTRD, through epistatic interactions. The 
frequency of  S1

s elimination and the length of  the 
genomic block surrounding the S1 locus that does 
not recombine differ between the subspecies – 
indica or japonica – used in interspecific combina-
tions, but also according to the presence of  
another factor (S1C) located approximately 50 cM 
from S1 (Garavito et al., 2010).

A General Model to Explain the 
Reproductive Barrier Between 

O. glaberrima and O. sativa

A general model to explain the reproductive bar-
rier between the two species has been developed 
based on the assumption that the post-zygotic 
barriers in rice are due to the accumulation of  
incompatibilities in epistatic interactions between 
genes. It is based on the very general Bateson–
Dobzhansky–Muller (BDM) model (Bateson, 
1909). This model says that a specific epistasis 
among S1A, S1 and S1B is the cause of  the female 
hybrid sterility between the two species and 
explains the elimination of  the S1

s gamete. 
Considering that S1As-S1

s-S1Bs and S1Ag-S1
g-S1Bg

are the original haplotypes observed in O. sativa
and O. glaberrima, respectively, the epistatic inter-
action among the three O. glaberrima factors will 
cause the abortion of  daughter cells carrying S1

s

during the two first meiotic divisions and will 
cause an fTRD. When recombination occurs in 
the mother cell and eliminates S1Bg, S1Ag or both, 
the epistatic incompatible interaction acting 
against S1

s would cease, allowing the develop-
ment of  the corresponding S1

s daughter cells and 
eliminating the fTRD. Finally, at the end of  the 
megagametogenesis, only the S1

s megaspores 
carrying the non-recombinant haplotype S1As-
S1

s-S1Bs could survive and would lead to a func-
tional embryo sac (Fig. 10.1). Cytological 
observations support this genetic model and the 
resulting reduction of  seed set, since different 
types of  female-gamete abortion occur during 
female gametogenesis of  the F1 hybrids: some are 
characterized by a complete absence of  embryo 
sacs and are probably due to an early abortion 
just after meiosis, and others are characterized by 
embryo sacs with fewer than seven cells 
(Bouharmont et al., 1985; Koide et al., 2008c).

The S1 Locus as an Entry Point 
to Analyse Domestication 

and Evolution in Rice

The genomic sequence of  the 50.38 kb interval 
presumed to contain the female component of  
the S1 locus was carefully annotated to identify 
putative candidate gene for S1. Seven genes 
and three pseudogenes were predicted and were 
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considered as candidates. Among the predicted 
genes, two deserved special attention as their 
putative functions, differential presence between 
O. glaberrima and O. sativa, and greater divergence 

between the two species, could justify relation-
ships with reproductive effects (Garavito et al.,
2010). The first gene (49108-10) is carried by a Pack-
Mutator-like transposable element (Pack-MULE)

S1A

S1

S1B

O. glaberrima O. sativa
A B C D

S1A

S1A S1BS1

S1

S1B

S1
g allele

S1
s allele
f(S1

s)
S1

s allele

Viable embryo sacs (D) No or aborted embryo sacs

r1 r2

(b) Haplotypes of megagametophytes

(a) Interactions among the haplotypes during meiosis

Fig. 10.1. Genetic model based on a Bateson–Dobzhansky–Muller (BDM) model of interspecific 
incompatibility (Bateson, 1909) and consequences on the elimination of S1

s female gametes. (a) During the 
meiotic divisions of the mother cell, the epistatic interactions of the O. glaberrima S1Ag-S1

g-S1Bg haplotype 
cause the abortion (�) of the daughter cells carrying S1

s and will originate a female Transmission Distortion 
Ratio (fTRD). If a recombination eliminates S1Bg (B), S1Ag (C) or both (D), the epistatic incompatible 
interaction against S1

s would cease (double arrow) allowing the development of S1
s gametes and eliminating 

the fTRD. (b) Among the S1
s gametes, only the small fraction corresponding to the non-recombinant O. sativa 

S1As-S1
s-S1Bs haplotype (f(S1

s)) can survive and develop in a normal embryo sac, since it is derived from a 
recombination event in the daughter cell during the meiotic process which suppresses the epistasis against 
S1

s. All the other S1
s allelic configurations will result in the abortion of megaspores or abnormal embryo sacs. 

Configurations giving viable embryo sacs (D) estimate the reduction of the seed set observed in F1 hybrids. 
Therefore, the fTRD is directly dependent on the recombination fraction between S1A–S1 (r1) and S1–S1B (r2).
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and is present only in the O. glaberrima 
S1 sequence. This gene showed similarities with 
an APETALA (AP2) transcription factor and 
mutations in AP2 in Arabidopsis are known to 
stop mega-sporogenesis after the first meiotic 
division (Byzova et al., 1999). Pack-MULEs are 
known to have an important role in rice genome 
evolution, as they can capture and relocate gene 
fragments to other genomic contexts (Jiang 
et al., 2004) leading to modulation of  both 
MULEs and paralogous gene expression (Hanada 
et al., 2009). If  the complete paralogous AP2 
gene had a function similar to that of  the 
Arabidopsis genes, this pack-MULE could affect 
its expression in the heterozygotes, in a dose-
dependent fashion, causing abortion of  female 
gametes, and would appear very close to hybrid 
dysgenesis mechanism (Michalak, 2009). The 
second candidate gene of  interest (49108-11)
belongs to the super-family of  F-Box proteins. 
Members of  this family constitute protein com-
plexes known as SCF (Skp1–Cullin–F-Box) 
involved in the control of  a wide range of  pro-
cesses (Xu et al., 2009). Several F-box genes and 
their associated proteins have been related with 
the progression of  the cell cycle, especially dur-
ing sporogenesis and gametogenesis (Wang and 
Yang, 2006; Pesin and Orr-Weaver, 2008; Gusti 
et al., 2009). A strong functional similarity can 
be seen with the complex composed by an F-box 
and a SUMO E3 ligase-like protein that controls 
the inter-subspecific hybrid sterility mediated by 
the Sa locus in O. sativa (Long et al., 2008).

The structural analysis was extended to the 
813 kb genomic sequence of  O. glaberrima cover-
ing the S1A and S1 regions and most of  the S1B
region, which has been compared to its ortholo-
gous regions in O. sativa (Guyot et al., 2011). 
A strong structural conservation was observed 
all along the S1 locus between the two cultivated 
species. This was in accordance with the relatively 
recent divergence (approximately 0.7 million 
years) of  Asian and African rice lineages by geo-
graphical isolation (Ma and Bennetzen, 2004; 
Ammiraju et al., 2008) and it reinforced the con-
sistency of  candidate genes provided by F-Box 
genes as they represented the most important 
structural genetic variation between the two 
cultivated rice species. Thus, effects of  dupli-
cated F-Box genes strengthened by a local inver-
sion, which increases the epistatic cohesion of  
the factors, may contribute greatly to the repro-

ductive isolation between the two species (Guyot 
et al., 2011). Further experiments are being 
carried out at Institut de recherche pour le dével-
oppement (IRD) to confirm candidate genes and 
to better understand the mechanism controlling 
the post-zygotic barrier at the S1 locus.

Identification of  the main locus involved in 
the reproductive barrier between the cultivated 
rice species reflects the divergence accumulated 
between their respective wild progenitors. The 
colocalization of  sterility locus between O. sativa
and O. glaberrima with the ones observed between 
indica and japonica accessions or between O. rufipo-
gon and O. sativa can provide useful guidelines for 
in-depth analysis of  the evolution of  critical loci 
responsible for BDM reproductive barriers, which 
may have fixed different alleles of  incompatibilities 
between the species (Plate 2). S10 and S1, for exam-
ple, or S21–S23 on chromosome 2 and S22–S29(t)–
S32–qSS-2 on chromosome 7 are the most striking 
colocalizations of  sterility genes between different 
A genome species. Accumulation of  effects of  
additional loci before and during the domestica-
tion of  rices may explain why the reproductive 
barrier is so pronounced between the two culti-
vated species. Identification of  sterility genes may 
also help in refining the analysis of  the potential 
gene flow between the cultivated species, since 
they coexist in West Africa. Hence, specific trans-
posable elements identified in the O. glaberrima
and O. sativa S1 sequences were used to determine 
Retrotransposon-based insertion polymorphism 
(R-BIP) markers, which proved to be very useful 
for the analysis of  the integrity of  the S1 locus in 
a representative collection of wild and cultivated 
African rices. Results confirmed fairly well that 
no recombination occurred in the entire S1

region even in very rare off-types or accessions 
supposed to have been introgressed elsewhere in 
the genome (our unpublished results).

Development of Chromosome 
Segment Substitution Lines (CSSLs) 

and Near-isogenic Lines (NILs) to 
Exploit the Genetic Diversity of 

O. glaberrima

Interspecific hybridization offers an attractive 
way of  enlarging the genetic diversity for crop 
improvement, but it is hampered by reproductive 
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barriers, increased sterility and reduced recom-
bination between the cultivated and the related 
species. The development of  markers and genetic 
mapping provides powerful tools to more system-
atically introgress a genome of  a distant species 
into a cultivated one, and to characterize pheno-
typic variation through the development of  spe-
cific populations. Among such populations, 
complete sets of  chromosome segment substitu-
tion lines (CSSLs), which are based on the repre-
sentation of  small chromosome fragments coming 
from a donor species in another recipient spe-
cies, are particularly suitable in the case of  inter-
specific hybridization between O. sativa and 
O. glaberrima (Ghesquière et al., 1997). The gen-
eral scheme for developing a CSSL population is 
based on successive backcrosses and selection 
of individuals bearing only one or a small num-
ber of  targeted chromosomal segments of  the 
O. glaberrima donor in the O. sativa background, 
using well-distributed molecular markers (Plate 3). 
Usually a first set of  50–60 randomly chosen 
BC1F1 individuals is large enough to cover the 
complete genome of  the donor parent. The BC1F1

plants are backcrossed again to generate the BC2

families. Then 10–15 individuals from each 
BC2F1 family are completely genotyped and a 
total of  about 150–200 BC2F1 plants showing a 
targeted segment are selected and used for the 
next backcrossing generation to produce BC3F1s.
Again, 120–150 BC3F1 individuals are selected 
from 400–500 BC3F1 individuals after a second 
round of  genotyping. These individuals are 
selfed to develop BC3F2s and then homozygous 
lines for the target segment generated through 
single-seed descent (SSD), or they can be back-
crossed again to generate BC4F1 plants if  addi-
tional isogenization is needed. To optimize the 
coverage of  the entire genome of  the donor in a 
minimum set of  lines, graphical genotyping soft-
ware such as GGT (van Berloo, 2008) and CSSL 
FINDER (http://mapdisto.free.fr/CSSLFinder) have 
been developed. A universal core genetic map is 
also available to select SSR markers anchored in 
the Nipponbare physical map and polymorphic 
across a large range of  cultivars and species with 
the A genome (Orjuela et al., 2010).

The CSSL approach has become popular for 
identifying and introgressing genes from one 
varietal group to another in rice, namely from 
indica to japonica and vice versa. Special effort 
has been made to use recipient varieties with 

available genomic sequences, such as Nipponbare 
(a temperate japonica variety), Zhenshen 97B 
(a hybrid rice maintainer line) and 93-11 (a restorer 
line sequenced by the Beijing Genomics Institute). 
The latter two lines are also used in an ambitious 
project to develop 14 CSSL libraries comprising 
seven A genome wild species accessions and 
included in the OMAP (Wing et al., 2007). 
Using CSSL populations developed from 93-11
and Zhenshen 97B with Nipponbare as donor, 
quantitative trait loci (QTLs) have been identified 
for enhancing the cultivability of  indica rice 
(Zhao et al., 2009), number of  panicles and 
grain yield under low nitrogen and phosphorus 
conditions (Wang et al., 2009), and grain length 
and width (Zhu et al., 2009). CSSLs from 
Kasalath (an Aus landrace from India) were 
developed in the japonica genetic background 
of  Koshihikari to map QTLs affecting heading 
date (Ebitani et al., 2005), cadmium concentra-
tion in brown rice (Ishikawa et al., 2005), 
increased number of  panicles per plant, 
increased number of  grains per panicle and 
increased root mass (Maduoka et al., 2008). For 
African rice species, several CSSL initiatives have 
been developed or are in progress (Table 10.2; 
Ali et al., 2010). The most advanced libraries 
concern two CSSL populations using the O. gla-
berrima accession MG12 in the background of  
Caiapo (a tropical japonica) and the multi-
purpose O. glaberrima accession TOG5681 in 
IR64 (indica) (Gutiérrez et al., 2010).

Identification, Mapping and Transfer 
of Valuable Genes from O. glaberrima

Systematic introgression is time- and labour-
intensive, so it needs to be conceived as an invest-
ment for the future and focused on important 
recipient O. sativa varieties or lines and on multi-
purpose O. glaberrima donors. As different lines 
of  a CSSL population show strong morphologi-
cal similarities, they represent an ideal tool to 
identify QTLs from remote or unadapted donor 
germplasm with the opportunity to reveal small 
effects that are usually masked by major QTLs in 
direct F2 or recombinant inbred line (RIL) pri-
mary populations. In addition, genotype × envi-
ronment interactions can be precisely monitored 
through replicated trials over years, across different 

http://mapdisto.free.fr/CSSLFinder
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environments and growing conditions. A good 
example of  direct utilization of  CSSLs was the 
identification of  a major resistance gene to Rice
stripe necrosis virus (RSNV) and yield-component
QTLs in the (MG12 × Caiapo) CSSL population 
(Gutiérrez et al., 2010; Fig. 10.2). CSSL lines 
usually contain more than their single targeted 
segment, but additional backcrossing can be 
performed to focus on a specific chromosome 
segment or on a confirmed line with special 

interest to derive true NILs ready for fine map-
ping and positional cloning. For instance, using 
the (IR64 × Tog5681) CSSL population, a NIL 
has been developed for the Rice yellow mottle 
virus (RYMV) resistance gene rymv1-3/IR64
(Albar et al., 2006). Similarly, three confirmed 
IR64 NILs resistant to nematode Meloidogyne
incognita have been derived from an (IR64 × 
Tog5681) CSSL population to map and to ulti-
mately clone the resistance genes to Meloidogyne

Table 10.2. Summary of chromosome segment substitution lines (CSSLs), backcross inbred lines (BILs) 
and near-isogenic lines (NILs) developed or in development, using O. glaberrima or O. barthii as donors 
and O. sativa as recurrent parent.

Donor accession
Recurrent parent 
(O. sativa) Potential traits targeteda Reference(s)

O. glaberrima TOG 5675 indica IR64 BPH resistance (Bph1) Ram et al. (2010)
O. glaberrima TOG 5681 indica IR64 RYMV resistance 

(rymv1-2; rymv1-3)
Albar et al. (2006)

O. glaberrima TOG 5681 indica IR64 Nematode resistance 
(Meloidogyne spp.)

S. Bellafiore (personal 
communication); 
Bimpong et al. (2010)

O. glaberrima IRGC 
104589

indica IR64 RYMV resistance 
(Rymv2)

Thiémélé et al. (2010)

O. glaberrima IRGC 
96726/TOG 5307

indica IR64 RYMV resistance 
(Rymv3)

L. Albar (personal 
communication)

O. glaberrima IRGC 
103544/MG 12

Tropical japonica
Caiapo

Rice stripe necrosis 
virus resistance

Guttiérrez et al. (2010)

O. glaberrima IRGC 
103544/MG 12

indica Mylang 23 Yield and yield 
components

Kang et al. (2008)

O. glaberrima IRGC 
104038

japonica Taichung 65 Pollen fertility and 
heading date

Doi et al. (1997) (2003a)

O. glaberrima IRGC 
96717/CG 14

Tropical japonica WAB 
56-104

Drought tolerance and 
weed competitiveness

Ndjiondjop et al. (2010)

O. glaberrima Temperate japonica cv. 
Koshihikari

Glabrous gene Angeles-Shim et al.
(2009)

CSSLs under construction
O. barthii IRGC 

10193
Tropical japonica

Curinga
To be evaluated for 

yield-related traits, grain 
traits, tolerance to biotic 
and abiotic stresses

M. Lorieux (cited in Ali 
et al., 2010)

O. barthii IRGC 
101937

indica Zhenshen 97B 
and 93-11

To be evaluated for 
yield-related traits, grain 
traits, tolerance to biotic 
and abiotic stresses

S.B. Yu (cited in Ali et al.,
2010)

O. glaberrima IRGC 
96717/CG 14

indica Zhenshen 97B Drought tolerance and 
grain quality

S.B. Yu (cited in Ali et al.,
2010)

O. glaberrima and 
O. barthii

Tropical japonica
LaGrue and 
temperate japonica
M-202

To be evaluated for 
yield-related traits, grain 
traits, tolerance to biotic 
and abiotic stresses

P. J. Sanchez and 
G. C. Eizenga (cited in 
Ali et al., 2010)

aBPH, brown planthopper; RYMV, Rice yellow mottle virus.
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spp. found in O. glaberrima (our unpublished 
results). CSSLs are also a starting point for dis-
secting complex traits, identifying lines with 
individual desirable QTLs, which can be re-
assembled efficiently in a common genetic back-
ground though a recurrent marker selection 
process. Pyramiding of  QTLs for plant height 
and number of  grains (Ashikari et al., 2005) to 
efficiently increase those traits in the Koshihikari 
japonica cultivar demonstrated how introgressed 
lines could be efficiently connected to breeding 
objectives and varietal release (Ashikari and 
Matsuko, 2006).

Conclusion: Application for New 
Breeding Schemes Adapted for 

O. glaberrima

Since the early 2000s, two major breakthroughs 
have been made for better gene discovery in rice 
genetic resources: user-friendly mapped markers 
such as SSRs, and suitable populations for trait 
analysis. In addition, single-nucleotide polymor-
phism (SNP) markers derived from rice-sequencing 
projects offer a quasi-infinite number of  markers. 
Specifically designed 384-SNP sets will increase 
genotyping efficiency of  any segregating progeny 
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Fig. 10.2. Identification of a major QTL for resistance to Rice stripe necrosis virus (RSNV) in 
O. glaberrima MG12. A major resistance QTL is located on chromosome 11 between SSR markers 
RM479 and RM5590 (F = 70.63, P ~ 0.0, significance threshold = 10.0). On the right, solid bars indicate 
the percentage of healthy plants for each line. The resistant lines (more than 85% healthy plants) are 
located within the black frame. The most probable location of the resistance QTL is given by the 
intersection of the black frame and the positions of the markers RM479 and RM5590, which define 
a common introgressed region between the resistant lines.
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for gene and QTL identification. Also, a 44,000 
array is already available and a 700,000 SNP array 
is under development (Tung et al., 2010; see also 
McCouch et al., Chapter 9, this volume). Using the 
O. glaberrima CG14 genomic sequence, new sets of  
versatile SNPs well distributed on the rice genome 
and showing intra- and interspecific polymorphism 
are being developed by IRD for the study and use 
of  O. sativa × O. glaberrima introgressions. Out-
sourcing of  genotyping via dedicated platforms 
such as the Molecular Breeding Platform of  the 
Generation Challenge Programme (GCP) to private 
companies will greatly alleviate activities in plant 
breeding, allowing breeders and geneticists to focus 
on phenotypic evaluation of  the traits of  interest. 
The first generation of  upland NERICA varieties 
developed with O. glaberrima CG14 have been 
scored for their O. glaberrima and O. sativa contents 
(Semagn et al., 2006). According to the S1 locus 
genetic model described above, the presence of  S1

g

allele in some of  them is expected to restore the F1

interspecific reproductive barrier if  S1
g NERICA 

varieties are used in crosses with O. sativa lines. The 
S1 locus is not the only locus responsible for the 
reproductive barrier, but the S1

s allele is an impor-
tant prerequisite for favouring fertility restoration 

in backcross generations. The female transmission 
of  the S1

s allele in O. sativa backcross progenies may 
vary from 1.5% to 10% according to recipient par-
ents and combinations (Garavito et al., 2010; our 
unpublished results). We developed the concept of  
interspecific bridge lines (iBridges) based on marker-
assisted selection of  homozygous S1

s/S1
s individu-

als, which resulted in an increase of  the proportion 
of  fertile individuals in the first backcross genera-
tion (Table 10.3). Combined with CSSL or back-
cross inbred lines (BIL) strategies as described above, 
this process allows accelerated fertility restoration 
and more efficient development of  fertile intro-
gressed lines for phenotypic evaluation and gene 
discovery. Producing lines that are able to give 
fertile progeny when crossed with more diverse 
O. sativa elite lines is expected to greatly facilitate 
the incorporation of  O. glaberrima germplasm in 
conventional rice breeding schemes. This concept 
is being applied through international collabora-
tions (AfricaRice, International Center for Tropi-
cal Agriculture, IRD and national agricultural 
research systems) within the framework of  the 
Global Rice Science Partnership (GRiSP) to enlarge 
the use of  other important O. glaberrima donors and 
to diversify the target recurrent O. sativa varieties.

Table 10.3. First steps of the development of iBridges through marker-assisted selection for S1
S allele and 

subsequent fertility restoration in the O. sativa/O. glaberrima//O. sativa backcross progenies. Off-types refer 
to some natural accessions showing evidence of introgression events based on SSR and SNP marker data.

Parent No. comba

No. BC1

seed set

No. BC1

screened
by MASb

No. S1
S

(RM190)

S1
S allele 

transmis-
sion in F1 Range

Fertile 
individuals

(S1
S/S1

S

genotype, %)

Fertile 
individuals

(S1
S/S1

g

genotype, %)

O. sativa line
IR64 12 1536 831 45 0.055 0–19 54 2
Curinga 11 1633 797 33 0.041 0–16 45 5
WAB165 11 1989 669 33 0.049 0–10 16 3
Total 34 5158 2297 112 0.049 0–11 40 3
Off-types 10 1503 878 233 0.265 16–46 72 23

acomb, combinations; bMAS, marker-assisted selection.
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Crop and water management can be 
improved through efficient irrigation schemes, 
better infrastructure and hydrological control, 
and optimal use of  fertilizers, which can alle-
viate some of  the effects of  abiotic stresses. 
These measures are effective in reducing yield 
losses, and most improved varieties are respon-
sive to such measures, consequently stabiliz-
ing productivity and narrowing yield gaps 
(Ismail et al., 2008). However, the costs of  
adopting these measures are prohibitive for 
most resource-poor African farmers and local 
governments. Alternatively, developing rice 
germplasm tolerant to the prevalent stresses 
involves no additional costs to farmers and 
can enhance and stabilize productivity consid-
erably (Ismail and Tuong, 2009). Hence, vari-
etal improvement should be given priority as 
an entry point for increasing and stabilizing 
rice production in sub-Saharan Africa. As 
much as possible, this should be combined 
with improved management practices to real-
ize the full yield potential of  the new tolerant 
varieties developed. This is all the more impor-
tant given that the potential impact of  
research targeted to reduce yield loss due to 
stresses was estimated at a global cumulative 
benefit of  US$ 32.9 million for seven countries 
over 3 years (AfricaRice, 2011b). This means 

Introduction

In sub-Saharan Africa, biophysical constraints 
and high reliance on low-input and rainfed agri-
culture impose various abiotic stresses on rice 
crops (Defoer et al., 2002). Most of  these stresses 
are associated with water availability (drought 
and excess water), soil problems (salinity, nutri-
ent deficiencies and toxicities) and extreme tem-
peratures (heat and cold). These stresses 
fluctuate seasonally and vary spatially. They 
adversely affect rice growth and productivity, 
resulting in reduced yields. Abiotic stresses are 
limiting factors in almost all rice production 
environments – in both rainfed and irrigated 
areas (Defoer et al., 2002; Saito et al., Chapter 
15, this volume; Table 11.1). They contribute to 
significantly lower on-farm yields compared to 
attainable yield. Results of  farm-household sur-
veys conducted by the Africa Rice Center 
(AfricaRice) in 12 sub-Saharan African coun-
tries showed that, for example, when drought 
and flooding occur, they induce average yield 
losses of  33% (AfricaRice, 2011a). Yield losses 
due to soil-related problems are higher in the 
lowlands than in the uplands. In Senegal and 
Uganda, yield losses due to the soil-related con-
straints salinity and iron toxicity are as high as 
40% and 25%, respectively (AfricaRice, 2011b).
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additional income for farmers and increased 
rice production in Africa.

In the rice gene pool – both cultivated and 
wild species – tremendous genetic variation 
exists for tolerance to abiotic stresses. This 
could be exploited to develop improved varieties 
that are more tolerant to the major abiotic 
stresses that constrain rice production in sub-
Saharan Africa than existing varieties. Progress 
in developing rice varieties tolerant to abiotic 
stresses has been slow because of  the complex-
ity of  the tolerance mechanisms, poor under-
standing of  the inheritance of  tolerance, low 
heritability and lack of  efficient screening tech-
niques (Lafitte et al., 2006). However, advances 
in understanding stress physiology and identifi-
cation of  tolerance genes/QTLs (quantitative 
trait loci) (Ismail et al., 2007; Jena and Mackill, 
2008; Thomson et al., 2010b) offer promising 
opportunities for rice improvement with 
regards to abiotic-stress tolerance. Both con-
ventional and biotechnological approaches are 
being used by AfricaRice to exploit the rich res-
ervoir of  genetic resources present in the 
African germplasm pool, particularly Oryza 
sativa landraces and O. glaberrima for the 
improvement of  local rice varieties. In this 
chapter, we present the major abiotic stresses 
that constrain rice production in sub-Saharan 

Africa and the breeding activities to develop 
rice varieties tolerant of  these stresses and 
adapted to local conditions in Africa. We also 
highlight the challenges that should be 
addressed in order to sustainably increase rice 
productivity in sub-Saharan Africa.

Major Abiotic Stresses 
Limiting Rice Production 

in Sub-Saharan Africa

Sub-Saharan Africa is affected by numerous 
types of  environmental stresses related to water 
availability, soil problems and climatic issues. In 
many cases, several stresses are experienced 
simultaneously (e.g. in mangrove-swamp rice 
fields where submergence, salinity and iron tox-
icity occur together). Rice production in such 
areas is severely constrained by abiotic stresses. 
Specific data on the extent of  abiotic stresses in 
rice-growing areas of  sub-Saharan Africa are 
scarce. Most of  the data available are either not 
specific to rice-growing areas or limited to a few 
countries. This issue is being addressed by 
AfricaRice. Insight on farmer perceptions of  
abiotic constraints is provided by Diagne et al.
(Chapter 4, this volume).

Table 11.1. Major rice production ecosystems in Africa: actual and potential yield and limiting constraints. 
(Adapted from Defoer et al., 2002; Diagne et al., Chapter 3, this volume).

Rice
agro-ecosystem

Share of rice 
area (%)

Yield: Actual / 
Potentiala

(t/ha) Abiotic production constraints Input use

Rainfed upland 32 1.2/2–4 P and N deficiency, acidity, Al toxicity, drought, 
erosion declining soil fertility, cold in 
highlands

Very low

Rainfed lowland 38 1.9/3–6 Water control, N and P deficiency, 
Fe toxicity

Low

Irrigated Sahel/
savannah

26 3.7/6–11 N deficiency, salinity and alkalinity, extreme 
temperatures

High

Irrigated humid/ 
sub-humid zone

1.9/5–8 N deficiency, Fe toxicity Medium

Mangrove <1/2–4 Acid sulfate, salinity, Fe toxicity, 
excess water

Very low

Deepwater/ 
Floating

4 <1/2–4 Salinity, excess water, cold in highlands Very low

aLow end of the range refers to potential yield at current input levels; high end refers to potential yields at increased input 
levels.
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Drought

Drought is generally avoided in areas where 
irrigation water is available throughout the 
season, but it is a consistent feature across 
much of  the 63.5 million hectares of  rainfed 
rice sown annually, most of  which is in tropical 
Asia, Africa and Latin America (Lafitte et al.,
2006). It can occur at any stage during the rice 
cropping season, but it is more devastating 
when it occurs just prior to flowering than it is 
during the vegetative stage, with substantial 
effects on grain yield (Boojung and Fukai, 
1996). About 70% of  the rice area in sub-
Saharan Africa is rainfed (Diagne et al.,
Chapter 3, this volume; Table 11.1). The spa-
tial and temporal variability of  rainfall in this 
region expose rice plants to frequent drought 
spells. Regardless of  the total rainfall and dis-
tribution, the poor physical properties of  
highly weathered, coarse-textured soils in 
some parts of  sub-Saharan Africa induce low 
water-holding capacity and establish water 
deficit as a major constraint to rainfed crop 
yields in sub-Saharan Africa (Hsiao et al.,
1980). This is particularly true for upland rice, 
which makes up 32% of  rice-growing areas in 
sub-Saharan Africa (Table 11.1). Analysis of  
farmer perceptions in 18 countries in sub-Saharan 
Africa across rice environments provided evi-
dence that in 2008 an estimated 10% of  rice 
farmers experienced drought affecting 37% of  
their rice area, causing 29% of  rice yield loss 
(Diagne et al., Chapter 4, this volume). The 
diversity of  affected production systems, vari-
ability of  drought in terms of  timing and sever-
ity, and the multiple traits involved in drought 
tolerance require strategic research to prioritize 
and define environment-specific approaches 
for developing drought-tolerant rice cultivars 
(Manneh et al., 2007).

Salinity

Irrigation has the potential to ensure high rice 
yields and is a good strategy to offset recurrent 
droughts. Unfortunately, soils of  most irrigated 
areas in sub-Saharan Africa have continued to be 
degraded as a result of  poor irrigation practices 
and the absence of  efficient drainage. These have 

led to a rapid rise in the water table and an 
increase in soil sodium/alkalinity and salinity 
(Bertrand et al., 1993). In the Office du Niger 
(Mali), 50% of  the water table is now saline and 
occasionally very saline despite low mineral con-
tent of  the irrigation water (Bertrand et al., 1993). 
In the Senegal River delta, marine-derived soil 
salinity is an inherent problem and sodicity is 
increasing in irrigated flood plains in inland areas 
due to high evaporation, rising groundwater 
tables and poor drainage (WARDA, 1993; Matlon 
et al., 1998). Miézan and Dingkuhn (2001) 
observed that waters of  the Niger and Senegal 
rivers carry substantial alkalinity, and the salt 
content of  water sometimes increases markedly 
between the main rivers and the actual irrigation 
site. However, van Asten et al. (2003) show that 
salt accumulation in the soils of  Sahelian coun-
tries has more to do with the underlying bedrock 
than with the irrigation system. Examining soils 
in the irrigated areas of  Foum Gleita (Mauritania) 
they found that the geographical distribution of  
salt was not related to the presence of  irrigation 
or drainage canals. Also the alkaline salts present 
in the upper soil layers in Foum Gleita did not 
come from irrigation water, but from the under-
lying bedrock. Additional to the salt stress itself, 
the high pH resulting from the sodification/
alkalinization reduces the availability of  plant 
nutrients such as zinc and increases nitrogen 
losses through volatilization (Bertrand et al.,
1993; Miézan and Dingkuhn, 2001). According 
to van Asten et al. (2004), using data from Sourou 
Valley (Burkina Faso), this shortage of  nutrients 
in the soil is a bigger problem than soil degrada-
tion attributable to irrigation.

High rice productivity is also constrained by 
soil salinity in many mangrove-swamp areas. 
Mangrove rice is grown on about 200,000 ha of  
cleared mangrove swamps along the rivers and 
coastal estuaries of  The Gambia, Guinea, Guinea-
Bissau, Nigeria, Senegal and Sierra Leone (Matlon 
et al., 1998). In these areas, rice cultivation 
depends on the length of  the salt-free period, 
which is an interplay of  in situ rainfall, the volume 
of  freshwater flow, and salt intrusion from the 
sea. Swamps located along river banks farthest 
from the sea experience a salt-free period of  6–9 
months during which rice can be grown. Closer to 
the sea, rice can be grown for only 3–4 months.

Rice is most sensitive to salinity stress at 
seedling and reproductive stages (Gregorio 
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et al., 2002). However, salinity tolerance at 
these two stages is only weakly associated 
(Moradi et al., 2003). Discovering and combin-
ing suitable tolerance traits for both stages is 
essential for developing resilient salt-tolerant 
varieties. Moreover, the salt-tolerance level of  
cultivars depends on environmental condi-
tions (Asch et al., 1997). Generally, salinity 
effects on rice are more severe in arid climates 
than in humid ones. For example, salinity lev-
els at an electric conductivity (EC) of  9.5 mS/
cm were reported to cause a 50% yield loss in 
the humid tropics (Flowers and Yeo, 1981), 
whereas under the arid conditions of  the 
Sahelian dry season an equivalent yield loss 
was observed at an EC of  only 3.5 mS/cm 
(Dingkuhn et al., 1993).

Excess water

Excess water can be of  two types: transient flash 
floods or submergence that completely inundates 
the crop for a short duration (up to 2 weeks), and 
longer-term flooding where water stagnates for up 
to a few months at different water depths (e.g. 
30–50 cm: partial/stagnant, semi-deep; >100 
cm: deep-water; up to 3 or 4 m: very deep-water or 
floating rice) (Mackill et al., 2012). In sub-Saharan 
Africa, the deep-water area accounts for less than 
4% of  the whole rice-growing area (Diagne et al.,
Chapter 3, this volume), mainly in the flood plains 
of  large rivers such as the Niger River. Excess 
water is also a common constraint throughout 
the rainfed and irrigated rice-production areas 
when high rainfall and/or impeded drainage 
occurs, particularly early in the season (Futakuchi, 
2005). In the flood plains, sudden floods can tem-
porarily submerge the rice crop in some areas, and 
waterlogging can continue through most of  the 
season in others – sometimes both occur within 
the same season. In savannah and forest zones in 
West and Central Africa, inland valleys prevail 
and rice in valley bottoms often experiences water-
logging for several weeks after heavy rainfall 
(Manneh et al., 2007). Analysis of  farmer percep-
tions in 18 countries in sub-Saharan Africa pro-
vided evidence that in 2008 an estimated 5% of  
farmers experienced flooding, affecting 37% of  
their farmland, causing a production loss of  27% 
(Diagne et al., Chapter 4, this volume).

While rice is adapted to waterlogged condi-
tions, complete submergence for several days 
can be fatal. However, the extent of  damage to 
rice is affected by several factors linked to flood-
water conditions, including interference in 
normal gas exchange and light interception. 
These factors are largely affected by the dura-
tion of  the flood, its depth, temperature, and 
the level of  turbidity and turbulence of  the 
floodwater, and vary considerably across loca-
tions and seasons (Das et al., 2009). Rice yields 
in flood-prone areas are very low, mostly aver-
aging below 1.5 t/ha, because farmers usually 
grow their low-yielding traditional varieties 
(Haefele et al., 2010); and modern high-yielding 
varieties tolerant of  these stresses are mostly 
non-existent. In some locations, such as Mopti 
(Mali) and the Sokoto Rima River flood plains 
(Nigeria), O. glaberrima (African rice) is still cul-
tivated despite its low yield potential relative to 
the more widely cultivated O. sativa (Asian rice) 
(Jones et al., 1997; Diarra et al., 2004; 
Sakagami, 2012).

Phosphorus deficiency

Phosphorus (P) deficiency is one of  the major 
limiting factors for crop production in highly 
weathered soils in the humid tropics. Total soil P 
is generally low, with only 2–4% of  the total P 
available to plants. This is because of  the high 
P-fixing capacity of  fine-textured soils found in 
humid and sub-humid zones (Abekoe and 
Sahrawat, 2001). About 5.7 billion hectares 
worldwide lack sufficient plant-available P 
(Batjes, 1997) and 50% of  potential arable land 
worldwide has acid soils, which are widely 
distributed in sub-Saharan Africa. The bioavail-
ability of  inorganic phosphate is reduced in 
acid soils.

Phosphorus deficiency can be corrected 
through fertilizer application, but the lack of  
locally available P sources and the high cost of  
importing and transporting fertilizers prevent 
many resource-poor rice farmers from applying 
P. Furthermore, some rice soils can quickly fix 
up to 90% of  the added P fertilizer into less-soluble 
forms (Dobermann et al., 1998) that cannot be 
used by plants. This tight binding of  P in the soil 
is frequently the primary cause of  P deficiency, 
rather than a low total P content.
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Insufficient plant-available soil P is a major 
constraint for rice production. This is particu-
larly apparent in sub-Saharan Africa under 
upland conditions, which are commonly char-
acterized by infertile, highly acidic, P-fixing soils, 
usually in areas where little or no fertilizer is 
applied. Under lowland conditions, where P is 
more available than in drier areas, P deficiency 
is still a major factor limiting performance of  
modern rice varieties (Defoer et al., 2002). 
Phosphorus deficiency is likely to become an 
increasingly important constraint, as P is 
removed from soils under intensive rice produc-
tion (De Datta et al., 1990) using high-yielding 
modern varieties.

Iron toxicity

Iron (Fe) toxicity is widely distributed in tropi-
cal lowlands and is frequently reported in 
many inland valleys (mangrove swamps, rain-
fed and irrigated lowlands) of  sub-Saharan 
Africa (Masajo et al., 1986). It is usually asso-
ciated with poor drainage and the presence of  
iron in the parent rock or in the soils of  adja-
cent slopes through which groundwater flows 
into the lowland (WARDA, 1988). A wide 
range of  soil types can be Fe-toxic, including 
acid-sulfate soils, acid-clay soils, peat soils and 
valley-bottom soils receiving interflow water 
from adjacent slopes (Becker and Asch, 2005). 
A survey conducted during 2000–2001 in 
three West African countries (Côte d’Ivoire, 
Ghana and Guinea) showed that more than 
50% of  the lowlands studied and about 60% of  
the cultivated rice plots were affected by Fe tox-
icity, and 10% of  lowland crop fields were 
abandoned due to high Fe-toxicity stress 
(Chérif  et al., 2009).

In anaerobic conditions and acidic condi-
tions (pH <5), as found in waterlogged soils, the 
ferrous form is stabilized and readily taken up by 
plants. Rice is particularly sensitive to Fe toxicity 
at two growth stages – soon after transplanting 
up to tillering, and during heading/flowering 
(Prade et al., 1990). Depending on the variety 
and the intensity of  the toxicity, yield losses aver-
age about 30% and can accrue up to levels that 
can cause complete crop failure of  susceptible 
varieties (Masajo et al., 1986; Abifarin, 1989; 

WARDA, 1997). Excessive uptake of  Fe is often 
accompanied with other nutrient deficiencies, 
especially potassium, phosphorus, calcium and 
magnesium (Benckiser et al., 1984; Prade et al.,
1990). However, Sahrawat et al. (1996) report 
cases of  Fe toxicity without apparent deficiency 
in other nutrients.

Extreme temperatures

Low-temperature stress is common for rice 
grown in temperate regions and at high eleva-
tions in the tropics. In Africa, cold tempera-
tures occur in the highlands of  East and 
Southern Africa and in some areas of  the Sahel 
region of  West Africa during the cold, dry har-
mattan season, which extends from November 
to February. For example, in Madagascar, mean 
temperatures at 1500 m vary from 17°C in 
October, the rice-sowing period, to 20°C during 
the reproductive stage (Zenna et al., 2010). 
Minimum temperatures can fall below 10°C 
during early vegetative stage and below 14°C 
during reproductive stage (Zenna et al., 2010). 
In the Sahel, there are significant temperature 
fluctuations during the year with low tempera-
tures during panicle initiation in the wet sea-
son and high temperatures around flowering 
during the dry season. In both cases, spikelet 
sterility may occur, leading to substantial yield 
loss (Dingkuhn, 1995). In this region, day min-
imum temperatures fall below 20°C during 
November to March, while maximum tempera-
tures regularly rise above 40°C from April to 
June (Fig. 11.1). Planting rice between mid-
September and mid-November in the Sahel is 
generally associated with near total spikelet 
sterility, since the reproductive phase of  the 
crop coincides with periods of  low night tem-
peratures (Dingkhun, 1995; Manneh et al.,
2007). Moreover, crop duration increases with 
low temperatures, considerably limiting the 
possibility of  double-cropping in areas where 
water control is possible (Coly, 1980; Matlon 
et al., 1998). However, the introduction of  short-
duration varieties can make double-cropping 
feasible. Dingkuhn and Miezan (1995) used a 
simulation model based on photothermal con-
stants to show that short-duration genotypes 
with high plasticity of  duration perform best 
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in the dry season, while medium-duration 
types with high plasticity perform well in the 
wet season, and short-duration types with 
low plasticity of  duration perform well in both 
seasons. Rising temperatures, as a consequence 
of  climate change, could have positive effects 
on the flexibility of  cropping calendars, but 
the vulnerability of  rice to high temperature is 
also expected to increase. Global mean tem-
peratures have already risen by around 0.6°C 
over the last century and are projected to 
increase by 1.4°C to 5.8°C over the next cen-
tury (IPCC, 2001).

Rice is sensitive to temperature fluctua-
tions, but its sensitivity depends on the devel-
opmental stage. Flowering stage and 9–11 
days before heading are the most sensitive 
stages to extremes of  temperatures, with very 
cold or very hot weather leading to high spike-
let sterility (Yoshida et al., 1981; Andaya and 
Mackill, 2003a; Manneh et al., 2007; Zenna 
et al., 2010). Rice is particularly sensitive to tem-

peratures below 15°C. The extent of  damage 
depends on the ambient air or water tempera-
ture, cropping pattern, growth stage and vari-
ety (Zenna et al., 2010). Crop failure can be 
observed when low temperature is manifested 
at different growth stages, such as germina-
tion, seedling, vegetative, reproductive and 
grain maturity (Andaya and Mackill, 2003a,b).

When rice is exposed to air temperatures 
higher than 35°C, heat injuries occur. By stud-
ying weather data at the International Rice 
Research Institute (IRRI) farm from 1979 to 
2003, Peng et al. (2004) show that grain 
yield declined by 10% for each 1°C increase 
in minimum temperature during the dry 
season, whereas the effect of  maximum 
temperature on crop yield was insignificant. 
In a different study, Ziska and Manalo 
(1996) found that, at a constant day tem-
perature of 29°C, increasing night tempera-
ture did not significantly alter growth or 
yield; however, increasing night temperature 

Fig. 11.1. Example of seasonal and diurnal temperature variations during two major cropping seasons in 
the Sahel (case of Fanaye, Senegal River valley, northern Senegal, 2011). Tmax, maximum temperature; 
Tmin, minimum temperature.
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at a day temperature of  33°C resulted in signifi-
cant declines in grain-filling and grain yield.

Strategies to Improve Rice Tolerance 
to Abiotic Stresses for Africa

Various conventional and biotechnological 
approaches are being used to develop rice varie-
ties tolerant of  abiotic stresses. It is now possible 
to develop new tolerant rice varieties through 
conventional breeding in combination with 
marker-assisted selection or through direct 
transfer of  tolerance genes into rice varieties via 
genetic engineering. At AfricaRice, two main 
strategies are being followed for genetic improve-
ment of  rice tolerance to abiotic stresses 
(Fig. 11.2): (i) the use of  genetic diversity existing 

in rice, with particular focus on African rice 
(O. glaberrima) and related wild species, O. barthii;
and (ii) the use of  molecular markers to trans-
fer tolerance QTLs to elite African germplasm, 
in addition to conventional breeding. Efforts 
are also devoted to identify new QTLs for 
tolerance.

To ensure farmers’ access to these new 
technologies and their rapid adoption, AfricaRice 
is progressively introducing participatory app-
roaches into the various breeding programmes. 
In different countries, breeding lines and varie-
ties selected for tolerance to salt stress, drought, 
Fe toxicity and cold were evaluated by farmers 
through field visits and on-farm tests against 
their local varieties. By 2011, some 21 promising 
stress-tolerant lines had been identified for 
potential submission to national varietal re -
lease committees. In 2010, an Africa-wide Rice 

Fig. 11.2. Framework of a breeding process for genetic improvement of stress tolerance in rice. GRU, 
Genetic Resources Unit; PVS, participatory varietal selection; QTLs, quantitative trait loci.
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Breeding Task Force was revived and this net-
work is now responsible for multi-environment 
testing of  new breeding lines developed for 
lowland, irrigated, upland, high-elevation and 
mangrove environments (see Kumashiro et al.,
Chapter 5, this volume).

Tapping the gene pool of African rice

With the success of  NERICA varieties, O. glaber-
rima gained renewed interest. This species is 
known for its good adaptation to sub-Saharan 
Africa environmental and soil conditions. It has 
tolerance to many abiotic stresses, including 
drought, Fe toxicity, acidity and low-input condi-
tions (Sano et al., 1984; Jones et al., 1997) and 
has the ability to grow in a wide range of  unfa-
vourable ecosystems such as rainfed hilly areas, 
deepwater floating conditions and in coastal 
mangrove areas (Sarla and Swamy, 2005). 
While AfricaRice holds a collection of  about 
2500 O. glaberrima accessions, only four acces-
sions were used to create the NERICA varieties 
for both upland and lowland environments. 
There is still a tremendous amount of  unex-
ploited genetic diversity in the primary gene pool 
of  O. glaberrima. AfricaRice has embarked on the 
characterization of  O. glaberrima accessions and 
their evaluation for different traits of  interest, 
including tolerance to abiotic stresses.

Several O. glaberrima were collected in Mali 
(RAM series) and several donors of  drought 
tolerance have been identified, including RAM3, 
RAM118 and RAM152 (Ndjiondjop et al., 2007; 
Bimpong et al., 2011a). The development of  back-
cross interspecific lines (O. sativa × O. glaberrima)
showed that drought tolerance from O. glaberrima
is transferable to the progenies. Several intro-
gression lines from different cross combinations 
were evaluated and lines tolerant of  drought have 
been identified (Ndjiondjop et al., 2007, 2010; 
Bimpong et al., 2011b; Bocco et al., 2011). 
Similarly, good sources of  salinity tolerance 
have been identified within O. glaberrima (e.g. 
RAM121, TOG6224 and TOG7230), as well as 
some of  the interspecific lowland NERICA-L vari-
eties. These tolerant varieties do not have the tol-
erance allele of  Pokkali at the Saltol locus. Further 
studies are assessing whether these alleles can 
effectively be combined with Saltol to breed highly 

tolerant varieties. Variability also exists in the 
interspecific lowland NERICA and O. glaberrima
varieties with regards to Fe-toxicity tolerance. 
NERICA-L 19 and NERICA-L 49 combine both 
tolerance to iron toxicity and good agronomic 
characters (Nwilene et al., unpublished). The tol-
erance was inherited from the O. glaberrima par-
ent, TOG5681. It has also been reported that 
CG14, the O. glaberrima parent of upland NERICA 
varieties, has remarkable tolerance to Fe-toxicity 
stress (Sahrawat and Sika, 2002), while 
TOG7235, TOG6216, TOG7442 and TOG7291 
show moderate tolerance (Mendoza et al., 2000). 
About 500 accessions from the AfricaRice O. gla-
berrima collection are being evaluated at Vallée du 
Kou (Burkina Faso) to identify new sources of  tol-
erance to Fe toxicity in this species. New research 
directions are also being considered in view of  the 
current and anticipated rise in temperature 
resulting from climate change. New projects are 
in the pipeline to incorporate heat tolerance into 
local African varieties. For this trait, too, O. glaber-
rima could be exploited to confer early morning 
flowering in interspecific crosses to avoid spikelet 
sterility due to heat stress (Yoshida et al., 1981; 
Manneh et al., 2007).

One of  the major limitations in the use of  
O. glaberrima for the improvement of  O. sativa was 
the interspecific hybrid sterility (Ghesquiere 
et al., 1997). Even though AfricaRice succeeded 
in the development of  interspecific varieties – 
NERICA – the introgression of  useful traits from 
O. glaberrima into O. sativa is still tedious and 
time-consuming. AfricaRice and Institut de 
recherche pour le développement (IRD) have 
developed interspecific bridges between the two 
cultivated species. These interspecific bridges com-
prise O. sativa lines carrying large introgressions 
of the O. glaberrima genome that are compatible 
with O. sativa in subsequent crosses. Marker-
assisted selection was carried out on backcross 
progenies to select the homozygous lines bearing 
the O. glaberrima allele at the S1 locus. The S1
gene encodes a gamete eliminator which induces 
both male and female gamete abortion through 
allelic interaction in interspecific O. sativa × 
O. glaberrima crosses (Sano, 1986; Garavito et al.,
2010). The fertility restoration is monitored for 
three generations to derive fertile backcross 
inbred lines (BILs – BC1F3) with improved cross-
ability with O. sativa. For more details see Lorieux 
et al. (Chapter 10, this volume).
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In addition to O. glaberrima, genetic varia-
bility for tolerance to abiotic stresses is also pre-
sent in O. sativa, especially in the traditional 
varieties, and this is being exploited. Through 
germplasm exchange, tolerant varieties identi-
fied elsewhere are included in breeding pro-
grammes to enhance tolerance to abiotic stresses 
in the local varieties. Meanwhile, agronomic 
and quality traits preferred by consumers are 
incorporated in the new tolerant lines to meet 
the market demand.

Speeding up the development of tolerant 
varieties through molecular breeding

With a better understanding of  the mechanisms 
and genetics of  stress tolerance, breeders are 
now using more precise breeding approaches – 
notably marker-assisted backcrossing (MABC) – 
to develop varieties with higher levels of  tolerance 
and acceptable grain quality. For many abiotic 
stresses, major QTLs/genes have been identified 
in rice (Jena and Mackill, 2008; Ismail and 
Thomson, 2011). Some of  these QTLs have been 
fine-mapped and a MABC system developed to 
incorporate them into high-yielding varieties. 
Incorporation of  these QTLs into popular varie-
ties demonstrates substantial impacts on rice 
productivity in farmers’ fields (Singh et al.,
2009; Thomson et al., 2010a,b; Ismail and 
Thomson, 2011; Mackill et al., 2012). Likewise 
at AfricaRice, MABC has been initiated for all 
abiotic stresses for which major QTLs have been 
identified and successfully used. A certain set of  
QTLs is targeted for each rice production envi-
ronment and research conducted at different 
AfricaRice stations.

Improving drought tolerance of  rice has 
been hindered by the low level of  genetic variabil-
ity and the complex inheritance of  the trait, as 
well as the difficulty of  accurately measuring the 
level of  tolerance. Molecular approaches to 
improve drought tolerance have been widely 
applied to rice, and numerous QTLs identified for 
secondary traits associated with drought 
response, including rooting traits (depth, vol-
ume, thinness, penetration ability), leaf  rolling 
and death, membrane stability, and osmotic 
adjustment (Laffite et al., 2006). However, very 
few studies have mapped QTLs related to better 
yield under drought. A few major QTLs for yield 

under drought have been identified that can 
result in substantial yield improvement under 
drought (Bernier et al., 2007; Venuprasad et al.,
2009; Vikram et al., 2011). These QTLs offer con-
siderable opportunities for enhancing drought 
tolerance of  rice varieties for Africa for both 
uplands and lowlands. Drought tolerance QTLs 
qtl12.1 and DTY3.1, respectively associated with 
yield under upland stress and lowland stress 
(Bernier et al., 2007; Venuprasad et al., 2009), 
are targeted for marker-assisted selection (MAS) 
at AfricaRice. Near-isogenic lines (NILs) con-
trasting for grain yield under drought, developed 
at IRRI, are being tested under upland and low-
land conditions in Benin and Nigeria. The qtl12.1
co-localizes with the Pup1 (P uptake-1) QTL that 
confers tolerance to P deficiency (Chin et al.,
2010). AfricaRice is aiming to transfer the Pup1
QTL into the background of  popular upland vari-
eties. A preliminary survey using Pup1 gene-spe-
cific markers showed that almost all upland 
varieties tested (including upland NERICA varie-
ties) have Kasalath (Pup1 donor) allele at all or 
part of  the loci tested, but very few have the gene 
OsPupK46-2, which seems to be the major deter-
minant of  Pup1 effect (Gamuyao et al., 2012). 
This gives room for improvement of  both drought 
and P deficiency.

For irrigated areas affected by salinity, the 
tolerance QTL Saltol, derived from the salt-
tolerant cultivar Pokkali (Bonilla et al., 2002; 
Thomson et al., 2010a), is being incorporated 
into elite irrigated rice varieties, such as Sahel 
108, Sahel 201 and ITA 212, to improve their 
tolerance to salinity. Advanced backcross breed-
ing lines (BC2–BC3) have been obtained with 
Saltol introgression using FL478 and Pokkali as 
donor parents. In the Sahel, where rice is also 
affected by cold stress at the vegetative stage, 
AfricaRice scientists are targeting the cold toler-
ance QTLs (Ctb-1, Ctb-2) identified in Silewah 
(Saito et al., 2004) and qCTS12a identified in 
M202 (Andaya and Mackill, 2003b). For sub-
mergence-prone areas, African Sub1 lines were 
developed using WITA 4, a popular variety in 
Nigeria, as recipient (Gregorio et al., unpub-
lished) and new versions using NERICA-L 19, 
TOX4004, Kogoni, FARO44 and BW348-1 as 
recipients are in the pipeline. The major QTL 
Sub1, identified from FR13A (Xu and Mackill, 
1996), provides tolerance to complete submer-
gence for up to 2 weeks. Asian Sub1 varieties 
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have been extensively evaluated in South and 
South-east Asia and in Africa. In all cases, similar 
results were obtained (Table 11.2), with consist-
ent yield advantages of  1 t/ha to over 3 t/ha 
compared with the original varieties following 
submergence for durations of  about 4 to over 
18 days (Mackill et al., 2012). However, this QTL 
is not effective in areas that are likely to experi-
ence prolonged waterlogging or partial stagnant 
flooding of  over 20 cm (Singh et al., 2011). 
Therefore for these areas and for deep-water 
conditions, new materials should be developed 
targeting elongation ability.

Another powerful marker-assisted approach, 
marker-assisted recurrent selection (MARS), is 
being implemented for the improvement of  
drought tolerance in the lowlands. Allele diver-
sity within bi-parental populations is exploited 
by MABC to increase the frequency of  beneficial 
alleles for quantitative traits. Cyclical recombi-
nation of  lines bearing interesting chromosomal 
segments will then be conducted and favourable 
alleles accumulated. Six populations have been 
developed and more than 200 lines are under 
evaluation for drought tolerance in Nigeria, Mali 
and Burkina Faso (M.-N. Ndjiondjop, Cotonou, 
Benin, 2012, personal communication).

With the use of  molecular markers, 
AfricaRice expects to increase the efficiency and 
effectiveness of  its breeding programmes com-
pared to conventional breeding methods.

Challenges and Outlook

Anticipating the effects of climate 
change on rice production

Climate change is emerging as one of  the most 
important challenges of  the 21st century. Africa 
is particularly vulnerable to climate change, 
because of  its high proportion of  low-input, 
rainfed agriculture compared with other regions 
of  the developing world (IPCC, 2001). The 
changes in key climatic variables (i.e. rainfall 
and temperature) will likely modify the 
distribution, frequency and severity of  abiotic 
stresses. Prediction models in some cases provide 
contradictory conclusions, but what is clear is 
that increased flooding in low-lying areas, 
greater frequency and severity of  droughts in 
arid and semiarid areas, rising of  sea water level 
(which will increase salinity intrusion in 

Table 11.2. Performances of rice lines bearing the resistance allele at Sub1 locus after 21 days of 
submergence at AfricaRice station, Ibadan (Nigeria), in the 2009 dry season. Survival is expressed as 
the number of surviving hills under submergence as a percentage of survival without submergence. 
(From Gregorio, unpublished.)

Variety Survival (%)
Yield under submerged 

conditions (t/ha)a

Yield under normal 
conditions (t/ha)

Yield 
reduction (%)

TDK1-Sub1(BC3F3) 95.45 3.62a 4.46 18.99
Swarna-Sub1(BC3F3) 90.95 3.56a 4.45 19.92
BR11-Sub1 95.34 2.60b 4.11 36.49
Samba

Mahsuri-Sub1(BC3F3)
94.42 2.59b 3.94 34.16

Samba
Mahsuri-Sub1(BC2F3)

96.45 2.37b 3.62 34.47

CR1009-Sub1 96.95 2.21b 3.61 29.78
IR64-Sub1(BC3F3) 96.92 2.21b 3.02 26.89
IR64 21.43 1.32c 3.19 58.46
Samba Mahsuri 17.44 0.81cd 3.83 78.73
Swarna 19.49 0.64de 4.29 85.16
FARO 35 (ITA 212) 20.41 0.41de 3.61 88.61
WITA 4 4.08 0.08e 3.77 97.99

aNumbers followed by the same letters are not significantly different from each other.
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coastal areas) and excessive heat stress, will 
more likely be observed. An increase in CO2 con-
centration in the absence of  increases in tem-
perature is expected to increase productivity of  
rice. However, if  the temperature rises by about 
1°C or more, the situation reverses, particularly 
in tropical climates (Ahmed et al., 2010). 
Globally, climate-change effects will adversely 
affect rice production. Breeding programmes 
should, therefore, be adjusted in anticipation of  
these changes, to develop rice varieties adapted 
to future environments. Breeding for abiotic-
stress tolerance is one important option, but 
other alternatives should also be considered. 
Research is being coordinated by IRRI to intro-
duce the C4 metabolic pathway into rice. This is 
expected to enhance yield potential of  the cur-
rent rice varieties by 30–50%. Besides, the new 
varieties are expected to require less nitrogen 
and water and also possess better adaptation to 
unfavourable climates, particularly to areas 
with higher temperatures and insufficient water 
resources (Sheehy et al., 2007).

Changes in the climatic patterns will result 
in several other modifications in agricultural 
practices. As described by Satya and Maiti 
(2011), changes in the management practices 
for increasing crop productivity (such as water-
saving and water-harvesting technologies), shift 
in cultivation patterns (rice to be replaced by 
wheat in drier and cooler areas and vice versa for 
wetter and hotter areas), changes in sowing and 
harvesting times to avoid stressful windows of  
time, reduction of  crop growth duration, etc., 
are expected to be important determinants for 
shaping future agriculture to cope with worsen-
ing climate adversities. Additionally, a clear 
understanding of  target environments and their 
evolution in terms of  climate change will be an 
important objective to better set priorities and 
match new rice varieties to future climates in 
particular regions. The use of  prediction models, 
such as RIDEV (Rice Development) developed by 
AfricaRice in the 1990s, will help in this exer-
cise. This risk-assessment and planning model 
was developed to estimate the cycle duration and 
yield losses due to temperature-induced sterility 
for any combination of  rice genotype, site, plant-
ing date and planting method in the Sahel 
(Dingkuhn, 1995). Additionally, it gives crop 
management recommendations based on the 
crop phenology. There are studies ongoing at 

AfricaRice, in collaboration with CIRAD scien-
tists to improve RIDEV, thus allowing for predic-
tions of  crop responses to climate change.

Precise and high-throughput screening 
for tolerance of abiotic stresses

While high-throughput genome-wide genotyp-
ing is becoming increasingly accessible and is 
cost reducing, phenotyping of  large germplasm 
collections and populations for stress tolerance 
in field trials is still laborious, imprecise and 
costly. The immediate difficulty of  working with 
abiotic stresses still lies in reliably measuring the 
stress and quantifying the tolerance of  the stress 
in large populations.

Field trials targeting climatic factors such 
as drought and temperature extremes are 
often unpredictable, while uniform stress con-
ditions are difficult to achieve in trials for 
problem soils. This means that selection pres-
sure is generally inconsistent and sometimes 
even contradictory across years and seasons 
(Lafitte et al., 2006). Moreover, different 
stresses are often found together. For example, 
salinity problems are rarely due only to the 
common salt, NaCl; severity of  Fe toxicity is 
dependent on other mineral deficiencies such 
as P and K; and during some periods both 
drought and heat stress can be concomitant. 
Most soil problems, such as Al and Fe toxicities 
and Zn deficiency, considerably hinder root 
growth and regeneration, increasing the 
crop’s sensitivity to drought and nutrient defi-
ciency. In general, abiotic stress conditions in 
the field are rarely due to a single factor and 
these are the typical farm conditions that are 
very difficult to reproduce in the laboratory or 
greenhouse. The complexity of  the tolerance 
traits involved and the strong effect of  the 
environment, and in most cases, the insuffi-
cient knowledge of  the mechanisms involved 
in tolerance, add to these difficulties. There is 
therefore a need for high-throughput screen-
ing protocols to allow the evaluation of  a large 
number of  lines under the same conditions. 
For these reasons, phenotyping remains the 
current bottleneck for crop improvement and 
proper molecular mapping (Xu and Crouch, 
2008; Serraj et al., 2009).
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Well-characterized environments and well-
established selection criteria are prerequisites for 
developing a reliable and precise phenotyping 
system (Xu and Crouch, 2008). Developments 
in thermal, spectral reflectance, fluorescence 
and multi-sensor imaging may provide rapid, 
economic and non-invasive selection criteria 
(Chaerle and Van Der Straeten, 2000; Jones and 
Schofield, 2008). Once such reliable phenotyp-
ing methodologies are developed they can be 
transferred to national (NARS) partners to con-
duct multi-location/multi-environment trials 
using the same protocols to assess the responses 
of  new breeding lines under a wider range of, or 
site-specific, stresses. This should be accompa-
nied by effective data-acquisition systems to 
acquire and analyse the data in the shortest pos-
sible time. One major constraint for progress in 
Africa is the limited resources devoted to 
research on abiotic stresses, including lack of  
trained scientists and efficient phenotyping 
facilities. Greater investments in these areas 
would help build stronger breeding programmes 
to tackle existing challenges and ensure the 
capacity to develop adaptive and mitigation 
measures to cope with future adversities.

Breeding rice varieties with multiple 
stress tolerance

The desired features of  new climate-ready rice 
varieties should include tolerance to various abi-
otic stresses that prevail in areas where these 
varieties are targeted for commercial use. This 
will entail combining tolerance of  two or more 
stresses like drought and heat, salinity and 
excess water, cold and excess water, P deficiency 
and drought or Fe toxicity and excess water, into 
one genetic background. In most cases, breeders 
select for multiple stress tolerance by performing 
most of  their selection process at actual field 
sites, as in participatory varietal selection (PVS) 
approaches. For example, studies of  the distribu-
tion of  the Pup1 QTL in diverse germplasm have 
shown that most of  the drought-tolerant lines 
and varieties developed for upland conditions 
also have the Pup1 QTL (Chin et al., 2010). With 
the progress made in the development of  molec-
ular tools, identification of  QTLs and the use of  
DNA markers in breeding, it is now possible to 

make the precise desired combinations. For 
example, varieties combining submergence tol-
erance and salt tolerance are being developed by 
pyramiding Sub1 and Saltol QTLs through 
MABC (Mackill et al., 2012). These lines are 
needed in the coastal and mangrove areas of  
sub-Saharan Africa which can experience both 
salinity and submergence. The availability of  
high-throughput single-nucleotide polymor-
phism (SNP) genotyping platforms will also ena-
ble more efficient MABC by reducing the cost per 
marker and speeding up the process through 
‘multiplexing’ (Thomson etal., 2010b). AfricaRice, 
IRRI and Cornell University are developing SNP 
chips specific to African rice, O. glaberrima (M. 
Semon and M.-N. Ndjiondjop, Cotonou, Benin, 
2012, personal communication).

Studies of  the interactive effects of  different 
stress combinations should be emphasized 
(Ismail et al., 2007), since they will give greater 
insight into the positive and negative effects of  
combining genes for higher tolerance of  the 
same or different abiotic stresses. The remaining 
challenge will be to incorporate these complex 
adaptive traits into high-yielding varieties 
through QTL pyramiding, while simultaneously 
retaining the adaptive features, high yield poten-
tial and grain quality of  the recurrent varieties 
(Ismail et al., 2008). Meanwhile, tolerance to 
pests and diseases should not be neglected. 
Climate-ready varieties should also possess suf-
ficient resistance to major diseases that occur in 
the targeted rice-production zones of  Africa.

Conclusions

Rice production in sub-Saharan Africa is con-
strained by various environmental stresses. 
Climate change adds more uncertainties, par-
ticularly for smallholder subsistence farmers. 
Stabilizing crop yields and limiting yield losses 
will undoubtedly reduce resource-poor African 
farmers’ vulnerability to poverty and food inse-
curity. Several options exist with the most cost-
effective one being crop improvement using 
different strategies and technologies as discussed 
in this chapter. The genetic variation observed in 
rice for tolerance to various abiotic stresses could 
be effectively exploited for crop improvement by 
using tolerant varieties and landraces as donors 
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in breeding programmes using modern tools. 
Major QTLs have been identified for almost all 
abiotic stresses, including drought, providing 
considerable opportunity for enhancing rice tol-
erance of  these stresses. These major QTLs are 
being used to improve varieties that are widely 
popular among farmers in the target regions.

More effort is, however, needed to collect 
and preserve local African germplasm, includ-
ing wild species, in order to identify better donors 
for use in breeding and for tagging novel QTLs/
genes. Precise high-throughput phenotyping 
protocols also need to be in place for effective 
screening of  breeding lines, as is a good knowl-
edge of  the target environments. The new tolerant 

varieties should perform well under both stress 
and non-stress conditions and also retain accept-
able grain quality to ensure their adoption and 
acceptance by both farmers and consumers. 
Furthermore, the availability of  rice cultivars 
tolerant to abiotic stresses will provide an incen-
tive for farmers to invest in the costly processes 
of  high input use and efficient postharvest tech-
nologies, and in land reclamation and preser-
vation, besides other efficient agricultural 
practices. Overall, this will result in greater and 
more sustainable productivity in vulnerable 
regions of  sub-Saharan Africa even with the 
anticipated climate change and its adverse 
effects on rice production.
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to be limited in comparison with the number of  
publications that report genetic linkage between 
markers and genes of  interest. This may be 
explained by the delay observed in the theoreti-
cal development of  a methodology and its practi-
cal outputs or absence of  information on the 
methodology used (Collard and Mackill, 2008). 
Van Damme et al. (2011) hypothesize that it may 
result from a lack of  access to the information in 
some developing countries and these authors 
therefore developed a database that synthesizes 
all the markers available for MAS in 19 species.

Rice, the staple food of  half  of  the world’s 
population, has two cultivated species, Oryza 
sativa that originated from Asia and is cultivated 
worldwide, and Oryza glaberrima, which is 
endemic to Africa. Oryza sativa is high yielding, 
but lacks sources of  resistance to some strains 
of  rice diseases and insect pests specific to 
African rice-cropping agro-ecosystems. Con-
versely, O. glaberrima is low yielding, shatters 
spontaneously and has few panicle branches, 
but often constitutes a source of  resistance to 
African pests and diseases. Some of  its ‘rustic’ 
characteristics were successfully transferred into 

Introduction

The development of  molecular markers in the 
1980s was considered as highly promising for 
plant breeding (Young and Tanksley, 1989), as 
they offer to partly replace phenotypic selection 
(which is often expensive and fastidious) with 
genotypic selection. A wide range of  molecular 
breeding methods have been described, from 
marker-assisted selection (MAS) of  one major 
gene to large-scale genotypic selection for multiple 
traits or genetic background. The main advan-
tages of  MAS have been reviewed extensively 
(Collard and Mackill, 2008; Xu and Crouch, 
2008); they generally concern traits for which 
phenotyping is associated with particular stages 
of  development or environmental conditions, 
traits with low heritability, recessive characters, 
or when pyramiding would mask the effect of  
individual genes. As soon as markers associated 
with traits of  interest are available, selection for 
major genes is theoretically accessible to any 
laboratory with basic molecular-biology equip-
ment (Van Damme et al., 2011). However, the 
impact of  molecular markers in breeding appears 
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the O. sativa background by Africa Rice Center 
(AfricaRice) scientists during the 1990s to 
develop the set of  varieties referred to as NERICA 
(Jones et al., 1997; Futakuchi and Sié, 2009). 
Given its small genome, rice was considered as a 
model species among monocotyledons during 
the 1990s. Important molecular and genomic 
tools were developed much earlier for rice than 
for other crops, and facilitated the identification 
of  molecular markers associated with traits of  
interest. Jena and Mackill (2008) counted 1488 
genes with known chromosomal position in rice 
databases (www.gramene.org/), including about 
100 genes for resistance to biotic stresses. For the 
most important of  these genes, closely linked or 
allele-specific markers are available. In addition, 
simple sequence repeat (SSR) markers evenly 
distributed over the rice genome are available 
and represent highly efficient tools for MAS 
(Orjuela et al., 2010; Narshimulu et al., 2011).

So far, MAS has been used in rice mainly to 
introgress the favourable alleles of  genes involved 
in resistance to diseases and pests. In India and 
the Philippines, bacterial blight (BB) resistance 
alleles of  genes Xa4, xa5, xa13 and Xa21 have been 
successfully introgressed into hybrid rice KMR3, 
PRR78, IR58025B and Pusa 6B (Shanti et al.,
2010). Different combinations of  favourable alleles 
of  either two or three resistance genes have also 
been incorporated into elite varieties using MAS, 
providing high level of  resistance to ten highly 
virulent bacterial isolates (Singh et al., 2001; 
Leung et al., 2004; Agarcio et al., 2007; Borines 
et al., 2008; Collard and Mackill, 2008; Perez 
et al., 2008; Sundaram et al., 2008, 2009; Vera 
Cruz et al., 2009). Likewise, Chinese elite restorer 
lines Minghui 63, Shanyou 63 and 6078 were 
improved for BB resistance using Xa21 gene 
(Chen et al., 2000, 2001), while two Indonesian 
cultivars ‘Angke’ and ‘Conde’, containing Xa4,
were improved using the resistance gene xa5.
The two BB-resistance genes, xa13 and Xa21,
present in IRBB55 were combined with the 
Basmati quality traits of  Pusa Basmati-1 (PB-1), 
the most popular high-yielding Basmati rice 
variety (Joseph et al., 2004). Unlike BB, blast 
and rice gall midge have received less attention 
with respect to markers and MAS. However, two 
blast-resistance genes, Pi-1 and Pi-2, were suc-
cessfully pyramided in the susceptible genotype 
CO39 and popular rice varieties IR36, IR64, 
IR72 and Jaya. Meanwhile, Pi-1, Piz-5 and Pita

were combined into a single genotype (Hittalmani 
et al., 2000). Chinese varieties Digu, BL-1 and 
Pi-4, which carry resistance genes Pi-d(t), Pib
and Pita2, respectively, were crossed with G46B 
to pyramid all these genes in the same background 
(Chen et al., 2004). Katiyar et al. (2001) success-
fully pyramided two Asian gall-midge-resistance 
genes Gm2 and Gm6t, using two complementary 
donors. Kumaravadivel et al. (2006) report simi-
lar work targeting genes Gm1 and Gm4.

In this chapter, we report on the applica-
tion of  molecular tools for the improvement of  
resistance to Rice yellow mottle virus (RYMV), 
which is endemic to Africa and can cause up to 
80% yield loss in some rice-cropping systems. 
We specifically focus on the first major gene 
identified, RYMV1.

Rice yellow mottle virus

RYMV was first reported in Kenya (Bakker, 1970), 
and since the early 1990s, it has been reported in 
all rice-growing regions of  Africa, including 
Madagascar (Kouassi et al., 2005). The main 
symptoms are yellowing and mottling, with sus-
ceptible varieties showing stunting and sterility 
(Plate 4). The disease was first observed in low-
land rice agro-ecosystems, but it has sub-
sequently been reported in upland agro-ecosystems 
(Awoderu et al., 1987). Yield losses in affected rice 
fields ranged from 64% to 100% in Mali (Sy et al.,
1994), up to 82% in Sierra Leone (Taylor et al.,
1990) and up to 71% in Niger (Issaka et al., 2012). 
In Central Africa, the virus has been reported 
in Cameroon and Chad (Traoré et al., 2001); in 
East Africa, its centre of  origin, the disease has 
been detected in Kenya, Malawi, Rwanda and 
Tanzania (Thottappilly, 1992; Banwo, 2003; 
Ndikumana et al., 2011). Madagascar has also 
been seriously affected, to the point where some 
farmers have abandoned their fields (Reckhaus 
and Randrianangaly, 1990).

RYMV is a Sobemovirus and its virions are 
icosahedral particles. The genome is composed 
of  a single-stranded, positive-sense RNA, of  about 
4451±1 nucleotides (depending on the strain), 
and contains four open reading frames (ORF1, 
ORF2a&b, ORF3 and ORF4) (Kouassi et al., 2005). 
The P1 protein coded by ORF1 is involved in the 
plant-infection process, virus spread in the plant 

www.gramene.org/
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(Bonneau et al., 1998) and has been described as 
a suppressor of  virus-induced gene-silencing 
(VIGS; Voinnet et al., 1999). The polyprotein 
encoded by ORF2a and ORF2b contains a pro-
tease, the genome-linked viral protein (VPg) and 
an RNA-dependent RNA polymerase, which are 
involved in virus replication. The coat-protein 
encoded by ORF3 is implicated in virus encapsi-
dation, cell-to-cell and long-distance movement, 
and systemic infection (Brugidou et al., 1995).

Both cultivated rice species, O. glaberrima and 
O. sativa, can be infected by RYMV. Additionally, 
the African wild rice species, O. longistaminata
and O. barthii, and several wild grasses (e.g. 
Echinochloa colona, Panicum repens, Erasgrotis 
tenuifilia and Dinebra retroflexa) are hosts of  the 
virus (Bakker, 1971; Konate et al., 1997). 
Mechanical inoculation is very efficient for 
transmitting the virus in the laboratory and 
must also play a role in the field; for example, 
virus dispersal is facilitated by the wind through 
contact between plant leaves (Sarra et al., 2004) 
and by farmers and farming tools during trans-
planting operations (Abo and Sy, 1998; Abo 
et al., 2000). Beetles belonging to the family 
Chrysomelidea can transmit the virus 1–8 days 
after feeding on an infected plant (Bakker, 1971; 
Hibino, 1996; Abo and Sy, 1998). Cattle and 
rodents are also reported as occasional second-
ary vectors of  the virus (Sarra and Peters, 
2003). Finally, although RYMV has been 
detected at high rates (65–100%) in all parts of  
the seed in several rice genotypes, there is no evi-
dence of  seed transmission (Konate et al., 2001). 
However, rice seedbeds have been identified as 
primary sources of  RYMV infections (N’Guessan 
et al., 2000; Traoré et al., 2006). Therefore, good 
cultural practices – including weed elimination, 
early control of  insect populations by chemicals 
if  necessary, as well as adoption of  direct seeding 
or appropriate management of  rice seedbeds – 
are seen as efficient complementary means of  
reducing the impact of  RYMV in rice fields (see 
also Séré et al., Chapter 17, this volume).

Rice Resistance to RYMV

Studies on resistance to RYMV generally distin-
guish two types of  resistance: partial and high 
resistance. Partial resistance is expressed as a 

delay in virus accumulation and symptom 
expression (Ioannidou et al., 2000). Over time, 
virus content eventually reaches the same con-
centration as in susceptible varieties, but plant 
growth and development are generally much 
less affected in partially resistant accessions 
(Albar et al., 1998; Zouzou et al., 2008). High 
resistance is characterized by the absence of  
symptoms, irrespective of  the rice development 
stage at inoculation time (Ndjiondjop et al.,
1999). The virus is only detected erratically 
using enzyme-linked immunosorbent assay 
(ELISA) serological detection method. Viral RNA 
concentration, estimated by real-time PCR, is 
approximately 106 times lower in resistant 
plants compared to susceptible ones (Poulicard 
et al., 2010). High resistance is associated 
with the failure of  virus cell-to-cell movement 
(Ndjiondjop et al., 2001).

Partial resistance to RYMV 
and its use in breeding

The delay of  symptom development depends 
greatly on the virus isolate and on the rice variety. 
Under controlled conditions, using 2-week-old 
seedlings infected mechanically, the development 
of  highly susceptible lines stops 2–3 weeks after 
inoculation and plants may die. In field evalua-
tion, using later inoculation (50 days), symptom 
progression is less severe, but affects more or less 
severely plant height, time to flowering, panicle 
exsertion and spikelet sterility (Awoderu, 1991).

Partial resistance is widely distributed in 
varieties belonging to the tropical japonica group 
of  O. sativa, such as Azucena or Moroberekan, 
which are grown in upland conditions. It has not 
been reported in indica varieties cultivated in low-
land conditions. Quantitative trait loci (QTLs) 
analysis using virus accumulation and symptom-
expression data, pinpointed seven chromosomic 
regions involved in the control of  partial resist-
ance. Three of  them, located on chromosomes 1, 
2 and 12, were consistent across environments 
and responsible for a major part of  the pheno-
typic variations (Albar et al., 1998; Boisnard et al.,
2007). From the late 1980s, the International 
Institute of  Tropical Agriculture (IITA, Nigeria) 
and AfricaRice crossed partially resistant upland 
varieties with high-yielding susceptible lowland 
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varieties (ITA212, ITA22, ITA304, ITA230 and 
ITA306) to improve RYMV resistance (IITA, 
1986), but limited positive results were obtained. 
This is probably related to the strong genetic rela-
tionship between plant morphology and resist-
ance (Albar et al., 1998), impairing (to some 
extent) the full use of  partial resistance in breed-
ing for lowland conditions. Partial resistance to 
RYMV is also present in some O. glaberrima acces-
sions with no direct relationship with plant mor-
phology (Thiemélé et al., 2010). This provides a 
better model to elucidate the genetic basis of  par-
tial resistance to RYMV.

High resistance to RYMV, its diversity 
and genetic basis

High resistance was first described in O. sativa
accession Gigante originating from East Africa 
(Ndjiondjop et al., 1999). The genetic basis of  
resistance in Gigante was identified in the late 
1990s: it is recessive and under the control of  a 
single gene, named RYMV1. RYMV1 was mapped 
on the long arm of  chromosome 4 thanks to 
closely linked SSR markers providing tools for 
further MAS (Ndjiondjop, 1999; Albar et al.,
2003). Positional cloning of  RYMV1 revealed 
that the gene encodes the translation-initiation 
factor eIF(iso)4G (Albar et al., 2006) and the 
resistance is thus associated with a translation-
initiation complex, like many other recessive 
resistances against plant viruses (Robaglia and 
Caranta, 2006). The resistance allele, rymv1-2,
is characterized by a single nucleotide poly-
morphism (SNP), leading to an amino-acid 

substitution in the conserved central domain of  
the protein (Table 12.1).

Only one other O. sativa accession has been 
reported that harbours the rymv1-2 allele: 
Bekarosaka from Madagascar (Rakotomalala 
et al., 2008). Conversely, a much larger number 
of  highly resistant O. glaberrima accessions have 
been reported (Thottappilly and Rossel, 1993; 
Albar et al., 2006; Thiémélé et al., 2010). The 
survey of  a collection of  337 accessions repre-
sentative of  the diversity of  O. glaberrima identi-
fied 29 highly resistant accessions. Analysis of  
RYMV1 diversity among these accessions revealed 
that they did not bear the rymv1-2 resistance 
allele. The resistance of  14 of  these accessions 
was due to three new alleles at the RYMV1 locus, 
while the remaining 15 accessions did not 
show any difference from the susceptibility 
allele, Rymv1-1.

The resistance allele rymv1-3, found in 
Tog5681, was characterized by a deletion of  
three amino acids; the rymv1-4 allele, found in 
Tog5672, resulted from one SNP leading to an 
amino-acid substitution different from that of  
rymv1-2; the rymv1-5 allele, in Tog5674, pre-
sented an amino-acid substitution and a three-
amino-acid deletion. The rymv1-3 and rymv1-4
alleles were the most frequent with 9 and 4 
accessions, respectively, while rymv1-5 was 
found in only one accession. The four mutations 
conferring resistance occurred in the same 
domain of  the eIF(iso)4G factor. Functional 
analyses involving rymv1-2 strongly suggested 
that the mutations impair the interaction 
between this eIF(iso)4G factor and the VPg of  
RYMV, a viral protein linked to the 5'-end of  the 
viral RNA, and thus impair the infection cycle of  

Table 12.1. Variability of the RYMV1 gene: alignment of the 299–339 region of the RYMV1 product (part 
of the conserved MIF4G domain) from susceptible and resistant O. sativa and O. glaberrima accessions. 
(From Thiemélé et al., 2010, with kind permission from Springer Science and Business Media.)

Allele Phenotypea Species Amino-acid sequenceb

Rymv1-1 S O. sativa AFEGAESLRAEIAKLTGPDQEMERRDKERIVKLRTLGNIRL
rymv1-2 R O. sativa --------------------K---------------------------------------------------------
Rymv1-1 R/S O. glaberrima ------D-----------------------------------------------------------------------
rymv1-3 R O. glaberrima ------D--------------------------------------***------------------------------
rymv1-4 R O. glaberrima ------D-------------------------------------K--------------------------------
rymv1-5 R O. glaberrima ------D-------------------N***-----------------------------------------------

aS and R refer to susceptible and resistant phenotypes, respectively; R/S indicates the presence of the variant in both 
susceptible and resistant accessions.
bOnly amino acids that are different from the first sequence are reported. Deletions are represented by ‘*’.
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RYMV (Hébrard et al., 2010). A set of  allele-
specific molecular markers was developed to 
help MAS (Thiémélé et al., 2010).

The detection of  15 highly resistant acces-
sions that did not show any difference from the 
susceptibility allele Rymv1-1 in the central con-
served domain of  RYMV1 suggested the existence 
of  a different genetic control of  their resistance, 
especially as six of  those accessions did not differ 
from the susceptibility allele in the whole RYMV1
sequence. Among these accessions, Tog7291 
revealed a second recessive resistance gene, 
RYMV2, recently mapped on the long arm of  
chromosome 1. Characterization of  candidate 
genes is under way and should allow the identi-
fication of  the gene (unpublished results). 
Preliminary results also suggest that a third 
resistance may control the high resistance of  
some other O. glaberrima accessions.

Resistance and Resistance 
Breakdown

One of  the main problems encountered by breed-
ers in the use of  major resistance genes is the 
ability of  pathogens to rapidly evolve and 
overcome such resistance (Lecoq et al., 2004). 
Resistance-breakdown frequency is dependent 
on characteristics of  the pathogen (including its 
mutation rate), the nature of  resistance genes, 
and the number and nature of  mutations neces-
sary for virulence acquisition, which may vary 
depending on the virus isolates.

The breakdown of  RYMV1-mediated resist-
ance and its molecular mechanisms have been 
studied by comparing the viral sequences from 
plants showing generalized symptoms and/or 
high virus content with the sequences of  the 
same isolate propagated on susceptible lines. 
Both rymv1-2 and rymv1-3 have been overcome 
experimentally by RYMV isolates (Hébrard et al.,
2006; Traoré et al., 2006). Resistance break-
down generally involves mutations in the viral 
protein genome-linked VPg. Such mutations 
restore the interaction between the eIF(iso)4G 
factor and VPg (Hébrard et al., 2010). Most 
rymv1-2 resistance-breakdown mutations have 
occurred on amino-acid 48 of  the VPg (Pinel-
Galzi et al., 2007), while the rymv1-3 allele was 
mostly overcome by mutations occurring at 

positions 41 and/or 52 of  the VPg (Traoré et al.,
2010). RYMV strains have contrasting abilities 
to overcome rymv1-2 and rymv1-3 resistance 
alleles according to the presence of  a glutamic 
acid (E) / threonine (T) at codon 49 of  the VPg. 
Isolates with an E at position 49 (E pathotype) of  
the VPg are only able to break the rymv1-2
allele-mediated resistance, while isolates with a 
T at position 49 (T pathotype) overcome with 
high frequency the rymv1-3 allele (Poulicard 
et al., 2012) and at low frequency the rymv1-2
allele using specific mutational pathway (Traoré 
et al., 2010). No direct resistance-breaking was 
observed in using natural isolates collected under 
virulent conditions (i.e. on susceptible varieties). 
This may be explained by the fact that resistance 
genes are not yet deployed on a large enough 
scale to give sufficient selective value to resistance-
breaking viral strains. It could be also a conse-
quence of  possible fitness losses of  virulent 
mutants compared to avirulent ones under nat-
ural conditions. Competition experiments using 
co-inoculations of  E and T pathotypes under 
virulent conditions showed a much better adap-
tation of  T pathotype on O. glaberrima accessions 
compared to O. sativa (Poulicard et al., 2010).

Introgression of rymv1-2
Resistance Allele into Elite 

Cultivars of West Africa

Four varieties (IR64, FKR28, Sahelika and 
IR47686), widely grown in West Africa but 
susceptible to RYMV, were selected as recipient 
parents of  the resistance allele rymv1-2, the donor 
parent being Gigante. IR64 is a popular and 
improved indica variety from the Philippines, 
FKR28 and Sahelika are popular and improved 
indica varieties from Burkina Faso and Mali. 
IR47686 is a japonica variety showing partial 
resistance to RYMV, and therefore a good candi-
date for the introgression of  the major resistance 
gene with the final goal of  durable resistance to 
RYMV. These varieties were recommended by the 
national agricultural research systems (NARS) 
of  Mali, Burkina Faso, Guinea and The Gambia, 
respectively. The marker RM252 (mapping 1.8 cM 
downstream from RYMV1 and polymorphic 
among the donor and recipient parents) was select-
ed for marker-assisted introgression (Fig. 12.1). 
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DNA extraction and polymerase chain reaction 
(PCR) were carried out at AfricaRice, Cotonou 
(Benin), using the protocol described by Ikeda 
et al. (2001) for rice SSR. Amplified products were 
separated by electrophoresis in 5% polyacryla-
mide gels using a SequiGEN 38 × 50 cm gel appa-
ratus (BioRad Laboratories) and the banding 
patterns were visualized using silver staining.

F1 hybrids obtained by crossing Gigante 
(RYMV-resistant donor parent) with the four 
RYMV-susceptible elite lines (recurrent parent) 
were used to develop BC1F1 populations. The BC1F1

plants were screened for the presence/absence of  
the RYMV1 resistance allele using RM252. 
Thirty BC1F1 plants heterozygous for RM252 
were obtained from the four crosses: 3 for IR64/
Gigante//IR64, 6 for Sahelika/Gigante//
Sahelika, 8 for IR47/Gigante//IR47 and 13 for 
FKR28/Gigante//FKR28. Twenty-five of  those 
BC1F1 plants were used to continue the back-
crossing procedure (Table 12.2). BC2F1 plants 
were screened for heterozygous status on 
RM252 and 35 BC2F1 were selected and back-
crossed to produce the BC3F1. The BC3F1 plants 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 20
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RM241

20

Fig. 12.1. Genetic diversity observed at three SSR loci spanning the RYMV1 resistance gene in different 
varieties of rice (O. sativa and O. glaberrima). Oryza sativa subsp. japonica (1–6): 1, Haw Mom; 2, Cana 
Roxa; 3, Carolina Gold; 4, Pate Blanc; 5, Azucena; 6, Nipponbare. Oryza sativa subsp. indica (7–12): 7, 
IR64; 8, Gigante; 9, IR5; 10, MTU9; 11, ASD1; 12, Carreon. Oryza glaberrima (13–20): 13, Tog5681; 14, 
Tog5672; 15, Tog5673; 16, IG10; 17, SG329; 18, CG14; 19, CG17; 20, CG20. Resistance alleles of 
RYMV1 are present in accessions Gigante, Tog5681 and Tog5672. (From Albar et al., 2003, with kind 
permission from Springer Science and Business Media.)
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were screened for RM252. Next, foreground 
screening was completed with two additional 
SSR markers – RM241 and RM273 located on 
opposite sides of  RM252 and RYMV1 (Fig. 12.1) 
for the combinations involving IR64, Sahelika 
and FKR28; and RM255 and RM451 for the 
combination of  Gigante and IR47. This step con-
firmed the efficiency of  the selection on RM252 
and avoided the selection of  plants that may 
have recombined between RM252 and RYMV1.
One hundred and thirty-nine BC3F1 plants hete-
rozygous for the three markers surrounding 
RYMV1 were selected for background selection. 
The return to recurrent parent in genome regions 
other than the RYMV1 locus, was surveyed 
using 69–80 SSR markers well distributed among 
the chromosomes. The average number of  mark-
ers per non-carrier chromosome ranged from 
5 to 7, depending on the cross combination. Four 
SSR markers were used for the carrier chromo-
some. Finally, 24 BC3F1 individuals were selected 
with more than 94% return to the recurrent 
parent. From these individuals, BC3F2 plants 
were developed and 18 of  these, bearing the 
homozygous rymv1-2 allele (checked using 
RM252), were selected. At this stage, selection 
was also completed by visual observation to keep 
the individuals as close as possible to the recipient 
parent. These lines were advanced to F3 (Plate 5). 
After a final round of  phenotypic selection, 30 
BC3F3 lines homozygous for rymv1-2 were 
selected and used to develop BC3F5 lines.

The 30 BC3F5 lines were checked for the 
effectiveness of  high resistance to RYMV under 
controlled conditions at AfricaRice, Cotonou, 
using artificial infection with virus isolate B27 

(S1 strain). Resistance to RYMV was visually 
scored as described by Konate et al. (1997) and 
virus content was measured by ELISA as 
described by Sere et al. (2007). All BC3F5 lines 
displayed resistant phenotype, similar to that of  
the donor Gigante (Table 12.3), whereas IR64 
and Sahelika were susceptible and IR47 and 
FKR28 showed intermediate phenotype. The 
BC3F5 lines were also evaluated in field trials, in 
Guinea and Mali, for general adaptability traits 
(plant height, phenology, grain weight) and 
resistance to RYMV. In Guinea, the evaluation 
was conducted under natural infection in a field 
often infected by RYMV. In Mali, only 12 IR64 
BC3F5 lines were evaluated: 2-week-old seedlings 
of  lines and the two parents were first inoculated 
artificially with a local virus strain, and then 
transplanted into an often-infected field. For 
each trial (laid in a randomized complete block 
design with four replications), a local variety 
was added as control. In both trials, the BC3F5

lines did not show any visual symptoms of  
RYMV disease. Five BC3F5 lines were discarded 
because of  poor agronomic performance. The 
selected BC3F5 lines also showed resistance to 
RYMV under controlled conditions in Burkina 
Faso, Côte d’Ivoire and under initial field testing 
in other countries, including Côte d’Ivoire, Ghana, 
Nigeria and Sierra Leone.

Conclusion and Perspectives

The fine-mapping and positional cloning of  the 
gene RYMV1 in the O. sativa variety Gigante 

Table 12.2. Workflow summary of the plant material developed for creating RYMV-resistant isolines by 
marker-assisted selection (no. plants derived at each generation).

Recurrent
parent

Foreground 
(RM252)

Foreground 
(RM252)

Foreground (RM252–
RM241–RM73) and 

background
Foreground + 

phenotypic Phenotypic

Selection
generation BC1 BC2 BC3 BC3F2 BC3F5 (NILs)

FKR28 9 4 45 3 5
IR47 8 12 4 5 9
IR64 2 10 80 7 12
Sahelika 6 9 10 3 4
Total 25 35 139 18 30
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have facilitated the introgression of  the resistance 
allele, rymv1-2, into four elite cultivars from 
AfricaRice’s NARS partners. Thirty rice lines 
bearing the rymv1-2 allele were successfully 
obtained through MAS and distributed to NARS 
breeders. The transfer of  the high-resistance 
allele and its functionality (i.e. absence of  symp-
toms or virus in the leaves) in the new genetic 
backgrounds was confirmed through phenotypic 
evaluation after inoculation. These lines will be 
put through Africa-wide Rice Breeding Task 
Force multi-location evaluation, testing the dura-
bility of  resistance in various geographical areas 
(see Kumashiro et al., Chapter 5, this volume).

As O. glaberrima shows a greater diversity of  
RYMV1 alleles, a similar process of  resistance-
transferring can be undertaken to diversify the 
resistance alleles according to the distribution of  
E and T pathotypes of  the virus. For instance, 

deployment of  resistant lines carrying rymv1-3
is expected to be durable in East Africa, since the 
E pathotype (the only pathotype present in this 
region) is unable to break rymv1-3 resistance. 
A second resistance gene (RYMV2) to RYMV 
was found in O. glaberrima and the existence of  a 
third gene is suspected in the same species. 
Confirmation of  the existence of  these genes will 
pave the way for pyramiding different resistance 
genes and combining different resistance alleles, 
to improve the durability of  resistance.

AfricaRice’s strategy is to build upon the 
new RYMV-resistant lines by pyramiding with 
well-characterized and validated resistance genes 
for other constraints (biotic and abiotic) prevalent 
in African farmers’ fields. The development, by 
Institut de recherche pour le développement 
(IRD) and AfricaRice, of  fertile interspecific bridge 
lines bearing favourable genes from O. glaberrima

Table 12.3. Evaluation of BC3F5 progenies for resistance to RYMV.

Near-isogenic line (NIL)/Parental line Recurrent parent

Greenhouse evaluation (Benin)

OD ELISAa Visual symptom

NIL2 FRK28 0.01937 a R
NIL4 FRK28 0.02661 a R
NIL5 FRK28 0.02956 a R
NIL16 Sahelika 0.04689 a R
NIL36 IR47686 0.01628 a R
NIL46 IR47686 0.034 a R
NIL48 IR47686 0.03433 a R
NIL49 IR47686 0.02772 a R
NIL54 IR47686 0.03667 a R
NIL56 IR47686 0.03314 a R
NIL58 IR47686 0.03589 a R
NIL59 IR47686 0.022 a R
NIL127 IR64 0.02022 a R
NIL129 IR64 0.01633 a R
NIL130 IR64 0.02872 a R
NIL132 IR64 0.02367 a R
NIL133 IR64 0.03467 a R
NIL135 IR64 0.03544 a R
NIL145 IR64 0.03433 a R
NIL147 IR64 0.03489 a R
NIL157 IR64 0.03422 a R
Sahelika Recurrent parent 0.10133b S
FKR28 Recurrent parent 0.03689 a PR
IR47 Recurrent parent 0.02678 a PR
IR64 Recurrent parent 0.09867 b S
Gigante Donor 0.008 a R

aOD ELISA, Optical density after enzyme-linked immunosorbent assay; OD values followed by same letter are not 
significantly different at 5% (Tukey’s test); PR, partially resistant; R, resistant; S, susceptible.
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associated with useful traits will enhance the sus-
tainability of  this approach and its extension to 
other rice cultivars. AfricaRice also deems that 
capacity-building for MAS and more generally for 
modern plant breeding is of  great importance. 

The Center is planning to establish a genomic 
platform to allow systematic use of  molecular 
markers in breeding for a wide range of  traits. 
New horizons are also emerging with the availa-
bility of  the sequence of  the O. glaberrima genome.
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Since the early 1990s, several other coun-
tries (Bangladesh, Egypt, India and Vietnam) 
have developed and introduced hybrid rice 
technology to their farmers. The availability of  
adequately trained human resources is an 
essential prerequisite for developing and using 
hybrid rice technology. Hybrid rice breeding 
uses several concepts, skills and procedures 
that are strikingly different from those used for 
‘traditional’ inbred rice breeding (Virmani 
et al., 1997).

During the first decade of  the 2000s, sev-
eral African countries (Côte d’Ivoire, Liberia, 
Madagascar, Mozambique, Nigeria, Tanzania 
and Uganda) started to evaluate and cultivate 
rice hybrids from China. Only Egypt has suc-
ceeded in developing a hybrid rice breeding pro-
gramme and produces Egyptian hybrids on a 
commercial scale. Grain yields obtained with 
hybrids have been in the order of  12–14 tonnes 
per hectare (Bastawisi et al., 2003). The pro-
gramme developed a seed production system for 
the multiplication of  cytoplasmic male sterile 
(CMS) lines (A/B) and hybrid rice (A/R). 
Cropping practices and recommendations for 
CMS multiplication, hybrid seed production and 
hybrid rice cultivation were developed by the 
national programme. In addition, the pro-
gramme features a special strategy to develop 

Introduction

The 2008 food crisis and the increasing gap 
between rice consumption and production in 
Africa underline the need to accelerate the 
introduction and adoption of  higher-yielding 
rice varieties. Hybrid rice technology has 
contributed significantly to food security, envi-
ronmental protection, and employment oppor-
tunities in China since the early 1980s (Yan 
et al., 2010). Hybrid technology may contrib-
ute to food security in Africa through two ave-
nues: (i) exploitation of  heterosis in order to 
increase crop productivity, and (ii) attracting 
and encouraging private-sector involvement in 
seed production research and development 
(R&D) (Naseem et al., 2010). Heterosis, or 
hybrid vigour, is the occurrence of  a superior 
offspring from mixing the genetic contribu-
tions of  its parents. In hybrid rice, the extent of  
heterosis depends on the relationship between 
the parental lines, and heterosis for grain yield 
ranges between less than 10% and more than 
40% (El-Namaky, 2008). Availability of  suita-
ble pollination control systems and the extent 
of  out-crossing between female and male par-
ents are the key factors determining the suc-
cess of  commercial exploitation of  heterosis 
(Mao et al., 1998).
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Challenges and Prospects

Raafat A. El-Namaky* and Matty Demont
Africa Rice Center (AfricaRice), Saint-Louis, Senegal

* Corresponding author: r.elnamaky@cgiar.org



174 R.A. El-Namaky and M. Demont

aromatic hybrid rice and hybrids tolerant to 
salinity and drought.

In this chapter, we present the Africa Rice 
Center (AfricaRice) strategy for developing 
hybrid rice for sub-Saharan Africa and its pre-
liminary results.

Hybrid Rice Breeding and 
Distribution Strategy

Breeding strategy

Building on hybrids developed by 
partners outside of Africa: the Green 

Super Rice project

The Green Super Rice (GSR) project (2009–
2011) was jointly coordinated by the Chinese 
Academy of  Agricultural Sciences (CAAS), 
AfricaRice and the International Rice Research 
Institute (IRRI), and implemented in seven 
countries in Asia, six provinces in China 
and eight African countries (Liberia, Mali, 
Mozambique, Nigeria, Rwanda, Senegal, 
Tanzania and Uganda). The development and 
cultivation of  GSR hybrid and inbred cultivars 
with high nutrient use efficiency and stress 
resistances are expected to provide a sustaina-
ble way of  reducing food insecurity and poverty 
in sub-Saharan Africa and Asia. Building on 
the tremendous capacity in breeding and 
genomic technology of  China, the short-term 
(3-year) goals of  the project were to enter at 
least 15 rice varieties in national trials in pro-
ject countries and develop capacity in hybrid 
seed production.

The general strategy was to identify 
Chinese hybrid lines that have good adaptability 
and high yield potential for the rainfed lowland 
and irrigated areas of  sub-Saharan Africa, and 
further improve their tolerance to major stresses – 
including drought, nitrogen (N) and phosphorus 
(P) deficiencies, pests (e.g. African rice gall midge) 
and diseases (e.g. blast, bacterial leaf  blight, Rice 
yellow mottle virus) – using conventional and 
molecular breeding approaches.

Developing an in-house hybrid 
rice breeding programme

Started in 2010 dry season, the programme is 
based at AfricaRice Sahel station in Saint-Louis, 

Senegal. The aim is to: (i) evaluate the perfor-
mance of  rice hybrids in multi-locational yield 
trials under African conditions; (ii) develop 
new parental lines from local varieties; 
(iii) determine adaptability of  some CMS lines 
in Africa; and (iv) establish a hybrid rice seed-
production system in, among others, Senegal 
and Mali.

Hybrid seed production 
and marketing strategy

The technology of  hybrid rice seed production 
has been developed and practised successfully 
not only in China, but also in many other 
countries with temperate and tropical condi-
tions. Technologically, there should be no 
serious barrier to hybrid rice seed production 
in Africa. The 1–2 t/ha seed yield obtained in 
many countries under different conditions 
is economically viable. National partners 
involved in the seed sector in Senegal and 
Mali are being trained in hybrid seed produc-
tion. Furthermore, farmers, private sector 
and NGOs involved in the rice sector will be 
sensitized about hybrid rice technology and 
trained in hybrid rice technology and seed 
production. Various models will be estab-
lished for hybrid rice seed production and 
industry in different countries and regions.

Preliminary Results

Multi-locational evaluation of hybrids

Experimental methods

In 2010, some 122 hybrids and eight checks were 
evaluated in observational yield trials in six 
African countries (Mali, Mozambique, Nigeria, 
Senegal, Tanzania and Uganda) using an aug-
mented design and local fertilizer recommenda-
tions. Each block consisted of  17 plots with 
replicated checks included in 10 blocks. At the 
same time, the varieties were also evaluated 
under greenhouse conditions for resistance to the 
main rice diseases and insect pests in Africa – 
namely bacterial leaf  blight (BLB), blast and Rice 
yellow mottle virus (RYMV) in Benin, and African 
rice gall midge (AfRGM) in Ibadan, Nigeria. 
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Yield, days to maturity and yield-component 
data were analysed using SAS mixed model 
under SAS/STAT 9.2 (Littell et al., 1996). 
Multiple comparison adjustment for the P-values 
was then performed to test differences between 
hybrids and the best check for each country at a 
significance level of  P < 0.05.

Results

Very highly significant genotype (G) by environ-
ment (E) or country interactions were observed for 
yield, yield components and crop duration, indicat-
ing that the hybrids and check varieties performed 
differently across environments (Table 13.1). 
Given this G×E interaction, hybrid performance 
was analysed on country-by-country basis.

The mean grain yield of  the 122 hybrids 
was lower than the check variety in all countries 
except Mozambique (Table 13.2), while mean 
grain yield of  the top ten hybrids in each coun-
try was higher than the yield of  the best check 
variety in the same country. Non-significant dif-
ferences for days to 50% flowering were observed 
between the mean of  the 122 hybrids, the mean 
of  the top ten hybrids and the local check, except 
in Mozambique where the local check was of  
longer duration (101 days) and in Nigeria where 
mean duration of  the ten top hybrids was 106 
days. QY1, HanF1-35, 3LYR24, HLY9348, 
GLYR24 and HXY836 were the best hybrids in 
Senegal, Mali, Nigeria, Tanzania, Uganda and 
Mozambique, respectively, with grain yields of  
10.55, 12.50, 5.12, 8.20, 8.56 and 3.24 t/ha, 
respectively. Milling rate for the best hybrids 

ranged between 61.7% and 68.0%. All of  the 
promising hybrids were long grained (grains 
6.3–7.2 mm long). Regarding disease and insect 
resistance, all promising hybrids were suscepti-
ble to AfRGM under natural conditions, but only 
QY1 was highly susceptible to blast under natu-
ral infestation. All promising hybrids were sus-
ceptible to RYMV under artificial inoculation in 
screen house.

These preliminary results confirmed the fact 
that while some hybrids developed in Asia can 
perform well in Africa for yield potential, given 
their susceptibility to African diseases it would 
not be prudent to rely on them for commercial 
rice production. Developing local hybrids with 
high yield potential and resistance to biotic 
stresses will be more efficient. Many countries, 
such as Egypt, India, Pakistan, Philippines and 
Vietnam, have succeeded in establishing hybrid 
rice programmes and releasing local hybrids.

Developing new hybrids

In order to develop new hybrids with high yield 
potential and tolerance to biotic and abiotic 
stresses at AfricaRice, 300 test crosses were per-
formed between three CMS lines (IR68886A, 
IR69625A and IR58025A) and various African 
varieties with the aim of  identifying new restorer 
and maintainer varieties from local materials 
resistant to insects and diseases. The preliminary 
results indicated that there were 15 promising re  storer 
lines with good phenotypic acceptability and with 
grain yield of  25.8–70.7 g/plant for the F1 fertile 
combinations. At the same time, hybrids with 
about ten varieties showed complete sterility with 
the CMS line, which indicates that these varieties 
could be used as potential maintainer lines. 
Backcrosses were performed with three NERICA-L 
varieties to transfer cytoplasmic male sterility into 
these varieties. However, sterility of  the NERICA-L 
varieties was not stable, so they were replaced by 
three breeding lines (ARSH 46-6-3-B, ARSH-23-
1-2-2 and ARSH -23 3-1-2). The same three 
CMS lines were used with some local restorers 
like Sahel 108, Sahel 134, Giza 178 and Giza 182 
to establish small plots for hybrid seed produc-
tion (Fig.13.1). To increase cross-pollination, 
flag leaves were cut, a rope was pulled across 
the rice plants (Fig. 13.2) and gibberillic acid 
was applied. These seed-production experiments 
yielded 1–2.5 tonnes of  hybrid seeds per hectare.

Table 13.1. Analysis of variance results for yield 
of 122 F1 hybrid rice varieties across six countries 
(Mali, Mozambique, Nigeria, Senegal, Tanzania 
and Uganda). (Data from GSR project.)

Effect
Num
DFa

Den
DFb F-Value Prob F

Genotype
(hybrids)

136 199 3.4529 <0.0001

Environment 
(country)

5 30 118.2648 <0.0001

G×E (hybrids 
× country)

596 199 2.2987 <0.0001

aNumerator and bdenominator degrees of freedom 
associated with the F statistic (SAS mixed model uses 
a likelihood-based estimation scheme, it does not 
directly calculate or display sums of squares).
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Table 13.2. Comparison of mean grain yield, days to 50% flowering, grain quality, insect and disease resistance of 122 hybrids, top ten hybrids, best hybrid and 
best check varieties in six sub-Saharan African countries.

Country

Check variety 122 hybrids Best ten hybridsa Best hybrid

Name
Yield 
(t/ha) DTF

Yield (t/ha) DTF Yield (t/ha) DTF

Name
Yield 
(t/ha) DTF

Milling
rate 
(%)

Grain 
length
(mm)

Resistances to 
diseases and pests

Mean SD Mean SD Mean SD Mean SD AfRGM Blast RYMV

Senegal Sahel 108 7.35 87.5 7.09 1.68 83.6 3.9 9.78 6.5 84 4.6 QYI 10.55 80.0 68.0 6.30 S HS S
Mali WITA9 10.23 96.5 6.33 2.85 95.8 7.8 11.20 0.75 93.9 7.4 HanF1-

35
12.50 88.1 66.4 6.72 S MR S

Nigeria WITA4 3.23 81.5 2.55 1.01 92.8 5.4 4.61 0.63 106 7.7 3LYR24 5.12 112.0 61.7 7.19 S R S
Tanzania WITA9 5.13 88 4.08 1.49 81 8.3 6.98 0.76 84 9.8 HYL9348 8.20 85.0 65.3 6.50 S R S
Uganda NERICA-L 19 5.54 81.7 5.00 1.55 80.1 1.4 7.73 0.47 80.0 0.0 GLYR24 8.56 80.5 63.2 7.17 S R S
Mozambique WITA9 1.83 100.7 1.84 0.45 86.91 4.2 2.74 0.25 85.2 5.8 HXY836 3.24 87.0 64.7 6.85 S R S

DTF, days to 50% flowering; SD, standard deviation; MR, moderately resistant; HS, highly susceptible; R, resistant; S, susceptible.
aAverage of best ten hybrids.
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Challenges and Prospects

Hybrids are one of  the key forms of  biological 
intellectual property rights (IPR) in agricul-
ture. Because the yield gains conferred by het-
erosis tend to decline dramatically after the first 
generation (F1) of  seed, farmers must purchase 
new F1 seed each season to continually capture 
such yield gains. The major challenges of  
hybrid rice are high seed cost, necessity of  
changing seed every crop season, and continu-
ous dependence on the external source for sup-
ply of  seed. Establishing efficient infrastructure 
for seed production, processing, certification 
and distribution are very important. This can-
not be done successfully without an efficient 
seed industry, very-high-performing hybrids 
(compared to the best inbred varieties availa-
ble), and a robust training programme for 
farmers, and technicians in the public and pri-
vate sectors.

Testing of  Chinese hybrid lines in Africa 
showed promise in terms of  high yields but 
susceptibility to African insect pests and dis-
eases. Progress made in the hybrid rice research 
programme at AfricaRice, Senegal will allow 
testing of  AfricaRice developed hybrids in 
2014.

We conclude that hybrid technology not 
only offers the potential of  increasing rice pro-
ductivity, but can also serve as a mechanism for 
leveraging private-sector investment in rice R&D 
in Africa.

Fig. 13.2. Using a rope for supplementary pollination 
in a small plot for hybrid seed production, Fanaye, 
Senegal, 2010. (Photo: R. El-Namaky.)

Fig. 13.1. Small plots of hybrid seed production, 
Ndiaye, Senegal, 2010. (Photo: R. El-Namaky.)
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The ‘informal’ or ‘farmer seed’ system includes 
farmers managing their own seed, but also 
informal seed trade among farmers and pur-
chase from the paddy grain market.

Establishing commercially viable seed sys-
tems for rice is particularly challenging in sub-
Saharan Africa, because of  the predominance of  
farm-saved seed for rice crops, the easy produc-
tion of  rice seed as it is self-pollinating, the com-
plexity of  African rice cropping systems and the 
great diversity of  rice varieties.

In most of  West and Central Africa, formal 
rice seed systems have been more development- 
than market-oriented. Such seed initiatives 
have the development goal of  assisting farmers in 
accessing seed of  new varieties, rather than a 
commercial goal of  creating profitable seed enter-
prises. They are often characterized by heavy and 
inefficient bureaucratic structures within classic 
seed regulatory frameworks. These constraints are 
exacerbated by slow processes of  variety develop-
ment and evaluation (addressed in Kumashiro 
et al., Chapter 5, this volume), and slow variety 
release and registration (addressed in Sanni et al.,
Chapter 6, this volume).

In East and Southern Africa, examples exist 
of  well-functioning commercially viable seed 

Introduction

Seeds are the backbone of  agricultural production. 
Despite this importance, however, rice farmers 
in Africa lack assured access to sufficient, good-
quality seed of  preferred varieties in time for 
sowing. In the 1970s and 1980s, public-sector 
seed programmes in sub-Saharan Africa gener-
ally promoted the dissemination of  im  proved rice 
varieties. With the structural reforms of  the 
1990s, the seed sector was liberalized, though 
the private sector has only partly replaced the 
public sector in providing seed to farmers. With 
the growing awareness that promoting rice 
production in Africa is crucial for economic 
growth, food security and social stability, ‘seed’ 
is firmly back on the agenda of  many govern-
ments and technical and financial rice develop-
ment partners. This became particularly 
evident after the 2008 food crisis, which was 
manifested as a ‘rice crisis’ in many African 
countries (Viatte et al., 2009).

Farmers acquire rice seed through ‘formal’ 
and ‘informal’ channels. The formal system 
includes both the public, or government, and the 
private, or commercial, seed sectors (Louwaars, 
1994; Bay, 1998; Louwaars and De Boef, 2012). 
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companies producing quality rice seed. Such 
seed companies often already produce hybrid 
maize seed and other cash crops and have added 
rice to their market portfolio, responding to a rap-
idly growing commercial rice sector in the region.

As part of  structural adjustment reforms, 
formal seed systems have gone through several 
changes across sub-Saharan Africa. Public-sector 
seed services were reduced or eliminated and the 
private sector encouraged to assume a greater 
role, particularly in production and marketing 
of  certified seed. This drive to ‘privatize’ the seed 
system has not succeeded and has rather left a 
void that has been partly filled by NGOs, develop-
ment projects and farmers’ associations, which 
have been providing smallholder farmers with 
free or subsidized seed. In the aftermath of  the 
2008 food crisis, there are renewed efforts to 
establish well-functioning seed systems. Though 
often not explicitly stated, this shift from a public 
to a private seed sector is also a shift from a 
‘development driver’ to get new varieties to farm-
ers to a ‘commercial driver’ to create profitable and 
sustainable seed enterprises (Louwaars, 2007).

This chapter discusses formal and informal 
seed systems and those with attributes of  both, 
and describes the concept of  integrated seed-
sector development for rice based on Louwaars 
and De Boef  (2012). This framework is discussed 
in the context of  rice-sector development in 
Africa, highlighting roles and responsibilities of  
different actors and stakeholders.

African Seed Systems

African rice seed systems are characterized by 
the coexistence of  a formal sector where seed is 
produced and commercialized by government 
agencies and private seed companies, and an 
informal sector where seed is produced by and 
exchanged among farmers.

Formal seed system

The formal seed system (also called the conven-
tional seed system) is designed to provide certi-
fied seed. It relies on a well-organized seed system 
in which the original breeder-supplied seed is 
multiplied through a series of  stages (from 

breeder seed to foundation seed to certified seed) 
to obtain sufficient commercial seed. The use 
of release and seed certification procedures and 
the intervention of  the processing industry1 are 
the backbones of  this system.

The functioning of  the seed system is influ-
enced by a large number of  regulations in research 
(research protocols and variety maintenance), 
variety release procedures (DUS and VCU2 evalu-
ation procedures), seed production rules (pro-
duction norms – isolation, presence of  off-types, 
weeds, plant health protection, harvesting, etc.), 
trade (traceability), economics (marketability 
and profitability) and regulatory organs (seed 
boards, national release committees, national 
seed services).

Quality control aims to protect the interests 
of  farmer customers. It is monitored by periodi-
cally inspecting seed fields and the seed dealer 
points (markets and other sales points), and has a 
constant vigil on the seed marketed by collecting 
seed samples to be analysed. Seed certification is a 
legally sanctioned system for the quality control 
of  seed for sale. It is carried out by national seed 
services (NSS) through field inspections and labo-
ratory analyses. Norms are adapted from interna-
tional rules set by the International Seed Testing 
Association (ISTA). The NSS control the function-
ing of  the whole system (delivery of agreements 
to seed growers and private seed companies, 
supervision of  seed production and conditioning, 
certification, monitoring of  commercialization, 
update of  catalogues of  varieties, etc.).

The system is typically managed by the min-
istries of  agriculture. It faces many constraints, 
including: (i) limited supply of  breeder seed; 
(ii) poor seed quality control; (iii) poor demand 
estimation; (iv) inadequate marketing and distri-
bution systems; and (v) reluctance of  small-scale 
rice farmers to pay premium prices for certified 
seed. This has led to a serious ‘rice seed produc-
tion gap’ in many countries, especially in West 
and Central Africa.

Informal seed systems

Informal seed systems are traditional systems 
operating at the local and village level through 
farmer seed production and seed exchange mech-
anisms based on local considerations without 
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public-sector regulation or support. Within the 
household it is often women who manage the rice 
seed. Harvesting by hand, with panicle-selection, 
facilitates positive selection and seed can then be 
stored as panicle bunches, which prevents acci-
dental physical mixture of  varieties. Often, farm-
ers manage seed of  multiple varieties of  different 
durations and stature suitable to different land-
scape positions and hydrological levels.

Individual farmers, and sometimes farm-
ers’ groups, obtain seed from their own harvest, 
their family, friends and relatives, or purchase 
seed on the local village market or from local 
paddy traders. These are individual transactions 
where the farmer usually knows the seed seller 
and is able to verify the origin of  the seed being 
considered for purchase. Confidence in the seller 
is a proxy for seed certification and can perhaps 
be referred to as ‘social certification’. The rate of  
adoption of  improved varieties is generally low 
and ultimately dependent on access to seed of  
these varieties from the formal seed system. 
However, farmer seed systems offer a range of  
traditional and improved varieties that are 
accessible, of  acceptable quality, and affordable 
and obtainable without cash transactions.

Informal seed systems do not respond to 
public norms and consequently do not receive 
the needed attention from policy makers, scien-
tists and the general public. It is important to 
develop policies that recognize and support 
informal seed systems, their contribution to in-situ
conservation and on-farm management of  
agro-biodiversity, the efficient diffusion of  varie-
ties, and the appropriate protection of  farmers’ 
and communities’ rights.

Where are African farmers getting 
their rice seed?

Surveys conducted in 2009 by the Africa Rice 
Center (AfricaRice) and national (NARS) part-
ners in 16 countries in sub-Saharan Africa, 
involving more than 30,000 farming house-
holds, provide a good source of  information on 
seed access by rice farmers (Bonou et al., 2012). 
About 90% of  the farmers use traditional vari-
eties, and 75% of  those using improved varie-
ties use ‘informal’ seed systems (Fig. 14.1). 
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Fig. 14.1. Sources of access to seed by rice farmers in Africa. (Adapted from Bonou et al., 2012.)
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These farmers obtained seed from their previous 
harvest or they bought, exchanged or received 
seed from other farmers within their own 
village or from neighbouring villages. Other 
possible seed sources included development 
projects, NGOs and government extension 
agencies. Less than 10% of  the farmers indi-
cated that they had obtained seed of  improved 
rice varieties from a local market. Percentages 
were even lower for traditional varieties (Fig. 14.1). 
These figures show the informal sector to be 
the dominant source of  seed for African rice 
farmers.

Bonou et al. (2012) also analysed farmer 
involvement in different types of  seed transac-
tions, i.e. the extent to which farmers use their 
own saved seed (farmer-saved seed) and are 
engaged in different market and non-market 
seed transaction activities. Use of  farmer-saved 
seed was reported by more than 52% of  farm-
ers cultivating traditional varieties and 44% of  
farmers cultivating improved varieties; pur-
chasing of  seed was reported by more than 
23% of  farmers cultivating traditional varieties 
and more than 26% of  farmers cultivating 
improved varieties; selling seed was reported by 
more than 24% of  farmers cultivating tradi-
tional varieties and more than 23% of  farmers 
cultivating improved varieties; giving seed free 
to other farmers was reported by about 35% of  
farmers cultivating traditional varieties and 
more than 34% of  farmers cultivating improved 
varieties; receipt of  free seed was reported by 
more than 20% of  farmers cultivating tradi-
tional varieties and 25% of  farmers cultivat-
ing improved varieties; and exchange of  seed 
was reported by 20% of  farmers cultivating 
traditional varieties and more than 19% of  
farmers cultivating improved varieties. Thus, 
consistent with the figures on the sources 
of seed, the majority of  farmer seed transac-
tions are informal – for both traditional and 
improved varieties. Nevertheless, the fact that 
about 24% of  the farmers indicated that they 
had bought at least part of  their seed needs 
indicates there is a market for seed. A deeper 
analysis of  data on purchased seed sources 
shows that, apart from the local market, farm-
ers purchase seeds from other commercial 
routes. More than 70% of  purchased seed is 
from their colleagues within their own village 
or from neighbouring villages.

Towards Integrated Rice 
Seed Sector Development

Louwaars and De Boef  (2012) highlight the 
importance of  facilitating interactions between 
the formal and informal seed systems to encour-
age development of  the seed sector; and accepting 
the pluralistic nature of  seed-sector development 
with roles for the public and commercial sector, as 
well as for farmers, community seed producers 
and NGOs. Rice seed sector development in Africa 
needs to address issues of  availability, accessibil-
ity, seed quality, varietal quality and purity, and 
resilience to effectively contribute to increasing 
productivity and sustainability of  rice seed sys-
tems in Africa (Table 14.1).

Figure 14.2 is a proposed framework for rice 
seed sector development in sub-Saharan Africa. 
The informal seed system is central, with the rice 
farmer as both a ‘customer and manager’ of  seed 
(depicted in the central hexagon). Farmers use 
their own saved seed to produce paddy, or seed 
obtained from neighbours or other sources with-
out either support or interference from the public 
or private sectors. However, farmers may be able 

Table 14.1. Key issues for rice seed sector 
development in Africa. (Adapted from Remington 
et al., 2002.)

Issue Description

Availability The supply of seed from all 
sources is adequate to meet 
the demand and needs of rice 
farmers

Access Farmers as seed customers are 
able to acquire the seed they 
want through cash transactions 
or barter

Seed quality Seed is of good quality in terms 
of cleanliness (analytical purity) 
and viability (germination and 
emergence)

Varietal quality 
and purity

The seed is of the varieties 
preferred by farmer customers 
and of adequate purity to meet 
production and marketing 
requirements

Resilience There are diverse seed sources 
available to farmers to meet 
their needs after shocks such 
as drought, flood or conflict
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to access seed of  a new or local variety from ‘out-
side’ the farming community, either through a 
commercially oriented seed value chain (left side 
of  figure) or a development-oriented seed value 
chain (right side of  figure).

In the absence of  a reliable seed market, 
farmers are likely to rely on their own saved seed 
and informal seed systems. Farmers may profit 
from development-oriented interventions that 
stimulate community-based seed production 
and the production of  ‘acceptable quality’ seed 
through seed fairs and donations of  seed in emer-
gency situations or purchase of  seed through an 
exchange of  vouchers. Development-oriented 
interventions can also reinforce farmers’ capaci-
ties with respect to selecting and storing good-
quality seed from their own production.

On the other hand, in cases where, for exam-
ple, input subsidies for mineral fertilizer are linked 
with purchase of  certified seed, many farmers 
may rely on specialized seed production systems, 
purchasing certified seed from seed enterprises, 
seed unions and agro-input dealers. Such com-
mercially oriented seed value chains are more 
likely to emerge around irrigated systems, whereas 
rainfed upland and lowland systems often need 
development-oriented seed value chains to get 
access to new varieties. The public, development-
oriented chain focuses on seed production to meet 
national targets, whereas the private, commercially 

oriented value chain focuses on profits and predic-
tions (Louwaars and De Boef, 2012).

Breeder or foundation seed of  new or widely 
grown local varieties provides the starting point 
of  the proposed framework (Fig. 14.2), as this is 
the source for commercial- and development-
oriented value chains. In some countries, 
foundation-seed production has already been 
devolved to the private sector. The delivery of  
breeder seed is assured by the national research 
systems. In the past, AfricaRice has often assisted 
with the production of  breeder and foundation 
seed, especially following disasters, both natural 
and conflict (e.g. Liberia and Sierra Leone in 
1999 and 2000). In general, to ensure seed 
security, there is a need to have sufficient stocks 
of  foundation seed of  major rice varieties at 
hand, either at country or regional level.

National and local government authorities 
in collaboration with private sector and develop-
ment partners need to plan seed needs well 
ahead of  time to ensure that sufficient amounts 
of  seed of  the right varieties are available and 
accessible to farmers.

Strengthening Farmer Seed Systems

The informal or farmer rice seed systems are the 
main source of  seed for the majority of  farmers 
in the rainfed lowland and upland rice systems in 
Africa. The farmer seed system is an efficient way 
of  delivering seed to farmers because of  its low 
transaction costs. ‘Once farmers have the variety, 
the economic gains from using certified seed 
of the self-pollinated crops usually does not jus-
tify the investment. Moreover, certified seed is not 
always of  better quality than the seed reproduced 
by a farmer’ (Almekinders and Louwaars, 1999).

It is widely expected that farmer-saved seed 
and farmer-to-farmer seed exchange will continue 
to be the primary source of  seed supply for the 
majority of  farmers for a long time. Farm-saved 
seed is a common feature of  agricultural systems 
worldwide, particularly in self-pollinated crops and 
in systems where hybrids are not used (Bay, 1998). 
Bay (1998) estimates that, in the mid-1980s, some 
75% of  seeds of  self-pollinated crops in the USA 
(e.g. wheat, barley and oats) were farm-saved; simi-
lar figures might be found in Europe.

Important aspects in upgrading the quality 
and the diversity of  seed produced on-farm 

Fig. 14.2. Integrated rice seed sector development 
framework.
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include (Bèye et al., 2011): (i) sensitization for 
local quality control; (ii) training on mainte-
nance of  varietal purity; (iii) information sharing 
on existing market opportunities; and (iv) pro-
motion of  hermetic rice seed storage. A study in 
Uganda showed that farmers with training were 
able to maintain seed purity comparable to that 
of  certified seed (J. Lamo, Saint-Louis, Senegal, 
2012, personal communication).

Strengthening Commercially Oriented 
Seed Value Chains

Investments in commercially oriented seed sys-
tems in Africa have focused mainly on hybrid 
maize and vegetable production, where farmer 
value addition is high. The focus on maize 
hybrids has greater prospects for seed enterprise 
profitability (Scoones and Thompson, 2011). 
The ‘hybrid maize model’, however, is not 
directly applicable to rice, which is self-pollinated 
and farmers are able to retain seeds from harvest 
for subsequent crops without a significant loss in 
performance. Nevertheless, farmers may pur-
chase certified seed to gain access to a new variety 
or to overcome loss of  varietal purity, problems 
with seed storage, and insufficient farmer-saved 
seed due to poor harvest.

National seed legislation regulates varietal 
release, seed production, certification and seed 
commercialization, including seed marketing, pack-
aging and labelling. The Food and Agriculture 
Organization of  the United Nations (FAO) in collab-
oration with the African Seed Trade Association 
(AFSTA) and CGIAR centres, sub-regional organi-
zations (SADC, ASARECA, CORAF/WECARD3), 
European, US (USDA3) and Japanese governments 
(JICA3) and organizations such as West Africa 
Seed Alliance (WASA) and Alliance for a Green 
Revolution in Africa (AGRA) have helped most 
African countries in West, Central, East and 
Southern Africa to develop national legislation, 
train inspectors and laboratory technicians, and 
establish commercial seed companies.

In addition, harmonized regulatory frame-
works and regional varietal catalogues have 
been adopted at regional levels. Nevertheless, the 
harmonized procedures remain difficult to imple-
ment for two main reasons. First, statutory seed 
standards, derived from international legislation, 

appear to be too strict. Consequently, the stand-
ards are difficult for most small-scale seed pro-
ducers to meet. Second, most countries do not 
have operational national seed boards and seed-
control infrastructures as they lack funding and 
trained personnel. As a result, current seed leg-
islation and regulations do not facilitate field 
inspections and seed certification, and often act 
as barriers to the entry of  small commercial seed 
companies and to informal seed production by 
farmers and farmer groups rather than as a sup-
port and encouragement.

Major challenges also exist for commercial 
seed enterprises at both institutional and infra-
structure levels. Entrepreneurs face cumbersome 
seed legislation and out-dated infrastructure, and 
they lack training and access to inventory credit 
and business support services.

In their book African Seed Enterprises, Van 
Mele et al. (2011) discuss conditions under 
which seed enterprises can perform best:

• Equipment and infrastructure: enterprises 
should have seed-conditioning facilities, 
storage and market access.

• Policy environment: support should be given 
to assist new seed enterprises to start small 
and grow.

• Inventory and operating capital: seed produc-
ers require capital to invest in equipment, 
operate a seed business and also inventory 
credit to be able to store seed for later sale.

• Diversity of  product: seed enterprises are 
advised to produce and sell diverse crop 
seed in addition to rice seed. This increases 
possibilities for income generation while 
diminishing risks. Often it will be a more 
profitable product like hybrid maize seed 
that will serve as the foundation for the 
enterprise to build on by adding new prod-
ucts over time. The potential of  hybrid rice 
seed playing that role is discussed by 
El-Namaky and Demont (Chapter 13, this 
volume).

• Management: train and retain staff  along 
with investment in new product research 
and market development.

• Quality control: enterprises need to build 
trust and reputation for quality products 
with their farmer customers. For this, it is 
important to build up strong internal sup-
port for in-house quality-control systems.
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• Seed certification: certification is useful if  it 
improves quality control, but costs need to be 
controlled. ‘Quality Declared’ and ‘Truthfully 
Labelled’ seed may be a more feasible way 
forward with more emphasis on branding.

• Marketing strategies: seed enterprises need 
to use diverse and innovative marketing 
strategies, including radio campaigns and 
TV adverts, demonstrations, seed fairs, bill-
boards and field days, appropriate pricing, 
packaging of  small quantities and attrac-
tive labelling.

• Enterprise cooperation: smaller seed enter-
prises can strengthen themselves by joining 
together in associations, federations or 
unions to achieve economies of  scale, pro-
tect the market from counterfeiters, and 
share equipment with each other (includ-
ing inter-enterprise hiring).

In East and Southern Africa, where the 
maize-seed industry is well-developed, there is a 
trend towards a deregulation of  formal seed 
system regulations. These can be considered as 
‘emerging formal’ systems (Louwaars and De 
Boef, 2012). In Tanzania and Zambia, for exam-
ple, Quality Declared Seed (QDS) is largely used 
instead of  certified seed. This has enabled farmers 
to access seeds of  relatively good quality without 
the constraints and expense of  formal seed certifi-
cation. The QDS was developed by FAO, which 
looks for ‘softer’ seed legislation for countries 
that are not able to meet the standards of  ISTA. 
Seed controls are conducted in 10% of  seed-
producing areas. Other countries in East and 
Southern Africa have similar systems referred to 
as Guaranteed Seed (Mozambique), Standard 
Seed (Botswana), Commercial Seed (Kenya and 
Uganda) and Approved Seed (Malawi). In addi-
tion there is ‘Truthfully Labelled Seed’, where cer-
tification is made voluntary and seed producers 
are allowed to attach their own ‘truthful’ label on 
the supplied seed bags or packets.

A promising development in terms of  link-
ing seed producers with potential buyers through 
the internet is being tested in Côte d’Ivoire under 
the responsibility of  the NSS through a central 
website (‘cyber seed’, www.ci-semence.org). This 
involves accredited technicians and quality-control 
farmers trained in quality-control techniques, 
who monitor seed-production activities within a 
specific zone. They organize seed-production 

activities, including planning, control of  seed-
production fields, management of  seed stocks, 
and support to seed commercialization. Quality-
control farmers are farmers selected by their col-
leagues to monitor seed activities. They are 
trained in quality-control techniques and are 
monitored by the accredited technicians. They 
control seed-production activities in their respec-
tive cooperatives or associations, and monitor 
seed moisture content, germination rate and 
physical purity. Information on seed-production 
activities (seed producers, quantities, prices, etc.) 
are communicated to the central website for wide 
diffusion by mobile (cell) phone and other mass-
media tools. Through this system, traceability is 
ensured and the required information about seed 
quality is available for each seed lot.

The cyber-seed concept was tested success-
fully in Daloa, Côte d’Ivoire, in 2006 by Coopérative 
de Commercialisation des Produits Vivriers de 
Daloa (COPROCOVIDA) and the Ministry of  
Agriculture. In 2007, four additional centres were 
created in Issia (Centre), Korhogo (North), Zouan-
Hounien (West) and N’Zécrézessou (East). These 
centres helped farmers sell increasing amounts 
of  seed: from about 300 tonnes of  rice seed in 
2007 to 863 tonnes in 2010.

Strengthening Development-oriented 
Seed Value Chains

Development-oriented seed value chains are 
more important in rainfed systems than they are 
in irrigated systems, as the former usually have 
difficult market access. In these systems, there is a 
need to build capacity among farmers on how 
best to manage and save their own seed to main-
tain varietal purity and seed quality because they 
may only sporadically get access to new varieties 
or new ‘clean’ sources of  a particular variety 
through development-oriented seed value chains. 
Gradually, with farmers gaining access to mar-
kets, such systems may evolve towards commer-
cially oriented seed systems, where seed quality is 
becoming an increasingly important issue.

The community-based seed system (CBSS) 
approach, used extensively by AfricaRice in many 
of  its seed projects, is an example of  an integrated 
seed system that aims to integrate the strengths 
and opportunities in both the formal (for the 

www.ci-semence.org
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production of  breeder and foundation seeds) and 
the informal seed systems (for diffusion of  
improved as well as traditional varieties) (Bèye 
et al., 2011). CBSS is designed to enable small-
holders to meet their seed requirements by improv-
ing their know-how in basic seed production and 
quality constraints. This decentralized system 
relies on individual entrepreneurial farmers and 
farmers’ groups, who are trained to produce seed 
of  acceptable quality that is disseminated through 
development projects, seed fairs and vouchers.

Successful examples of  functional CBSS for 
rice can be found in many sub-Saharan African 
countries, including: Cameroon, Chad, Côte 
d’Ivoire, Ethiopia, The Gambia, Guinea, Kenya, 
Madagascar, Mali, Nigeria and Tanzania. In Côte 
d’Ivoire, more emphasis is being placed on pro-
fessionalization of  farmers’ groups/associations 
through the development of  online commercial-
ization of  rice seed with traceable information 
about available seed stocks and their character-
istics (germination rate, moisture content, phys-
ical purity and the presence of  weed seeds), the 
proposed prices, production trends by variety, 
etc. This new orientation opens new areas of  col-
laboration among farmers’ groups, agro-dealers 
and private seed companies. In addition, it helps 
to drive the production of  quality seed with the 
objective of  generating more revenue, and 
moves CBSS from a development orientation 
towards a commercial orientation.

The involvement of  NGOs in seed systems is 
often under-appreciated as they tend to operate 
independently, especially in situations of  seed 
insecurity due to natural disaster or conflict (all 
too common in Africa). Depending on the NGO 
and the context, they may support community 
seed production or carry out direct purchase 
and distribution of  seed. NGOs are increasingly 
using vouchers to facilitate farmer access to seed 
rather than intervening directly in the seed sup-
ply chain. This could be via ‘cash’ vouchers that 
recipients can redeem at special fairs for a wide 
range of  seeds, or ‘commodity’ vouchers or cou-
pons that can only be redeemed for certified or 
quality-declared seed.

Conclusions

A viable and sustainable integrated rice seed 
sector requires integration of  the formal and 

informal systems, with knowledgeable and 
empowered farmer seed customers and manag-
ers. Tripp (2003) describes this need eloquently:

Finally, it is worth repeating that the development 
of  a commercial seed sector is not in competition
with, or an alternative to, the strengthening of  
farm-level seed management capacities. Indeed, 
the emergence of  a commercial seed sector will 
occur only where farmer seed systems are 
strong, where farmers know a great deal about 
what varieties are available, are engaged in 
widespread seed and information exchange and 
are confident and knowledgeable consumers. 
Any aspirations for commercial seed sector 
development need to begin with attention to 
farmers.

There is no blueprint solution for seed sys-
tem development in Africa, and the best possible 
approaches are likely to be specific to rice agro-
ecosystems and value chain, and will evolve over 
time – for example, with emerging formal sys-
tems becoming ‘more formal’, catering to specific 
market niches. Governments need to strengthen 
both commercially and development-oriented 
rice value chains and support farmer seed sys-
tems. This will require supporting different kinds 
of  entrepreneurship, such as small- to medium-
scale seed companies producing certified inbred 
and hybrid rice seed for commercial purposes, 
possibly with some level of  time-bound exclusiv-
ity; local seed businesses of  groups of  farmers 
that produce seed of  ‘acceptable quality’ as part 
of  development projects enabling farmers to get 
access to new varieties (eventually moving to a 
more commercial type of  operation); local or 
community-based initiatives targeting the pro-
motion of  biodiversity conservation and utiliza-
tion; and local seed businesses that evolve 
around rice mills and agro-industries, requiring 
strict control of  seed to deliver specific products.

At the regional level, seed legislation needs 
to be harmonized or complemented by workable 
implementation guidelines to facilitate seed flows 
across borders and to stimulate the emergence of  
large-scale seed companies that can operate 
internationally. Adequate rice seed security 
stocks must be maintained to respond to emer-
gency situations. At both national and regional 
levels, there is a need to adopt an integrated rice 
seed sector development approach, aiming to 
promote diversified seed systems, meeting the 
seed needs of  all of  Africa’s rice farmers.
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Notes

1 The processing industry enables seeds to be calibrated, so that they are of uniform size and weight, and 
the delivery of disease-free seeds.
2 DUS, Distinctness Uniformity and Stability; VCU, Value for Cultivation and Use.
3 SADC, Southern African Development Community; ASARECA, Association for Strengthening 
Agricultural Research in Eastern and Central Africa; CORAF/WECARD, West and Central African Council 
for Agricultural Research and Development; USDA, United States Department of Agriculture; JICA, Japan 
International Cooperation Agency.
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is determined by climate (solar radiation and 
temperature), varietal characteristics and crop 
establishment methods including sowing date 
and density. Under rainfed conditions, potential 
yield is also affected by water availability.

Validated crop-simulation models are rarely 
available in Africa and, if  they are, input values 
to run them, such as long-term weather data, 
are usually lacking. A proxy for potential yield 
can be the maximum yield obtained with good 
agricultural practices in an experimental field or 
in a high-yielding farmer’s field. The ‘yield gap’ 
is defined as the difference between potential 
yield and average on-farm yield obtained by 
farmers (Becker et al., 2003). Several ‘yield gaps’ 
can be defined (Fig. 15.1). Because of  diminish-
ing returns on investment, yields in farmers’ 
fields do not in general exceed 80% of  the poten-
tial yield estimated by validated simulation 
models.

A good understanding of  potential yield 
and yield gaps enables us to identify opportuni-
ties for yield improvement in farmers’ fields. 

Introduction

Rice is grown in diverse environments in Africa, 
and this is reflected in farmers’ yields. These 
range from less than 1 t/ha in low-input, rainfed 
systems to more than 9 t/ha in high-input, irri-
gated systems. As highlighted by Seck et al.
(Chapter 2, this volume), Africa’s rice produc-
tion needs to be augmented substantially to 
reduce the current heavy reliance on imports.

Increasing rice production is possible 
through increasing rice yield per unit of  land and 
through expansion of  rice harvested area. To 
raise rice productivity per unit of  land, there is a 
need to better understand which biophysical fac-
tors limit productivity in farmers’ fields, and to 
what extent productivity could be increased via 
improved crop management. ‘Potential yield’ is 
defined as the maximum yield that can be obtained 
from a crop in a given environment as determined 
by simulation models with plausible physiological 
and agronomic assumptions (Evans and Fischer, 
1999). Under irrigated conditions, potential yield 
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Closing these yield gaps may require adoption of  
alternative crop management practices or capi-
tal investment in, for example, bunding, land 
levelling or irrigation. To determine which of  
these alternative crop management or invest-
ments is needed, it is necessary to understand 
the biophysical determinants of  rice productiv-
ity. What are the major yield-limiting factors 
(e.g. drought or excess water, nutrient deficien-
cies, and extreme temperature) and yield-reducing 
factors (e.g. insects, diseases, weeds, birds)? This 
type of  information can be obtained via detailed 
studies in farmers’ fields (often referred to as 
‘yield gap surveys’), as demonstrated by (e.g.) 
Wopereis et al. (1999) and Becker et al. (2003) 
for irrigated rice systems in West Africa. A com-
plementary ‘diagnostic survey’ can provide 
information on, for example, production orien-
tation (subsistence, market), household wealth, 
access to input and output markets, and access 
to rice knowledge and technologies. Combining 
information from the two surveys allows us to 
develop pathways to raise rice productivity in a 
sustainable manner.

In this chapter, we provide an overview of  
rice production systems in Africa and their dis-
tribution as a function of  spatial variability of  
climate (agroecological zones) and soils on the 
continent. We also discuss the current status of  
knowledge with respect to spatial variability of  
disease epidemics. Climate factors such as tem-
perature, humidity and rainfall strongly affect 

rice production through indirect effects on the 
incidence of  pests and diseases. Next we discuss 
the current status of  knowledge about rice yield 
gaps in Africa. We analyse the potential to 
enhance rice production in Africa by increasing 
rice harvested area (by bringing more land 
under cultivation or by increasing cropping 
intensity) and approaches to identify ‘best-bet 
areas’ for expansion. We conclude with a discus-
sion of  the challenges that hinder a better over-
view of  determinants of  yield gaps and areas 
with the best potential for sustainable expansion 
of  rice harvested area in Africa.

Rice production systems

In Africa, five major rice production systems are 
distinguished: rainfed upland, rainfed lowland, 
irrigated lowland, deep water and mangrove 
swamp; the last two are of  relatively minor 
importance in terms of  surface area (Maclean 
et al., 2002; Balasubramanian et al., 2007; Seck 
et al., 2012). New estimates of  surface area 
under each rice production system are provided 
by Diagne et al. (Chapter 3, this volume).

Rice fields are usually flooded during part 
or all of  the growing season, except in the case 
of  rainfed upland rice. Surface-water regimes 
and water sources (e.g. irrigation, rainfall, water 
table) distinguish the rice-production systems.

• Irrigated lowland rice is generally grown in 
bunded fields with assured irrigation for 
one or two crops per year. Dam-based irri-
gation, water diversion from rivers, and 
pump irrigation from wells are major 
sources of  irrigation water.

• Rainfed lowland rice is grown on level to 
slightly sloping, unbunded or bunded fields 
in lower parts of  the toposequence and in 
inland valleys, which are defined as flat-
floored, relatively shallow valleys and are 
widespread in the undulating landscape 
(see Rodenburg, Chapter 22, this volume). 
Fields are flooded by rains and groundwater 
for part of  the rice-growing season, although 
in some seasons fields may not be flooded 
due to lack of  rainfall. Rainfed lowland rice 
is also grown in flash-flood areas, where 
water level is suddenly increased during the 

Modelled potential
yield

Maximum yield in 
experimental field

Maximum yield in
high-yielding farmer’s
field

Average yield
obtained by farmers

Grain yield

Farmer-based yield gap
Experiment-based yield gap

Model-based yield gap

Fig. 15.1. Framework for estimation of yield gap 
based on three different potential yields (model-
based, experimental field maximum and on-farm 
maximum). (Adapted from Lobell et al., 2009.)
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rice-growing season, causing short-term sub-
mergence. A fuzzy transition exists between 
rainfed and irrigated lowland rice production 
systems, where a water-management continu-
um exists ranging from strictly rainfed (no 
water control) to fully irrigated lowlands, 
which may evolve with investments in water-
control measures.

• Deep-water rice production systems are 
found in the flood plains along the major 
rivers such as the Niger River, inland val-
leys, and coastal wetlands (Kawano and 
Sakagami, 2008). In the ‘floating-rice’ area, 
water depth remains high (up to 3 m) for an 
extended period (up to 5 months). In the 
‘deep-water’ rice area, water remains in the 
fields for several months, but water is not as 
deep as in the floating-rice area. Rice varie-
ties that are 140–180 cm tall are required 
for this system.

• Rice fields in the mangrove-swamp produc-
tion system are located on tidal estuaries 
close to the sea. Rice can be grown during 
the period when freshwater floods wash the 
land and displace tidal flows. Tall rice varie-
ties or varieties adapted to flash flooding are 
grown in this system.

• Rainfed upland rice is generally grown on level 
or sloping, unbunded fields. Flooding is rare in 
this system. In some cases (e.g. Uganda) sup-
plementary irrigation may be used.

Distribution of Rice Production 
Systems in Relation to 

Agroecological Zones in Africa

You et al. (2009a,b) provide estimates of  crop 
production, area and yield for 10 km ×10 km 
grid cells for 20 crops, including rice, based on 
downscaling from sub-national production, sta-
tistical or survey data by taking other spatial data 
such as land use, population density and crop 
suitability into account. Plate 6 shows the distri-
bution of  rice-production systems in Africa clas-
sified as: (i) rainfed, high-input/commercial; (ii) 
rainfed, low-input/subsistence; and (iii) irrigated, 
following the definition of  global agroecological 
zones developed by the Food and Agriculture 
Organization of  the United Nations and the 
International Institute for Applied Systems 

Analysis (FAO and IIASA, 2000). The distribu-
tion was calculated from sub-national produc-
tion data in 2000; updated data are not yet 
available. Data on rice cultivation at sub-national 
scale are not available in Balasubramanian 
et al. (2007), Seck et al. (2012), FAOSTAT (http://
faostat.fao.org/) or Diagne et al. (Chapter 3, this 
volume), and so could not be used in our assess-
ment. Rice areas described in this chapter refer to 
areas where rice was cultivated in the particular 
system in 2000. If  rice was grown and harvested 
more than once in the year, the physical area is 
not increased.

Rainfed, high-input/commercial systems 
use high-yielding varieties and some animal 
traction and mechanization (FAO and IIASA, 
2000). Farmers apply some fertilizer and use pes-
ticides. This system is not widespread in Africa, 
but can be found in countries such as Côte 
d’Ivoire, Madagascar and Uganda. The rainfed, 
low-input/subsistence system uses traditional 
varieties and mainly manual labour without (or 
with little) application of  fertilizer or pesticides. 
This classification does not distinguish between 
rainfed lowland and upland rice systems.

The irrigated system refers to rice areas pro-
vided with either full or partial irrigation infra-
structure. In general, modern varieties and 
relatively high fertilizer inputs are used, together 
with advanced management options such as 
soil- and water-conservation measures.

Rice is grown in 15 of  the 16 agroecologi-
cal zones distinguished in Africa (HarvestChoice, 
2009) (Plate 7; Table 15.1). These agroecologi-
cal zones are grouped according to temperature 
(tropical or sub-tropical), elevation (warm or 
cool) and moisture (arid, semiarid, sub-humid 
and humid) as explained in the footnote to Table 
15.1. Thus, these groups include climate factors 
that strongly affect rice growth through direct 
effects on physiological processes and through 
indirect effects on the incidence of  pests and 
diseases.

In West Africa, the terms ‘Sahel’, ‘Sudan 
savannah’, ‘Guinea savannah’ and ‘Equatorial 
forest’ are frequently used for agroecological 
zoning (e.g. Windmeijer and Andriesse, 1993; 
Defoer et al., 2004). In this chapter, ‘Sahel’ is 
‘tropical – warm / arid’; ‘Sudan savannah’ is 
‘tropical – warm / semiarid’; ‘Guinea savannah’ 
is ‘tropical – warm / sub-humid’; and ‘Equatorial 
forest’ is ‘tropical – warm / humid’.

http://faostat.fao.org/
http://faostat.fao.org/
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Spatial analyses of  agroecological zones and 
rice-distribution data (Plates 6 and 7) show that 
the largest proportion of  rice area (49% of  total) is 
within the tropical – warm / sub-humid zone, 
while 17% is within the tropical – warm / semiarid 
zone and 16% is in the tropical – warm / humid 
zone (Table 15.1). In the humid, sub-humid and 
semiarid zones, rainfed rice systems occupy a 
larger area than irrigated rice-production systems. 
Irrigated rice-production systems are dominant in 
the arid zone, with 8% (of  the total rice area) in the 
sub-tropical – warm / arid zone and 1% in the trop-
ical – warm / arid zone. Tropical – cool / humid and 
sub-humid zones (elevation greater than 1200 m) 
have 7% of  the total rice area.

Rainfed low-input/subsistence rice farming 
is practised on 62% of  the total rice surface area 
in Africa, while 34% is irrigated rice areas and 
4% is rainfed, high-input/commercial systems. 
The latter includes not only tropical – warm / 
sub-humid in West Africa, but also ‘Other zones 

including all the production systems’ in the 
other regions (Table 15.2). The total area for irri-
gated rice is higher than the 26% reported by 
Diagne et al. (Chapter 3, this volume), probably 
as a result of  the fact that the data were collected 
in different years and using different collection 
methods.

In West and East Africa, the tropical – warm / 
sub-humid zone has the largest share of  rice 
area in both irrigated and rainfed, low-input 
systems, followed by tropical – warm / semiarid 
zone in West Africa and tropical – warm / humid 
zone (irrigated rice) and tropical – cool / sub-
humid zone (rainfed, low-input) in East Africa 
(Table 15.2). The estimated share of  irrigated rice 
in the tropical – warm / arid zone in West Africa 
is small (1%). In North Africa, the sub-tropical – 
warm / arid zone is restricted to Egypt. The rain-
fed, low-input system in tropical – warm / humid 
zone is predominant in Central Africa, including 
the Democratic Republic of  Congo (DRC).

Table 15.1. Estimated share (%) of rice area by agroecological zone and production system in Africa in 
2000. (Spatial analysis of data from HarvestChoice, 2009; You et al., 2009a,b.)

Agroecological zonea

Rainfed, low-input/
subsistence rice 

system

Rainfed, high input/
commercial rice 

system
Irrigated rice 

system Total

Tropical – warm / humid 11 1 4 16
Tropical – warm / sub-humid 36 2 11 49
Tropical – warm / semiarid 10 0.3 7 17
Tropical – warm / arid 0.3 0.1 1 2
Tropical – cool / humid 1 0.2 1 2
Tropical – cool / sub-humid 4 0.1 1 5
Tropical – cool / semiarid 0.2 0 <0.1 0.2
Tropical – cool / arid <0.1 0 <0.1 <0.1
Sub-tropical – warm / humid <0.1 0 0 <0.1
Sub-tropical – warm / sub-humid <0.1 0 0.1 0.1
Sub-tropical – warm / semiarid <0.1 0 <0.1 <0.1
Sub-tropical – warm / arid <0.1 0 8 8
Sub-tropical – cool / humid 0 0 0 0
Sub-tropical – cool / sub-humid <0.1 0 <0.1 <0.1
Sub-tropical – cool / semiarid <0.1 0 0 <0.1
Sub-tropical – cool / arid <0.1 0 <0.1 <0.1
Total 62 4 34 100

a‘Tropical’: monthly temperature adjusted to sea level greater than 18°C for all months; ‘Sub-tropical’: monthly tempera-
ture adjusted to sea level less than 18°C for one or more months.
‘Cool’: elevation greater than 1200 m in the tropical zone and greater than 800 m in the sub-tropical zone; otherwise 
classified as ‘warm’.
‘Arid’: less than 70 days of growing period, which is defined as the period during the year when average temperatures 
are greater than or equal to 5°C and rainfall plus moisture stored in the soil exceed half the potential evapotranspira-
tion; ‘semiarid’: 70–180 day growing period; ‘sub-humid’: 180–270 day growing period; ‘humid’: growing period more 
than 270 days.
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Distribution of Rice Production 
Systems in Relation to Soil 

Constraints

African soils generally have inherently poor fer-
tility as they are old, often strongly weathered 

and leached (Bationo et al., 2006). Furthermore, 
inadequate land-use and crop-management 
practices have led to increased soil erosion and 
depletion of  nutrients and, consequently, a 
decline in rice productivity (Becker and Johnson, 
2001a). In all rice-production systems, soil-related 

Table 15.2. Estimated distribution of rice area by region, agroecological zone and production system in 
Africa in 2000. (Spatial analysis of data from HarvestChoice, 2009; You et al., 2009a,b.)

Agroecological zone
Production
system

Rice area (×1000 ha) 
           in 2000

Estimated share (%) 
of rice area in Africa

West Africaa

Tropical – warm / sub-humid Rainfed, low-input 1973 26
Tropical – warm / semiarid Rainfed, low-input 619 8
Tropical – warm / sub-humid Irrigated 423 6
Tropical – warm / humid Rainfed, low-input 380 5
Tropical – warm / semiarid Irrigated rice 366 5
Tropical – warm / sub-humid Rainfed, high-input 101 1
Tropical – warm / arid Irrigated 94 1
Other zones including all the 

production systems
138 2

Subtotal 4093 55
North Africab

Sub-tropical – warm / arid Irrigated 610 8
Other zones including all the 

production systems
31 0.4

Subtotal 642 9
East Africac

Tropical – warm / sub-humid Rainfed, low-input 584 8
Tropical – warm / sub-humid Irrigated 423 6
Tropical – warm / humid Irrigated 262 3
Tropical – cool / sub-humid Rainfed, low-input 196 3
Tropical – warm / humid Rainfed, low-input 157 2
Tropical – warm / semiarid Irrigated 123 2
Tropical – cool / humid Irrigated 94 1
Tropical – cool / sub-humid Irrigated 90 1
Other zones including all the 

production systems
245 3

Subtotal 2174 29
Central Africad

Tropical – warm / humid Rainfed, low-input 279 4
Tropical – warm / sub-humid Rainfed, low-input 141 2
Other zones including all the 

production systems
170 2

Subtotal 590 8
Southern Africae

Subtotal 1 <0.1
Total 7500 100

aWest Africa: Benin, Burkina Faso, Côte d’Ivoire, The Gambia, Ghana, Guinea, Guinea-Bissau, Liberia, Mali, Mauritania, 
Niger, Nigeria, Senegal, Sierra Leone and Togo.
bNorth Africa: Algeria, Egypt, Morocco, Sudan (now Sudan and South Sudan) and Tunisia.
cEast Africa: Burundi, Comoros, Eritrea, Ethiopia, Kenya, Madagascar, Malawi, Mozambique, Rwanda, Somalia, 
Tanzania, Uganda and Zambia.
dCentral Africa: Angola, Cameroon, Central African Republic, Chad, Congo, DRC and Gabon.
eSouthern Africa: Lesotho, Namibia, South Africa, Swaziland and Zimbabwe.
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abiotic stresses may occur in rice (Defoer et al.,
2004; Balasubramanian et al., 2007). In this 
section, we present a quantitative characteriza-
tion of  soil fertility within rice-growing environ-
ments in Africa. The approach follows that of  
Haefele and Hijmans (2007), who studied rain-
fed lowland rice in Asia, by combining spatial 
databases of  soils and rice area. Soil information 
was derived from the digital version of  the Soil 
Map of  the World (FAO, 1995), and we used four 
soil groups with different levels of  soil fertility 
and severity of  soil constraints based on the 
interpretation of  the modifiers of  the soil fertility 
capability classification (FCC) system (Sanchez 
and Buol, 1985). The following are descriptions 
of  the four soil-fertility groups (Haefele and 
Hijmans, 2007).

• Good, fertile soils with no major soil 
constraints: topsoils not designated with 
any of  the FCC modifiers h, k, e, a, i, s, c, O, n 
or b (see below). Absence of  modifiers a, h 
and b indicates soil pH values in the opti-
mum range between 6.0 and 7.3. Soils 
included here might be designated with the 
FCC modifiers x (volcanic materials) or v 
(vertic soil properties). Soils in this group 
have a range of  indigenous soil fertility, but 
are generally less weathered than the next 
two soil groupings.

• Poor soils with no major soil con-
straints: topsoils are designated with no 
FCC modifier other than h (10–60% Al 
saturation of  the effective CEC or pH 
between 5 and 6). Crop growth is not lim-
ited by any major soil constraint, although 
severe P deficiency may occur. However, the 
acid soil reaction and the high Al satura-
tion indicate highly weathered soils with 
limited indigenous nutrient supply and low 
nutrient-retention capacity.

• Very poor soils with considerable soil 
constraints: topsoils are designated with 
one or several of  the FCC modifiers k 
(<10% weatherable minerals in silt and 
sand fraction or exchangeable K <0.20 
meq per 100 g soil), e (effective CEC <4 
meq per 100 g soil), a (>60% Al satura-
tion) or i (percentage of  free Fe2O3 divided 
by percentage clay >0.15, and more than 
35% clay or hues of  7.5 YR [yellow–red] or 
redder, and granular structure). Crop 
growth on these soils is potentially limited 

by combinations of  low nutrient reserves 
(k), low CEC (e), Al toxicity (a) and high P 
fixation (i). Generally, these are highly 
weathered soils with very limited indige-
nous nutrient supply, low nutrient-retention 
capacity, frequent and often severe P defi-
ciency, acidic to very acidic soil reaction 
(pH <5), and Fe and Al toxicities.

• Problem soils: topsoils are designated 
with the FCC modifiers s (saline soils), c 
(acid-sulfate soils), O (organic soils), n 
(sodic soils) or b (alkaline soils). Crop 
growth on these soils is likely to be limited 
by salinity (s), very low pH, P deficiency, 
and Fe, S or Al toxicity (c), nutrient deficien-
cies of  N, Zn, K, P, Cu and Mo (O), or high 
pH and P, Fe, Zn deficiency (n, b).

Comparative distribution of  rice areas by 
soil-fertility group for temperature zones (sub-
tropical / tropical), elevation zone (warm / cool), 
moisture zone (humid / sub-humid / semiarid / 
arid), and production system (irrigated rice / 
rainfed, high-input / rainfed, low-input) is pre-
sented in Table 15.3.

The sub-tropical zone is characterized by 
either good or problem soils, with virtually noth-
ing in between (Table 15.3). In contrast, prob-
lem soils are uncommon in the tropical zone, 
where poor and very poor soils predominate. 
The arid zone is also characterized by high per-
centages of  good and problem soils. Good and 
poor soils are common in the semiarid zone, 
whereas the sub-humid zone has large areas of  
poor and very poor soils. Very poor soils are 
widespread in the humid zone.

Irrigated systems have higher percentages 
of  good and problem soils than rainfed systems, 
and lower proportions of  poor and very poor 
soils. About 67% and 25% of  problem soils are 
designated with the FCC modifiers s (saline soils) 
and n (sodic soils), respectively, which are there-
fore more common than those designated with 
other FCC modifiers (c, O and b: 0.4–12%). 
When the distribution of  rice areas by soil-fertility 
group is compared among Africa, South-east 
Asia and South Asia, the rainfed, low-input sys-
tem in Africa tends to have poorer soils than the 
rainfed lowland systems in South Asia, but com-
parable soil fertility to rainfed lowland systems 
in South-east Asia.

Distribution of  rice areas by soil-fertility 
group for the different regions, agroecological 
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zones and production systems is given in 
Table 15.4. Very poor soils are dominant in the 
humid and sub-humid zones. In the arid and sem-
iarid zones, very poor soils account for less than 
20%. High percentages of  problem soils (>20%) 
are found in the irrigated rice system in the arid 
zone in West and North Africa, and more than 
70% of  them are designated with the FCC modi-
fier s (saline soils). These findings are consistent 
with previous reports, which showed that rice 
productivity is limited by salinity in these areas 
(FAO, 2002; Defoer et al., 2004). There is a high 
percentage of  problem soils (26%) in the irrigated 
rice system in the tropical – warm / semiarid zone 
in East Africa, and 77% of  these are designated 
with the FCC modifier n (sodic soils).

As soil tests commonly used for nitrogen 
are insufficiently reliable to be used as FCC 
parameters (Sanchez et al., 2003; Haefele and 
Hijmans, 2007), nitrogen deficiencies could not 
be included as soil constraints in our spatial 
analysis. However, soils without major nutrient 

limitations will likely develop nitrogen deficiency 
in continuous cropping systems without nutri-
ent inputs, and nitrogen deficiency may cause 
other nutrient deficiencies (Sanchez et al.,
2003). Many previous studies in both lowland 
and upland conditions across all agroecological 
zones in West Africa have shown substantial 
increases in rice yield in response to nutrient 
inputs via inorganic nitrogen fertilizer or leg-
umes grown before rice cultivation, although 
response to nitrogen inputs is highly variable, 
depending on (e.g.) rice growing condition, vari-
ety used, production systems (e.g. Becker and 
Johnson, 1998, 2001a,b; Wopereis et al., 1999; 
Akanvou et al., 2000; Becker et al., 2003). 
Indigenous soil nitrogen supply limited rice yield 
in most cases. See also Haefele et al. (Chapter 20, 
this volume).

At the landscape level (e.g. watershed), nat-
ural resources (particularly water and soil 
resources) are strongly correlated with their 
position in the toposequence (Andriesse and 

Table 15.3. Comparative distribution of rice areas by soil-fertility group for 
temperature zone (sub-tropical / tropical), elevation zone (warm / cool), moisture 
zone (humid / sub-humid / semiarid / arid) and production system (irrigated rice / 
rainfed, high-input / rainfed, low-input). (Spatial analysis of data from FAO, 1995; 
HarvestChoice, 2009; You et al., 2009a,b.)

Zone / system

Estimated share (%)

Good
 soils

Poor 
soils

Very poor 
    soils

Problem 
   soils

Temperature
Sub-tropical 52 1 1 46
Tropical 21 32 43 5

Elevation
Warm 23 30 38 9
Cool 22 20 55 3

Moisture
Humid 7 19 73 1
Sub-humid 20 35 41 4
Semi-arid 35 38 16 10
Arid 53 1 4 42

Production system
Irrigated rice 30 25 27 18
Rainfed, high-input 9 29 60 2
Rainfed, low-input 21 31 45 3
Rainfed lowland in 

South-east Asiaa

25 18 47 10

Rainfed lowland in 
South Asiaa

45 33 14 8

aSource: Haefele and Hijman (2007). Data on intermediate and shallow rainfed rice areas 
were combined.
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Fresco, 1991; Windmeijer and Andriesse, 
1993). In inland valley systems, soil fertility 
tends to improve as one moves down the slope to 
the valley bottom, calling for soil-fertility recom-
mendations at the plot level that differ with 
toposequence position, such as proposed for 
farming systems in South-east Asia (e.g. Homma 
et al., 2003). Such variations strongly affect rice-
cropping systems, farmers’ crop and varietal 
choices, and rice productivity (Andriesse and 
Fresco, 1991; Audebert et al., 1999; Touré et al.,
2009). These variations could not be captured in 
the work reported in this chapter.

Mapping Potential Epidemics 
of Rice Diseases

Climate factors such as temperature, humidity 
and rainfall strongly affect rice production 
through indirect effects on the incidence of  pests 
and diseases. Savary et al. (2012) developed 

global risk maps of  potential epidemics involving 
five rice diseases, using a simple generic model 
‘EPIRICE’. Diseases considered were leaf  blast, 
brown spot, bacterial blight, sheath blight and 
tungro virus (which occurs only in Asia). The 
following is a summary of  the results for Africa.

• High potential risk areas for leaf  blast epidem-
ics in Africa include West Africa (e.g. Guinea, 
Liberia, Nigeria, Sierra Leone), Central Africa 
(e.g. Cameroon, Gabon), and East Africa (e.g. 
western Tanzania, Madagascar, the Ethiopian 
highlands).

• Potential epidemics of  brown spot and bac-
terial blight in Africa have similar patterns, 
and high-risk areas for both are in the 
humid and sub-humid zones of  West Africa.

• Simulation predicted potential sheath blight 
epidemics in the humid and sub-humid zones 
of  West Africa, Central Africa (e.g. Cameroon, 
Gabon), and in eastern Madagascar.

• Tungro virus has not been reported in Africa 
as there is no vector. However, tungro 

Table 15.4. Estimated share of rice physical area by region, agroecological zone, production system and 
soil-fertility group. Estimated share with >1% of total rice physical area is presented.

Agroecological zone Production system

Estimated share (%)

Good
 soils

Poor 
soils

Very poor 
     soils

Problem 
   soils

West Africa
Tropical – warm / sub-humid Rainfed, low-input 19 40 40 1
Tropical – warm / semiarid Rainfed, low-input 34 43 15 9
Tropical – warm / sub-humid Irrigated 13 54 27 6
Tropical – warm / semiarid Irrigated 40 37 11 13
Tropical – warm / humid Rainfed, low-input 12 19 68 1
Tropical – warm / sub-humid Rainfed, high-input 12 33 52 3
Tropical – warm / arid Irrigated 59 0.3 19 22

North Africa
Subtropical – warm / arid Irrigated 52 1 1 46

East Africa
Tropical – warm / sub-humid Rainfed, low-input 25 30 38 7
Tropical – warm / sub-humid Irrigated 20 24 43 13
Tropical – warm / humid Rainfed, low-input 10 20 70 0.5
Tropical – warm / humid Irrigated 4 32 63 0.5
Tropical – cool / sub-humid Rainfed, low-input 35 18 40 7
Tropical – warm / semiarid Irrigated 30 18 26 26
Tropical – cool / humid Irrigated 5 25 69 0.3
Tropical – cool / sub-humid Irrigated 15 30 54 1

Central Africa
Tropical – warm / humid Rainfed, low-input 2 4 93 1
Tropical – warm / sub-humid Rainfed, low-input 13 7 77 2
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potential epidemics were simulated in humid 
and sub-humid zones in West Africa and 
Madagascar, indicating that, should the vec-
tor become established in these areas, there 
is a potential risk of  tungro occurring.

Although Savary et al. (2012) indicate that 
more research is needed to improve the EPIRICE 
model, this fairly crude information suggests 
where major epidemics may be expected and 
thus where research efforts need to be focused. 
The humid and sub-humid zones of  West Africa 
are areas at risk of  epidemics of  all the diseases 
included in the analysis. Madagascar is also 
prone to rice disease epidemics. Such areas will 
need more attention to develop integrated crop-
health management strategies for avoiding 
disease epidemics. At the landscape level (e.g. 
watershed), the occurrence and intensity of  
biotic stresses also differs within the topose-
quence (Defoer et al., 2004), so the results of  the 
model will need to be validated through field 
observations on disease incidence and impact 
on yield.

Analysing Rice Yield Gaps in Rice-
growing Environments in Africa

While agroecological zoning and soil map-
ping in relation to rice distribution provide 
useful information, these approaches are not 
directly linked to rice productivity. In this sec-
tion, we describe crop models for estimating 
potential yield, and review previous ‘yield gap 
surveys’ in major rice-production systems in 
Africa.

Estimating potential yield using 
crop-simulation models

Combining crop-simulation models, which sim-
ulate crop phenology, growth and yield, with 
geographic information systems (GIS) is a poten-
tially powerful approach to estimate potential 
yield as well as characterize rice-growing envi-
ronments in Africa. However, past simulation 
efforts for rice in Africa have focused mainly on 
the potential yield of  irrigated lowland rice in 
arid and semiarid environments in West Africa 

(tropical – warm / arid and tropical – warm / 
semiarid zones), where diurnal and seasonal 
variation in temperature is a major determinant 
of  rice production (Dingkuhn and Sow, 1995). 
Dingkuhn and Sow (1995) identified areas 
where there is potential risk of  spikelet sterility 
occurring due to extreme (high and low) tem-
peratures. In addition to this model (ORYZA_S), 
several other models have been used for simulat-
ing potential yield of  irrigated and rainfed low-
land rice in Africa (Sheehy et al., 2004; Hijmans 
and Serraj, 2008).

Hijmans and Serraj (2008) used the 
ORYZA2000 model (Bouman et al., 2003) to 
determine relative yield reduction of  rainfed 
lowland rice attributable to drought stress, 
using the weather database of  the US National 
Aeronautics and Space Administration (NASA) 
Langley Research Center Atmospheric Sciences 
Data Center POWER (Prediction Of  Worldwide 
Energy Resource) Project, and estimated plant-
ing date for each degree resolution, and some 
soil parameters including water table depth 
and percolation rate, with global coverage. The 
results showed that although variation in rela-
tive yield reduction is large across areas with 
similar total rainfall during the rice-growing 
season, relative yield reduction is negatively 
related to total rainfall during the rice-growing 
season. Rainfed lowland rice production is con-
sidered possible only with total rainfall above 
450 mm. When total rainfall during rice grow-
ing season is 750–850 mm, relative yield 
reduction (median value) is about 50%. East 
African countries (except for Madagascar) tend 
to have a larger yield reduction than West 
African countries (except for areas where rice 
cannot be grown without irrigation, such as in 
the tropical – warm / arid zone).

If  suitable crop-simulation models are 
developed or adapted for Africa, high-quality 
long-term climate data at coarse resolution for 
use as input for such models are commonly lack-
ing. This will constrain GIS-based assessment of  
growth environments using crop models. 
Satellite-based climate data, such as Hijmans 
and Serraj (2008) used, can be useful as an 
alternative for the assessment. However, while 
ground-based and NASA satellite-based data 
were correlated, there were differences in cli-
matic parameters between them (Yang et al.,
2007; White et al., 2008; Bai et al., 2010). 
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These differences are due to the fact that both 
data sources have inherent errors and uncertain-
ties. Errors related to ground-based parameters 
include poor maintenance of  climate-observation 
facilities, resulting in inadequate data. Uncer-
tainties related to satellite-based parameters 
include pixel size, sensor resolution, navigation 
time, algorithm accuracy and geographical co -
incidence of  instantaneous information recorded 
by a satellite with measurements on the ground 
(Bai et al., 2010). If  there are no long-term 
ground-based data or a lot of  missing data, the 
use of  relationships between ground-based and 
NASA satellite-based data may be a means for 
estimating missing ground-based data to be 
used in crop-simulation models.

Yield gaps and determinants in 
major rice production systems

Becker et al. (2003) reported that average on-
farm yields of  irrigated lowland rice in different 
agroecological zones in West Africa range from 
3.4 t/ha to 5.4 t/ha, and potential yields range 
from 6.9 t/ha to 9.8 t/ha. The potential yield is 
highest in the Sahel zone (Senegal) and lowest in 
the humid forest zone (Côte d’Ivoire). The yield 
gaps range from 3.2 t/ha to 5.9 t/ha, showing 
considerable scope for increasing yields.

Becker and Johnson (1999) conducted sur-
veys in irrigated systems of  the forest zone of  
Côte d’Ivoire. Yields varied between 0.2 t/ha and 
7.3 t/ha, with average yields of  3.2 t/ha under 
partial irrigation and 4.2 t/ha in fully irrigated 
systems. Age of  seedlings at transplanting, time-
liness of  operations and application of  P ferti-
lizer explained 60% of  observed variability.

Wopereis et al. (1999) highlighted the low 
recovery rates of  fertilizer N applied to the crop 
in farmers’ fields in irrigated systems in Burkina 
Faso, Mali and Senegal. Farmers can, therefore, 
improve efficiency and profitability by improv-
ing the recovery rate of  applied nutrients, espe-
cially N, through better crop management in 
general, without major increases in investment 
in fertilizers. The most important constraints 
that resulted in low N recovery rates were 
(Wopereis et al., 1999): timing of  N fertilizer 
application not coincident with critical growth 
stages of  the rice plant; use of  relatively old 

(>40 days) seedlings at transplanting; unrelia-
ble irrigation water supply; weed problems; and 
late harvesting (Senegal River delta). Haefele 
et al. (2000, 2001) showed that rice yields in 
farmers’ fields in Mauritania and Senegal could 
be raised by 2 t/ha through improved weed and 
soil-fertility management.

Potential yields of  irrigated lowland rice in 
Madagascar are estimated at about 11.4–14.9 t/ha 
(Sheehy et al., 2004), while on-farm yields range 
from 2.6 t/ha to 9.9 t/ha (Tsujimoto et al., 2009), 
which suggests yield gaps range from 1.5 t/ha to 
12.3 t/ha. While yield-gap studies have not been 
carried out for irrigated lowland rice in other East 
and North African countries, trials managed by 
researchers achieved more than 11 t/ha in Egypt 
and Kenya, and more than 9 t/ha in Mozambique 
(Matsushima et al., 1994; Namba, 2003, 2005; 
Menete et al., 2008). Thus, potential rice yields in 
Egypt, Kenya and Madagascar seem to be higher 
than those in West Africa.

Studies in West Africa show average farm 
yields for rainfed lowland rice range from 1.0 t/ha 
to 2.2 t/ha (Becker and Johnson, 2001b). Given 
that potential yields of  rainfed lowland rice are 
assumed to be similar to those of  irrigated low-
land rice, the yield gaps are 4.8–7.6 t/ha (Becker 
and Johnson, 2001b; Becker et al., 2003). Becker 
and Johnson (2001b) studied the effects of  
improved water control and crop management 
on lowland rice productivity in West Africa. 
Retaining flood water with field bunds increased 
rice yield by about 40% and improved weed con-
trol (about 25% less weed biomass in bunded 
than in open plots). Application of  mineral ferti-
lizer N increased rice yields by almost 20% in 
bunded fields, but resulted in no increase in open 
fields. Land levelling together with bunding 
facilitated improved water management which 
decreased weed growth and increased nutrient 
use efficiencies.

Rice yield measurements for rainfed upland 
rice, including intensive and extensive systems, 
showed a range in farmers’ fields of  0.8–1.6 t/ha 
(Becker and Johnson, 2001a). While potential 
yields have not been estimated for upland rice in 
Africa, trials managed by researchers have given 
rice yields of  4.0–5.6 t/ha with nutrient input 
and also with supplementary irrigation in two of  
five studies (Dingkuhn et al., 1998; Oikeh et al.,
2008; Ekeleme et al., 2009; Saito and Futakuchi, 
2009; Kamara et al., 2010). Thus, yield gaps 
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also appear to be high under rainfed upland con-
ditions, but not as large as those under irrigated 
and rainfed lowland conditions. Becker and 
Johnson (2001a) showed that increased crop-
ping intensity and reduced fallow duration were 
associated with yield reduction: intensification-
induced yield loss was about 25% (a drop from 
an average of  1.5 t/ha to 1.1 t/ha) and was 
mainly related to increased weed infestation and 
declining soil quality.

Few of  these yield-gap surveys quantified 
losses due to biotic stresses with the exception of  
weeds. More information on potential losses due 
to biotic stresses in rice fields in Africa can be 
found in Chapters 16 (weeds), 17 (diseases), 18 
(insect pests) and 19 (birds).

There is a dearth of  up-to-date information 
on magnitude and determinants of  yield gaps 
across major rice-production regions in Africa. 
The yield-gap surveys mentioned above were 
mainly conducted in the 1990s and crop models 
available at the time were only validated for irri-
gated growing conditions in West Africa. Diagne 
et al. (Chapter 4, this volume) provide informa-
tion on losses due to biotic and abiotic stresses 
based on farmer perceptions of  the occurrence 
and relative importance of  the stresses from a 
survey conducted in 2009 in several African 
countries.

In 2011, the Africa Rice Center (AfricaRice) 
launched the Africa-wide Rice Agronomy Task 
Force, a collaborative effort of  (initially) 15 
African countries, to be expanded gradually to 
include at least all of  AfricaRice’s member coun-
tries. The Task Force has launched a collective 
effort to analyse major determinants of  rice pro-
ductivity in different rice systems through yield-
gap and diagnostic surveys.

Potential for Sustainable Expansion 
in Rice Harvested Area

In terms of  the potential for expansion of  culti-
vated area and increased production, lowlands 
or wetlands show the greatest promise, with an 
estimated total of  239 million ha across sub-
Saharan Africa (Andriesse, 1986). Less than 
5% of  the lowlands are currently planted with 
rice (Balasubramanian et al., 2007). Wetlands 
can be defined as areas where the soil is 

saturated with water either permanently or sea-
sonally. The wetlands of  sub-Saharan Africa 
include coastal plains, including deltas, estuar-
ies and tidal flats; inland basins, comprising 
extensive drainage depressions; river flood 
plains, consisting of  recent alluvial deposits 
bordering rivers; and inland valleys. Inland val-
leys are known as dambos in East and Central 
Africa, fadamas in northern Nigeria and Chad, 
bas-fonds or marigots in francophone countries, 
and ‘inland valley swamps’ in Sierra Leone 
(Andriesse, 1986).

There is a large untapped potential for irri-
gation in Africa, extending to about 24 Mha or 
1.8 times greater than the existing irrigation 
area (You et al., 2011; Fig. 15.2). Nigeria has the 
largest potential for large- and small-scale irriga-
tion investments, with about 5.7 Mha, followed 
by Benin, Guinea, Mozambique, Uganda and 
Tanzania, which each have more than 1 Mha 
potential. There is an estimated further 2 Mha of  
irrigated land that could be rehabilitated. 
Algeria, Egypt, Somalia and Sudan (now Sudan 
and South Sudan) share more than 70% (about 
1.5 Mha) of  disused irrigated area (i.e. that could 
be rehabilitated) (You et al., 2009c); with the 
exception of  Egypt, rice production is not popu-
lar in these countries. Water scarcity is a con-
straint to rice production in Egypt. Double 
cropping of  rice is often possible with the intro-
duction of  irrigation, which can augment the 
rice harvest area. However, introducing inten-
sive rice cultivation using irrigation may 
increase water scarcity in the future. Proper 
land-development and crop-management prac-
tices are essential for sustaining productivity of  
irrigated lowland rice systems.

The above assessment of  irrigation poten-
tial could be used to guide the distribution of  
investment funds across countries (You et al.,
2009c, 2011). But, as the next step, in-depth 
local-level assessments are essential. AfricaRice 
has started using remotely sensed imagery and 
advanced algorithms to map inland valleys at 
national level. This technology allows more pre-
cise estimation of  the total area of  inland valleys 
using a standardized method and also mapping 
of  their exact location. The methodology that 
has been developed and is being evaluated uses a 
digital elevation model (DEM). The DEM is gener-
ated using stereo-pair images collected by the 
Advanced Spaceborne Thermal Emission and 
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Reflection Radiometer (ASTER) instrument – a 
joint project of  NASA and the Ministry of  
Economy, Trade and Industry (METI) of  Japan – 
on-board the Terra satellite. These images, 
which have a spatial resolution of  30 m and 1 m 
accuracy, are freely available for download. The 
algorithm follows two steps: first, the streams are 

determined from the DEM using a standardized 
procedure in ArcGIS; second, a calculation proce-
dure creates transects along each section of  the 
stream. The elevation of  the stream is assessed 
(in metres above sea level) and the areas along 
the transect that have the same elevation (±2 m) are 
identified as the inland valley. The procedure 
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has been applied for Benin and Togo, and vali-
dated with a digital map of  inland valleys from 
the IMPETUS (An Integrated Approach to the 
Efficient Management of  Scarce Water Resources 
in West Africa) project (Giertz et al., 2008). The 
first findings are shown in Plate 8 (A–D). Initial 
results show the majority of  inland valleys to be 
well mapped, but modifications are required in 
the algorithm to improve mapping of  first-order 
inland valleys.

Expansion of  upland rice areas for increasing 
rice production may be possible in Africa, through 
replacing (or rotating with) other upland crops or 
growing rice in more favourable uplands, where 
there is sufficient rainfall (low risk of  drought for 
rice cultivation) or supplementary irrigation avail-
able. Even in these cases, crop-rotation systems 
with other crops such as legumes, fallowing or 
crop–livestock systems is essential for sustainable 
production, as continuous rice cropping tends to 
reduce rice yield and sustainability. (See also 
Haefele et al., Chapter 20, this volume.)

Conclusions

The rice-growing environments in Africa are 
highly diverse. Rainfed, low-input systems 
account for more than 60% of  the total rice 
area. In West and East Africa, which have larger 
rice areas than the other regions, the tropical – 
warm / sub-humid zone is predominant for irri-
gated rice and rainfed, low-input rice production 
systems, whereas in North Africa irrigated rice is 
grown in the sub-tropical – warm / arid zone. 
Extreme temperature is an important abiotic 
constraint to rice production in tropical – warm / 
semiarid and arid zones in West Africa (high and 
low temperature) and in the highlands of  East 
Africa (low temperature). In rainfed systems, 
drought risk is likely to be high in East Africa; the 
spatial and temporal effects of  drought, flooding 
or a combination of  the two needs to be analysed 
by taking into account local geo-morphological 
and hydrological information, as well as farm-
ers’ rice-cropping practices. Potential yields tend 
to be higher in East and North Africa than in 
West Africa. A high percentage of  problem 
(mainly saline and sodic) soils is found in irri-
gated rice systems in arid and semiarid zones; 
however, soil constraints in general are more 

common in humid and sub-humid zones than in 
arid and semiarid zones across West, Central 
and East Africa. Epidemics of  major diseases are 
expected to occur in humid and sub-humid 
zones in West Africa and Madagascar. This infor-
mation is a first step towards determining 
research priorities and targeting development 
and diffusion of  rice technologies for each region 
or country.

The mapping of  potential pest epidemics did 
not cover biotic stresses such as Rice yellow mottle 
virus, or potential outbreaks of  insect pests. In the 
upland production system, stem borers, rice bugs, 
nematodes and termites are important biotic 
stresses, while in lowland systems, African rice 
gall midge and Rice yellow mottle virus are also 
important. Rodents and birds are other major 
biotic stresses occurring across rice-production 
systems (Balasubramanian et al., 2007; de Mey 
and Demont, Chapter 19, this volume; Diagne 
et al., Chapter 4, this volume). Moreover, prob-
lems with weeds are extremely common across 
major rice-production systems (Rodenburg and 
Johnson, 2009; Rodenburg and Johnson, Chapter 
16, this volume; Diagne et al., Chapter 4, this vol-
ume). However, knowledge of  the spatial and 
temporal extent and severity of  these biotic 
stresses is still limited. Thus, further research is 
needed to determine where, when and how rice 
production might be affected by biotic constraints 
in Africa in the future.

In this chapter, we describe the GIS-based 
characterization of  rice-growing environments 
and potential irrigation areas at the continental 
or regional level, and promising results for the 
identification of  inland valleys through satellite 
imagery. However, these will need to be comple-
mented with data and analyses of  socio-economic 
factors such as distance to markets, road condi-
tions and land-tenure issues (Erenstein et al.,
2006; You et al., 2011).

More work is clearly needed in developing 
crop-simulation models that work for African 
growth conditions. Combined with locally col-
lected data on crop management practices, such 
models are expected to facilitate estimation of  
exploitable yield- and water-productivity gaps, 
identification of  risks of  outbreaks of  pests and dis-
eases, and identification of  regions with the great-
est potential for enhanced rice production and 
expansion of  rice-cropped area – all issues that are 
of  great importance to Africa’s food security.
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Weeds in Rice in Africa

Economic importance

In sub-Saharan Africa (SSA), weeds are esti-
mated to account for rice yield losses of  at least 
2.2 million tonnes (Mt) per year (Rodenburg 
and Johnson, 2009). Combined with costs of  
weed control, the financial losses easily surpass 
half  the cost of  current regional rice imports. 
If  not controlled, weeds cause yield losses in 
the range of  28–74% in transplanted lowland 
rice, 28–89% in direct-seeded lowland rice 
and 48–100% in upland rice (Rodenburg and 
Johnson, 2009). In West Africa, it has been 
shown that farmers can increase their rice 
yields by 15–23% by applying relatively basic 
measures to improve weed control, such as bun-
ding of  fields to retain flood water, and timely 
interventions such as herbicide applications and 
hand weeding (e.g. Haefele et al., 2000; Becker 
and Johnson, 2001b; Becker et al., 2003).

African farmers do not, however, perceive 
weeds as solely undesirable. Many species often 
considered as weeds also feature in traditional 
pharmacopoeias (e.g. Stepp and Moerman, 
2001) or are collected for domestic use, crop and 
postharvest pest control functions or as an addi-
tional source of  food (Rodenburg et al., 2012).

Introduction

Weeds are the most frequent and widespread 
biotic constraint to productivity throughout the 
rice environments of  Africa (Balasubramanian 
et al., 2007; Diagne et al., Chapter 4, this vol-
ume). Rice is a weak competitor against weeds 
and the majority of  African farmers have few 
options and resources available for effective 
weed control (Rodenburg and Johnson, 2009). 
Weed competition may increase with inade-
quate land preparation (soil tillage and level-
ling), cropping intensification, the introduction 
of  weed seeds (through manure, machinery or 
as a contaminant of  rice seed), use of  poor-
quality rice seeds, use of  old rice seedlings for 
transplanting, inadequate water management, 
improper fertilizer management, labour short-
ages for hand weeding and delayed or inappro-
priate herbicide applications (e.g. Becker and 
Johnson, 1999, 2001b). Further, as no single 
intervention is likely to resolve the challenges of  
sustainably managing weeds, several measures 
usually need to be combined to achieve adequate 
control. This chapter provides an overview of  
crop and weed management practices currently 
available, and also considers some issues likely to 
become relevant to African rice production 
systems.
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Problem weed species

Certain weed species are particularly difficult to 
control or have an acute effect on the crop 
through strong competition for resources (nutri-
ents, water and light) or parasitic nature. Weeds 
can also have secondary negative effects on a 
crop, crop-management or postharvest opera-
tions, and incur costs to control, complicate 
access to the field (with or without equipment or 
machinery), act as vectors of  rice diseases, 
attract other important rice pests (like insects, 
rodents and birds), impede water flow in irriga-
tion or drainage canals, or lower product quality 
if  their seeds mix with rice grains.

Problem weeds in rice-based production 
systems in Africa can be characterized in a 
number of  ways depending on their biology or 
on the problems they pose. Perennial rhizoto-
mous or tuber-bearing species include Imperata 
cylindrica, Oryza longistaminata, Leersia hexandra,
Bolboschoenus maritimus, Sacciolepis africana,
Cyperus halpan, C. esculentus and C. rotundus.
Examples of  competitive, fast-growing or 
prolific-seed-producing annual weeds of  rice 
include Euphorbia heterophylla, Cyperus difformis, 
Ageratum conyzoides, Eleusine indica, Sphenoclea 

zeylanica and Ammannia prieureana. Some 
grass species, like O. barthii, O. longistaminata,
Echinochloa colona and E. crus-pavonis, are diffi-
cult to target in the field because of  their resem-
blance to rice, while other species – such as 
Ischaemum rugosum and Rottboellia cochinchinen-
sis – cause postharvest problems as they pro-
duce seeds that are similar in size and shape to 
rice grains. Weed species can be alternative 
hosts for diseases and pests such as Rice yellow 
mottle virus and African rice gall midge (e.g. 
O. barthii, O. longistaminata, E. crus-pavonis) or 
attract birds (e.g. E. colona), while deep-water 
or aquatic plants may infest and block drain-
age and irrigation canals (e.g. Typha domingen-
sis, Acroceras zizanioides, Ipomoea aquatica,
Eichhornia crassipes, Salvinia nymphellula, Pistia 
stratiotes). Another group is the parasitic 
weeds (e.g. Striga asiatica, S. hermonthica,
Rhamphicarpa fistulosa), which parasitize the 
roots of  cereal crops like rice to survive (Striga
spp.) or to enhance their reproductive success 
(e.g. R. fistulosa), and are increasing in impor-
tance according to several reports (e.g. 
Rodenburg et al., 2010, 2011b). Some impor-
tant weeds in different rice environments are 
listed in Table 16.1.

Table 16.1. Important weed species in upland, hydromorphic and lowland rice production systems in Africa. 
(Adapted from Rodenburg and Johnson, 2009.)

Upland Hydromorphic Lowland

Rottboellia cochinchinensis A, g Ageratum conyzoides A, b Sphenoclea zeylanica A, b
Digitaria horizontalis A, g Panicum laxum A, g Cyperus difformis A, s
Ageratum conyzoides A, b Leersia hexandra P, g Fimbristylis littoralis A, s
Euphorbia heterophylla A, b Cyperus rotundus P, s Oryza longistaminata P, g
Imperata cylindrica P, g Digitaria horizontalis A, g Echinochloa colona A, g
Paspalum scrobiculatum P, g Eclipta prostrata A, b Echinochloa crus-pavonis A, g
Mariscus cylindristachyus P, s Spilanthes uliginosa A, b Leersia hexandra P, g
Trianthema portulacastrum A, b Commelina benghalensis A, b Oryza barthii A, g
Striga hermonthica A, pa Fimbristylis littoralis A, s Cyperus iria A, s
Striga asiatica A, pa Echinochloa colona A, g Bolboschoenus maritimus P, s
Cynodon dactylon P, g Cyperus esculentus P, s Ischaemum rugosum A, g
Commelina benghalensis A, b Cynodon dactylon P, g Panicum laxum A, g
Brachiaria lata A, g Rhamphicarpa fistulosa A, pb Ludwigia abyssinica A, b
Cyperus rotundus P, s Ammania prieureana A, b
Chromolaena odorata P, b Cyperus esculentus P, s
Panicum laxum A, g Cyperus halpan P, s

Eclipta prostrata A, b
Rhynchospora corymbosa P, s

A = annual, P = perennial; g = grass, b = broadleaved, s = sedge; p = parasitic (a = obligate hemi-parasitic, b = facultative 
hemi-parasitic).
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Weed Management in African 
Rice-based Cropping Systems

Across ecosystems

Vigorous early crop growth with rapid canopy 
closure is imperative for rice to compete well 
with weeds, particularly for light. Many factors 
contribute to rapid early rice growth and good 
crop establishment, including, for example, good 
land preparation comprising soil tillage, bund-
ing and levelling to enable uniform flooding 
depth (in continuous or temporarily flooded 
systems), the use of  good-quality rice seed or 
healthy rice seedlings for transplanting and, 
depending on the system, timely water and 
nutrient management. Optimizing such compo-
nents through integrated crop management 
(ICM) practices has been shown to reduce weed 
problems and increase productivity by up to 
25% on farmers’ fields (Becker and Johnson, 
1999; Haefele et al., 2000).

Hand weeding is the most widely applied 
intervention against weeds across rice systems. 
While it is effective in reducing direct competi-
tion from weeds and in preventing weeds from 
producing and shedding seeds, it is extremely 
labour demanding, requiring 250 to 780 work 
hours per hectare (Rodenburg and Johnson, 
2009). For farm households at subsistence level, 
the burden of  hand weeding is commonly borne 
by women and school-age children. Hand hoes 
or push weeders are often used in row-planted 
crops. Such tools, however, are difficult to use to 
control weeds in the crop row and they may also 
cause crop damage (Navasero and Khan, 1970). 
The use of  power tillers or tractors for mechani-
cal weeding is not common in SSA, but in appro-
priate locations (with favourable soil and 
hydrological conditions) such machines could 
alleviate some of  the labour burdens associated 
with hand weeding. Fires, either pre- or post-
season, are widely used by farmers to clear weeds 
from fields, and can save a considerable amount 
of  labour where mechanization is not available. 
The frequent use of  fire can, however, result in a 
shift in the weed composition towards more tol-
erant species such as I. cylindrica.

Herbicides provide an economically attrac-
tive alternative to hand weeding by reducing 
overall weeding time and enabling farmers to 

use time- and labour-saving crop establishment 
methods such as direct (broadcast) seeding 
rather than transplanting (e.g. Akobundu and 
Fagade, 1978). Herbicides are commonly used 
in combination with other control options. In 
the irrigated schemes in the north of  Senegal, for 
instance, in direct-seeded rice most farmers rely 
on chemical weed control followed by hand 
weeding (e.g. Haefele et al., 2002). However, 
effective and safe herbicide use requires farmers 
to use the appropriate product, application 
equipment, rates (Zimdahl, 2007) and timing 
(e.g. Haefele et al., 2000). Subsistence farmers in 
SSA frequently lack sources of  information or 
are unable to read the use and safety instruc-
tions; they also have limited market access while, 
in turn, markets often have a limited product 
range and intermittent supplies. In addition, 
farmers often lack sufficient financial means for 
the purchase of  the product as well as the 
required application and protection equipment 
(Balasubramanian et al., 2007). Incorrect use of  
herbicides may result in poor weed control 
(Haefele et al., 2000), increased costs and phyto-
toxicity damage to the crop (e.g. Johnson et al.,
2004) or accelerate the evolution of  herbicide 
resistance in weeds.

Choice of  rice cultivar by farmers is also 
often, at least partly, influenced by the cultivar’s 
ability to suppress or compete with weeds. 
Examples of  where farmers favour competitive 
cultivars include the choice of  Jaya in the irrigated 
schemes of  the Senegal River valley (e.g. Poussin 
et al., 2005) and the frequently observed use of  the 
vigorous landraces of  the African rice species O. 
glaberrima (e.g. Sarla and Swamy, 2005). Some of  
the newly developed lowland NERICA cultivars 
have useful weed-competitive traits too 
(Rodenburg et al., 2009). Apart from these cases, 
however, cultivars with confirmed weed-competi-
tive traits and good adaptation to African rice eco-
systems are still relatively rare (e.g. Rodenburg 
and Johnson, 2009). Poor competitiveness of  
‘improved’ rice cultivars against weeds may be a 
contributory factor to their limited adoption by 
farmers in the upland and rainfed rice areas where 
weeds are often a serious constraint. On the other 
hand, superior weed competitiveness alone is 
unlikely to be sufficient reason for adoption. Grain 
quality characteristics including colour, cooking 
and eating qualities, and characteristics such as 
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cycle length and height are probably more impor-
tant for cultivars to be accepted by farmers 
(Dalton, 2004) and there are local stresses (both 
biotic and abiotic) against which farmers will 
judge a cultivar’s suitability. The challenge 
remains therefore to combine weed competitive-
ness with other desirable qualities.

Given the wide range of  potential weed 
species in rice cropping systems, and the 
diverse conditions under which they germi-
nate and grow, integrated approaches to 
weed management are likely to be the most 
effective and sustainable. Multiple strategies 

are required to provide control across the vari-
ous periods when different weeds will be able 
to establish, such as when the fields dry out 
or are drained. Integrated weed management 
may also be more compatible with farmers’ 
resources than single-component technologies 
that may require a high level of  external 
inputs. The choice of  different practices will 
depend on the production system (irrigated, 
rainfed upland or rainfed lowland). An over-
view of  strategies, their application environ-
ments, and advantages and disadvantages, is 
provided in Table 16.2.

Table 16.2. Overview of weed control strategies in rice in Africa.

Weed control 
method Target systems Advantage Main disadvantages

R&D
priority

Hand weeding Mainly in rainfed 
systems

Highly effective, 
prevents weed seed 
production; important 
in providing ‘spot 
control’ of problem 
weeds

Labour intensive, 
negative effects 
on women and 
children

Low

Controlled flooding Irrigated systems Controls most weed 
species

Requires large 
amounts of water, 
good infrastructure 
and equipment

Medium

Pre- or post-season 
fires

Across systems Can reduce seed 
production and soil 
seed bank

Ineffective for species 
like C. odorata and 
I. cylindrica; can cause
soil degradation

Low

Mechanical
weeding

Across systems Effective, prevents 
weed seed 
production,
relatively quick

Requires availability of 
equipment, less 
effective in controlling 
weeds in the crop row

High

Chemical weed 
control, including 
resistance
management

Mainly in larger-
scale irrigated 
systems

Effective when applied 
well, labour-saving

High market 
dependence, requires 
equipment and 
know-how, risk of 
development of 
herbicide-resistant
weeds

High

Improved rice 
cultivars (weed 
competitive or 
parasite resistant)

Upland systems, 
direct-seeded
lowland systems, 
but not broadly 
applied

Effective, cheap and 
labour-saving

Requires combination 
with other genetic 
traits (e.g. grain 
quality, stress 
resilience)

Medium

Crop rotations, 
intercropping,
improved fallow

Mainly in rainfed 
upland
systems

Provides basis of 
resilient systems

Requires land area; 
risk of competition 
with rice crop

Medium

Integrated weed 
management

General Effective and putatively 
sustainable

Labour and knowledge 
intensive

High
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Irrigated ecosystems

Maintaining standing water in the field is a criti-
cal weed-management strategy in irrigated rice 
systems. Flooding the soil to 5–10 cm water depth 
or more reduces the emergence and establish-
ment rate of  most weed species (e.g. Akobundu, 
1987). For this to be effective, however, fields need 
to be well levelled, to ensure an even depth of  
flooding, which in turn requires skills and equip-
ment not commonly available to resource-poor 
farmers in this region. Herbicides are also impor-
tant means of  weed control in the direct-seeded 
lowland systems (Johnson, 1997). Chemical 
control methods in irrigated lowland rice systems 
involve the pre-emergence applications of  oxadi-
azon or pendimethalin, pre- or (early) post-
emergence applications of  butachlor, glyphosate 
or paraquat, or post-emergence spraying of  2,4-D, 
bentazon, propanil or bensulfuron (Table 16.3).

In some irrigated systems, a dry-season 
upland crop (e.g. maize, legumes or cotton) is 
grown. Such rotations provide an opportunity 
for alternative control measures such as a selec-
tive herbicide (Zimdahl, 2007) and the manage-
ment and conditions associated with a non-rice 
crop may not favour troublesome weeds such as 
Echinochloa spp. A range of  methods such as 
land preparation, hand weeding, herbicides and 
flooding are commonly used in an integrated 
manner to address problem weeds such as the 
perennial wild rice species O. longistaminata (for 
examples, see Rodenburg and Johnson, 2009).

Rainfed upland ecosystems

In the humid forest zone in West Africa, rice 
farmers traditionally managed soil fertility, 
weeds and other biotic stresses through shifting 

Table 16.3. Common herbicides and their application range – combinations are often used to control a 
wider range of weed species. (Adapted from Johnson, 1997.)

Active 
ingredient Lowland Upland

Example
products

Target 
weeds Known exceptionsa

P
os

t-
em

er
ge

nc
e 2,4-D + + Herbazol B,S C. benghalensis, E. heterophylla

bentazon + Basagran B,S
MCPA + Herbit B,S
molinate + Ordram G,S,(B) I. rugosum
propanil + + Stam G,(B,S) O. barthii, R. cochinchinensis,

C. benghalensis, E. prostrata,
T. portulacastrum

triclopyr + Garlon B,S

P
re

-/
po

st
-e

m
er

ge
nc

e bensulfuron + Londax B,S
butachlor + Machete B,G,S L. hexandra, O. barthii,

R. cochinchinensis,
C.  benghalensis, E. prostrata,
T. portulacastrum

glyphosate + + Round-up B,S,G
paraquat + + Gramoxone B,G,S
piperophos + Rilof G,S F. littoralis, E. indica
quinclorac + Facet G
thiobencarb + Saturn G,S,B L. hexandra, O. barthii,

R. cochinchinensis,
A.  conyzoides, C. benghalensis,
E. prostrata

P
re

-e
m

er
ge

nc
e fluorodifen + + Preforan B

oxadiazon + + Ronstar B,S,G O. barthii, C. benghalensis,
C. odorata, E. prostrata

pendimethalin + + Stomp G,B,S L. hexandra, O. barthii,
C. benghalensis, E. heterophylla

+ Rifit S,G,B

B = broadleaved; G = grass; S = sedge; aweed species with known resistance to the specific herbicide.
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cultivation – long fallows (>10 years) alternated 
with short (1–3 seasons) cropping periods (e.g. 
de Rouw, 1995). In such systems, the fallow veg-
etation and a portion of  the seed bank are killed 
by ‘slash-and-burn’ fires and the populations of  
pioneer species including crop weeds are limited 
by the short length of  the cropping period. Such 
systems are still common in some areas, though 
they have become less widespread (Ampong-
Nyarko, 1996; Johnson, 1997). Greater demand 
for rice and increasing population density in 
SSA, however, have resulted in intensification of  
rice production (Balasubramanian et al., 2007) 
with reduced fallow periods leading to increased 
weed problems (Becker and Johnson, 2001a).

As upland cropping systems have intensi-
fied, herbicides have sometimes become an 
important control method, such as in rice–
cotton rotation systems in the savannah zone 
(Johnson, 1997). Herbicides used in rainfed 
upland rice systems include fluorodifen, oxadi-
azon and pendimethalin applied pre-emergence, 
butachlor, piperophos and thiobencarb applied 
pre- or early post-emergence, and 2,4-D, benta-
zon, MCPA, propanil and triclopyr sprayed post-
emergence (Table 16.3).

Rotations of  rice with non-cereal crops like 
cowpea, soybean and groundnut are common in 
subsistence systems, and changing of  cropping 
practices may aid the management of  problem 
rice weeds (Rodenburg and Johnson, 2009). 
While such practices impact on weed species 
composition in rice (Kent et al., 2001), studies on 
rotations and intercropping in rice-based sys-
tems in Africa are scarce. Such methods, for 
example, have been advocated in the control of  
Striga spp., for which rotations or the use of  ‘trap 
crops’ have been proposed and tested in cereal 
crops other than rice (as reviewed by Rodenburg 
et al., 2010). Such approaches could be validated 
and promoted for rice-based cropping systems in 
the future.

Improving the ‘quality of  fallow vegetation’ 
in rotation systems has been proposed to reduce 
weed growth and improve soil fertility (Becker 
and Johnson, 1998). Such improved fallows use 
weed-suppressing legumes that continue to 
grow after rice harvest, thereby reducing weed 
growth and build-up of  the weed seed bank dur-
ing the off-season. Such ‘short fallow’ rotation 
systems in the forest and savannah zones of  
West Africa have been shown to increase rice 
yields by 20–30% and lower weed growth in the 

crop (e.g. Becker and Johnson, 1998). The 
choice of  fallow species, plant population den-
sity, planting date and crop management, how-
ever, needs to be carefully considered to avoid 
competition for resources between the legume 
and the rice. Despite possible advantages, inter-
cropping, improved fallow systems or relay crop-
ping with legumes show low farmer adoption 
rates in Africa. This lack of  adoption has been 
suggested as being due to the additional labour 
and energy required for clearing and incorpora-
tion of  the legume into the soil, unfavourable 
land-tenure agreements, poor crop establish-
ment, additional costs of  inputs, and a lack of  
direct economic benefit of  the legume (e.g. 
Tarawali et al., 1999).

Rainfed lowland ecosystems

Bunding of  fields in rainfed lowland systems 
improves water management, and increases 
the periods for which the soil remains flooded, 
and has been shown to decrease weed bio-
mass by 25% (Becker and Johnson, 2001b). 
Extending the period of  flooding reduces oppor-
tunities for weeds to germinate and establish. 
In addition, most of  the weed control strategies 
described above can also be applied in rainfed 
lowland systems, although the use of  rotations 
with non-rice crops is usually restricted to the 
dry season due to the limited range of  crops tol-
erant of  the flooded or waterlogged conditions 
of  the wet season.

Future Weed Management Issues

Crop intensification, labour and water shortages, 
changing environmental conditions, and the 
evolution of  herbicide-resistant weed ecotypes 
will limit the options and ‘set the agenda’ for 
weed management issues in rice in Africa in the 
future (e.g. Rodenburg and Johnson, 2009). 
Decreasing labour–crop area ratios expected in 
rice-production areas in SSA may cause farmers 
to gradually shift from transplanting to direct 
seeding. In Asia, the transition to direct seeding, 
coupled with an increased reliance on herbicides, 
resulted in a shift in the weed population struc-
ture to one dominated by grass species such as 
Echinochloa spp., Leptochloa chinensis, I. rugosum,
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L. hexandra and ‘weedy’ rices (Rao et al., 2007). If  
rice farmers in Africa follow a similar model, 
such weeds, which are already present in African 
rice systems, are expected to rapidly become 
dominant. While there are as yet no confirmed 
cases of  herbicide resistance among important 
rice weeds in Africa (Rodenburg and Johnson, 
2009), populations of  herbicide-resistant weed 
ecotypes are likely to develop. The problem may, 
however, already exist. Propanil, for example, 
has been observed to be less effective in control-
ling E. colona in Senegal than in the past (Haefele 
et al., 2000), and the continuous use of  a single 
product is quite common in SSA due to the lim-
ited range of  products available on the local mar-
ket. Changes in environmental conditions such 
as increased levels of  atmospheric CO2, increased 
temperatures and rainfall irregularities may 
also render weeds more resistant (e.g. Patterson 
et al., 1999). This may have serious consequences 
for systems where herbicides are the main means 
of  weed control.

In lowland rice, where increases in tempera-
ture or rainfall variability will likely have a 
smaller direct impact, CO2 increases may cause a 
crop that uses the C3 photosynthesis pathway 
(like rice) to become more competitive against 
weeds that use the C4 pathway. At the same time, 
C3 weed species, such as the perennial rhizoto-
mous O. longistaminata, L. hexandra, B. maritimus,
S. africana and C. halpan may benefit and become 
even more difficult to control (Rodenburg et al.,
2011a) as increased CO2 has a stimulating effect 
on belowground growth (Oechel and Strain, 
1985). If, however, in response to water scarcity, 
water-saving production methods are imple-
mented in irrigated systems, overall weed compe-
tition will increase (e.g. Krupnik et al., 2012) and 
a shift can be expected to species favouring 
hydromorphic conditions such as A. amplectans,
E. colona, E. indica, Panicum repens, C. esculentus,
Eleocharis spp., Scirpus maritimus, Ageratum cony-
zoides and Eclipta prostrata.

Climate change is expected to have a greater 
impact on rainfed production systems as these 
are most vulnerable to rainfall irregularities and 
are populated by most of  the C4 weeds and all of  
the parasitic weed species. In rainfed systems, 
the area infested with parasitic weeds could 
increase, particularly in places where soil degra-
dation and erratic rainfall become prevalent 
(Rodenburg et al., 2010). Furthermore, because 

of  their likely greater drought and heat toler-
ance, C4 species like the perennial grasses 
I.  cylindrica, Paspalum scrobiculatum and Cynodon
dactylon, the annual grasses R. cochinchinensis,
Digitaria horizontalis, E. indica, Dactyloctenium 
aegyptium, Pennisetum purpureum and E. colona,
and the sedges Fimbristylis littoralis, C. rotundus
and C. esculentus are likely to become more com-
petitive with rice (Rodenburg et al., 2011a).

A relatively recent approach to weed control 
is the combined use of  non-selective herbicides 
with herbicide-resistant rice cultivars. These 
approaches may have the labour-saving benefits 
of  conventional chemical control without the 
concomitant phytotoxicity risks, and would pro-
vide technically sound solutions for the control 
of  important yield-reducing weeds, such as wild 
or weedy rices in irrigated and rainfed lowlands, 
and parasitic weeds in uplands (Rodenburg and 
Demont, 2009). These technologies, however, 
will require careful stewardship to reduce the 
incidence of  gene-flow to wild or weedy rice rela-
tives causing them to develop herbicide resist-
ance. Also, the reliance on a limited range of  
herbicide molecules would inevitably result in 
the evolution of  herbicide resistance among a 
wider range of  weed species. In addition, effective 
seed and microcredit systems would be a pre-
requisite to successful application of  these tech-
nologies (Demont et al., 2009). Meeting such 
prerequisites, however, is likely to be a challenge 
for most rice-growing areas in SSA.

Likely changes in the economic environ-
ment for rice production in Africa will mean that 
weed management systems must evolve to 
improve labour productivity. Farmers are likely to 
make increased use of  herbicides and integrated 
measures. They are also required to improve the 
timing of  operations and targeting of  certain 
growth stages for given species to give the best 
chance of  control. Such changes will inevitably 
mean that weed control will become more 
‘knowledge intensive’, and for this farmers will 
require better and more timely access to informa-
tion resources than they have at present.

Concluding Remarks

Additional options to manage weeds are required 
to augment the limited range currently available 
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to rice farmers in Africa. Approaches are needed 
to target local problem weeds and these must be 
tailored to local practice and resource availability. 
Strategies also need to anticipate likely future 
changes in soil fertility, water availability and 
population pressure, while addressing environ-
mental concerns by avoiding excessive depend-
ency on herbicides. Emerging weed problems 
include species such as hemi-parasitic, annual 
grass and perennial rhizotomous weeds. These 
weeds are likely to get worse, and effective strate-
gies are required to control them. Moreover, 
future climate change adaptation strategies for 
rice-based production systems, such as alterna-
tive cropping system designs or improved stress-
tolerant cultivars, should simultaneously address 
possible implications for weed competition.

There are many gaps in our knowledge of  the 
crop and weed interactions in relation to the envi-
ronment and management practice. A better 
understanding of  these interactions would support 
predictions of  likely changes in weed communities 
and strengthen the development of  appropriate 
and effective knowledge-based technologies as part 
of  an integrated weed management approach. 
Development efforts should include training farm-
ers in integrated crop and weed management, opti-
mal and safe herbicide use, and the establishment 
of  practical and low-risk finance systems (e.g. 
microcredit). Meanwhile, national and regional 
policies to stimulate favourable and functional 
input markets, infrastructure and biosafety regula-
tions would help African rice farmers to effectively 
manage weeds.
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by increasing the area under rice cultivation or 
increasing the productivity per unit area by 
using high-yielding varieties and fertilizers. 
However, both development of  new areas for rice 
cultivation and intensification face prevailing 
and unpredictable challenges, among which dis-
eases are likely to feature prominently.

This chapter gives an overview of  the rice 
diseases identified in Africa and their impor-
tance, and then focuses on the three major ones. 
We describe what is known about pathogen vari-
ability and show how that knowledge can be 
used to create varietal resistance as part of  an 
integrated approach to disease management.

Major Rice Diseases and Their 
Importance in Africa

Diseases of rice

Various studies have inventoried rice diseases in 
SSA (Roger, 1958, Notteghem and Baudin, 
1981; Akinsola et al., 1982, Mbodj et al., 1984; 
Séré, 1988a,b,c; Sy and Séré, 1996).

Introduction

Rice is the principal food grain consumed by 
almost half  of  the world’s population (Khush, 
2005), making it the most important food crop 
currently produced (Cottyn et al., 2001). Rice is 
increasingly becoming a regular staple for the 
populations of  sub-Saharan Africa (SSA). Rice 
availability and prices impact directly on the 
welfare of  the poorest consumers in the region, 
many of  whom are resource-poor farmers 
depending on rice as both a staple food and a 
source of  income. It is therefore not surprising 
that rice is a major component of  the food-
security and poverty-alleviation strategies of  
many SSA countries. Against this background, 
any improvement in rice productivity will con-
tribute significantly to achieving a higher level 
of  regional and household food security, while 
responding to the needs of  the poorest by 
enhancing their diet both quantitatively and 
qualitatively and by providing additional 
income opportunities (Seck et al., 2012).

The 2007–2008 crisis in rice availability 
and price prompted African countries to develop 
initiatives to increase their domestic production 
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At a very early stage, research on rice dis-
eases was conducted in the framework of  an 
integrated pest management (IPM) approach. 
As early as 1979, a seminar on the integrated 
management of  rice pests was organized by the 
Africa Rice Center (AfricaRice) in Bobo-
Dioulasso (Burkina Faso). A further seminar in 
1981 at Fendall, Liberia (ADRAO, 1982), and a 
series of  training workshops gave impetus to the 
IPM approach.

Three categories of  rice pathogens are iden-
tified (Sy and Séré, 1996): (i) major pathogens
(Plates 9a, 9b, 10 and 11) – blast fungus 
(Magnaporthe oryzae), Rice yellow mottle virus
(RYMV) and the bacterium responsible for leaf  
blight (Xanthomonas oryzae pv. oryzae), the prev-
alence of  which (by rice ecosystem) was defined 
by the Integrated Pest Management (IPM) Task 
Force (Table 17.1); (ii) secondary pathogens – 
responsible for brown spot (Bipolaris oryzae), leaf  
scald (Gerlachia oryzae) and sheath blight 
(Rhizoctonia solani); and (iii) other pathogens 
classified as minor – responsible for false smut 
(Ustilaginoides virens), narrow brown spot 
(Cercospora jansenea), sheat rot (Sarocladium ory-
zae), bakanae disease (Fusarium moniliforme),
bacterial leaf  streak (Xanthomonas oryzae pv. ory-
zicola) and grain discoloration (caused by a com-
plex of  fungi). Two further pathogens which 
inflict minor yield losses – Sclerophtora macrospora
and Corallocytostroma oryzae – have also been 
identified in Africa (Séré, 1988a,c). Moreover a 
pathogen responsible for red stripe (EI-Namaky, 
2011) was recently described (Plate 12).

Despite many efforts to develop integrated 
management of  rice diseases based on varietal 

Table 17.1. Importance of major rice diseases 
across rice ecosystems in West Africa. (Adapted 
and corrected from Fakorede and Yoboué, 2001).

Disease

Rice ecosystem

Upland Lowland

Irrigated

Forest and 
savannah Sahel

Blast ++ + + −
RYMV − + + ++
Bacterial 

blight
− − + +

Key: from − no disease to ++ high pressure.

resistance, unexpected epidemic explosions still 
appear – such as blast in Kenya in 2008 (Séré 
et al., 2011) and RYMV in Rwanda in 2009 
(Ndikumana et al., 2011).

Rice blast

Rice blast is caused by an ascomycete fungus 
Magnaporthe oryzae (anamorph: Pyricularia oryzae)
(Couch and Kohn, 2002). The symptoms (ellipti-
cal grey-white lesions) appear on the above-
ground organs of  the rice plant: the most 
frequently described are leaf, node and neck blast. 
Neck blast (Plate 9b) is considered more destruc-
tive than leaf  blast (Plate 9a) (Zhu et al., 2005).

Rice blast has been widely and intensively 
studied both globally and in Africa, because the 
interaction between rice and the blast pathogen 
has both practical and theoretical interest. The 
practical interest is related to the importance of  
rice in human nutrition and the importance of  
unpredictable yields losses caused by blast 
worldwide (Jia et al., 2009). The theoretical 
interest is linked to the fact that the blast patho-
gen is considered as a model for investigation by 
plant pathologists (Valent, 1990).

According to Bidaux (1978) rice blast was 
first reported in Africa in 1922. It is the most 
widespread disease in SSA. In Burkina Faso, 
surveys in farmers’ fields indicated that intensi-
fying rice cultivation (use of  fertilizer and mod-
ern, but susceptible, varieties) may lead to 
increased yield losses due to blast, reducing an 
important part of  the benefit created by intensi-
fying rice cultivation (Séré et al., 2011). Yield 
losses of  1–22% were recorded in rainfed low-
land, and 4–45% in irrigated systems in the 
south and west of  the country. Yield losses of  up 
to 44% (equivalent to 2 t/ha) were recorded in 
the irrigated perimeter of  Vallée du Kou (Séré 
et al., 2011).

In many countries, blast inflicts significant 
damage: heavy yield losses (up to 100%) were 
reported by farmers in Ghana (Nutsugah et al.,
2004) and in some locations in The Gambia (Jobe 
et al., 2002); in Sierra Leone, losses in excess of  
80% were reported in susceptible cultivars and 
accessions in experimental plots (Fomba and 
Taylor, 1994). In Nigeria, blast outbreaks have 
been reported to cause rice yield losses of  about 
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35–50% and, in a serious outbreak of  the dis-
ease, up to 100% of  yield may be lost (WARDA, 
1999a,b). Yield losses of  20–30% have been 
recorded in Benin (Vodouhe et al., 1981), 
36–63% in Burkina Faso (Séré, 1981), 64% in 
Togo (Akator et al., 1981) and up to 80% in Côte 
d’Ivoire (Delassus, 1973).

Rice yellow mottle disease

First recorded in 1966 at Otonglo near Lake 
Victoria, Kenya (Bakker, 1970), Rice yellow mot-
tle virus (RYMV) (genus Sobemovirus) is now a 
major biotic constraint of  rice, present in most of  
the rice-growing countries in Africa (Abo et al., 
1998; Kouassi et al., 2005; Séré et al., 2008b; 
Traoré et al., 2009; Ndikumana et al., 2011).

RYMV disease is characterized by mottling 
and yellowing symptoms of  various intensities 
depending on genotype and time of  infection. 
Infected plants show pale yellow mottling on 
their leaves, stunted growth, fewer tillers, asyn-
chronous flower formation, poor panicle exser-
tion, spikelet discoloration and sterility (Plate 
10). In severe cases, affected plants may die. 
Yield loss ranges from 10% to 100%, depending 
on the timing of  the infection and the type of  
variety (Abo et al., 1998; Kouassi et al., 2005).

RYMV disease is transmitted when the sap 
of  infected leaves comes into contact with the 
cells of  healthy leaves – for example, leaf  contact 
in closely spaced plants, contaminated hands of  
field workers, rice stubble incorporated into the 
soil, and intertwining of  rice roots. RYMV is not 
transmitted through rice seeds (Konate et al., 
2001; Abo et al., 2004). Many insects are vectors 
of  RYMV, including Dicladispa gestroi, Trichispa 
sericea, Chaetocnema spp., Sessilia pussila,
Chnootriba similis, other beetles belonging to the 
family Chrysomelidae; the long-horned grass-
hoppers Conocephalus merumontanous and Con. 
longipennis; the short-horned grasshoppers, Oxya 
hyla, Paratettix sp., Zonocerus variegatus, Euscyrtus
sp., Cofana spectra, Cof. nimacuata, Locris rubra and 
L. maculate (Abo et al., 1998; Nwilene, 1999).

The increasing incidence and importance 
of  RYMV in Africa is attributed to the cultivation 
of  new highly susceptible exotic rice varieties 
mostly from Asia (Thresh et al., 2001) and the 
availability of  water through irrigation which 

allows for sequential planting and maintenance 
of  higher crop intensity without dry-season 
gaps, which favours increase of  both insect vec-
tors and alternative hosts (Traoré et al., 2009). 
The RYMV epidemic at the beginning of  the 
1990s in West Africa was the result of  intensifi-
cation of  rice cultivation (Traoré et al., 2009).

Bacterial blight

Bacterial blight of  rice, caused by Xanthomonas 
oryzae pv. oryzae, is another major biotic con-
straint to rice production and productivity. The 
disease was first observed in Africa (Mali) by 
Buddenhagen et al. (1979). In the following 
years, it was reported from Senegal (Trinh, 
1980), Cameroon (Notteghem and Baudin, 
1981), Niger (Reckhaus, 1983), Madagascar 
and Nigeria (Buddenhagen, 1985), Burkina Faso 
(Séré and Nacro, 1992) and Tanzania (Ashura 
et al., 1999), and later from Benin, Guinea, The 
Gambia, Mozambique, Rwanda and Uganda 
(Onasanya et al., 2009; El-Namaky, 2011).

The pathogen enters the host plant through 
natural openings at the leaf  tip or margins (Ou, 
1985) or through wounds. The pathogen 
reaches the xylem, where it multiplies and 
spreads throughout the plant, resulting in sys-
temic infection (Huang and Cleene, 1989; 
Gnanamanickam et al., 1999).

Typical bacterial blight symptoms (Plate 11) 
include leaf  blight, pale yellow leaves and wilt-
ing (named ‘kresek’ symptom). Leaf  blight is 
most common between maximum tillering and 
maturity stages. However, kresek – the most dev-
astating manifestation of  the pathogen – is most 
commonly observed at seedling stage, with seed-
lings being most susceptible in the 21 days after 
transplanting.

The pathogen mainly attacks rice, but also 
infects other Oryza species and wild hosts (Li et al., 
1985). In Niger, an extensive study at 23 sites 
revealed bacterial blight infection on Brachiaria
sp., Cyperus esculentus, C. rotondus, Dactyloctenium 
aegyptium, Echinocloa sp., Eulesine indica, Kyllinga 
squamulata, Leersia hexandra, Oryza barthii, O. long-
istaminata, Panicum lactum, P. repens and 
Pennisetum pedicelatum (AfricaRice, 2010).

A survey carried out in several West African 
countries revealed yield loses of  2.7–41.0% 
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(Awoderu et al., 1991) and a disease incidence of  
70–85% in farmers’ fields (Séré et al., 2005). The 
introduction of  a high-yielding but susceptible 
variety from Taiwan to the bacterial blight patho-
gen in the mid-1990s drew scientists’ attention to 
the importance of  this disease (Ouedraogo et al., 
2007). Complete crop failures have occurred in 
Burkina Faso (Ouedraogo et al., 2007).

Variability of Rice Disease 
Pathogens in Africa

Rationale

In addition to the identification and prioriti-
zation of  rice pathogens in Africa, research 
activities were pursued to develop IPM, mainly 
through the collaborative network imple-
mented by AfricaRice and its national (NARS) 
partners called the IPM Task Force (WARDA, 
2002). Priority was placed on varietal resist-
ance as the main component of  an IPM strat-
egy (WARDA, 1999a,b). As information on 
pathogen diversity is essential for adequate uti-
lization of  resistant varieties and for developing 
strategies to increase the durability of  resist-
ance (Xia et al., 2000), research activities were 
undertaken to better understand the structure 
of  pathogen populations.

Rice blast

Blast pathogen diversity at pathological level is 
usually analysed by infecting ‘differential’ varie-
ties with different isolates of  the pathogen. 
However, in Africa, blast-trapping nurseries 
were developed and implemented, not only to 
identify efficient resistance genes, but also to 
characterize rice-growing areas (especially 
screening sites) in terms of  the structure of  their 
blast pathogen populations (Séré et al., 2007, 
2011). Such nurseries appeared to be an effec-
tive tool for characterizing the virulence spec-
trum of  blast populations using limited 
equipment and labour (Séré et al., 2007). The 
best sites for screening for durable resistance 
were identified (Séré et al., 2007) and efficient 
resistance genes were found. For instance, the 

virulence genes that overcome the blast-
resistance genes of  rice Pi9, Pit and Piz-5 are not 
present or are extremely rare in five countries – 
Benin, Burkina Faso, Guinea, Mali and Nigeria 
(Séré et al., 2011). The results from field screen-
ing in Africa of  varieties with resistance genes to 
Asian blast pathogens suggested a difference 
between blast pathotypes on the two continents 
(Séré et al., 2007).

The development of  molecular tools offered 
new opportunities for analysing the blast fungus 
diversity to help effective deployment of  resist-
ance and to identify shifts in races or population 
structures (Javan-Nikkhah et al., 2004; Chen 
et al., 2006). A tremendous amount of  knowl-
edge on blast pathogen population diversity has 
been accumulated throughout the world, 
especially with the identification of  disperse-
repetitive DNA sequences called MGR (Hamer 
and Givan, 1990). Studies in West Africa focused 
on describing the extent of  blast pathogen diver-
sity (lineages and pathotypes) in and around key 
sites in Burkina Faso, Côte d’Ivoire, Ghana and 
Nigeria: the persistent dominant lineages and 
major pathotype groups were identified (Chipili 
et al., 1999). However, such studies were con-
ducted in few countries in Africa (Chipili et al.,
1999; Nutsugah et al., 2008) in comparison to 
what was done elsewhere in the world. 
Consequently, the research needs to be contin-
ued on a larger scale throughout Africa.

RYMV

Several hundred RYMV isolates from cultivated 
rice and wild Poaceae were collected in more 
than ten countries and stored in isolate banks 
mainly at the Institut de recherche pour le dével-
oppement (IRD, France) and AfricaRice. All the 
isolates were serologically typed with both poly-
clonal and monoclonal antibodies. The coat pro-
tein gene of  some isolates representative of  the 
geographic distribution and of  the serological 
variability was sequenced. These studies indi-
cated that RYMV is a variable virus, and that 
there are several strains with different geograph-
ical distributions and pathogenic properties 
(N’Guessan et al., 2000; Pinel et al., 2000). Five 
major serotypes were described and named 
Ser1, Ser2, Ser3, Ser4 and Ser5. Comparing the 
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molecular and immunological typing of  RYMV 
isolates, Fargette et al. (2002b) found that 
molecular typing is consistent with immunolog-
ical typing. However, Ser5 includes two strains 
(S5 and S6), leading to the identification of  six 
strains: S1, S2 and S3 are West African isolates, 
while S4, S5 and S6 are from East Africa.

Phylogenetic analyses were performed, not 
only to analyse the genetic relationships between 
the isolates, but also to assess the links between 
geographic and genetic distances. The most 
basal strains were in East Africa. Phylogenetic 
inferences showed that the centre of  origin of  
RYMV was in East Africa, possibly within the 
Eastern-Arc mountains biodiversity hot spot, 
and that successive strain radiations had 
occurred from the east to the west of  the conti-
nent. Altogether, the data suggested that RYMV 
originated from wild Poaceae and infected culti-
vated rice only recently (Fargette et al., 2004).

The evolution rate of  RYMV was calculated 
from sequences of  the coat protein gene of  iso-
lates collected from rice over a 40-year period in 
different parts of  Africa. The results show that 
an RNA plant virus such as RYMV evolves as 
rapidly as most RNA animal viruses (Fargette 
et al., 2008).

Bacterial blight

Xanthomonas oryzae pv. oryzae is a Gamma pro-
teobacterium. The pathogen is a Gram-negative 
rod with round ends of  0.5–0.8 × 1.0–2.0 mm.
The pathogen fails to grow on L-alanine as 
exclusive carbon source and 0.2% vitamin-free 
casamino acids, but it is insensitive to 0.001% 
cupric nitrate, which differentiates it from X.
oryzae pv. oryzicola (the cause of  rice bacterial 
leaf  streak) (Vera Cruz et al., 1984).

Although studies have not been as exten-
sive in Africa as in Asia, the pathogen does show 
high pathogenic variability in Africa. Séré et al.
(2005) found that four Malian isolates from 
different origins reacted differently on four 
varieties (Bouaké 189, BG90-2, NERICA 1 and 
NERICA 4). Isolate 1 (from Molodo) is virulent 
on three varieties and isolate 3 (from Nango) 
was not virulent on any of  the four varieties. 
Two isolates (2 and 4, from Ndebougou and 
Niono, respectively) were virulent on two varieties. 

None of  the four isolates developed a compatible 
reaction on NERICA 1.

Another pathotyping analysis carried out 
with 50 strains of  X. oryzae pv. oryzae isolated 
from seven West African countries on 18 near-
isogenic rice lines (NILs) resulted in the descrip-
tion of  two pathotypes of  the pathogen, Pta and 
Ptb, having three and two pathotype sub-groups, 
respectively (Onasanya et al., 2009). A similar 
study carried out on 47 isolates from 25 loca-
tions in Niger revealed three major pathogroups 
(AfricaRice, 2010).

Gonzalez et al. (2007) evaluated 16 African 
strains of  X. oryzae pv. oryzae, using differential 
varieties. They identified three new races (A1, 
A2 and A3) of  X. oryzae pv. oryzae among 
African isolates, none of  which has been 
described in Asian populations of  the pathogen.

A pathotyping analysis carried out with 23 
strains collected from West Africa and with ref-
erence strains from Asia against seven rice dif-
ferential lines with monogenic resistance genes 
identified two pathogroups, PI and PII. The lat-
ter comprised the more virulent strains of  the 
pathogen, which comprised 61% of  the strains 
tested (Bimerew, 2010).

Trapping nurseries were used in a bacterial 
blight-prone environment in West Africa to ana-
lyse the interaction between resistance genes and 
a natural pathogen population (AfricaRice, 
2010). None of  the Malian races of  X. oryzae pv. 
oryzae induced susceptible reactions in the rice 
lines bearing resistance genes xa5, Xa7, Xa14,
Xa18 or Xa21, or one of  the associations 
Xa4+xa5, xa5+Xa21 or xa13+Xa21. The X. ory-
zae pv. oryzae races that induce susceptible reac-
tion to Xa1, Xa2, xa7, xa8, Xa11, Xa14, IR24 
(Xa18 and other), Xa21, the associations 
Xa4+Xa21 and Xa4+xa5+xa13+Xa21 were rare 
in Niger. In Burkina Faso, lines with resistance 
gene Xa7 or the four pyramided genes 
(Xa4+xa5+xa13+Xa21) were resistant or moder-
ately resistant to the natural population of  X. ory-
zae pv. oryzae over 2 years, as was Gigante, while 
lines with xa3, Xa10, Xa11, Xa4+xa5, Xa4+xa13
or xa5+xa13 were moderately resistant.

Molecular techniques were used to charac-
terize the genetic diversity among African 
strains of  X. oryzae pv. oryzae. A study carried 
out using multilocus sequence analysis of  
X. oryzae pv. oryzae strains isolated from Africa 
based on atpD, dnaK, gyrB and efp housekeeping 
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genes demonstrated that African strains are dis-
tinct from Asian ones (Bimerew, 2010), indicat-
ing that African strains are genetically distant 
from Asian ones. White et al. (1995) and 
Gonzalez et al. (2007) previously reported a 
difference between African and Asian strains of  
X. oryzae pv. oryzae.

Integrated Management 
of Rice Diseases in Africa

Background

Genetic control receives the most attention 
among the control measures to be used against 
rice pathogens, because it is the easiest method 
for farmers to adopt and the principal compo-
nent of  the IPM strategy (WARDA, 1999a,b). 
Based on the known interactions between patho-
gens and plant hosts, screening methods were 
developed and used to characterize rice varieties 
developed by breeders. In order to reinforce the 
resistance, other control measures were also 
investigated (WARDA, 1999a,b).

Rice blast

Genetic control

HOST–PATHOGEN RELATIONSHIP. Two kinds of  
host–pathogen relationship are described for the 
blast pathogen and rice.

In the vertical system, the relationship 
between virulence genes of  the rice pathogens 
and resistance genes of  rice varieties is explained 
by the gene-for-gene theory (Kiyosawa, 1980; 
Silué et al., 1992).

The vertical resistance is controlled by few 
genes of  major effect (Wang et al., 1994; Liu 
et al., 2002; Sallaud et al., 2003; Chen et al.,
2004). They are responsible for a qualitative, 
complete and non-durable resistance. More than 
70 Pi genes have been identified (Dai et al., 2007; 
Lin et al., 2007; Ballini et al., 2008), some of  
which have been molecularly characterized 
(Suh et al., 2009). Markers for many blast resist-
ance genes (e.g. Pil, Pi2 [or Piz-5], Pita, Pit, Pi7,
Pi9, Pi1 and Pib) are now available (Khush and 
Brar, 2004).

Although no comprehensive study of  the 
durability of  the major genes has been carried 
out in Africa, an analysis of  the virulence of  the 
blast population in Benin by planting lines and 
varieties bearing known major resistance genes 
each month from September 2007 to October 
2008, gives an indication of  the efficiency 
of some resistance genes over a year. For 
instance, the variety 75-1-127 (with Pi9) and 
Moroberekan (Pi7 + Pi5 and other major genes 
and quantitative trait loci (QTLs) according to 
Chen et al., 1997) remained efficient in each 
monthly trial, while IRBLz5-CA/CO (Piz5) failed 
in the 11th month (August 2008) and other 
NILs were efficient only during the first 2 to 
4 months (Table 17.2). Resistance of  Pi9 and 
Piz5 was confirmed in trials conducted at 
Ouèdèmè (Benin) in 2009 and 2011 (Table 17.3). 
However, in the hot spot of  Longorola (Sikasso) 
in Mali, Pi9 was susceptible while Piz5 was 
resistant (Ayeko, 2012).

When the vertical resistance fails against a 
blast strain, the severity of  the disease will 
depend on the ability of  the variety to slow the 
epidemic either by reducing the size of  the 
lesions or by reducing the production of  new 
spores. This aptitude is conferred by what is 
known as ‘horizontal resistance’. Scientists 
agree that this system is stable and durable 
(Wang et al., 1994). However, this type of  resist-
ance has low heritability because of  strong envi-
ronmental influence on the expression of  the 
resistance genes (Wang et al., 1989). It is gener-
ally polygenic, but durable resistance has also 
been shown to be also conferred by major genes 
like Pi40 (Suh et al., 2009) and the recessive 
gene pi21 (Fukuoka and Okuno, 2001).

MANAGEMENT OF THE RESISTANCE. The two kinds 
of  resistance can exist together in the same 
cultivar. For example, Moroberekan, a traditional 
West African cultivar, is known to have a durable 
resistance to blast. It possesses two vertical resist-
ance genes (Pi5 on chromosome 4 and Pi7 on 
chromosome 11), but also QTLs for partial 
resistance on eight chromosomes (Wang et al., 
1994). Moreover, at least six major blast resist-
ance loci have been identified in Moroberekan 
(Chen et al., 1997). It is therefore important, 
when screening varieties for blast resistance, to 
know whether the resistance is complete and 
non-durable or partial and long-lasting.
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Table 17.3. Reaction of blast resistance genes 
against natural population at Ouèdèmè in Benin. 
(Adapted from Ayeko, 2012.)

Variety or 
monogenic
line

Resistance
gene(s)

Reaction under 
natural conditions

2009 2011

Moroberekan Pi5 + Pi7 +
Pi10(t) +
Pi157 +
QTLs

R R

IRBL 9-W Pi9 R R
IRBLZ 5-CA (R) Piz-5 R R
IRBLZT-T Pizt R R

A procedure to characterize the nature of  
the resistance of  rice varieties was designed at 
AfricaRice (Séré et al., 2004, 2011). It consists 
of, first, evaluating a large number of  varieties in 
order to identify entries with low disease score 
and, second, characterizing the nature of  the 
resistance of  those entries in order to ascertain 
whether their low disease score is due to vertical 
or horizontal resistance.

In order to make the resistance to blast 
durable, it is possible to pyramid several vertical 
resistance genes (Hittalmani et al., 2000). 
Moreover the utilization of  multi-lines com-
posed of  a mixture of  varieties with different 
resistance genes (Wolfe, 1985; Zhu et al., 2000) 

Table 17.2. Efficiency of blast resistance genes in 13 month planting dates of varieties and NILs with 
different resistance genes

Variety or NIL
Resistance
gene

Planting date

Oct 07 Nov 07 Dec 07 Jan 08
Feb–Aug 

08 Sep 08 Oct 08

IRBL5-M/CO Pi5(t) S S S S S S S
Co39 Pia S S S S S S S
IRBLkp-K60/CO Pik-p S S S S S S S
IRBLks-CO/CO Piks S S S S S S S
C102 TTP Pita S S S S S S S
C104 PKT Pi3 R S S S S S S
IRBLzt-IR56/CO Piz-t R S S S S S S
IRBL7-M/CO Pi7 R S S S S S S
Nato Pii R S S S S S S
IRBL1-CL/CO Pi1 R R S S S S S
C101 LAC Pi1 + Pi1b +

Pi33
R R S S S S S

C101 A51 Pi2 (= Piz5) R R S S S S S
St 1 Pif R R S S S S S
IRBLkh-K3/CO Pik-h R R S S S S S
IRBLb-IT13/CO Pib R R S S S S S
IRBLta2-IR64/CO Pita-2 R R S S S S S
IRBLsh-Fu/CO Piz R R S S S S S
IRBLkm-Ts/CO Pik-m R R S S S S S
IR1529 Pi33 R R R R S S S
K 59 Pit R R R R S S S
Shwetasoke ? R R R R S S S
IRBLz5-CA/CO Piz-5 R R R R R S S
Moroberekan Pi5 + Pi7 +

Pi10(t) +
Pi157 +
QTLs

R R R R R R R

75-1-127 Pi9 R R R R R R R

R, resistant; S, susceptible.
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enables the reduction of  disease pressure and 
ensures stability of  blast control. The combina-
tion of  vertical resistance genes and partial ones 
is what makes the durability of  resistance pos-
sible, as in the case of  Moroberekan (Wang 
et al., 1994).

Other control measures

In Africa, several efficient fungicides have 
been identified: benomyl and edifenphos 
(Delassus, 1973), tricyclazol (Mbodj, 1989), 
kitazin and thiophanate-methyl (Séré, 1981). 
In Burkina Faso (Séré et al., 2011), seed treat-
ment with systemic products can ensure 
efficient protection at low cost, mainly when 
associated with foliar treatment. However, 
such control measures should be used only 
when it is necessary to save a crop – for 
instance, in experiments where it is essential 
for any reason to secure the yield of  a sus-
ceptible variety or line in a blast-prone 
environment.

Environmental factors influence the 
expression of  blast, including temperature, 
humidity, leaf  wetness, nitrogen fertilization 
and drought. Crop management practices that 
minimize the negative impact of  such factors 
can be used in blast management. For instance, 
in farmers’ fields, blast incidence increases with 
increasing nitrogen supply (Séré et al., 2011). 
To ensure improved management of  nitrogen, 
split application is better than single application 
(Kürschner et al., 1992).

Moreover, longer duration of  leaf  wetness 
(which is related to duration of  high relative 
humidity of  the atmosphere) appeared to 
increase neck blast damage in farmers’ fields in 
Burkina Faso (Séré et al., 2011). Therefore, 
planting rice so that the reproductive stage 
occurs in late October, when the relative humid-
ity becomes low, was recommended and used to 
reduce neck blast. Comparing a susceptible vari-
ety (FKR 16) with a resistant one (FKR 48) at 
different planting dates with and without chem-
ical protection (Séré et al., 2011) indicated that 
using chemical products on the susceptible vari-
ety reduced the incidence of  blast from 22.9% to 
5.2%. Without any chemical, it is possible to 
reduce disease incidence by planting the same 
susceptible cultivar earlier (3.6% incidence) or 
later (6.4% incidence).

RYMV

Genetic control

Two kinds of  resistance to RYMV have been 
described. A partial resistance associated with 
delayed virus accumulation in the host was 
found in Oryza sativa subsp. japonica cultivars 
(Albar et al., 1998). Partial resistance in these 
cultivars is associated with tolerance, which is 
characterized by low symptom severity despite 
the high virus content at the late stage of  infec-
tion (Ioannidou et al., 2003). Partial resistance 
is polygenic and linked to major QTLs on chro-
mosomes 7 and 12 (Pressoir et al., 1998).

The second type is a high resistance charac-
terized by the absence of  symptoms, a low 
amount of  virus and a limited impact on yield 
(around 5%). This high resistance is controlled 
by a recessive gene (Ndjiondjop et al., 1999). 
Four alleles of  the locus RYMV1 have been iden-
tified: rymv1-2 in O. sativa cv. Gigante (Ndjiondjop 
et al., 1999; Albar et al., 2003) and cv. Bekarosaka 
(Rakotomalala et al., 2008), rymv1-3 in O. glaber-
rima accession TOG 5681 (Albar et al., 2006), 
rymv1-4 (Albar et al., 2006) in O. glaberrima
accession TOG 5672, and rymv1-5 (Thiemélé 
et al., 2010) in O. glaberrima accession TOG 5674. 
TOG 5672, known to possess rymv1-4, also 
carries a second resistance gene on the locus 
RYMV2 (Thiemélé et al., 2010).

Recurrent backcrossing has been used by 
AfricaRice breeders to introgress the resistance 
genes into the background of  elite varieties. 
However, the emergence of  resistance-breaking 
RYMV isolates is a matter of  concern. Such 
resistance-breaking isolates are found in natural 
populations of  RYMV (Konate et al., 1997; Sorho 
et al., 2005; Traoré et al., 2006). Moreover, 
resistance-breaking strains can emerge after 
serial inoculation of  virus-resistant plants, illus-
trating the ability of  RYMV for host adaptation 
(Fargette et al., 2002a).

The genetic basis of  the resistance-breaking 
phenomenon has been analysed (Fargette et al.,
2002a; Hébrard et al., 2006, 2008; Pinel-Galzi 
et al., 2007; Poulicard et al., 2010; Traoré et al., 
2006). The Virus Protein genome link (VPg) 
encoded by the ORF2a of  RYMV was identified 
as the virulence factor (Hébrard et al., 2006). 
A single mutation in the VPg of  a strain is suffi-
cient for it to break the resistance. For instance, 
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the ability to overcome the rymv1-2 or rymv1-3
alleles appeared to be associated with poly-
morphism in the VPg sequence at position 49, 
a site that is under very strong positive selection 
(Pinel-Galzi et al., 2007). A threonine residue 
confers a strong ability to break rymv1-3 resist-
ance, whereas strains possessing glutamic acid 
at this position are more adapted to rymv1-2
resistance breaking (Traoré et al., 2010).

At AfricaRice, screening for resistance is 
conducted in a screen house through mechani-
cal inoculation of  the last expanded leaves of  
21-day-old seedlings. The disease symptoms are 
evaluated on all the rice plant’s leaves, to deter-
mine the ability of  the varieties to control virus 
movement within the plant. Susceptibility of  
rice cultivars can vary with plant age, with 
plants developing a kind of  resistance at adult 
stage manifested by recovery ability (e.g. variety 
PNA 647F4-56) (Soko et al., 2010). Even in the 
field, the recovery ability of  PNA 647F4-56 was 
observed by farmers in Mali who indicated that 
the growth cycle became longer (Séré, 2005, 
unpublished observation).

The potential of  using three insect vectors 
(Oxya hyla, Locris rubra and Cnootriba similes) to 
screen rice varieties was investigated. The results 
revealed that although there are some differ-
ences between the mechanical screening and 
the insect vector methods, both methods screen 
the varieties in the same way and, therefore, 
insects can be used to screen for RYMV resist-
ance (Séré et al., 2008a).

Integrated management

The amount of  inoculum is important in deter-
mining the impact of  a disease (Sorho et al.,
2005; Traoré et al., 2009). Therefore, phyto-
sanitation involving isolation of  nurseries and 
removal of  infected weeds and rice ratoons can 
reduce disease incidence and decrease the risk of  
emergence of  virulent isolates (mainly resistance-
breaking isolates) (Sorho et al., 2005). Resistant 
cultivars should be associated with prophylactic 
measures within an integrated disease manage-
ment approach (Traoré et al., 2009). The insect 
vectors play an important role in transferring 
RYMV from surrounding contaminated rice or 
weeds to new rice fields (Nwilene, 1999) – their 
control should be part of  the integrated approach 
to RYMV control.

Bacterial blight

Genetic control

RICE–PATHOGEN INTERACTION. Resistance gene 
products of  the host recognize the presence of  
avirulence (avr) gene products of  the pathogen, 
resulting in a rapid defence response and an 
incompatible interaction, restricting the patho-
gen to the site of  inoculation.

Host plants have strategies to recognize 
pathogen attacks and activate defence mecha-
nisms, resulting in the expression of  various 
degrees of  resistance to infection, manifested as 
vertical resistance controlled by major genes 
specific to a particular pathogen race, or quanti-
tative (horizontal) resistance controlled by many 
genes and effective against a number of  races.

HOST RESISTANCE. More than 30 resistance genes 
have been identified worldwide from cultivated 
and wild rice (Sun et al., 2004; Niño-Liu et al., 
2006). These resistance genes encode different 
classes of  proteins, such as nucleotide-binding 
site leucine-rich repeat (NBS-LRR) proteins and 
receptor kinase (RK). Additionally, the differential 
expression of  resistance genes after infection indi-
cates that rice has developed different strategies to 
overcome bacterial blight infection (Song et al., 
1995; Yoshimura et al., 1998; Gu et al., 2005).

Africa is endowed with some indigenous spe-
cies of  Oryza (including O. barthii, O. longistaminata
and O. glaberrima), which can be used as potential 
sources of  resistance to bacterial leaf  blight. Vikal 
et al. (2007) report that out of  84 accessions of  
O. glaberrima evaluated against seven pathotypes 
of  X. oryzae pv. oryzae in Punjab (India) over a 
period of  3–4 years, 13 showed a resistant to mod-
erate resistant reaction to all pathotypes. Similarly, 
five and four accessions of  O. barthii and O. longis-
taminata, respectively, also showed resistance to 
moderate resistance to these pathotypes. The broad-
spectrum resistance gene, Xa21, is also found in 
O. longistaminata (Yoshimura et al., 1998). Besides 
looking for other sources of  resistance genes, it is 
also possible to combine two or more resistance 
genes by gene pyramiding, thereby improving 
the resistance spectrum and durability of  a culti-
var. Huang et al. (1997) report that rice varieties 
with two, three and four resistance genes have a 
wider spectrum and a higher level of  resistance 
than varieties with only a single resistance gene.
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Curiously, IR24 – the recurrent parent of  
the NILs developed by the International Rice 
Research Institute (IRRI) to analyse the patho-
logical diversity of  the bacterial blight pathogen 
and which was susceptible in Asia – is resistant 
to some African populations (AfricaRice, 2010). 
This means that the Xa18 and other resistance 
genes that IR24 harbours (Liu et al., 2007; Wu 
et al., 2007) are efficient against some African 
bacterial blight pathogen strains.

The susceptibility of  Gigante to bacterial 
blight is to be taken into consideration in breed-
ing for resistance to RYMV, because in breeding 
programmes Gigante is used as parent to trans-
fer RYMV resistance into many varieties.

Integrated management

The management of  bacterial blight is also based 
on using resistant varieties. However, as the 
major genes alone are not able to ensure durable 
resistance, it is important to pyramid several 
genes (Gnanamanickam et al., 1999) and/or add 
genes for partial resistance (Huang et al., 1997).

Moreover, cultural practices can reduce 
bacterial blight severity. For instance, farmers in 
Niger used to burn crop residues after harvesting 
heavily infected fields, destroying the surround-
ing weeds that serve as a reservoir of  the patho-
gen and thereby reducing inoculum (AfricaRice, 
2010). Management of  fertilizers, particularly 
nitrogen, is another cultural practice to be used, 
because increasing the level of  N increases bac-
terial blight severity. A survey in farmers’ fields 
in northern Benin indicated that the higher 
the quantity of  urea applied, the greater the dis-
ease severity (AfricaRice, 2010). However, the 
impact of  N depends on the time it is applied and 
the time infection occurs (Basso, 2010). When 
applied after infection, there is no increase in dis-
ease severity (Basso, 2010).

Conclusion: Challenges and 
Opportunities for Integrated 

Management of Rice 
Diseases in Africa

In order to develop integrated management 
strategies against rice diseases based on the 
utilization of  resistant varieties, research on rice 

diseases in Africa focused on the following 
questions:

• What pathogens infect rice in Africa?

• Which are the most important of  these that 
need particular attention?

• What control measures can be used in an IPM 
approach to reduce their impact on yield?

Next, research zoomed into the three major 
pathogens that cause greatest yield losses in the 
absence of  any control measure. Although perti-
nent information was generated, some gaps 
remain to be filled.

For blast, it will be important to describe the 
blast population structure throughout Africa to 
better advise on the development and deploy-
ment of  resistant cultivars. Moreover, the possi-
ble existence of  new resistance genes in local 
cultivars has to be examined. Partial resistance 
needs to be considered, particularly in associa-
tion with vertical resistance, as the stability of  
the resistance of  varieties like Moreberekan and 
Tetep seems to be linked with such associations. 
It will be important to investigate the possibility 
of  pyramiding major resistance genes (Hittalmani 
et al., 2000). Moreover, the utilization of  multi-
lines to stabilize the resistance to blast disease 
(Wolfe, 1985; Zhu et al., 2000) needs to be evalu-
ated under African conditions. The impact of  
management practices on the disease needs to be 
evaluated in order to develop an IPM system.

There have been tremendous achievements 
in studies related to RYMV through collaborative 
research involving NARS, AfricaRice and 
advanced institutions (mainly IRD). The diver-
sity in countries not yet sampled has to be inves-
tigated. It will be important to look for new 
resistance genes in local cultivars, mainly 
O. sativa subsp. indica and O. glaberrima, and in 
related species. The genetic background of  
RYMV pathogenicity needs deeper investigation, 
especially the resistance-breaking mechanism. 
It will also be important to assess the genetic 
background of  the recovery ability, in order to 
ascertain whether it is a plant resistance mecha-
nism or an environment-dependent condition 
and to see whether it can be used as a compo-
nent of  integrated management of  RYMV.

Relatively less progress has been made in 
research on bacterial blight compared to 
advancement in the two other main rice diseases 
in Africa. However, a capacity in bacterial 
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research is being built in Africa and needs to be 
supported. There is a need for further characteri-
zation of  the population structure in order to 
better understand the differences between the 
Asian and African situations. There is also a 
need to find a susceptible variety in Africa in 
order to build an appropriate set of  NILs adapted 
to the continent and then accelerate the analysis 
of  pathological diversity of  the bacterial blight 
pathogen in Africa and the identification of  
resistance genes among African rice cultivars.

Climate change is expected to affect agri-
culture, mainly through higher temperatures, 
elevated carbon dioxide concentration, and 

changes in rainfall patterns, all of  which will 
affect weed, pest and disease dynamics. 
Research should envisage future climate sce-
narios that could influence rice–pathogen 
relationships (including the emergence of  
pathogens that are considered as minor 
today). Using experiments and simulation 
models (Savary et al., 2006, 2011, 2012), it 
should be possible to know which pathogens 
could negatively impact productivity of  the 
crop under changing conditions, and then 
pre-emptively develop possible options to miti-
gate the impact of  climate change on rice 
diseases and rice resistance to them.
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Plate 1. Multi-environmental testing sites of the Africa-wide Rice Breeding Task Force (as of 2012).
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Plate 2. Colocalization of loci involved in segregation-distortion detected in IR64/TOG5681/IR64 BC1F1 population and reproductive-barrier loci reported in the literature.
Markers showing a significant segregation distortion are represented (*P < 0.05, **P < 0.01 and *****P < 10–5) according to the ratio (O. sativa/O. sativa :
O. sativa/O. glaberrima). Colours identify the interspecific crosses used for locus identification: intra-O. sativa, blue; O. sativa × O. rufipogon, orange; O. sativa × O. glaber-
rima, red; O. sativa × O. glumaepatula, green; and O. sativa × O. longistaminata, purple. Symbols: full circle, fine-mapped locus; oval, hybrid-lethality locus; rectangle,
sterility locus; lozenge, hybrid-breakdown locus. The symbol size is proportional to the size of the region linked to the considered locus and bounded by markers. Cen-
tromeric regions are indicated in yellow. Loci with only indicative position (no or only one linked marker) are shown with a hatched symbol. Comparative data were ex-
tracted from the following interspecific populations: T65/IRGC104038//T65 (#) (Doi et al., 1998b); CG14/WAB450-16//WAB450-16 (§) (Li et al., 2008); and BC3HD derived
from Caiapo × MG12 (†) (Aluko et al., 2004). One (P < 0.05), two (P < 0.01) or three (P < 0.001) repetitions of the symbol indicate the intensity of the segregation distortion
at the considered locus. Underlined and non-underlined symbols indicate an excess of O. glaberrima or O. sativa alleles, respectively.
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Plate 3. Graphical genotypes for a set of 61 chromosome segment substitution lines (CSSLs) with donor segments from O. glaberrima (IRGC103544) in the background of
O. sativa Caiapo. The CSSLs are arranged vertically according to the order of their chromosome substitution segments, using CSSL FINDER. Cream, recurrent parent 
Caiapo; red, donor parent (IRGC103544); brown, heterozygous marker; grey, missing data.
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Plate 4. Symptoms of Rice yellow mottle virus in susceptible and resistant varieties.
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Plate 5. Marker-assisted selection schematic diagram used to develop the near-isogenic lines (NILs); case of
NIL16 derived from variety Sahelika.



Plate 6. Distribution of rice physical area in Africa. (Data from You et al., 2009a,b.) Note: Rice is not grown in
northern parts of Tombouctou and Kidal regions (based on local experts’ knowledge of rice in Mali), so the points
in northern Mali must be due to analytical error.



Plate 7. Agroecological zones in Africa. (Adapted from HarvestChoice, 2009.)



Plate 8. Methodological steps followed to obtain and validate inland valleys from a Digital Elevation Model. The
example shown is around Djougou, central Benin: (A) digitial elevation model; (B) streams; (C) inland valleys; and
(D) validation with IMPETUS data set (blue).

(A) Digital elevation
model

(B) Streams

(C) Inland valleys

(D) Validation with
IMPETUS data set 
(blue)



Plate 9. Blast symptoms. (A) Leaf blast at Bagre (Burkina Faso) in 2008. (B) Neck blast at Banicoara (Benin) in
2009. (From Sere et al., 2011, with permission from AfricaRice.)
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Plate 10. RYMV symptoms. (A) Leaves with RYMV symptoms (increasing in severity from left to right), Cyabaya
(Rwanda), 2009. (B) Heavy infestation of RYMV in farmers’ field, Karfiguela (Burkina Faso), 1989. (C) At
Cyabayaga (Rwanda) 20 years later. (Photos: Y. Séré.)
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Plate 11. Bacterial leaf blight. (A) Infected rice of susceptible variety (right), Office du Niger (Mali). (B) Close up of
infected leaves. (Photos: Y. Séré (A) and S. Gibert and I. Wonni (B).)
Plate 12. Red stripe, Kayo, Office du Niger (Mali). (Photo: Y. Séré.)
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Plate 13. Water productivity of rice in the Office du Niger during the rainy season 2006 as assessed through 
remote sensing. Inset: Location of the five management zones. (From Zwart and Leclert, 2010, with kind 
permission from Springer Science and Business Media.)
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In the search for sustainable management 
options to increase food security, an overall chal-
lenge is to increase yields and decrease losses 
during production and harvest without harm-
ing the environment and resource base for 
future generations of  farmers and consumers. 
As such, integrated pest management (IPM) 
plays a key role in the context of  sustainable 
agricultural development, by reducing crop 
losses and thereby increasing productivity while 
minimizing environmental contamination and 
health hazards. Integrated pest management 
has evolved from pesticide-abatement strategies 
into analytical approaches to understand pest 
status within production systems in order to 
make informed decisions on appropriate man-
agement options that incorporate social, eco-
nomic, gender and environmental issues. This 
chapter discusses pre- and postharvest insect 
pests in rice and reviews approaches to reduce 
quantitative and qualitative losses incurred 
along the rice value chain, in the context of  a 

Introduction

The major insect pests of  rice in Africa 
include stem borers, African rice gall midge and 
termites (Nacro et al., 1996; Nwilene et al.,
2008a). Pests cause considerable crop losses in 
the field and in storage. It is estimated that each 
year insects destroy between 10% and 30% of  all 
food produced in Africa (Oerke, 2006; Pimentel, 
2007; Dhaliwal et al., 2010). The estimates of  
rice yield loss due to insects in Africa range 
between 10% and 15% (IRRI et al., 2010). The 
major insects and associated damage differ 
regionally, by country and by rice variety, and in 
some years may exceed 90% (Youdeowei, 2004; 
FAOSTAT, 2006). Rice grain losses caused by 
pest damage contribute to rural poverty and 
food insecurity in Africa. The prevention of  pest-
induced food crop losses at pre- and postharvest 
stages is an integral part of  the Millennium 
Development Goal (MDG) to ensure food security 
and poverty reduction (von Braun et al., 2003). 

18 Managing Insect Pests 
of Rice in Africa

Francis E. Nwilene,1* Souleymane Nacro,2 Manuele Tamò,3

Philippe Menozzi,4,5 Elvis A. Heinrichs,6 Abdoulaye Hamadoun,7

Dona Dakouo,2 Cyrille Adda4 and Abou Togola4

1Africa Rice Center (AfricaRice) Nigeria Station, Ibadan, Nigeria; 
2Institut de l’environnement et des recherches agricoles (INERA) 

Station de Farako-Bâ, Bobo-Dioulasso, Burkina Faso; 3International Institute 
of Tropical Agriculture (IITA), Cotonou, Benin; 4Africa Rice Center (AfricaRice), 

Cotonou, Benin; 5Centre de coopération internationale en recherche agronomique 
pour le développement (CIRAD), UR 102, Montpellier, France; 

6University of Nebraska, Lincoln, Nebraska; 7Institut d’économie rurale 
Centre régional de recherche agricole (IER/CRRA), Sikasso, Mali

* Corresponding author: f.nwilene@cgiar.org



230 F.E. Nwilene et al.

rapidly growing demand for rice in sub-Saharan 
Africa and the increased risk of  pest outbreaks 
due to climate change.

Pre- and Postharvest Insect Pests

Dipterous and lepidopterous stem borers are 
among the most economically important pests of  
rainfed upland, rainfed lowland and irrigated rice 
in Africa (Nwilene et al., 2006, 2009a). The larvae 
of  stem borers cause significant yield loss during 
the vegetative and reproductive stages by produc-
ing ‘deadhearts’ and ‘whiteheads’, respectively, 
which prevent panicle development (Brenière, 
1983). The most important species reported on 
rice in Africa are: stalk-eyed flies, Diopsis spp. 

(Diptera: Diopsidae); African white borer, 
Maliarpha separatella (Lepidoptera: Pyralidae); 
African yellow stem borers, Scirpophaga spp. 
(Lepidoptera: Pyralidae); African striped stem 
borers, Chilo zacconius and C. diffusilineus
(Lepidoptera: Pyralidae); pink stem borers, 
Sesamia spp. (Lepidoptera: Noctuidae); and African 
rice gall midge (AfRGM), Orseolia oryzivora
(Diptera: Cecidomyiidae). All are indigenous to 
Africa, except for M. separatella, which also occurs 
in Asia (Table 18.1). Damage by AfRGM is differ-
ent from other stem borer species, because the 
larvae attack the growing points of  rice tillers in 
the vegetative stage (seedling to panicle initia-
tion). Infestation of  a tiller prevents panicle pro-
duction and results in the development of  a 
tubular gall – also known as ‘onion leaf ’ or ‘silver 
shoot’. Other insect pests prevalent in Africa 

Table 18.1. Key pre-harvest insect pests across major rice-growing environments in Africa.

Upland Hydromorphic Rainfed and irrigated lowland

Pink stalk borer, 
Sesamia calamistis

African rice gall midge, 
Orseolia oryzivora

African rice gall midge, 
Orseolia oryzivora

Pink stalk borer, Sesamia
nonagriodes botanephaga

African yellow stem borer, 
Scirpophaga melanoclista

African yellow stem borer, 
Scirpophaga melanoclista

Pink stalk borer, 
Sesamia n. penniseti

African yellow stem borer, 
Scirpophaga subumbrosa

African yellow stem borer, 
Scirpophaga subumbrosa

Pink stalk borer, 
Sesamia poephaga

Pink stalk borer, 
Sesamia calamistis

African striped stem borer, Chilo
zacconius and C. diffusilineus

Striped stem borer, Chilo
zacconius and C. diffusilineus

African white borer, 
Maliarpha separatella

African white borer, 
Maliarpha separatella

Stalk-eyed fly, Diopsis
longicornis, D. apicalis,
D. collaris

Stalk-eyed fly, Diopsis
longicornis, D. apicalis,
D. collaris

Stalk-eyed fly, Diopsis longicornis,
D. apicalis, D. collaris

Caseworm, Nymphula depunctalis
Termites
Leaf-feeding beetles – Ladybird 

beetle (Chnootriba similis),
Flea beetle (Chaetocnema spp.), 
grasshoppers – Short-horned 
grasshoppers (Oxya spp.), 
Meadow grasshoppers 
(Conocephalus spp.), 
sucking bugs, etc.

Leaf-feeding beetles – 
Ladybird beetle (Chnootriba 
similis), Flea beetle 
(Chaetocnema spp.), 
grasshoppers – Short-horned 
grasshoppers (Oxya spp.), 
Meadow grasshoppers 
(Conocephalus spp.), 
sucking bugs, etc.

Vectors of Rice yellow mottle 
virus: leaf feeding beetles – 
Ladybird beetle (Chnootriba 
similis), Flea beetle 
(Chaetocnema spp.), 
grasshoppers – Short-horned 
grasshoppers (Oxya spp.), 
Meadow grasshoppers 
(Conocephalus spp.), 
sucking bugs, etc.

Grain-sucking bugs – Stink bug 
(Aspavia armigera), Bean bug 
(Riptortus spp.), Green stink 
bug (Nezara viridula) and 
Head bug (Mirperus spp.)

Grain sucking bugs – Stink bug 
(Aspavia armigera), Bean bug 
(Riptortus spp.), Green stink 
bug (Nezara viridula) and 
Head bug (Mirperus spp.)

Grain sucking bugs – Stink bug 
(Aspavia armigera), Bean bug 
(Riptortus spp.), Green stink 
bug (Nezara viridula) and 
Head bug (Mirperus spp.)
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include termites, caseworms, vectors of  Rice yellow 
mottle virus (RYMV; see Séré et al., Chapter 17, this 
volume), and grain-sucking bugs.

The vast majority of  insects that are pests 
of  stored grain belong to just two orders: 
Coleoptera and Lepidoptera (Reed, 2010). 
According to their pest status, they can be 
divided into two groups: primary and secondary 
storage insect pests. Primary storage pests are 
able to destroy stored rice (paddy or milled 
grains) independently. They are responsible for 
severe losses of  stored rice and other cereals in 
Africa. Secondary storage insect pests can only 
attack grains that have been damaged by pri-
mary insect pests (Table 18.2). Most of  the stor-
age pests have been dispersed across the world 
by international trade (Youm et al., 2011) and 
lead to quantitative and qualitative losses, as 
well as price reduction in most African markets. 
A quantitative loss of  18% was reported on 
farmers’ stored rice in Benin over 4 months of  
storage (Togola et al., 2010). The quantitative 
loss was estimated on damaged and undamaged 
grains collected from farmers’ stored paddy 
grains. The damage is higher when the storage 
exceeds 4 months, due to the high reproduction 
rate of  these insects and their short life cycle of  
just 45 days (Togola, unpublished data). 
Moreover, these pests produce heat and moisture 
and contaminate rice grain with their waste 
products and secretions (Walker and Farrell, 
2003). The damaged grains are inappropriate 
for trade, or for use as food or seeds.

Managing Insect Pests

Varietal resistance

Resistant and tolerant rice cultivars play an 
important role in the reduction of  yield losses 
due to insect pests and assessment of  different 
rice varieties for insect resistance is an integral 
component of  pest management. Because of  its 
unique advantages (e.g. generally compatible 
with other control measures), host-plant resist-
ance is a key component in the integrated con-
trol of  rice insect pests in Africa. Success in 
identifying resistant material depends to a large 
extent on the ability to adequately evaluate 
germplasm and improved genotypes. Screening 
germplasm under artificial and natural pest 
infestations is essential for identifying better 
sources of  resistance to major insect pests of  
rice. Knowledge of  the mechanisms and factors 
contributing to host-plant resistance to insects is 
useful in selecting suitable criteria and breeding 
methodology for the genetic improvement of  
rice plants for insect resistance. Some of  the fac-
tors associated with resistance, such as silica 
content and longer internode elongation in 
Oryza sativa varieties, can be used as ‘marker 
traits’ to screen and select for resistance to pests. 
Considerable progress has been made by the 
Africa Rice Center (AfricaRice) in the develop-
ment of  NERICA varieties that combine the high 
yield potential of  Asian rice (Oryza sativa) with 
many useful traits from the African cultivated 

Table 18.2. Key postharvest insect pests of stored paddy and milled rice in Africa.

Main species Order (Family) Status

Rice weevil, Sitophilus oryzae
and Maize weevil, Sitophilus
zeamais

Coleoptera (Curculionidae) Primary pests of rice (paddy 
and milled grains)

Lesser grain borer, Rhizopertha 
dominica

Coleoptera (Bostrichidae) Primary pest of rice (paddy 
and milled grains)

Angoumois grain moth, Sitotroga
cerealella

Lepidoptera (Gelechiidae) Primary pest of rice 
(paddy grain)

Red flour beetles, Tribolium 
castaneum and T. confusum

Coleoptera (Tenebrionidae) Primary pest of rice (paddy 
and milled grains)

Rice moth, Corcyra cephalonica Lepidoptera (Pyralidae) Secondary insect pest of rice 
(paddy and milled grains)

Merchant grain beetle, 
Oryzaephilus mercator

Coleoptera (Sylvanidae) Secondary insect pest of rice 
(paddy and milled grains)

Rust-red grain beetle, 
Cryptolestes ferrugineus

Coleoptera (Cucujidae) Secondary insect pest of rice 
(paddy and milled grains)
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species (Oryza glaberrima). Today, there are both 
upland and lowland NERICA varieties and tradi-
tional O. sativa varieties that are resistant or tol-
erant to some key pests of  rice in Africa. 
Systematic evaluation of  rice germplasm for 
AfRGM resulted in identification of  over 50 pri-
mary sources of  resistance among O. glaberrima
and traditional O. sativa varieties (Nwilene et al.,
2002). Several gall-midge-tolerant rice varieties 
(e.g. NERICA-L 19, NERICA-L 49, Cisadane, 
BW 348-1, Leizhung) have been developed and 
released for commercial cultivation in Africa. 
Nwilene et al. (2009b) identified anti-xenotic 
and antibiotic traits associated with resistance to 
AfRGM in some of  these rice varieties, but the 
traits have yet to be utilized in breeding. The 
quantitative trait loci (QTLs) or genes conferring 
resistance to AfRGM have also been identified 
from (O. sativa × O. glaberrima) crosses, ITA306 × 
TOS14519 and ITA306 × TOG7106. Some pro-
gress has also been made in identifying suitable 
upland NERICA varieties (NERICA 1, 2, 5, 7 and 
14) that are resistant or tolerant to rice stem 
borers (Rodenburg et al., 2006; Nwilene et al.,
2008b). Some NERICA varieties (NERICA 5, 14, 18) 
are suitable for cultivation in termite-prone areas 
of  north-central Nigeria (Agunbiade et al., 
2009). Crop improvement programmes need to 
place emphasis on developing germplasm with 
multiple resistance to key insect pests using bio-
technological tools (e.g. marker-assisted selec-
tion), because there are often two or more stresses 
in most rice production environments in Africa.

Bt-rice

Rice transformation with a Bt-gene (delta-endo-
toxins from Bacillus thuringiensis) was first tar-
geted against Asian yellow stem borer (YSB, 
Scirpophaga incertulas), Asian striped stem borer 
(Chilo suppressalis) and leaffolder (Cnaphalocrocis 
medinalis) in Asia. Genetically modified rice 
plants (Bt-rice) resistant to striped stem borer, 
leaffolders and other insects have been developed 
(Fujimoto et al., 1993; Chen et al., 2005a), and 
two Bt-rice varieties (Huahui 1 and Xianyou 63) 
were authorized for marketing especially in 
China, in 2009 (Chen et al., 2011). Review of  
the literature on the entomological situation of  
Bt-rice in Asia and the current rice insect pest 

status in Africa led to the conclusion that, in the 
current state of  knowledge, it seems inappropri-
ate to introduce Bt-rice to control the diversity 
of  rice insect pests in Africa (Silvie et al., 2012). 
Moreover, the high diversity of  insects found on 
rice in Africa (including Madagascar) militates 
against the use of  Bt-rice due to the problem of  
resistance and that the toxins only affect a small 
number of  stem borer species (van Rensburg, 
2007). Response to the toxins may be quite dif-
ferent from one species to another. The introduc-
tion of  Bt-rice in Africa is currently inappropriate 
because most African countries have no con-
tainment facilities to test transgenic rice for 
insect resistance. Regulatory frameworks are 
needed that promote quality control and 
informed use of  transgenic crops and plant pro-
tection products.

Field-level integrated pest management

A majority of  smallholder farmers in Africa rely 
on their traditional knowledge to manage pest 
problems, mainly by the use of  botanical pesti-
cides (Mugisha-Kamatenesi et al., 2008). Apart 
from the traditional use of  local herbs as bio-
pesticides, indigenous knowledge systems also 
promote the use of  sustainable soil and crop 
management practices which indirectly favour 
biologically-based pest regulation by natural 
enemies (Kuponiyi and Bamigboye, 2009). 
However, in a period of  unprecedented change, 
farmers find that their indigenous knowledge 
provides only limited guidance. For farmers to 
more effectively manage pests on an ecological 
and sustainable basis, they need a combination 
of  indigenous and scientific knowledge. The 
success of  pest management programmes will 
depend largely on how well farmers understand 
and combine knowledge of  biological and eco-
logical processes with their own farming experi-
ences. There is a growing realization that future 
agricultural growth hinges on smallholder 
farmers, who must be knowledgeable and 
exposed to a learning process that involves con-
tinuous field observation, agroecological analy-
sis and management practices under local 
conditions, and that enhances decision-making 
capacity. A widespread constraint to the devel-
opment of  improved control methods is farmers’ 
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lack of  information on the behaviour and repro-
ductive cycles of  target pests. When farmers 
misidentify the causes of  damage observed in 
their fields, they may spray an insecticide to 
combat a pest when the damage is not caused by 
a pest. Also, by the time a pest is observed, it may 
be too late to do much about it except maybe 
spray with an insecticide. This is often the case in 
Africa. The smallholder farmers need to be 
taught to target the life-cycle stage that is sus-
ceptible to control measures. This is an example 
of  how knowledge can benefit smallholder farm-
ers and help protect rice from insect attacks. The 
farmer field school for IPM is an innovative 
model for community-based farmer education 
that uses non-formal or ‘discovery learning’ 
methods (William and Garba, 2011). The par-
ticipatory learning and action-research (PLAR) 
for integrated rice management developed by 
AfricaRice may also serve as a vehicle to reach 
out to farmers, because it is a bottom-up social 
learning process to promote technological 
change through improving farmers’ capacity to 
exchange knowledge, experiences and practices, 
to better observe, analyse and take appropriate 
decisions for action, and to get organized for 
action. Through the PLAR process, groups of  
farmers are able to find adaptive responses to 
site-specific problems and make the best use of  
available resources and local knowledge as well 
as research-based understanding of  underlying 
processes (Defoer et al., 2009; Defoer and 
Wopereis, chapter 31, this volume).

Landscape-level integrated 
pest management

There is considerable evidence that as agricul-
tural production systems are intensified by 
increased use of  external inputs to increase 
yield, and structural changes occur at landscape 
level, they tend to lose biodiversity and become 
destabilized, with increased frequency and 
extent of  pest outbreaks (Swift et al., 1996; 
Knops et al., 1999). However, we know relatively 
little about the ecological mechanisms that 
result in this destabilization, or how important 
natural enemy diversity is in maintaining pest-
control functions. In West Africa, for example, 
there is good circumstantial evidence that heavy 

infestations of  AfRGM have become more com-
mon since the 1970s, with outbreaks associated 
with rice–rice double cropping and increases in 
nitrogen fertilizer application (Williams et al., 
1997). Studies in West Africa have also shown 
that the abundance of  generalist herbivores and 
predators is positively correlated with weed bio-
mass, whereas specialist herbivore abundance is 
positively correlated with rice biomass (Afun et al., 
1999). Understanding the complexity of  these 
interactions and determining the positive and neg-
ative effects of  intensification on the functioning 
of  the different components of  crop-associated 
biodiversity is essential for future development of  
sustainable production technologies.

The overall strategy in insect pest manage-
ment for rice is to use a holistic ‘plant health’ 
approach, which should ideally start from con-
sidering soil-health aspects. A healthy plant 
might tolerate a higher population of  noxious 
insects, while a carefully managed soil should 
provide improved ecosystem services such as 
beneficial organisms able to attack herbivores. 
Because of  poor rotations, overuse of  chemical 
pesticides, and inappropriate agronomic prac-
tices, soils might lose their ability to provide 
these important services, and hence need to be 
supplemented with appropriate amendments. 
For instance, the use of  mycorrhyzal or endo-
phytic fungi increases plants’ ability to with-
stand attacks by pathogens, nematodes and 
insect pests (Secilia and Bagyaraj, 1992; Tian 
et al., 2004). Also, complex interactions between 
soil fertility, insect attack and parasitoids have 
been documented in cereals such as maize 
(Chabi-Olaye et al., 2005).

At the landscape level, the importance of  
alternative host plants both as an off-season 
resource for the different rice pests, but also as 
refugia for natural enemies cannot be over-
emphasized. Some studies in West Africa have 
identified possible innovations in this regard. For 
instance, AfRGM is attacked by parasitoids such 
as Platygaster diplosisae and Aprostocetus procerae
in rice-production systems (Nwilene et al.,
2008c). However, the level of  parasitization is 
low because the parasitoid populations build up 
too late to prevent heavy AfRGM infestation. 
Meanwhile, a related gall midge (paspalum gall 
midge, PGM, Orseolia bonzii) that forms galls on 
Paspalum grass is an important alternative host 
for the two parasitoids of  AfRGM. Hence, habitat 
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manipulation to increase the carry-over of  para-
sitoids from PGM (which does not attack rice) to 
AfRGM, such as dry-season cultivation to 
encourage Paspalum scrobiculatum abundance 
early in the wet season, could improve the natu-
ral biological control of  AfRGM. Similarly, eco-
logical engineering using push–pull approaches, 
such as the one developed for maize in East 
Africa (Khan et al., 1997), could be modified 
against cereal stem borers in West Africa, and 
particularly those attacking rice. Here the chal-
lenge is not just technical: any innovations 
requiring additional farmer inputs, such as seeds 
of  companion crops and labour, need to be tested 
for their economic profitability and socio-
cultural acceptability in West Africa. As shown 
in the next section, more complex management 
options require a robust linkage to and integra-
tion with available indigenous knowledge. The 
next challenge facing the development and 
deployment of  ecosystem services is to use mod-
ern tools in population genetics to assess the 
presence of  locally distinct populations of  both 
rice pests and their natural enemies. Molecular 
markers can be used to characterize pest popula-
tions and to gather detailed information about 
their specific location and migration, as well as 
those of  locally available and introduced benefi-
cial organisms. These data, combined with eco-
logical and biological characteristics, are critical 
for more appropriate targeting of  biological con-
trol interventions (Agunbiade et al., 2012).

Postharvest integrated 
insect pest management

Postharvest IPM begins with good postharvest 
handling and management practices right from 
the field to the storage environment. The pre-
requisites and options for good storage pest 
management include: (i) harvesting on time; 
(ii) maintenance and protection of  the site and 
storage environment from birds, rodents and the 
weather (controlling grain and air moisture), 
and basic hygiene using thermal disinfestation 
of  the site by solar heat or treatment with tradi-
tional additives; and (iii) commodity manage-
ment (cleaning and drying of  appropriate 
packaging facilities) using hermetic storage (pits 
or metal drums) or treatment with synthetic 

insecticides/pesticides. Because of  the danger of  
pesticides affecting the quality of  rice stored for 
human consumption, research has made it pos-
sible to develop alternative measures to minimize 
pesticide risks to human and agroecosystem 
health. Plant products such as botanical extracts, 
essential oils and vegetable oils are being explored 
as potential pest management tools because 
they are not toxic to plants, are systemic, biode-
grade easily and stimulate the host’s metabolism 
(Dubey et al., 2008). These measures need to be 
explored more effectively in order to preserve the 
quantity and quality of  stored rice in Africa. 
Moreover, technologies such as rendering males 
infertile by using ultraviolet rays, pheromone 
traps and baits can be explored as future options 
to manage postharvest insects. Finally, quaran-
tine measures should be rigorously applied in 
order to minimize the dispersion of  invasive 
pests across national borders.

Climate Change and 
Pest Movements

Dwindling and erratic rainfall patterns, rising 
air temperature and extreme heat are having an 
impact on the spatial and temporal distribution 
and proliferation of  insect populations. This may 
alter host plant–insect interactions and will thus 
require new IPM strategies. Climate change can 
increase the risk of  pest outbreaks leading to 
greater yield losses with inherent negative con-
sequences for food security in Africa. The cur-
rent distribution and shifts in the relative 
importance of  major pests of  rice and their natu-
ral enemies in the upland–lowland rice agro-
ecosystem continuum needs to be established 
using the phenology models and risk maps in geo-
graphic information systems (GIS). Parasitoids – 
the key natural enemies of  the most important 
pests of  rice – depend on a series of  adaptations 
to the ecosystem and physiology of  their hosts 
and host plants for survival and are thus likely 
to be highly sensitive to changes in environ-
mental conditions. Climate change affecting 
pest and natural-enemy profiles might disrupt 
Bt-crops, increase the number of  pest genera-
tions, prompt immigration of  new invasive spe-
cies, and enable existing species to expand their 
ranges (Chen et al., 2005b). It is likely that insect 



Managing Insect Pests of Rice 235

hydrogen or oxygen isotopes) of  any animal 
(Hood-Novotny and Knols, 2007; IAEA, 2009). 
Although they require costly equipment for 
analysis (gas chromatography/mass spectrome-
try), their use is growing, and the cost of  the 
analyses is decreasing. In entomology, stable 
hydrogen and carbon isotopes have been used to 
track migrations of  monarch butterfly (Danaus
plexippus) in the USA (Hobson et al., 1999). In 
France, Ponsard et al. (2004) showed that stable 
carbon isotopes are indicators of  the photosyn-
thetic type (C3 or C4) of  the host plants of  Ostrinia
nubilalis, regardless of  the feeding habits and 
metabolism intensity of  adults. Analysis of  the 
isotopic composition of  stable isotopes of  hydro-
gen can reveal the movements of  animals such 
as fish and birds (Hobson and Wassenaar, 2008). 
This tool, which is being widely used in ecology, 
has been used on the Lepidoptera D. plexippus
(Hobson et al., 1999) and Helicoverpa armigera
(Menozzi et al., 2007) to determine the geo-
graphical origin of  migratory adults.

Detection of  plant-specific compounds
in adult tissues is an excellent indicator of  a lar-
val feeding source. Orth et al. (2007) designed a 
test to detect gossypol, a cotton-specific alkaloid, 
as well as cotinine, a metabolite of  nicotine, in 
the adipose tissues of  Heliothis virescens moths. 
Coupled with the analysis of  the carbon isotopic 
composition, the analysis of  ingested gossypol 
gave better understanding of  the trophic origin 
of  Helicoverpa zea adults collected in pheromone 
traps (Head et al., 2010).

Another technique for decoding the migra-
tion and geographical origin of  an insect is bac-
terial molecular markers. This technique has 
been used to determine the geographic origin of  
fish (Le Nguyen, 2008a) and collected fruits 
(Le Nguyen, 2008b). For insects, analysis of  bac-
terial communities is still in its infancy. The 
advantage is that the technique is applicable to 
every insect and does not require any back-
ground knowledge on the bacterial flora hosted 
by the target insect. The analysis of  the bacterial 
flora on or within an insect using molecular 
markers to locate the geographical origin of  the 
insect is an innovative approach. Insects har-
bour endosymbiotic bacteria such as Buchnera
and Wolbachia, or Enterobacteriaceae such 
as Citrobacter freundii and Klebsiella proteus
(Carletto et al., 2008). There may be other bacte-
ria hosted by the insect that might be specific to 

management strategies developed in the past 
will also be affected by changes in climate. Thus, 
better knowledge and understanding of  pest 
behaviour and actual farmer practices under dif-
ferent projected scenarios are needed to adapt 
existing or develop new IPM technologies to 
respond to possible threats resulting from cli-
mate change. There is, therefore, a need to test 
and disseminate a set of  monitoring and fore-
casting tools, including simulation models to 
national-programme scientists, and decision 
makers in IPM research and extension. It will 
also be useful to document how farmers adapt 
their insect pest management strategies to cli-
mate change.

In the warm and humid tropics of  Africa, 
various species of  insects remain active year-
round and populations fluctuate according to 
the availability of  food plants, presence of  natu-
ral enemies and environmental conditions. For 
example, in the humid forest zone of  Nigeria, 
AfRGM persisted through the short dry season 
on ratoons of  cultivated rice at a rainfed site and 
on dry-season crops at an irrigated one. In con-
trast, at rainfed sites in the moist savannah zone 
the pest survived the longer dry season on the 
perennial wild rice Oryza longistaminata, while 
ratoons and volunteers of  Oryza sativa provided 
‘bridges’ between the wild host and wet-season 
rice crops (Williams et al., 1999). Some pests of  
rice known to be restricted to the lower part of  
the slope are gradually moving to the upper 
portion. The reason for this sudden movement 
pattern is unknown. In order to aid pest-
management decision making and understand 
spatial dynamics of  pests in agroecosystems, 
including cultivated and non-cultivated areas, 
we need to build new tools for tracking insect 
movement in Africa. Such tools can be used to 
forecast infestation risks, target geographical 
variations in biotype and movement of  insect 
vectors from alternative host plants to rice and 
vice versa, and target better management of  
pests at hot-spot locations and agroecosystems 
in cultivated lands. Some of  the available new 
tools that can be used are: (i) stable isotopes (of  
hydrogen, carbon, etc.); (ii) phytochemical 
markers (gossypol, tomatine, etc.); and (iii) bac-
terial molecular markers.

Stable isotopes represent a powerful tool 
to determine the trophic (with carbon or 
nitrogen isotopes) or geographic origin (with 
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a given location. The technique most commonly 
used for insects is polymorphism analysis of  16S 
rDNA V3 region of  bacterial communities by 
PCR (polymerase chain reaction) using the tech-
nique DGGE (denaturing gradient gel electro-
phoresis) by means of  primers common to many 
bacteria. This technique has been used to identify 
the habitats of  Aedes albopictus and Ae. aegypti
(Zouache et al., 2010), Anopheles stephensi (Rani 
et al., 2009) and the carabid Poecilus chalcites
(Lehman et al., 2009).

Some rice pests, such as Chilo zacconius and 
AfRGM, can have alternative host plants 
(grasses, sorghum, wild rice). These tools can be 
useful to know their trophic and geographic ori-
gin with the aim of  better pest control.

New Approaches to Characterization 
of Rice Pest Constraints and 

Quantification of Yield Losses

An individual crop stand is usually not exposed 
to a single organism, but rather to multiple 
harmful ones (pathogens, insect pests, weeds, 
etc.). It is then more relevant to consider injury 
profiles rather than individual injuries. In order 
to characterize patterns of  rice cropping prac-
tices and injuries, key concepts and approaches 
have been developed in tropical Asia based on 
‘injury profiles’ and ‘production situations’ 
(Savary et al., 2000a). ‘Injury profiles’ are 
defined as a given combination of  injury levels 
caused by a range of  pests during a crop cycle, 
while a ‘production situation’ is considered as 
the physical, biological, social and economic 
context in which agricultural production takes 
place. Characterization of  injury profiles in rela-
tion to production situations has the potential 
for developing pest management strategies that 
can be adapted throughout the region rather 
than being site-specific. Some injuries or their 
combinations have a stronger or weaker yield-
reducing effect depending on the level of  attain-
able yield, i.e. the yield performance of  a crop 
that has not been exposed to yield-reducing fac-
tors, especially pests (Savary et al., 2000b). 
While the information gathered pertains to the 
individual field, analysis of  the data should aim 
at conclusions that have relevance to the region. 
The fact that a particular injury prevails in 

nearly all sites or seasons is not necessarily an 
indication of  its importance. By contrast, some 
injuries may occur sporadically and cause con-
siderable yield reductions. A combination of  
information on occurrences of  injuries (through 
surveys) and on experimental measurement of  
yield losses they may cause is necessary to assess 
the importance of  a given injury (Savary et al.,
2000a). Such a combination provided quantita-
tive background to set priorities for rice pest 
management in Asia (Savary et al., 2000b). This 
is a powerful tool to analyse yield losses at large 
scales. Survey data provide information on the 
occurrence of  pests and diseases, while experi-
ments quantitatively highlight their impact in 
terms of  yield loss (Savary et al., 2006). For 
example, RICEPEST, a simulation model of  rice 
yield losses, enables the simultaneous handling 
of  production situations and injury profiles, as 
well as the modelling of  management strategies 
(Willocquet et al., 2002). These concepts, 
approaches and models could be adapted to rice 
cropping under African conditions.

Conclusions

Insect pests, diseases and weeds inflict enormous 
losses to rice production in Africa. If  rice produc-
tion is to keep pace with increasing demand, 
effective and sustainable management strategies 
are urgently needed to tackle these important 
biotic constraints. Sustainable and efficient pest 
management practices require scientific exper-
tise to develop, through research, the various 
IPM strategies (insect resistant or tolerant rice 
varieties, biological control, crop management 
practices and substitution of  inorganic pesti-
cides with biopesticides) and to effectively dis-
seminate these technologies to farmers for 
adoption. Marker-assisted selection and other 
biotechnological techniques are providing new 
ways of  manipulating plant resistance to insect 
pests. Efforts by AfricaRice to develop the inter-
specific hybrid progenies combining the hardi-
ness of  African Oryza glaberrima with the high 
productivity of  Asian Oryza sativa, using 
embryo-rescue and double-haploidy, have paved 
the way for improving the resistance of  rice vari-
eties to stresses such as rice stem borers and 
other insect pests. Biological control shows great 
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promise for regulating damaging populations of  
rice-feeding insects in Africa. For example, there 
is an abundance and diversity of  natural ene-
mies (parasitoids, predators and pathogens) in 
West African rice ecosystems and natural bio-
logical control is playing a major role in manag-
ing pests. Thus, every effort should be made to 
conserve and enhance the activities of  natural 
enemies. High levels of  natural biological con-
trol seen in Africa may be due to the low use of  
natural-enemy-destroying pesticides, where the 
incidence of  pest resurgence, which is currently 
in the crisis stage in Asian rice, has not been 
experienced.

Some important available natural enemies 
(e.g. Platygaster diplosisae and Aprostocetus pro-
cerae reported to be effective against AfRGM, 
Cotesia sesamiae and Xanthopimpla stemmator
against rice stem borers, Metarhizium anisopliae
against termites) and plant products (such as 
azadirachtin [neem] and nicotine against stem 
borers and termites) have not been packaged 
commercially for use by smallholder farmers. 
There are no commercial biocontrol laboratories 
in Africa, whereas over 400 biocontrol laborato-
ries exist in India to cater for the location-specific 
needs of  farmers. There is a need to develop 
private–public partnerships with biological 

control/biopesticide producers for the development, 
scaling up and commercialization of  technologies.

Rice IPM development in Africa is con-
fronted by many challenges, such as national 
government policies that result in a lack of  
trained rice scientists to develop IPM compo-
nents and the absence of  effective information- 
and technology-dissemination programmes. 
Consequently, the IPM packages that have been 
developed are reaching only a few farmers and 
are having little impact at the farm level. The 
adoption of  IPM technologies is low in Africa as 
a result of  socio-economic, institutional and 
policy constraints. The lack of  appropriate 
institutional technology-transfer mechanisms 
is a critical impediment to increased applica-
tion of  IPM. It has become increasingly evident 
that future agricultural growth hinges on 
African smallholder farmers, who must be 
knowledgeable in all aspects of  rice production, 
including the management of  pests. It is thus 
important that agricultural technology dissem-
ination activities be upgraded and receive high 
priority in the national budgets of  African 
countries, and not be dependent on external 
resources, if  we are to reduce rural poverty and 
achieve food security and sustainable rural live-
lihoods in Africa.
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FAO, 1991). The most serious pest birds are 
gregarious and migratory, such as Red-billed 
Quelea, but locally other types such as water 
birds (e.g. ducks and geese) can also be of  
importance. Rice crops are vulnerable to bird 
attacks at early crop establishment stages 
(mostly by water birds) and highly susceptible 
from the milky stage up to maturation (exclu-
sively by land birds). Most damage occurs dur-
ing the dry season; in the rainy season there is 
usually an abundance of  seeds from wild 
grasses available as alternative food sources 
(Ruelle and Bruggers, 1982).

Aside from physical yield losses – which are 
the main focus of  this chapter – other problems 
caused by pest birds include extensive labour 
requirements for bird scaring, the associated use 
of  child labour, possible health or environmental 
hazards resulting from the use of  chemical poi-
sons, and the discouragement of  farmers from 
dry-season rice cultivation.

Although the adverse impact of  birds on 
rice has received much international attention 
in the past and is still generally recognized, little 
research on bird damage or control is currently 
conducted. Given the increasing importance of  
bird damage in some regions such as the Sahel 
(de Mey, 2009), this chapter reviews the availa-
ble evidence of  bird damage to rice in Africa, the 

Introduction

Rice, one of  the most important cereal crops 
worldwide, has the potential to play a significant 
role in achieving global food security. However, 
several biotic and abiotic stresses seriously jeop-
ardize this potential. According to Oerke (2005), 
some 15% of  global rice production is lost to ani-
mal pests (arthropods, nematodes, rodents, 
birds, slugs and snails). The Global Rice Science 
Partnership (GRiSP) identifies birds as the sec-
ond most important biotic constraint in African 
rice production after weeds, based on farmer 
surveys in 20 African countries (IRRI et al.,
2010). Despite current control practices, birds 
cause substantial losses to the African rice sec-
tor. Diagne et al. (Chapter 4, this volume) provide 
an ex-ante assessment of  the benefits of  rice 
research. They indicate discounted cumulative 
benefits of  US$292 million for research aimed 
at reducing yield loss to birds and rodents, and 
$2.679 billion for total benefit derived from the 
research agenda – thus, the contribution of  
research on reducing losses to birds and rodents 
comprises 10.9% of  the total benefit of  the 
whole research agenda.

Rice is mainly affected by birds in the humid 
zone and, to various degrees, in the Sahel and 
Sudanian savannah zones (Manikowski, 1984; 
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bird species involved, and the measures com-
monly used to control them.

Pest Bird Species Injurious 
to Cereal Crops in Africa

On a global scale, only a handful of  birds are 
serious pests of  cereal crops. Birds can become 
serious pests when large flocks migrate season-
ally and concentrate in large populations. In a 
review of  literature, Manikowski (1984) lists 36 
bird species as ‘known to cause damage’ among 
the approximately 1390 bird species in West 
Africa (van Perlo, 2002). The seven most impor-
tant species are Spur-winged Goose (Plectropterus 
gambensis), Knob-billed Goose (Sarkidiornis mel-
anotos), Village Weaver (Ploceus cucullatus),
Black-headed Weaver (Ploceus melanocephalus),
Red-billed Quelea (Quelea quelea), Red-headed 
Quelea (Q. erythrops) and Golden Sparrow 
(Passer luteus). More background information on 
granivorous pest birds in sub-Saharan Africa 
(their identification, biology and feeding habits) 
is provided by Allen (1997).

Red-billed Quelea is one of  the most notori-
ous pest bird species in the world, injurious to 
various cereal crops such as rice, millet, sorghum 
and wheat (FAO, 1991). It occurs throughout 
sub-Saharan Africa. It gathers in flocks of  several 
million birds and breeds in colonies that can 
cover more than 100 hectares (with about 
30,000 nests per hectare). It is considered the 
most numerous bird worldwide with population 
numbers totalling about 1.5 billion at the end of  
the breeding season (Elliott, 1989). Red-billed 
Quelea has been studied extensively and there 
are many publications describing its pest status 
and control strategies in African agriculture (see 
Oschadleus, 2001).

Evidence of Bird Damage 
to Rice in Africa

Factors influencing bird damage

Birds differ in nature to many other pests of  rice 
in that they can migrate over long distances and 
have a flexible diet in which agricultural crops 

may play only an incidental role (birds prefer wild 
seeds, see below). Great variability exists in the 
occurrence and extent of  the crop damage inflicted 
by birds that farmers experience (in both space 
and time) due to many biological, environmental 
and management factors (described below).

Fields close to breeding or roosting sites are 
most susceptible to damage from birds (FAO, 
1991). The presence of  trees, bushes or reeds in 
the vicinity of  the field increases vulnerability 
because these provide birds with perches and nest-
ing sites. Fields close to water sources (e.g. rivers or 
large irrigation canals) are more frequently dam-
aged by birds because – as a supply of  drinking 
water – they attract birds (Manikowski, 1984) and 
provide habitats for water birds such as geese that 
are potentially harmful to rice. These factors in the 
immediate surroundings of  rice fields vary spa-
tially, which makes bird damage a region-dependent 
problem with some regions having serious bird 
problems, while others experience almost no bird 
attacks at all. Furthermore, as birds are migratory 
the problem needs to be managed cooperatively 
between neighbouring countries.

Field size influences bird damage. Large 
fields have longer borders (in absolute terms) 
which are the zones preferentially attacked by 
birds. Moreover, a large field requires a large 
labour force for bird scaring, which is particu-
larly challenging to assemble during peak peri-
ods (Manikowski and Da Camara-Smeets, 1979).

The timing of  farming operations during 
the season is a crucial factor that can influence 
the incidence of  bird damage. Sowing too late 
during the wet season predisposes the crop to 
damage by migrating birds from Europe arriving 
at the time when the crop matures (Tréca, 1985). 
Therefore, synchronized cropping among farm-
ers may dilute bird-inflicted losses to some extent. 
Damage is expected to be higher during the dry 
season than during the wet season due to the 
lack of  available wild seeds (Ruelle and Bruggers, 
1982). Damage also differs with respect to the 
growth stage of  the rice crop (Tréca, 1977). Rice 
is susceptible to bird damage at the early crop 
establishment stages (see discussion below), but 
subsequently invulnerable during the vegetative 
and booting stages. Throughout maturation 
(milk to hard-dough stages) the rice crop is highly 
susceptible to bird damage (Ruelle and Bruggers, 
1982). Postharvest losses can also occur during 
drying, storage or trading because at these stages 
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the rice grains are frequently left exposed in the 
open. This is particularly true during drying, 
especially if  it is carried out by simply laying the 
rice grains on a sheet in the sun.

The effectiveness of  weed control in a field 
and on the banks of  irrigation canals plays an 
indirect role in bird damage as weedy fields 
attract birds. The bulk of  the diet of  Red-billed 
Quelea does not consist of  cultivated cereals; 
they prefer smaller seeds of  various wild grasses 
(Ward, 1965). This implies that if  these wild 
grasses are widely available in or near a farmer’s 
fields, bird flocks will be attracted to that area 
and occasionally feed on the cereal crops. This 
way, the birds become familiar with the region 
and will return for feeding purposes. A study on 
wheat showed that weedy patches in fields are 
clearly associated with greater bird damage 
(Luder, 1985) and several studies on rice cite the 
same interaction between weeds and birds 
(e.g. Bruggers, 1979; Tréca, 1985; FAO, 1991). 
A survey in the Senegal River valley revealed that 
almost 80% of  rice farmers were aware of  the 
interaction between weeds and birds, and 57% 
plan their weeding efforts in relation to bird pres-
sure (de Mey, 2009). This is confirmed by a field 
trial conducted by Africa Rice Center (AfricaRice), 
which concludes that weed control reduces bird 
damage in irrigated rice (Rodenburg et al., 2010). 
Weeds infesting rice fields attract granivorous 
birds, which leads to increased crop losses due to 
the effects of  weed competition being com-
pounded by the losses to birds.

Bird damage is also affected by the crop 
establishment method (Tréca, 1977). In the case 
of  direct seeding, seeds are highly vulnerable to 
bird attack when they are sown straight on to 
the soil. A common practice, however, is to cover 
seeds with soil to protect them. Young, emerging 
seedlings are still vulnerable to birds; however, 
damage at this stage is rare during the rainy sea-
son when most granivorous migratory birds 
have flown to Europe and Asia (Tréca, 1977). 
On the other hand, if  farmers transplant rice, 
the vulnerability of  freshly sown rice seeds in the 
nursery bed to bird attacks can be greatly 
reduced by protecting the nurseries with nets. 
Planting density in the field is also an important 
factor. Uneven crop plant densities can result 
from improper sowing or planting, a badly lev-
elled field or other factors leading to heterogene-
ous field conditions. Water birds are attracted to 

zones with plant densities much lower than in 
the immediate vicinity and can cause substan-
tial damage to the surrounding rice plants 
(Tréca, 1977). The choice of  rice variety also 
affects damage as birds have a preference for 
particular varieties and will completely ignore 
others (e.g. awned varieties) if  sufficient alterna-
tive food sources are available. Varieties with 
weak stems are also more susceptible to mechan-
ical damage if  they cannot support the birds’ 
weight (FAO, 1991).

As mentioned above, birds prefer seeds of  
wild grass species. As soon as these natural 
grain stocks start to decline at the end of  the 
rainy season, Red-billed Queleas gather in inun-
dation zones where wild seed production is 
greatest. Once these natural reserves of  grains 
are exhausted and at the onset of  the next rains 
(which cause the remaining seeds to start gemi-
nating – hence making them unavailable as a 
food source) the pest birds are threatened with 
starvation. This forces the birds into a nomadic 
migration to areas where the rains came earlier 
and where fresh crop and weed seeds are availa-
ble in abundance. These huge flocks of  birds are 
feared by farmers because they consist of  large 
numbers of  starving birds which see rice fields as 
oases of  food abundance in an otherwise food-
scarce landscape (Ward, 1971; Jones, 1989). 
Given the unpredictable nature of  rainfall pat-
terns, Red-billed Quelea movement patterns are 
difficult to predict. General trends show, how-
ever, that damage tends to be less severe in years 
of  high rainfall, which probably relates to the 
availability of  seeds of  wild species as explained 
above (Bruggers, 1980). Life cycle is another 
biological factor, as, for example, young Red-
billed Queleas will inflict damage in the immedi-
ate vicinity of  the roosts, whereas mature 
individuals will fly out and cause damage fur-
ther away. Feeding behaviour of  different bird 
species varies with time of  the day and the matu-
ration stage of  the rice crop (Bruggers, 1979). 
The presence of  some (grain-eating) birds in a 
field can also attract others (FAO, 2001).

Review of the available evidence

Birds cause visual damage patterns to the rice 
crop such as: (i) direct damage when seeds or 
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grains are eaten by birds; and (ii) indirect 
(mechanical) damage that occurs when a flock 
of  birds is active in a rice field, resulting in grains 
that fall to the ground (Tréca, 1987). Both are 
important and should be taken into account 
when assessing bird damage.

There are many direct and indirect tech-
niques to assess crop losses due to birds. Direct
measures include field sampling and visual esti-
mation techniques. The former is based on the 
counting or weighing of  a representative sample 
of  rice panicles (e.g. Bruggers and Ruelle, 1981), 
while the latter comprises experienced observers 
estimating losses by visual inspection of  a field 
(e.g. Tracey and Saunders, 2010). Frequently, 
sampling techniques are also used to calibrate 
visual assessments. Due to the heterogeneity of  
the bird problem, however, large sample sizes are 
needed across several production seasons, which 
renders these methods labour intensive and 
expensive. Indirect methods include question-
naire surveys, monitoring of  bird numbers, 
energetics models, and damage-abatement mod-
els. While questionnaire surveys are obviously 
subjective, they do serve to demonstrate the gen-
eral levels of  damage and the relative serious-
ness of  the problem according to farmers’ 
perceptions (e.g. Sidibé et al., 2003). Monitoring 
bird numbers enables the species involved and its 
behaviour to be determined, which, in turn, 
enhances the understanding of  the bird problem 
(e.g. Bruggers, 1980). Estimating bird damage is 
based on using the correlation between bird den-
sity and damage – a relationship that is (unfor-
tunately) rarely known and difficult to obtain. 
Energetics models are more advanced models 
that take pest-bird population estimates and 
make use of  the determinants of  energy require-
ment of  these populations (e.g. age, temperature 
and body weight) to predict the amount of  dam-
age they will inflict (e.g. Weatherhead et al.,
1982). de Mey et al. (2012) propose an indirect 
method relying on a production function with a 
damage-abatement component that enables 
bird damage to be econometrically isolated from 
overall rice crop productivity.

The latest extensive overview of  world bird 
damage problems is provided by De Grazio (1978). 
Aggregating results of  32 studies (reporting dam-
age in 626 plots), Manikowski (1984) suggests an 
average loss of  6.9% of  cereal harvest in West 
Africa. The highest damage figures were found for 

millet in the Sahel zone (25%) and rice in the 
humid zone (19%). No more recent overviews are 
available. Table 19.1 provides a non-exhaustive 
literature overview and shows that bird damage is 
an important loss factor for cereal crop produc-
tion in Africa. Table 19.1 suggests that bird dam-
age on cereal crops is on average about 15–20% of  
production, but considerable spatial and temporal 
variability exists. Much research on bird damage 
on cereal crops was carried out by international 
research organizations prior to the 1980s, e.g. the 
FAO/UNDP Quelea Project (Jackson, 1973), but 
subsequently few studies have been conducted. 
Furthermore, much material is only available in 
internal documents or unpublished research 
reports; recent, peer-reviewed damage estimates 
are scarce.

Control of Bird Damage 
to Rice in Africa

Many techniques are available to protect crops 
from bird damage. A literature review of  the 
effectiveness of  existing bird control techniques 
is provided by Bishop et al. (2003). The main con-
clusions of  this study are that the effectiveness of  
each technique varies with the bird species 
involved, and that optimal bird control methods 
combine several techniques or use them in a ran-
dom fashion. Human-operated scaring tech-
niques were the most effective; lethal methods 
are of  only short-term benefit. In Africa, tradi-
tional, low-cost methods are mainly used. Two 
general classes of  approaches can be distin-
guished. Preventive methods aim at not attract-
ing birds to the field, while protective methods 
focus on protecting the rice crop when birds do 
visit the field. Preventive methods can be sub-
divided into lethal and non-lethal techniques. 
Lethal techniques are aimed at suppressing pest 
bird populations and are primarily implemented 
by national or regional (governmental) crop 
protection units. They include manual nest 
destruction, treatment with avicides (chemical 
substances lethal to certain bird species) and the 
use of  explosives or flamethrowers. Non-lethal 
techniques include agronomic practices such as 
vegetation management, good weed manage-
ment (as weeds attract birds), specific planning 
of  the production season and choosing a variety 



B
ird D

am
age to R

ice
245

Table 19.1. Overview of studies reporting bird damage estimates on cereal crops in Africa. (From de Mey et al., 2012, with permission from John Wiley and 
Sons, © 2012 The Agricultural Economics Society, with small modifications.)

Region
Year 
(period) Crop Estimation of losses

Estimation method 
(sample sizea) Major species Source Reference

Africa, East n.a. Cereals ‘A total of at least $15 million 
annually in eastern Africa’

Literature review 
(5 studies)

Red-billed Quelea 
and other ploceid 
species

Conference 
proceedings

Bruggers and Jaeger 
(1981)

Africa, Sahel n.a. Cereals ‘Damage to cereal crops by 
quelea birds in specific 
locations could be as much as 
100 percent but was estimated 
to be about 5 percent nationally 
in Sahel countries and at about 
1 percent for all of savannah 
Africa’

n.a. Red-billed Quelea Book chapter FAO (2001)

Africa, West n.a. Cereals ‘Out of a total of 626 plots of 
cereals, birds damaged 6.9% 
of the harvest … The average 
loss in the plots which were 
damaged by birds (71% of 
examined fields) was 13.7%b

Literature review 
(32 studies – 
626 plots)

Red-billed Quelea, 
Village Weaver, 
Red-headed
Quelea, Golden 
Weaver, Black-
headed Weaver

Journal article 
(Tropical Pest 
Management)

Manikowski (1984)

Chad,
Cameroon

1975–1977 Rice ‘Damage varied from 13% to 
26% when harvest overlapped 
with birds’ arrival’

Sampling (10 plots 
– 2000 panicles)

Red-billed Quelea Journal article 
(Journal of 
Applied Ecology)

Elliott (1979)

Ethiopia 1975–1979 Sorghum Damage averaged between 9% 
and 51% in 1975–1977 before 
control measures. In 1978–
1979, when control was applied, 
damage averaged between 
0.6% and 22.1%

Visual estimation 
(5 sites – 1000 
panicles)

Red-billed Quelea Conference 
proceedings

Jaegar and Erickson 
(1980)

Kenya 1952 Wheat,
rice, 
millet,
sorghum

$0.7 million loss; 100,000 bags n.a. Red-billed Quelea, 
‘Doves’, ‘Weavers’, 
‘Starlings’

Report De Grazio (1973); De 
Grazio and Dehaven 
(1974); Pearson (1967) 
cited by De Grazio 
(1978)
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Mali 1983–1986 Rice ‘Damages are very variable among 
years (from 0.76 to 14% of the 
harvest, by mean), but they are not 
uniformly distributed, some fields 
being very heavily destroyed, when 
other are untouched’

Visual estimation 
(80 plots – 
10,000 panicles)

‘Ducks’, ‘Ruffs’ Journal article 
(Journal 
d’agriculture 
traditionnelle et 
de botanique 
appliquée)

Tréca (1987)

2001–2002 Rice 22% of production Survey (n = 280) ‘Grain eating’ Report Sidibé et al. (2003)
Morocco n.a. Wheat,

rice
Wheat loss most severe; 

$4.0 million loss
n.a. House Sparrow, 

Spanish Sparrow
Report De Grazio et al. (1971) 

cited by De Grazio 
(1978)

Nigeria n.a. Rice, wheat, 
millet,
sorghum,
maize

$2.8 million/year loss 
in one province

n.a. Red-billed Quelea, 
Golden Sparrow, 
‘Starlings’, ‘Doves’, 
‘Weavers’

Report De Grazio et al. (1971); 
Pearson (1967); Ward 
and Jones (1977) cited 
by De Grazio (1978)

Senegal,
country

1976–1977 Cereals 5% of total cereal production 
(the equivalent of $4–5 million)

Sampling
(375 plots)

‘Weavers’, Red-billed 
Quelea, Golden 
Sparrow

Journal article 
(Protection
Ecology)

Bruggers and Ruelle 
(1981)

Senegal,
Senegal
River valley

2003–2007 Rice Annual crop losses during the wet 
seasons of 2003–2007 were 
econometrically estimated at 3.4%, 
10.2%, 11.5%, 30.3% and 13.4%, 
respectively, and 0.6%, 6.0%, 
10.7%, 51.4% and 12.1% according 
to surveyed farmers’ perceptions

Survey (n = 111) 
and damage 
abatement
production
function

Red-billed Quelea, 
Golden Sparrow

Journal article 
(Journal of 
Agricultural 
Economics)

de Mey et al. (2012)

Somalia 1975–1979 Rice, 
sorghum,
maize

Damage averaged between 
1% and 78% depending 
on crop and field location

Discussions and 
sampling

Village Weaver, 
Golden Palm 
Weaver, Chestnut 
Weaver, Red Bishop

Conference 
proceedings

Bruggers (1980)

South Africa 1953 Cereals $1.4 million loss of sorghum n.a. Red-billed Quelea Conference 
proceedings

Hey (1964); Pearson (1967) 
cited by De Grazio (1978)

Sudan n.a. Sorghum $0.9 million loss annually n.a. Red-billed Quelea Report Schmutterer (1969) cited 
by De Grazio (1978)

Notes: Monetary values are in nominal terms. n.a. = not available.
aNo. panicles always refers to the total sample size, not the number of panicles per plot. bThis aggregate study uses results of some of the other studies presented in this table.
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Conclusion

Birds, and especially Red-billed Quelea, inflict 
substantial losses on rice in Africa. Many factors 
influence the incidence of  crop losses, some of  
which can be controlled by farmers. Accurate 
bird damage figures are important in order to 
put the bird problem into perspective and pro-
vide useful information for future research, allo-
cation of  research funding at the governmental 
level, and farm management decision making. 
The available evidence on physical crop losses is 
somewhat out-dated and suggests an average 
loss of  15–20% of  total cereal production due to 
bird damage with substantial spatial and tempo-
ral heterogeneity.

Estimates of  physical losses, however, 
underestimate true economic losses as they do 
not account for costs entailed by the supply-
response adjustments that farmers make when 
faced with pests (Chambers et al., 2010). This is 
supported by farmer surveys in Senegal that sug-
gest that the mere presence of  the avian risk is a 
block to intensification in irrigated rice cultiva-
tion (de Mey et al., 2012). Moreover, aside from 
direct economic impacts, bird damage also has 
substantial social consequences. On the one 
hand, farmers who scare birds in the field are 
socially separated from their family for a long 
time. On the other hand, traditional bird scaring 
is frequently undertaken by children who some-
times miss school in doing so, which jeopardizes 
meeting key education objectives such as univer-
sal primary enrolment (de Mey et al., 2012).

Finally, a review of  the adopted techniques 
for controlling bird damage on rice in Africa sug-
gests that mainly traditional, low-cost methods 
are used. These methods may be adequate under 
low pest pressure but under high pest pressure 
they become ineffective. This suggests that 
research is needed on (i) developing alternative 
bird-damage control measures that are low cost, 
environmentally friendly and can be easily 
adopted by farmers; (ii) predicting massive bird 
invasions through observatories; and (iii) devel-
oping index-based insurance systems that can 
protect farmers against avian risk. The public 
good nature of  bird control – if  one farmer scares 
birds from his or her field, these birds are merely 
displaced to adjacent fields – justifies govern-
ment intervention.

with bird-resistant characteristics. Religious 
techniques such as shamanism and fetishes are 
also still widely adopted in Africa. Protective
methods include the use of  repellents (chemical 
substances aimed at deterring birds), protecting 
fields or nurseries with nets or wires, covering 
individual heads of  ripening crops with grass or 
cloth, and manual bird-scaring efforts. The latter 
may consist of  a combination of  auditory (e.g. 
noise-making devices, whips, shouting), visual 
(scarecrows, flags, reflective tape) and physical 
measures (e.g. throwing rocks or mud).

In general, traditional protective methods 
such as manual bird scaring, flags and scare-
crows can provide satisfactory protection on 
small-scale, privately owned farms when bird 
numbers are low. However, when pest bird pres-
sure is elevated, these methods become ineffec-
tive (Ruelle and Bruggers, 1982; de Mey et al.,
2012). Also, on large-scale, governmental pro-
duction schemes, these methods are impractical, 
costly and ineffective (Bruggers, 1980). This 
suggests that the development of  bird popula-
tions needs to be monitored and farmers need to 
be protected against the consequences of  mas-
sive bird invasions through insurance systems 
(PINORD, 2009). In particular, there is a need to 
link bird invasions to climatic factors that influ-
ence the development of  birds in Africa. Such 
information can be used to create observatories 
that monitor the diffusion of  birds in order to 
prevent or anticipate massive bird invasions.

Large-scale, chemical control techniques to 
reduce population levels of  pest birds to non-pest 
levels are still widely adopted in many African 
countries (Mullié et al., 1999). Literature sug-
gests that these are inefficient, however, because 
they do not significantly lower populations due to 
the pest birds’ high reproductive potential and 
high mobility (Ward, 1979). The frequent inac-
cessibility of  areas in which birds reside also cre-
ates a barrier to efficient application of  these 
chemicals. In contrast, lethal control to locally 
reduce pest bird numbers in the vicinity of  
important cereal production areas to give tempo-
rary relief  has been applied successfully. However, 
the success of  this approach varies regionally 
and by the control method deployed (Bruggers 
and Jaeger, 1981). It is worth noting that these 
approaches entail severe environmental hazards 
when avicides are applied (Mullié et al., 1999).
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African countries, like Ethiopia, Kenya, Somalia 
and Sudan. Stoorvogel and Smaling (1990) ana-
lysed the nutrient balances of  different cropping 
systems in Africa. The nutrient balances include, 
on one hand, major nutrient inflows from rain-
fall, organic manure, mineral fertilizers, symbi-
otic N-fixation and sedimentation; and, on the 
other hand, nutrient outflows through harvested 
produce and losses due to erosion, leaching, etc. 
They conclude that soil nutrient depletion is 
quite severe in Africa. Estimates of  net losses 
were of  the order of  10 kg N/ha, 4 kg P2O5/ha
and 19 kg K2O/ha per year.

However, such nutrient balances cannot be 
used to indicate sustainability or fertilizer require-
ments without consideration of  the stocks of  
nutrients in the soil. Haefele et al. (2004) devel-
oped a nutrient-application strategy for irrigated 
systems in the Senegal River valley, placing 
emphasis on N and P and allowing for mining of  
the soil’s K reserves, as they estimated that these 
K reserves would be sufficient for decades. A sec-
ond important consideration is that even in 
resource-limited smallholder agriculture not all 
fields are continuously mined. Some fields may 
have very positive nutrient balances, especially 
those near the homestead (infields), while other 
more distant ones (outfields) may have negative 

Introduction

Smallholder farmers in sub-Saharan Africa 
generally obtain production levels that are far 
below what would be possible under favourable 
conditions. The vast majority of  farmers hardly 
use external inputs and they are, therefore, 
strongly dependent on native soil fertility. Soil 
fertility, defined as a mixture of  soil chemical, 
physical and biological factors that affect land 
potential, is inherently low in sub-Saharan 
Africa, where nutrient-impoverished granites, 
basement sediments and sands cover about 90% 
of  the land surface (Smaling, 2005). Low soil 
fertility and the often unfavourable climate cre-
ate intense pressure on land, even at relatively 
low population densities.

Since the early 1990s there has been grow-
ing concern about the fertility of  soils and, con-
sequently, the sustainability of  land use in 
Africa. Many studies suggest that soils are rap-
idly degrading. For example, Sanchez et al.
(1997) stated that ‘soil fertility depletion in 
smallholder farms is the fundamental biophysi-
cal root cause for declining per capita food pro-
duction in sub-Saharan Africa’. Soil degradation 
seems to be more important in the Sudano-
Sahelian regions of  West Africa and in some East 

20 Increasing Rice Productivity through 
Improved Nutrient Use in Africa

Stephan M. Haefele,1* Kazuki Saito,2 Kabirou M. N’Diaye,3

Frank Mussgnug,2 Andrew Nelson1 and Marco C.S. Wopereis2

1International Rice Research Institute (IRRI), Los Baños, Philippines; 
2Africa Rice Center (AfricaRice), Cotonou, Benin; 

3Africa Rice Center (AfricaRice), Saint-Louis, Senegal

* Corresponding author: stephan.haefele@acpfg.com.au



Increasing Productivity through Improved Nutrient Use 251

balances. These typical soil-fertility gradients are 
due to preferential application of  scarce nutri-
ents from animal manure and other nutrient 
resources to infields. This ensures at least good 
yields in these limited areas and saves labour. 
Soil-fertility management strategies need to con-
sider such gradients.

This chapter starts with a few key definitions 
related to nutrient management and a general 
overview of  the quality of  soil resources and ferti-
lizer use in Africa. Next, innovations to increase 
rice productivity through improved nutrient use 
are discussed for production systems at different 
stages of  intensification in sub-Saharan Africa 
(see also Saito et al., Chapter 15, this volume), i.e. 
for rainfed, low-input/subsistence rice systems 
and for high-input irrigated lowland rice systems. 
Finally, we discuss challenges and opportunities 
for managing soil fertility and adapting crop man-
agement in general in rice-based systems in Africa.

Definitions

Nutrient resources are allocated by farmers 
through decisions made at the field and farm scales, 
and their use is constrained by the other principal 
resources for agricultural production available at 
the farm level – land, water, labour and capital. 
Within a given production system, farmers may 
manipulate soil fertility in several ways. They may: 
(i) add nutrients to replenish stocks and flows in the 
soil; (ii) block nutrient outflows from the field or 
farm; (iii) recycle nutrients that are not optimally 
used within the farm; or (iv) increase the efficiency 
with which nutrients are used by the various pro-
duction systems (Hilhorst and Muchena, 2000).

The yield a rice farmer will obtain from a 
particular field will depend on the quantities of  
nutrients that are taken up by the plant during 
the growth cycle, either from the soil’s indigenous 
nutrients (natural reserves) or from external 
inputs, such as mineral fertilizer, and whether 
this nutrient uptake is balanced. For example, 
for irrigated rice in Africa it has been shown that 
a balanced nutrient uptake would mean 14.1 kg 
N/ha, 6.9 kg P2O5/ha and 21.7 kg K2O/ha for a 
1 t/ha increase in yield (Haefele et al., 2003), if  
yield levels are less than 80% of  the maximum 
yield that is possible given climatic conditions 
(i.e. of  the potential yield). Aiming for a higher 

yield level is not economical because crop 
response to nutrients is not linear beyond this 
point, i.e. greater and greater fertilizer quantities 
are required to obtain the same absolute increase 
in yield from higher starting points. A whole 
range of  other factors intervenes as well, most 
notably variability in weather and choice of  crop 
management practices, such as sowing date, 
variety, and weed management strategy. Looking 
beyond a growing season, it is important to 
know whether application of  soil amendments 
will have a ‘lasting’ effect, i.e. will contribute to 
soil organic-matter build up, and eventually to 
increased soil nutrient-supplying capacity or 
improved recovery of  fertilizer nutrients, or 
whether it mainly acts as a mineral fertilizer, i.e. 
giving a one-time boost to crop growth.

Installation of  water-harvesting structures 
or irrigation and drainage infrastructure aim at 
increasing the yield potential in a given environ-
ment and reducing risk, lifting the production 
system to a higher level and opening up oppor-
tunities for intensification and diversification. 
This may also be possible through the introduc-
tion of  new production systems, such as mini-
mum tillage and fallow crops.

Rice Soil Resources and Mineral 
Fertilizer Use in Africa

Rice in Africa is grown in a wide range of  agro-
ecological zones from the humid forest to 
desert areas. Within these regional agro-
ecological zones, five main systems of  rice cul-
tivation are distinguished with respect to water 
supply, soil hydrology and topography (adapted 
from Windmeijer et al., 1994):

• Irrigated rice systems with relatively good 
water control, which have anaerobic soils 
for most of  the season – mostly in deltas and 
flood plains.

• Lowland rainfed rice systems with varying 
degrees of  water control, which have aerobic 
soils for a considerable part of  the season – 
mostly in valley bottoms and flood plains.

• Rainfed upland rice systems, which have 
aerobic soils for most of  the season – 
situated on plateaux and slopes.

• Deep-water and mangrove systems, rarely 
having water control, which have anaerobic 
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soils for most of  the season – along river beds 
and in tidal areas in lagoons, deltas and in 
coastal areas.

A distribution of  soil quality for the total rice 
area of  most African countries is given in 
Table 20.1. These estimates were achieved by 
overlaying the rice area map of  Africa (IRRI, 
2012 unpublished) with the digital version of  
the Soil Map of  the World (FAO, 1995) (see 
Haefele and Hijmans, 2007, for details). Soil-
fertility constraints were classified and mapped 
according to the Fertility Capability Soil 

Classification (FCC) system (Sanchez and Buol, 
1985; Sanchez et al., 2003). Four groups of  soils 
were distinguished. The first two groups (‘good’ 
and ‘poor’ soils) do not have major soil chemical 
constraints, but differ in their degree of  weather-
ing and, therefore, their indigenous soil fertility. 
The third group (‘very poor’ soils) represents 
highly weathered soils with very low nutrient 
availability and a high probability of  soil chemi-
cal constraints to crop growth (acid, low nutri-
ent reserves, low CEC, Al toxicity, high P 
fixation). The last group combines the most fre-
quently cited ‘problem soils’, i.e. acid-sulfate 

Table 20.1. Distribution of the total rice area in Africa on four major soil-quality groups (see 
the definition of the groups in the text). (Data from FAO, 1995; IRRI, 2012.)

Country
  Good    Poor Very poor Problem
soils (%) soils (%)  soils (%) soils (%)

Angola 29 11 59 1
Benin 15 79 5 1
Burkina Faso 44 50 3 3
Burundi 40 5 48 7
Cameroon 30 24 35 11
Central African Republic 5 15 80 0
Chad 35 55 10 0
Côte d’Ivoire 8 26 66 0
Democratic Republic of Congo 7 3 90 0
Egypt 41 0 0 59
Equatorial Guinea 0 32 68 0
Ethiopia 66 8 26 0
The Gambia 51 38 0 11
Ghana 21 51 24 4
Guinea 27 17 51 5
Guinea-Bissau 16 43 21 20
Kenya 30 38 25 7
Liberia 8 19 69 4
Madagascar 7 26 63 4
Malawi 27 27 45 1
Mali 51 19 27 3
Mauritania 57 0 14 29
Mozambique 33 35 23 9
Niger 28 12 52 8
Nigeria 25 46 26 3
Rwanda 58 4 38 0
Senegal 10 44 18 28
Sierra Leone 16 18 63 3
Tanzania 26 18 53 3
Togo 7 92 1 0
Uganda 12 19 63 6
Zambia 30 21 42 7
Others (9 countries) 48 15 25 12
Average 27 28 37 8
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soils, peat soils, saline and alkaline soils (Sanchez 
and Buol, 1985), which are characterized by spe-
cific and severe soil chemical constraints. (See Saito 
et al., Chapter 15, this volume, for more details.)

The results (Table 20.1) show an abundance 
of  very poor rice soils (37%), followed by equal 
fractions of  poor (28%) and good soils (27%). 
Overall, problem soils are not common and make 
up ‘only’ 8% of  all rice soils in Africa. However, the 
distribution of  rice soil quality and constraints 
within countries is far from even. Some countries 
have a substantial proportion of  good rice soils – 
for example, Burkina Faso, Egypt, Ethiopia, The 
Gambia, Mali and Mauritania. However, in many 
more countries more than 50% of  the rice is 
grown on very poor soils – for example, Côte 
d’Ivoire, Democratic Republic of  Congo (DRC), 
Equatorial Guinea, Guinea, Liberia, Madagascar, 
Sierra Leone, Tanzania and Uganda. Rice on prob-
lem soils is abundant in some countries, including 
Egypt, Guinea-Bissau, Mauritania and Senegal.

Africa is the continent with the lowest ferti-
lizer use, estimated at 23 kg/ha agricultural 
land per year for the whole continent and at only 
9 kg/ha agricultural land per year in West Africa 
(CEDEAO, 2006). It can be generally assumed 
that some of  the increase in fertilizer use during 
the last 30–40 years occurred in rice cultivation, 
but little data is available on how much inor-
ganic fertilizer is used for rice in Africa. Fertilizer 
availability is a problem in many places: in many 
African countries, fertilizer is only available 
where the supply chain for cash crops like cot-
ton, cocoa or banana is well established. Only in 
some regions with large irrigation schemes are 
such supply chains established mainly for rice 
production. The only countries with fertilizer 
consumption above 400,000 t/year are Egypt, 
South Africa, Nigeria and Morocco. The only two 
countries in Africa with a significant rice area 
and considerable total fertilizer consumption are 
Egypt (2.0 million tonnes (Mt) in 2008) and 
Nigeria (0.5 Mt in 2008), and there are several 
countries with considerable rice areas and very 
low total fertilizer consumption (e.g. DRC, Guinea, 
Madagascar and Tanzania).

Regarding specific cases, relatively high ferti-
lizer use of  75–143 kg N/ha has been reported for 
intensive irrigated rice cropping in the Sahel 
(Wopereis et al., 1998; Haefele et al., 2001). Becker 
et al. (2003) found much lower average rates in the 
humid forest zone (23 kg N/ha) and in the Guinea 

savannah zone (17 kg N/ha). High fertilizer rates 
are also common in Egypt and some intensive rice 
production schemes in East Africa (FAO, 2005). 
Mineral fertilizer use is not very common in rainfed 
lowlands (Meertens et al., 1999; Sakurai, 2010; 
Kamara et al., 2011), and rare in traditional 
upland rice cultivation (Balasubramanian et al., 
2007; Oikeh et al., 2008; Mghase et al., 2010). 
These differences are mainly determined by ferti-
lizer availability (high in irrigated lowlands, low in 
rainfed uplands) and production risk (low in irri-
gated lowlands, high in rainfed uplands).

Innovations for Improving 
Nutrient Use

In this section, we provide (i) an overview of  farm-
ers’ practices and constraints related to soil fertil-
ity and nutrient use; and (ii) technological options 
for improving nutrient use in the three major rice-
based systems (irrigated lowland, rainfed upland 
and rainfed lowland), with a focus on West Africa.

Irrigated lowland rice-based systems

Farmers’ practices, challenges 
and opportunities

Wopereis et al. (1999) and Donovan et al. (1999) 
conducted surveys in Senegal (Senegal River 
delta and middle valley), Mali (Office du Niger) 
and Burkina Faso (Kou Valley) to identify farm-
ers’ practices and determinants of  rice productiv-
ity with a focus on nutrient management. 
Average farmers’ yields ranged between 3.8 t/ha 
and 7.2 t/ha, resulting in an overall average of  
4.5 t/ha. Yields of  individual farmers were highly 
variable, ranging from almost complete crop fail-
ure (0.3 t/ha, due to weeds) to very high yields 
(8.7 t/ha). High average yields and low yield vari-
ability were found in relatively old irrigation 
schemes, e.g. in the Office du Niger. Maximum 
yields reached by farmers were only 40–60% of  
ten-year averages of  simulated potential yield 
(limited by climate only). The difference between 
average farmers’ yields and highest farmers’ 
yield was between 0.7 t/ha and 4.1 t/ha, with an 
average of  2.6 t/ha, indicating considerable 
scope for improving yields.
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Fertilizer use did not follow recommended 
rates and was quite variable, but quantities were 
generally high, with average fertilizer N input 
ranging from 73 kg/ha (Burkina Faso) to 143 kg/
ha (Mali), average fertilizer P input from 15 kg/ha 
(Senegal) to 22 kg/ha (Burkina Faso) and average 
fertilizer K input from none (Mali, Senegal) to 
22 kg/ha (Burkina Faso). Grain yields were highly 
variable, both within and across sites.

Only a few farmers in Mali and Burkina 
Faso applied organic inputs (compost, manure). 
Without exception, farmers applied N fertilizer, 
and most farmers also applied P fertilizer. 
Potassium fertilizer use was mainly restricted to 
sites where use of  NPK compound fertilizer was 
recommended. Nitrogen was always the most 
limiting nutrient for rice growth. Average N fer-
tilizer recovery was relatively low and in the 
range 18–50%, i.e. fertilizer N losses ranged 
from 50% to 82%.

Sustainability issues

The sustainability of  intensive irrigated rice 
cropping in Africa has been studied through 
long-term fertility experiments (Haefele et al., 
2002; Bado et al., 2010). Haefele et al. (2002) 
conclude that intensive irrigated rice cultiva-
tion is sustainable if  N and P are applied as inor-
ganic fertilizer. Bado et al. (2010) found that 
double cropping of  irrigated rice does not 
decrease soil organic matter and the application 
of  the recommended doses of  NPK fertilizer 
(120 kg N/ha, 26 kg P/ha, 50 kg K/ha) main-
tained rice yields for 18 years. In arid or semi-
arid environments like the Sahel, salinization or 
alkalinization, sometimes followed by sodifica-
tion, may affect soil quality, especially if  drain-
age is limited, because the water table rises close 
to the surface or the irrigation water is rich in 
dissolved inorganic ions. Reports of  micronutri-
ent deficiencies are rare and often concern 
problem soils (e.g. saline and sodic soils) or 
organic soils. However, where high yields are 
achieved regularly and perhaps even twice a 
year, micronutrient (e.g. Zn, S) deficiencies can 
appear quickly (van Asten et al., 2004).

Improving crop management

It is clear that farmers could improve efficiency 
and profit by improving the recovery rate of  

applied nutrients, especially N, through better 
crop management in general, without major 
increases in investment in fertilizers. The most 
important constraints that resulted in low N 
recovery rates were: timing of  N fertilizer appli-
cation that did not coincide with critical growth 
stages of  the rice plant; use of  relatively old 
(>40 days) seedlings at transplanting; unrelia-
ble irrigation water supply; weed problems; and 
late harvesting (Senegal River delta) (Wopereis 
et al., 1999). Similar results were obtained by 
Haefele et al. (2000, 2001) for the Senegal River 
delta and Segda et al. (2004) for the Bagré irriga-
tion scheme in Burkina Faso.

Discussions with farmers in Burkina Faso 
and Senegal revealed that they lacked knowl-
edge on (i) optimal timing, dosage and mode of  
fertilizer application; (ii) optimal sowing dates to 
avoid yield loss due to cold- or heat-induced ste-
rility; and (iii) the importance of  N as the main 
yield-limiting factor. Other factors included 
problems with collective and individual plan-
ning of  the cropping calendar for double crop-
ping of  rice (two rice crops in the same field in 
one year) and the need to attend to rainfed crops 
outside the scheme.

Working with Senegalese and Mauritanian 
farmers, improved nutrient management (appli-
cation of  20 kg P/ha and 150 kg N/ha in three 
splits at early tillering, panicle initiation and 
booting) increased yields by about 1 t/ha. 
Improving weed management (application of  
6 l propanil/ha and 2 l 2,4-D-amine/ha at 2–3-
leaf  stage of  weeds) also raised yields by about 
1 t/ha over farmers’ practice. The combined 
effect of  improved nutrient and weed manage-
ment was additive: improving both nutrient and 
weed management raised yields by almost 2 t/ha 
over average farmers’ yields of  3.9 t/ha, i.e. an 
increase of  about 50%. Value–cost ratios were 
between 2.1 and 4.6 for improved soil fertility 
and weed management, respectively, resulting 
in an increase in net revenues of  40–85% com-
pared to farmers’ practice. The results of  the 
learning plots were amazingly consistent and 
were obtained for both smallholder farmers in 
Senegal (Haefele et al., 2000) and large-scale 
farmers in Mauritania (Haefele et al., 2001). 
The yield increases obtained are considerably 
larger than those obtained for similar work 
in intensive rice-cropping systems in Asia 
(Dobermann et al., 2002).
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Site- and season-specific mineral 
fertilizer recommendations

Recommended N rates for lowland rice usually 
range from 60 kg/ha to 120 kg/ha, applied in 
2–3 splits at planting, early tillering and panicle 
initiation. An additional split at booting can 
be beneficial in very high-yielding systems 
(Wopereis-Pura et al., 2002). Upper rates in the 
wet season under irrigated conditions are 
90–120 kg N/ha. Very high N rates up to 150 kg/ha 
can be recommended in irrigated rice during the 
dry season, if  high solar radiation enables poten-
tial grain yields of  up to 12 t/ha (Haefele and 
Wopereis, 2004). Application of  urea super 
granules (USGs) is promoted in some irrigated 
systems (Fofana et al., 2010). Conditions neces-
sary for USG technology are full water control 
(aerobic soil phases should be avoided) and 
(clayey) soils with limited percolation. USGs are 
pressed into the soft surface soil between four 
hills, usually in one or two applications. USG 
technology has been shown to reduce N losses 
considerably, but its disadvantage is the labour 
needed for application.

Phosphorus deficiency is common, espe-
cially if  higher yields are targeted. The incorpo-
ration of  P fertilizers during land preparation or 
surface application up to 20 days after trans-
planting is good practice for flooded rice crops.

Potassium fertilizers should be applied 
along with N and P on poor soils, if  higher yields 
are targeted, and especially if  two (high-yielding) 
crops are grown per year regularly. The amount 
of  K that needs to be applied also depends on 
K inputs from the irrigation water and from dust 
depositions. In West Africa, the dust deposition 
(dry deposition) is highest at the northern 
fringes of  the Sahel (e.g. in the Senegal River val-
ley and in the Office du Niger, Mali) and decreases 
towards the south.

Simulation tools can be used to develop site- 
and season-specific mineral fertilizer recom-
mendations, as demonstrated for irrigated rice in 
the Office du Niger (Haefele et al., 2003). The 
dynamic ecophysiological ORYZA_S model pro-
vided potential rice yields under irrigation, based 
on weather conditions, cultivar choice and sow-
ing date. This yield potential was then used in 
the static FERRIZ model, together with on-farm 
data on recovery efficiency of  applied N, P and K, 
indigenous soil N, P and K supply, and maximum 

N, P and K accumulation and dilution in rice dry 
matter. Resulting outputs were fertilizer rates 
necessary to obtain different target yields 
depending on yield potential and soil nutrient 
supply. Adding current fertilizer and paddy 
prices into the analyses then allowed an agro-
economic evaluation of  different fertilizer 
options. In a last step, the dynamic decision tool 
RIDEV was used to simulate optimal timing of  
different management actions, such as fertilizer 
application, weeding and harvest. This approach 
showed that (i) current uniform recommenda-
tions for the wet season performed well except on 
low-K soils where the application of  K was prof-
itable; and (ii) adjusting fertilizer doses to the 
lower yield potential in the dry season reduced 
costs and risk without reducing profit. Based on 
the analysis, the existing recommendation could 
be adjusted for the wet and dry seasons, keeping 
fertilizer costs and risk low, and having net ben-
efits close to optimal.

Based on this experience, Segda et al. (2005) 
used a combination of  two simulation models 
and selected field data to develop alternative fer-
tilizer recommendations (AFR) for irrigated rice 
in the irrigation scheme of  Bagré (Burkina 
Faso). Existing fertilizer recommendations (EFR) 
in Bagré were 82 kg N/ha (wet season) or 105 kg 
N/ha (dry season), plus 31 kg/ha P and 30 kg K/
ha, using urea (100–150 kg/ha) and a com-
pound NPK fertilizer (300 kg/ha, containing 
12% N, 24% P2O5 and 12% K2O). RIDEV was 
used to improve timing of  sowing to avoid cold-
induced sterility and timing of  N fertilizer appli-
cations (i.e. improved crop management). 
FERRIZ was used to determine AFR, based on 
estimations of  indigenous nutrient supply for N, 
P and K, yield potential (Ypot), internal N, P and K 
efficiency of  rice, fertilizer N, P and K recovery 
fractions, and fertilizer and rice prices. 
Simulations suggested decreasing P and K doses 
to 21 kg/ha and 20 kg/ha, respectively, but 
increasing the N dose to 116 kg/ha in the wet 
season (Ypot = 8 t/ha) and 139 kg/ha in the dry 
season (Ypot = 9 t/ha). This translates to substi-
tuting two bags (100 kg) of  compound NPK fer-
tilizer for two bags of  urea per hectare. AFR 
keeps the P-balance neutral, but a negative K 
balance was tolerated on the basis of  the high 
soil K supply. Compared to existing recommen-
dations, yield gains of  up to 0.5 t/ha were simu-
lated at equal costs. These yield gains were 
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et al., 2012). Upland rice yields average about 
1 t/ha, but there are large differences between 
farms, mostly because of  differences in the qual-
ity of  the land, rainfall patterns, and in crop 
management practices. Up to 2 t/ha can be 
obtained under favourable conditions – high soil 
fertility, good hydrological conditions, or follow-
ing long fallows or appropriate previous crops in 
rotation systems (Sokei et al., 2010; Kijima et al.,
2011; Miyamoto et al., 2012). Upland rice is 
grown as a sole crop or mixed with other crops 
such as maize and beans both in slash-and-burn 
systems and in intensified systems, where 
upland rice is rotated with other crops on per-
manently cultivated lands. In slash-and-burn 
systems, increased cropping intensity (reduced 
fallow period and increased cropping period) 
have aggravated weed pressure and led to a gen-
eral decline in land quality through soil nutrient 
depletion. Expansion of  slash-and-burn upland 
rice-based systems should generally not be 
encouraged because of  the fragility of  these 
agroecosystems.

Many upland soils have low N availability 
and are highly P-fixing (Becker and Johnson, 
2001; Sahrawat et al., 2003). Becker and 
Johnson (2001) analysed cropping intensity 
effects on upland rice yield and sustainability in 
four agroecological zones (Guinea savannah, 
derived savannah, bimodal forest, monomodal 
forest) in Côte d’Ivoire. Increased cropping 
intensity was associated with yield reduction. 
Cropping intensification-induced yield loss was 
about 25% (a drop from an average 1.5 t/ha to 
1.1 t/ha) and was mainly related to increased 
weed infestation and declining soil quality. 
Miyamoto et al. (2012) report that in intensified 
systems in Uganda, continuous rice cropping 
reduced rice yield, compared with rotation 
systems.

Use of  organic fertilizer such as farmyard 
manure and cow dung is still limited except in a 
few countries, such as Madagascar and Uganda. 
In Namulonge (central Uganda), Miyamoto et al.
(2012) report that 19% of  farmers use chicken 
manure.

Organic inputs

As most farmers cannot afford mineral ferti-
lizer, organic inputs have been considered as 
potential options for sustainable production in 

exceeded in farmers’ fields during four consecu-
tive growing seasons. AFR increased gross 
returns above fertilizer costs by an average of  
about US$160 per season as compared to both 
farmers’ practice and existing recommenda-
tions. Although it is unlikely that farmers will 
follow these recommendations exactly, the basic 
message from this study – to apply more urea 
and less compound fertilizer – was adopted 
quickly by farmers (Segda et al., 2010).

Organic inputs

In lowland rice-based systems, the aquatic fern 
Azolla (a genus of  seven species in the family 
Salviniaceae) has been used as a green manure 
for rice in northern Vietnam, and central to 
southern China for centuries (Watanabe and 
Van Hove, 1996). Given its high N content, 
Azolla boosts growth directly, i.e. it acts as a sub-
stitute for mineral fertilizer. Depending on the 
ecological conditions, a 4–10-week old ‘crop’ of  
Azolla can accumulate an average of  70 kg N/ha 
(range 20–146 kg N/ha), of  which about 80% is 
derived from atmospheric nitrogen (Roger and 
Ladha, 1992). Accordingly, Watanabe et al.
(1989) estimated that the use of  Azolla can 
replace 30–60 kg of  mineral N fertilizer depend-
ing on frequency and time of  incorporation. 
Experiences in Senegal (Diara et al., 1987; Van 
Hove and Diara, 1987; Van Hove, 1989) and 
Egypt (Yanni et al., 1994) show that its adoption 
is blocked by two main factors: (i) high labour 
cost needed for incorporation of  Azolla, and 
(ii) contamination of  irrigation and drainage 
canals with Azolla.

Rainfed upland rice-based systems

Farmers’ practices, challenges 
and opportunities

Upland rice production in Africa is dominated by 
subsistence-oriented farm households, which do 
not use external inputs mainly due to high pro-
duction risk and poverty. However, in Uganda 
upland rice is grown by farmers for income gen-
eration (Oonyu, 2011). But even there, most 
farmers do not apply inorganic fertilizer due to 
the high price of  fertilizer and considerable pro-
duction risks (Kijima et al., 2011; Miyamoto 
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intensified upland rice-based systems. Promising 
alternative cropping systems include the use of  
weed-suppressing and multi-purpose legumes as 
short-term fallow crops. Some 54 legumes were 
evaluated as dry-season fallow crops in the mid-
1990s in four agroecological zones (Guinea 
savannah, derived savannah, bimodal forest, 
monomodal forest) in Côte d’Ivoire (Becker and 
Johnson, 1998, 1999). Legumes were intro-
duced into the upland rice crop one month 
before harvesting, and allowed to grow until the 
end of  the dry season, when their N accumula-
tion and weed suppression were evaluated. 
Fallow vegetation was cleared according to the 
practice of  local farmers, and upland rice was 
seeded to evaluate the effect of  the previous leg-
ume crop on weed growth and rice yield. 
Biomass accumulation at the end of  the dry sea-
son was generally greater in legume fallows 
than in natural fallows (control), and several 
legume species suppressed weed growth. 
Nitrogen accumulation by legumes ranged from 
1 kg/ha to 270 kg/ha, with 30–90% of  the 
accumulated N derived from the atmosphere. 
Across sites, Mucuna spp., Canavalia spp. and 
Stylosanthes guianensis showed consistently high 
N accumulation. Rice yields following legume 
fallows were on average 0.2 t/ha greater than 
those following a natural weedy fallow. On aver-
age across four sites, Tephrosia villosa and 
Stylosanthes guianensis fallows increased yields 
by 0.5 t/ha and 0.4 t/ha, respectively, in com-
parison with a natural fallow. Furthermore, to 
increase benefits from the systems, the effects of  
timing of  legume establishment in relation to 
rice and fallow-residue management (removing, 
burning, mulching or incorporating) prior to the 
rice crop on rice and weed growth were deter-
mined (Becker and Johnson, 1999; Akanvou 
et al., 2000; Saito et al., 2010). Timing of  legume 
establishment in upland rice depended on leg-
ume, rice variety and their crop densities, and 
environmental conditions. Incorporating or 
mulching of  fallow residues provided no signifi-
cant yield advantage compared to burning. 
Africa Rice Center (AfricaRice) also conducted 
on-farm participatory legume evaluation and 
selected legumes were grown by farmers. 
Through this work, researchers learned that 
solutions such as improved fallows must con-
sider the biophysical and socio-economic specif-
ics of  prevailing systems in order to be successful. 

However, adoption rates by farmers have been 
very low because of:

• Lack of  seed availability and poor seed quality

• Insufficient adaptability of  most of  the 
legumes to diverse site conditions

• High variability in the performance of  leg-
umes (especially in marginal environments)

• High cost of  land and labour.

Some of  these constraints to green-manure 
adaptation, especially the high costs for land and 
labour, can be overcome by integrating grain 
legumes into rice-based systems, as these can 
provide (at least in part) the benefits of  green 
manure (e.g. biological N fixation and weed sup-
pression), while also giving harvestable product 
with market value or for home consumption (for 
this reason, they are known as ‘dual-purpose 
legumes’). This can be achieved using different 
approaches:

• Intercropping upland rice with grain 
legumes like cowpea or soybean

• Developing upland rice–grain legume rotations

• Integrating early maturing legumes as pre- 
or post-rice crops into the existing upland 
or lowland monocrop rice systems.

Oikeh et al. (2008) compared dual-purpose 
soybean and upland rice rotation with continu-
ous upland rice cropping in the Guinea savan-
nah of  Benin. Rice yield following soybean was 
0.7 t/ha higher than in continuous rice crop-
ping. However, in local farmers’ practice, the 
aboveground biomass of  legumes (except for lit-
ter that falls before harvest) is often entirely 
removed from the field for use as animal fodder. 
This practice will further contribute to negative 
N balances and might even accelerate soil fertil-
ity degradation.

Variable performance of  legumes in diverse 
conditions may also be related to P deficiency in 
the uplands, because most legumes have consid-
erable P requirements. Somado et al. (2003, 
2011) suggest integrated approaches including 
application of  rock phosphate (which is a rela-
tively cheap source of  P) to legumes and rice cul-
tivation following legumes for enhancing both N 
and P use.

In uplands in Madagascar, conservation 
agriculture has been tested by collaboration 
works among Centre National de la Recherche 
Appliquée au Développement Rural (FOFIFA), 
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Université d’Antananarivo and Centre de coopé-
ration internationale en recherche agronom-
ique pour le développement (CIRAD). Improved 
fallow systems using Stylosanthes guianensis,
combined with mulching as residue manage-
ment in a zero-tillage system has been intro-
duced to farmers.

Potential use of mineral 
fertilizer in the uplands

Across Africa, transition from traditional slash-
and-burn to intensified upland rice-based sys-
tems is occurring, or will occur, depending on 
the population density and land pressure. Such a 
transition requires mineral fertilizer application 
to upland rice for improved and sustainable pro-
ductivity, ideally with organic inputs as described 
above. Knowledge of  rainfall distribution and 
general soil fertility will help determine where 
small quantities of  mineral fertilizer can make a 
difference. Data from Sokei et al. (2010) on trials 
in four countries in West Africa showed a posi-
tive relationship between rainfall during the 
period from around flowering to before maturity 
and yield increase due to fertilizer application. 
Thus, fertilizer application is more effective 
in high-rainfall conditions, whereas fertilizer 
application is less beneficial in drought-prone 
systems, or alternative fertilizer application 
methods are needed in such conditions. This 
indicates that in areas with large year-to-year 
variation in rainfall pattern, such as West Africa, 
site- and season-specific fertilizer recommenda-
tions would benefit tremendously from a weather-
forecasting system. The positioning of  the rice 
field on the toposequence can also affect soil fer-
tility and hydrological conditions, and thus ferti-
lizer strategies. Touré et al. (2009) demonstrated 
that in the top-most positions, water availability 
limited rice growth and its response to fertilizer 
application, whereas in relatively favourable 
uplands and hydromorphic areas in the middle 
positions, the response to fertilizer application 
was high. Farmers in central Benin distinguish 
soil types in their fields on the basis of  water 
availability – such knowledge could be used 
for nutrient management recommendations 
(Takemura et al., unpublished). Distance to mar-
kets, distance from village to fields, and farmers’ 
socio-economic status should be taken into 
account for developing site-specific nutrient 

recommendations. Adesina (1996), for example, 
reports that fertilizer use is extremely low to zero 
for fields far from the village.

Rainfed lowland rice-based systems

Farmers’ practices, challenges 
and opportunities

In general, soils in rainfed lowlands in sub-
Saharan Africa are relatively less fragile and 
better able to support continuous cultivation 
than those in the uplands. Rainfed lowlands 
have considerable potential for intensification. 
Rainfed rice is mainly grown once a year in West 
Africa and, following the rice, vegetables or leg-
umes are grown in relatively favourable condi-
tions, where residual water or supplementary 
irrigation is available for these crops (Adigbo 
et al., 2007; Balasubramanian et al., 2007). In 
high-rainfall areas in Uganda, double rice crop-
ping is common practice. In West Africa, rainfed 
lowland rice is often grown without any bunds 
or proper land levelling. In such (less-favourable) 
environments, farmers often do not use external 
inputs mainly because of  the high production 
risk and poverty (Adesina, 1996; Becker and 
Johnson, 2001; Kijima et al., 2010). Erenstein 
(2006) reports that fertilizer use was associated 
with market access and agroecological zone in 
West Africa. Rice yields in lowlands are gener-
ally low, averaging only 2–3 t/ha, although 
yields obtained by individual farmers may reach 
6 t/ha (Becker and Johnson, 2001; Kijima et al.,
2010). The difference between the highest farm-
ers’ yield and average yield indicates that there is 
considerable potential for improvement. Major 
constraints related to soils in this system are N 
and P deficiency and Fe toxicity. Direct and indi-
rect effects of  Fe toxicity in inland valleys can 
lead to 40–45% rice yield reductions in low-
lands, depending on the extent of  the problem, 
water, soil and crop management (e.g. cultivar 
choice), as well as on the availability of  other soil 
nutrients (Becker and Asch, 2005; Audebert 
and Fofana, 2009).

Improving crop management

Improved water control is a first step towards 
improving the productivity of  rainfed lowlands. 
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Bunding and levelling facilitate water manage-
ment and generally increase nutrient-use effi-
ciencies, particularly in well-drained fields. 
Water management and regular drainage will 
also avoid problems with Fe toxicity in inland 
valley lowlands. Becker and Johnson (2001) 
report that mineral fertilizer N application sig-
nificantly increases rice yields (18% on average 
across sites) in bunded fields only.

Site- and field-specific fertilizer 
management recommendations

As described for upland rice systems, the combi-
nation of  rainfall distribution and general soil 
fertility, distance to markets, distance from vil-
lage to fields, the positioning of  the rice field in 
the toposequence, farmers’ knowledge of  their 
field characteristics and farmers’ socio-economic
conditions should be taken into account for 
developing site-specific nutrient recommenda-
tions. Given the diversity and dynamics of  
farmer reality and growing conditions in rainfed 
lowland systems, on-farm testing in the target 
environments is crucial for identifying agro-
nomic practices that should result in reduced 
economic risk and increased fertilizer adoption 
by farmers (Posner and Crawford, 1992). In the 
upper positions of  the toposequence drought 
might limit rice growth, and in the bottom the 
risk from submergence is high. Therefore, ferti-
lizer-use efficiency in both situations can be lim-
ited. Nitrogen fertilizer application is more 
effective in middle parts on the toposequence 
than in drought-prone upper positions (Touré 
et al., 2009). Organic inputs are most useful in 
upper parts because they help to increase the soil 
water retention, while soils at the bottom usu-
ally have a higher organic-matter content natu-
rally. Furthermore, mobile nutrients like N and K 
are transported down the toposequence, thereby 
minimizing the need to apply N and K fertilizer 
in the bottom parts (Bognonkpe and Becker, 
2009). The toposequence and related transport 
processes are also the reason for the widespread 
occurrence of  Fe toxicity at the edges of  inland 
valleys, where the Fe-rich groundwater surfaces. 
From numerous studies, Becker and Asch 
(2005) identified three environmental and soil 
conditions that are typically associated with the 
occurrence of  Fe toxicity, and proposed different 
management options for each condition.

In rainfed lowland rice systems with favour-
able water availability (e.g. inland valleys with 
suitable topography), introduction of  post-rice 
grain legumes or vegetables to the areas where 
their cultivation is not common practice will 
allow diversification and enhance organic 
inputs. That will raise productivity and profita-
bility, and may also have beneficial effects on the 
rice crop grown in the wet season. Carsky and 
Ajayi (1992) report on efforts to introduce leg-
umes into the inland valley rice-based cropping 
systems in West Africa.

Getting It Together

The review of  principles and technologies to 
improve nutrient use in rice presented in this 
chapter shows that there is a wealth of  knowl-
edge available across rice environments. There is 
an urgent need to capture the basic principles 
of  nutrient management (e.g. the importance of  
the soil nutrient-supplying capacity, the role of  
mineral fertilizers and their importance to plant 
growth, the role of  organic inputs, the impor-
tance of  N in lowland systems and of  P and N in 
upland systems, and the fact that K usually only 
becomes important at higher yield levels and if  
most straw is exported from the field) in formats 
that can be widely distributed to farmers and 
other rice-development stakeholders, for exam-
ple via videos. AfricaRice has produced a video 
on nutrient management in lowland systems 
that has been translated into 30 African local 
languages and has been widely distributed (see 
Van Mele et al., Chapter 30, this volume).

Farmers’ fields are generally highly hetero-
geneous in terms of  growth conditions for the 
rice crop, and that complexity increases from the 
irrigated systems to the rainfed upland and low-
land systems. Moreover, rice may be just one 
component of  a farm, especially in rainfed sys-
tems. Going beyond conveying ‘best-bet princi-
ples for nutrient management’ often requires 
in-depth knowledge of  these complex systems. 
Stratification of  soils or fields in types that are 
likely to be responsive or non-responsive to min-
eral fertilizer is one important element of  site-
specific nutrient management in rainfed 
systems. Knowledge of  seasonal differences in 
rainfall in rainfed systems, and of  temperature 
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and solar radiation in irrigated systems allows for 
the development of  season-specific nutrient man-
agement recommendations. Moreover, recom-
mendations should always be placed in the general 
crop and production system context, because so 
many other yield-limiting or yield-reducing fac-
tors may mask nutrient uptake in Africa.

A second important feature to consider is 
the heterogeneity in farmers’ access to resources. 
Options to improve nutrient use and agricultural 
productivity need to take into account socio-
economic factors such as household wealth, 
family structure, production orientation (sub-
sistence, market), main source of  income, and 
main types of  constraints faced by farmers.

Conclusions, Looking Ahead

Mineral fertilizers will continue to play a key role 
in boosting rice productivity given the current 
very low level of  fertilizer use in Africa. Where 
possible their use should be combined with 
organic inputs. Mineral fertilizers are the most 
direct supply for plant nutrients, while organic 
inputs help to maintain or rebuild the soil organic-
matter reserve. Another, more practical, reason 
for advocating the combined use of  organic inputs 
and mineral fertilizers is that ‘very often neither 
of  them is widely available or affordable in suffi-
cient quantities’ (Vanlauwe and Giller, 2006).

The most pressing challenge for rice-based 
systems is to ensure that knowledge of  basic prin-
ciples of  integrated nutrient management for rice 
(rather than ‘blanket fertilizer recommenda-
tions’) is communicated to those that are most in 
need – Africa’s rice farmers. This may be done 
through video or other means, such as rural radio 
station broadcasts, distribution of  simple crop-
ping calendar posters in village meetings and new 
information technology tools like mobile phones.

The capacity on the African continent to 
work on soil nutrient management in general is in 
desperate need of  rebuilding, in both research and 
extension communities, after decades of  under-
investment in agriculture. There is a particular 
need to train a new generation of  hands-on rice 
experts, through season-long training in rice 
management. AfricaRice has built a new training 
facility near its regional station in Senegal for this 
purpose. Japan International Cooperation Agency 

(JICA) has also established training facilities for 
rice in several countries in sub-Saharan Africa to 
rebuild rice extension capacity.

To date, blanket fertilizer recommendations 
are all that are available to most rice farmers in 
Asia and Africa, despite the fact that optimal 
amounts and sources of  nutrients to meet the 
needs of  the crop and optimize crop production 
can vary considerably, even across short dis-
tances within and among fields (Haefele and 
Wopereis, 2005). Major factors affecting the 
actual fertilizer needs include indigenous fertil-
ity of  the site, season, variety used, residue man-
agement, type of  fertilizer available, cropping 
system, nutrient inputs from irrigation water, 
atmospheric depositions, and yield target. But 
rice farmers who want to adjust the general rec-
ommendation to their specific conditions or 
needs have to depend on their own experience 
for the most part. To address this situation, 
AfricaRice and the International Rice Research 
Institute (IRRI) are in the process of  developing 
a nutrient management tool that will allow indi-
vidual rice farmers to manage their fields with 
greater precision. This approach relies on the 
scientific principles determined during 15 years 
of  site-specific nutrient management (SSNM) 
research across Asia and Africa (Dobermann 
et al., 2002; Haefele et al., 2003b; Buresh et al.,
2010). Based on 15–20 simple questions about 
a specific field, the nutrient manager will provide 
farmers with a balanced fertilizer recommenda-
tion that aims to increase their profits in a sus-
tainable manner. The nutrient manager is being 
tested for irrigated and favourable rainfed low-
land rice systems in Senegal, Mali, Ghana and 
Nigeria. A mobile-phone version of  the nutrient 
manager is already available in the Philippines.

Finally, there is also a need to address the chal-
lenges that lie ahead in terms of  nutrient-manage-
ment research: (i) for the new varieties that 
AfricaRice and partners are currently developing 
for different growth environments (see Kumashiro 
et al., Chapter 5, this volume); (ii) for new produc-
tion systems that are likely to become prominent in 
the near future, such as highly mechanized, direct-
seeded rice systems and new crop rotations, such 
as rice–cotton or irrigated rice–wheat systems; and 
(iii) to anticipate the consequences of  increasing 
water scarcity for irrigated rice-based systems due 
to climate change and increased demand for water 
for agricultural, industrial or urban use.
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supply sufficient water for drinking water and 
irrigation. Exceptions are the Volta River basin 
in West Africa and the Orange and Limpopo 
River basins in Southern Africa, where popula-
tion density and large-scale irrigation systems 
put great strains on water resources availability 
(Ravenga et al., 2000).

There is large untapped irrigation potential 
in SSA. IFPRI (2010) estimates that the largest 
potential for small- and large-scale irrigation 
systems is in Nigeria (5.7 million ha). For SSA as 
a whole, this potential amounts to 21 million ha, 
of  which the Gulf  of  Guinea sub-region has 
almost 50% (10 million ha). However, efforts to 
manage water and to make it available (e.g. for 
agriculture) are hindered by the undeveloped 
state of  institutions in terms of  low levels of  
expertise, knowledge and capacity to develop 
and manage irrigation, and by the prevalence of  
subsistence farming. Other challenges for devel-
opment are related to the absence of  an ade-
quate policy and strategic framework, the often 
disappointing results of  previous irrigation 
development, the need for continued support to 
cover recurrent costs from the public sector, and 
the relatively high costs of  conventional irriga-
tion development (IFPRI, 2010).

The agricultural sector faces increased 
competition from other users, such as the industrial 

Introduction

Fresh water resources are becoming increasingly 
scarce in many parts of  the world (Molden, 
2007). Africa, however, is endowed with large 
available fresh water resources. It is estimated 
that total water available from rivers, lakes and 
wetlands on the continent amount to 31,766 km3,
which is more than Asia and North America, 
and total groundwater resources are estimated 
at 5.5 million km3 (WRI, 2005). However, the 
sources are unevenly distributed across the con-
tinent and its agroecosystems. In large areas of  
North Africa overexploitation of  ground and 
surface water is common. Many river basins in 
Egypt, Libya, Tunisia, Algeria and Morocco are 
classified as heavily exploited or overexploited 
(UNEP, 2008; FAO, 2011) and consequently 
fresh water is scarce (less than 1000 m3 per 
person per year). Across sub-Saharan Africa 
(SSA), available fresh water resources per capita 
average 6322 m3, but vary from 508 m3 in 
Burundi to 218,000 m3 in Congo (UNEP, 2008).

The agricultural sector is the largest con-
sumer of  fresh water resources. In SSA, approxi-
mately 88% of  total annual water withdrawals 
in 2000 were destined for agriculture, 4% for 
industry and 9% for domestic use (WRI, 2005). 
In general, SSA river basins are still able to 
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and domestic sectors. Due to growing demand 
for water resources from all sectors, it is pro-
jected that by 2025, some 13 countries in SSA 
(including Nigeria, Ghana and Madagascar) will 
face water stress (less than 1700 m3 per capita per 
year) and another 10 countries (including Egypt, 
Malawi and Rwanda) will suffer from water scar-
city (less than 1000 m3 per capita per year) 
(UNEP, 2008). Countries that are currently on the 
safe side may face water stress in the future.

Water stress will be exacerbated by the 
impacts of  climate change, which will have a large 
impact on river-basin hydrology. Sub-Saharan 
Africa is particularly vulnerable to the impacts of  
climate change (IPCC, 2007). Water availability 
from rainfall and rivers will decrease in many river 
basins as rainfall and runoff  decline, while the 
evaporative demand will increase due to predicted 
elevated temperatures (e.g. Jackson et al. 2001; 
Smakhtin et al., 2004; De Wit and Stankiewicz, 
2006). Large areas in West Africa (Senegal River 
basin), North Africa (Morocco, Algeria, Tunisia) 
and Southern Africa (e.g. South Africa, Botswana) 
are projected to suffer an increase of  20% or more 
in water shortage by 2050 (measured in cubic 
metres of  water per capita). On the other hand, 
the Nile River basin seems likely to benefit from 
changes in climate and increased water availabil-
ity is foreseen (Arnell, 2004).

The increasing population, together with 
the anticipated impacts of  climate change and 
expansion of  irrigated areas, are putting pres-
sure on water availability for African agricul-
ture. Decreasing availability of  water in SSA 
threatens the sustained realization of  current 
levels of  rice production in irrigated systems and 
will affect the food security and livelihoods of  
many. It is within this context that African agri-
culture has to become more efficient in the use 
of  water to sustain and where possible enhance 
food production. It is therefore inevitable that 
agriculture, being the largest consumer of  
water, must make the largest gains in productive 
use of  water resources (Molden, 2007).

Rice production is often claimed to be the 
largest consumer of  water in an agricultural 
context. However, this depends on the definition 
of  water use and the scale at which it is consid-
ered. Certainly, rice is the largest consumer of  
fresh water resources when we consider irriga-
tion water supplies diverted to a single field. In 
irrigated rice systems, significant volumes of  

water are used for land preparation and farmers 
keep fields continuously inundated during the 
growing season (Bouman et al., 2007). The 
water productivity, defined as the crop yield 
divided by the total water applied by irrigation 
(WPI), at field level is generally low because of  
the water needed for land preparation and losses 
to seepage and lateral flow. The variation in 
magnitude in applied irrigation water is high 
and varies between fields and systems due to dif-
ferences in land preparation (direct seeding or 
transplanting, puddling of  soil), water manage-
ment and variations in environmental condi-
tions such as soil type and groundwater levels.

However, if  we place the rice field in the 
context of  an irrigation system or a river basin, 
the situation changes. The excess water that has 
not evaporated, transpired or percolated to 
depths where it can no longer be retrieved, will 
return to the system where it is available for re-
use (Seckler, 1996). WPI can be calculated for 
individual rice fields, but also at the level of  irri-
gation systems or administrative units within 
the systems. At higher levels, the WPI is expected 
to improve due to the re-use of  ‘lost’ water from 
groundwater and drainage effluents. The best 
example is Egypt’s Nile River delta: only a small 
share of  total water discharge is effectively 
released into the Mediterranean Sea, because 
water is re-used several times to irrigate rice and 
other crops.

In the context of  the water-scarcity debate 
that has evolved, the importance of  evapotran-
spiration (the combination of  transpiration from 
plants and evaporation from soil and water) has 
been acknowledged. Evapotranspiration – along 
with pollution and deep drainage – represents 
the water that is really lost from a basin and is 
not available for re-use in productive processes. 
Saving water by reducing evaporation during 
the growing season is therefore considered a real 
water saving, since more water will remain 
available for other uses within a river basin. 
Reducing the amount of  irrigation water applied 
to a rice field will only save water from a river 
basin perspective if  this water would otherwise 
be lost for re-use. For example, in the case of  the 
Office du Niger irrigation scheme (Mali), drain-
age water is not re-used and cannot return to the 
Niger River; drainage water evaporates or flows 
to deeper groundwater layers and is, therefore, 
lost for re-use.
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A review of  13 experiments found that 
evapotranspiration in irrigated rice varies from 
400 mm to 800 mm seasonally (Zwart and 
Bastiaanssen, 2004). This is high compared to 
crops such as wheat (200–500 mm), but not 
compared to cotton (400–900 mm) or maize 
(200–1000 mm). If  water productivity, defined 
as yield divided by the amount of  water con-
sumed by evapotranspiration (WPET), of  rice is 
compared to other major crops, only maize has 
significantly higher values (1.1–2.7 kg/m3) as 
it is a C4 crop. The range of  water productivity 
of rice is more or less equal to that of  wheat: 
0.6–1.6 kg/m3 (Bouman and Tuong, 2001; 
Zwart and Bastiaanssen, 2004).

This chapter provides an overview of  water 
productivity of  irrigated rice at field and scheme 
levels in Africa based on a literature survey; 
reviews studies on assessment of  water produc-
tivity at field and scheme levels for irrigated rice 
in Senegal and Mali; and ends with recommen-
dations for improving the productive use of  
scarce water resources for rice production, and 
for further research.

Water Productivity in Rice 
in Africa: An Overview

A literature review was conducted to assess the 
levels of  water productivity of  rice by synthesiz-
ing the results of  experimental trials and 
regional studies that have been conducted 
throughout Africa (Table 21.1). Two definitions 
of  water productivity were considered: (i) rice 
yield divided by seasonal evapotranspiration 
(WPET), and (ii) yields divided by total water 
input from irrigation and precipitation (WPI).
Results from field experiments and (remote-
sensing) modelling were included. All the stud-
ies are related to irrigated rice systems whether 
in SSA (Senegal, Nigeria, Ghana, Mali, Burkina 
Faso) or North Africa (Morocco, Egypt). We did 
not find any study on water productivity related 
to rainfed rice or any crop-modelling studies on 
rice water productivity on the African continent. 
In the reported studies, WPET values are higher 
in Egypt (1.25–1.65 kg/m3) than in SSA coun-
tries, where WPET remains well below 1.0 kg/m3.
Yields in Egypt are among the highest in the 
world due to extremely favourable growing 

conditions. However, the values for WPET meas-
ured in Egypt are comparable with the global aver-
age of  1.1 kg/m3 that was based on a review of  13 
publications. The levels of  water productivity 
under SSA conditions appear well below the world 
average levels (Zwart and Bastiaanssen, 2004).

High values of  WPET in one country do not 
necessarily mean that others are performing 
below their potential. There are many reasons, 
including climate and soils, which cause varia-
tion in water productivity from country to coun-
try or from region to region, and these are not 
manageable by human intervention (Dawe, 
2005). Comparing water productivity between 
different experiments must therefore be con-
ducted with extreme caution and non-manageable 
factors must be excluded. For example, the high 
values obtained in Egypt must not be set as a 
benchmark value for a rainfed rice system in 
Togo, rather local optimal values of  water pro-
ductivity must be used.

Assessment and Improvement 
of Water Productivity of Rice 

at Field Level

The most direct way to raise water productivity 
in irrigated rice cropping in Africa is to improve 
crop management in general. Yields per unit of  
land or per unit of  water consumed by evapo-
transpiration (expressed as WPET) or irrigation 
water applied (WPI) are still far below what 
would be possible with improved management. 
It is also possible to increase water productivity, 
expressed as yield per unit of  water applied 
(WPI), by reducing the application of  irrigation 
water during the growing season for land prepa-
ration and growth of  the rice crop. However, it 
then becomes important to maintain rice yields. 
One option to reduce water intake at field level 
(and thus improve WPI) is the practice of  inter-
mittent flooding or alternate wetting and drying 
(AWD). Rice is grown without a permanent 
layer of  standing water on the field, and irriga-
tion water is applied to obtain flooded conditions 
after a certain time has passed after the disap-
pearance of  ponded water (Bouman et al.,
2007). Bouman and Tuong (2001) report that 
such practices can reduce irrigation water input 
while maintaining rice production.
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In Senegal, Africa Rice Center (AfricaRice) 
conducted water-saving experiments in irrigated 
rice schemes in the Senegal River valley (De Vries 
et al., 2010; Krupnik et al., 2012a). The specific 
objective of  the study by De Vries et al. (2010) 
was to test the possibility of  saving water in rice 
production in a Sahelian environment by quanti-
fying the effects of  different water regimes on rice 
yield and irrigation water productivity under 
weed-free conditions with ample nitrogen. Five 
field trials were conducted in 2005 (dry season, 
DS2005, and wet season, WS2005) and 2006 

(dry season, DS2006) at two research stations – 
Ndiaye (delta, 16°11′N, 16°15′W) and Fanaye 
(middle valley, 16°32′N, 15°11′W). The experi-
ment in DS2005 was only conducted at Ndiaye. 
Irrigation was measured at inlets at the entrance 
of  the field; rice yield, irrigation water delivery 
and irrigation water productivity (WPI) were 
determined for four irrigation regimes: alternate 
wetting and drying (AWD) throughout the sea-
son; AWD until panicle initiation and the rest of  
the season flooded (AWD-flooded); flooded until 
panicle initiation followed by AWD (flooded-AWD); 

Table 21.1. Levels of water productivity in African countries.

Definitiona Method Condition
WP range 
   (kg/m3)

Location and 
country Years Source

Y/ET Field
experiments

Irrigated 0.53–0.64 Ndiaye and 
Pont-
Gendarme, 
Senegal

1990 Raes et al. (1992)

Y/ET Field
experiments

Irrigated 0.50–0.79 Kadawa, 
Nigeria

1991–1992 Nwadukwe and 
Chude (1998)

Y/ET Regional
estimate

Irrigated 0.56 Tono, Ghana 2005–2006 Mdemu et al.
(2009)

Y/ET Field
experiments

Irrigated 0.93–1.01 Nile delta, 
Egypt

Not given Kheira (2009)

Y/ET Remote
sensing

Irrigated 1.25–1.65 Nile delta, 
Egypt

2006 Zwart and 
Bastiaanssen
(2007)

Y/ET Remote
sensing

Irrigated 0.53–1.03 Office du 
Niger, Mali

2005 Zwart and Leclert 
(2010)

Y/ET Literature 
review

Irrigated 0.6–1.6 Globally 1979–2004 Zwart and 
Bastiaanssen
(2004)

Y/(I+P) Field
experiments

Irrigated 0.23–1.28 Ndiaye and 
Fanaye, 
Senegal

2005–2006 De Vries et al.
(2010)

Y/(I+P) Field
experiments

Irrigated 0.27–1.07 Fanaye, 
Senegal

2007 Krupnik et al.
(2012a)

Y/(I+P) Field
experiments

Irrigated 0.22–1.43 Ndiaye, 
Senegal

2008 Schlegel (2010)

Y/(I+P) Field
experiments

Irrigated 0.34–0.88 Gorgo, Mogtedo 
& Itenga, 
Burkina Faso

1993–1994 Dembélé et al.
(2001)

Y/Ib Field
experiments

Irrigated 0.60–1.17 Kafr El-Sheikh, 
North Delta, 
Egypt

2006–2007 El-Bably et al.
(2008)

Y/Ib Field
experiments

Irrigated 0.52–0.99 Giza, Egypt Not given Nour et al. (1997)

Y/Ib Field
experiments

Irrigated 0.50–0.80 Gharb, Morocco 1995–1997 Lage et al. (2004)

aY = rice yield, ET = evapotranspiration, I = irrigation water deliveries, P = precipitation.
bIn these studies the contribution of water from precipitation was nil or close to nil.
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and continuously flooded throughout the season 
(flooded). Weeds were controlled at 21 days after 
sowing, and N was applied at the recommended 
rate of  150 kg/ha (see the publications for com-
plete details of  the experiment).

The amount of  irrigation water used across 
all trials ranged from 480 mm in the AWD treat-
ment during WS2005 in Ndiaye to 1490 mm in 
the flooded treatment during DS2005 in Ndiaye.

Rice yields ranged from 2.3 t/ha to 11.8 t/ha 
in the water-saving treatments. They ranged from 
3.7 t/ha to 11.7 t/ha in the flooded treatments. In 
the wet season, the treatments in which AWD 
was applied during part of  the season resulted in 
the highest yields at both sites. In the dry season, 
the continuously flooded treatment out-yielded 
other treatments, with the exception of  AWD in 
Fanaye. At the particularly weed-infested Ndiaye 
site, the control of  weeds increased yields from an 
average of  2.0 t/ha to 7.4 t/ha in the dry season 
and from 1.4 t/ha to 4.9 t/ha in the wet season. 
No weed control in combination with AWD dur-
ing the vegetative stage reduced yields to below 
1.0 t/ha. However, when weeds were controlled, 
crop yields obtained with a combination of  AWD 
and flooding were comparable with those 
obtained in fully flooded plots receiving the same 
weed management treatment.

These results demonstrate that it is possible 
to attain major savings of  irrigation water with 
little loss of  yield in a Sahelian environment: 
during the wet season, irrigation water savings 
of  22–39% are possible for rice with no or little 
yield loss, while maintaining high water produc-
tivity. An important pre-condition, however, is 
good weed control and the application of  suffi-
cient mineral fertilizer.

Krupnik et al. (2012a) compared recom-
mended farming practices (RFP) against an 
adapted form of  the System of  Rice Intensification 
(SRI) in two regions of  the Senegal River valley 
(delta and middle valley). SRI is claimed as a 
means for saving water in rice systems, and in the 
Sahel it has been tested in The Gambia (Ceesay, 
2010) and Mali (Styger et al., 2010). Experiments 
were laid out according to a split-split-plot design 
that allowed evaluation of  rice yields, weed com-
petition, water savings and water productivity in 
both SRI and RFP. In RFP, a continuous flood-
water layer was maintained in the fields until 
2 weeks before harvest, whereas in SRI the system 
of  AWD was applied in which a shallow water 
layer (2–3 cm depth) was reapplied only when the 
soil surface had begun to dry and hairline cracks 
became visible (no more than twice a week). Two 
weed management treatments, weedy and weed-
free, were implemented. A full description of  the 
experimental layout and the measurements is 
provided by Krupnik et al. (2012a).

Two major conclusions stem from this work. 
First (and this confirms previous claims), substan-
tial field-level water savings and significant 
increases in water productivity can be obtained 
with SRI compared to RFP, through AWD prac-
tices. Table 21.2 shows that in both locations and 
for both seasons SRI resulted in higher values of  
WPI than RFP under weed-free conditions. For 
example, in the delta area average WPI for SRI 
was 0.74 kg/m3 and 0.81 kg/m3 in the dry and 
wet seasons, respectively, while WPI for RFP was 
0.60 kg/m3 and 0.64 kg/m3. The second major 
conclusion is that the positive impact of  SRI on 
water productivity only holds when weeds are 
adequately controlled. When subject to weed 

Table 21.2. Main effects on water productivity (WPI in kg/m3) for each crop management system and 
across sites and seasons. (Adapted from Krupnik et al., 2012a.)

Water 
management

Senegal River delta Senegal River middle valley

Dry season 2008 Wet season 2008 Dry season 2008 Wet season 2009

Weed-free Weedy Weed-free Weedy Weed-free Weedy Weed-free Weedy

Recommended
Farmer Practice

0.60b 0.34a 0.64b 0.42b 0.43b 0.23a 0.73b 0.70b

System of Rice 
Intensification

0.74a 0.22b 0.81a 0.35a 0.53a 0.25a 1.31a 0.95a

Values in a column sharing the same letter are not significantly different according to the least-significant means T-test 
(α=0.05).
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competition, weed growth was consistently greater 
under SRI than RFP, in both the dry and wet sea-
sons. Yield losses in the SRI trials without proper 
weed management were greater than in the RFP in 
the majority of  cases. If  farmers have sufficient 
resources to control weeds and fields are well-
levelled, ‘SRI-type water management’ can, there-
fore, support water saving in rice-based systems.

These examples show the importance of  
keeping a close eye on crop management in gen-
eral for enhancing water productivity in rice 
fields in Africa if  attempts are made to reduce 
irrigation inputs at field level.

When trying to improve water productivity, 
the scale as well as its definition needs to be con-
sidered in order to ensure that the desired impact 
is achieved. Improving water productivity at field 
scale by reducing the water applications may not 
necessarily contribute to overall water productiv-
ity enhancement of  an irrigation system. Often 
water is recovered and re-used by placing check 
dams or by pumping groundwater, and the 
impact of  reducing water application may be 
much smaller than anticipated (Hafeez et al., 
2007). On the other hand, if  a farmer aims at 
improving the benefit from his or her fields by 
reducing the cost of  water, then reducing irriga-
tion water applications may improve water pro-
ductivity. Thus, farmers who use pumps to get 
water to their fields from either groundwater or 
rivers, and farmers who pay for water by volume 
may have an incentive to improve and optimize 
the water productivity in their fields. A practical 
way to implement AWD for increasing the water 
productivity is to monitor the depth of  the water 
table in the field using a piezometer, or a simple 
perforated water tube placed inside the rice field. 
After an irrigation application the water depth 
will gradually decrease. When the water level 
reaches more than 15 cm below the soil surface, 
irrigation must be applied again to flood the soil 
with a depth of  around 5 cm (IRRI, 2012).

Assessment of Water Productivity 
of Rice in a Large-scale Irrigation 
System Using Remote-sensing 

Techniques

The Office du Niger, situated in the Ségou region 
of  Mali (13.7–14.9°N, 5.3–6.3°W), is one of  the 

oldest and largest irrigation schemes in West 
Africa. It was originally intended as a large-scale 
cotton system, but today rice is cultivated on 
99% of  the land. The management of  the irriga-
tion system is sub-divided into five zones, of  
which Macina is the only one located along the 
Niger River (Plate 13 inset). The water for irriga-
tion is diverted from the Niger River at the 
Markala dam and then flows into two former 
river branches from where the water is supplied 
to the fields through a hierarchical network of  
canals (Ertsen, 2006). Water is abundantly 
available to irrigators during the main cropping 
season and fields are likely to be overirrigated 
causing issues with waterlogging and drainage. 
Measurements of  water supply to fields show large 
differences ranging from 8 m3/ha to 30 m3/ha
per season (Vandersypen et al., 2006). Future 
trends suggest that less water will be available 
for irrigation due to an expansion of  the system, 
as well as reduced discharges in the Niger River 
and higher demands induced by climate change. 
There is a need to improve the irrigation perfor-
mance in the Office du Niger in order to expand 
the system and sustainably provide water to the 
water users.

Irrigation performance assessment is con-
sidered an important management tool to imple-
ment, monitor and evaluate activities for water 
delivery services (Molden et al., 2001). These 
assessments can focus on physical performance 
indicators as well as economic and institutional 
performance indicators. In this section, focus is 
on physical performance indicators.

Inputs that are required to assess the physi-
cal irrigation performance include measure-
ments of  different terms of  the water balance 
such as discharge, evapotranspiration, effective 
precipitation, as well as measurements of  crop 
yields, and estimates of  irrigated area and crop-
ping intensities. The application of  indicators at 
the lower scale in an irrigation system, such as 
tertiary units, requires expensive and labour-
intensive field campaigns (Vandersypen et al.,
2006). Moreover, it is virtually impossible to 
obtain a data set that systematically covers the 
whole system. This limits the possibilities for 
analysing, for example, the equity of  water dis-
tribution among users in different parts of  the 
system. The possibilities of  using spatial remote-
sensing data have been investigated (see 
Bastiaanssen and Bos, 1999, for a review). 
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(see Zwart and Leclert, 2010, for a full descrip-
tion of  the methodology and the inputs used).

The average WPET in the 82,666 ha of  rice 
cultivated in the Office du Niger during 2006 
season was 0.78 kg/m3, with a standard devia-
tion of  0.12 kg/m3. Certain areas in the system 
showed significantly higher water productivity, 
with values of  up to 1.1 kg/m3 (the blue and 
black areas in Plate 13). The zones of  Macina and 
Kouroumari had lower average values (0.72 kg/m3

and 0.75 kg/m3, respectively) than the zones of  
Niono (0.83 kg/m3), Molodo (0.81 kg/m3) and 
N’Débougou (0.78 kg/m3). However, the system 
average was low compared to the global range 
for water productivity of  rice of  0.6–1.6 kg/m3

(based on the experimental results of  13 sources 
worldwide; Zwart and Bastiaanssen, 2004). 
Slightly lower values (0.53–0.64 kg/m3) were 
measured in a rice-based system in Senegal 
(Raes et al., 1992); in Nigeria, water productivi-
ties for rice were in the range 0.50–0.79 kg/m3

(Nwadukwe and Chude, 1998).
Significant differences were found in water 

consumption and estimated yields between the 
head and tail ends of  the system (excluding 
Macina) (Fig. 21.1). Average water consump-
tion amounted to approximately 780 mm per 
season at the head end of  the system, but was 
5% lower at the tail end of  the system (743 mm 
per season). However, estimated rice yields at the 
tail end were 18% lower (5.4 t/ha compared to 
6.5 t/ha at the head end). It was suggested by the 
irrigation managers that lower water quality 
and higher groundwater levels towards the tail 
end of  the system could have been responsible 
for the lower yields. A potential limitation in the 
application of  the model is the use of  a fixed har-
vest index to estimate the crop yields from sea-
son biomass, as biomass estimation may be 
biased if  fields are affected by weeds.

The low average water productivity 
throughout the Office du Niger (0.78 kg/m3)
and decreasing rice yields towards the tail end of  
the system (−18%) show that there is scope for 
improvement in the productive use of  water 
resources. Remote-sensing data provided new 
insights into patterns of  rice yields and water 
productivity. Remote sensing can further sup-
port the management of  the system in strategic 
planning of  water sources and in monitoring 
and evaluating where water resources are bene-
ficially used and where water resources are wasted. 

Major advantages of  remote-sensing-derived 
data over field-measured data are that they are 
objective, collected systematically and system-
wide, and the information can be analysed at dif-
ferent scales (Bastiaanssen et al., 2000).

A remote-sensing-based study was per-
formed to analyse the irrigation performance of  
the Office du Niger irrigation system (Zwart and 
Leclert, 2010). The indicators assessed were 
water productivity (WPET), defined as the crop 
production divided by the seasonal water con-
sumption from evaporation (kg/m3), and the 
head–tail performance indicator (%). The latter 
is used to assess the uniformity of  water distribu-
tion across the irrigation system or a sub-unit by 
assessing the spatial pattern of  water consump-
tion, rice yields and water productivity among 
irrigators in head and tail reaches of  an irriga-
tion unit or the entire system. Often, farmers 
close to the inlet of  the system (head end) have 
better access to water, while irrigation water 
may fail to reach the irrigators near the tail end 
of  a canal due to poor condition of  control struc-
tures, illegal water use by irrigators upstream, or 
poor irrigation management.

The Surface Energy Balance Algorithm for 
Land (SEBAL) model (Bastiaanssen et al., 1998) 
was developed to estimate the components of  
the surface energy balance, and thus the actual 
evapotranspiration, spatially from remote-
sensing images and standard meteorological 
measurements (air temperature, wind speed, 
relative humidity and solar radiation). Remote-
sensing images are used to calculate the 
Normalized Difference Vegetation Index (NDVI), 
the surface reflection and the surface tempera-
ture, which are inputs for the model. The model 
is equipped with a module to estimate biomass 
production spatially from the same images 
(Bastiaanssen and Ali, 2003). For this study, 
high-resolution Landsat images were used to 
produce detailed maps of  estimated rice yield, 
seasonal water consumption and water produc-
tivity, from which the indicators were evalu-
ated. The head–tail differences were assessed for 
the entire system, excluding the Macina zone. 
This area located in the former river bed was 
divided into 10 areas of  equal size starting from 
the first irrigation water intake (head end) until 
the end of  the system (tail end). The average 
yield, evapotranspiration and water productiv-
ity were calculated for each of  the 10 areas 
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By combining these data into existing data sets, 
the causes of  low productivity can be researched 
and appropriate interventions can be devel-
oped. Other indicators can also be spatially 
analysed, so that water consumption and crop 
yields can be related to irrigation water supply: 
examples are cropping intensity, irrigation effi-
ciency, and relative water supply (Bastiaanssen 
and Bos, 1999).

Conclusions

Africa is claimed to have abundant water and 
land resources, which would potentially allow 
the continent to expand its agricultural areas, 
increase food production and feed its own popu-
lation. While on a continental scale this state-
ment may hold true, on a regional scale large 
differences exist in availability of  water resources 
for agriculture as the result of  socio-economic 
and natural conditions.

Physical water shortages already exist in 
many river basins in Africa (e.g. the basins of  the 
Volta, Orange and Limpopo rivers, and many 
smaller basins in North Africa) and the situation is 
likely to get worse (Arnell, 2004; Smakhtin et al., 
2004; De Wit and Stankiewicz, 2006). Climate 
change predictions show that in several regions 
the physical water availability will decrease 

significantly due to changes in rainfall, runoff  and 
evapotranspiration. All countries in North Africa 
are already water scarce, while in SSA a total of  
23 countries that are currently on the safe side will 
become either water stressed or water scarce in 
the near future (by 2025) as a result of  population 
pressure and climate change effects. Projected 
water scarce or stressed countries by 2025 include 
the major rice-producing countries in Africa: 
Nigeria, Egypt and Madagascar (UNEP, 2008).

Less water will be available in future rice-
farming environments in many regions. This 
will affect all rice-growing environments, includ-
ing uplands, rainfed lowlands and irrigated 
rice systems. Spells of  drought will occur more 
frequently and may become longer. Changing 
precipitation patterns will affect runoff  and alter 
the hydrological regime of  rivers and streams 
reducing river flows, increasing peak flows, 
shortening the period of  water availability, and 
making the arrival of  the peak discharges earlier 
or later. Rice farmers need to adjust their farming 
systems to the greater uncertainties and reduced 
supply of  water from irrigation and rainfall in 
order not to become vulnerable to crop failure. 
Water-saving regimes, rainwater harvesting and 
drought-resistant varieties with shorter growing 
cycles are options that farmers can choose from.

Tools are being developed to enable farmers 
and irrigation managers to be more productive 
with scarce water resources and resilient to water 

Fig. 21.1. The average seasonal water consumption from evapotranspiration and estimated rice yields 
in the wet season for the head and tail ends and eight areas in between in the Office du Niger, Mali. 
The assessment was made for the entire system, excluding the Macina zone (which receives water from 
a different canal). The distance between the head and tail of the system is approximately 100 km. 
(Adapted from Zwart and Leclert, 2010.)
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scarcity. The field-scale studies in the Senegal 
River valley by De Vries et al. (2010) and Krupnik 
et al. (2012a) show that irrigation water supply 
can be reduced with limited yield penalties. Thus, 
the water productivity of  rice (WPI) can be 
improved by adopting new ways of  managing 
irrigation water through SRI or AWD. Farmers 
can make significant water savings, but only 
when field management is optimal. Without 
proper weed management, such water-saving 
techniques may even have an adverse effect on 
water productivity and crop yields. The adopta-
bility of  SRI, which also requires land levelling 
and high nutrient inputs, is therefore believed to 
be low in SSA, since farmers have poor access 
to credit and markets (Krupnik et al., 2012a). 
However, promising results were found where 
in a participatory on-farm experiment farmer-
optimized practices (based on a selection by farm-
ers of  components of  SRI and RFP) were evaluated 
(Krupnik et al., 2012b). The on-farm evaluation 
revealed similar yields to RFP and SRI, but higher 
benefits due to different weed management. This 
confirms that simple blueprints that work in one 
place cannot simply be applied in another region 
without adjustments to the new situation.

The regional case study in Mali showed the 
large variation of  water productivity (WPET) and 
yields that exists throughout an irrigation sys-
tem. The variation is high between fields, but 
also between irrigation management units such 
as zones and tertiary units. Units close to the 
water inlet of  the system outperform units at the 
tail end of  the system. The remote-sensing anal-
ysis showed that improvements are possible and 
provides a valuable tool for irrigation managers 
to locate underperforming areas. However, it 
does not provide information on the underlying 
causes of  high or low performance. Additional 
analysis on, for example, water quality, ground-
water levels and water supply to irrigation units, 
must be conducted to pinpoint the causes of  
underperformance and to propose measures to 
improve yields and make the use of  the water 
resources more productive. Spatial analysis in a 
GIS by combining remote-sensing-obtained data 
on crop yield and evapotranspiration with field 
measurements of  (e.g.) water deliveries and 
groundwater levels in piezometers is an essential 
tool for such a purpose. Once such analysis is 
performed, measures can be targeted to specific 
locations. If, for example, the saline groundwater 

quality is an issue, salt-tolerant rice varieties can 
be introduced. Other management measures 
could include constructing and rehabilitating 
drainage systems, reducing water supply to match 
the demand, and taking land out of  production.

In the case of  the Office du Niger, farmers 
themselves have limited incentives to reduce 
water supply to their fields; yields are relatively 
high and they pay a fixed amount per season to 
irrigate their fields. Moreover, salinity is a seri-
ous issue and high water inputs ensure that salt 
is leached out of  the root zone. However, water-
logging and limited drainage possibilities at the 
end of  the season cause significant postharvest 
losses. The introduction of  water-saving meas-
ures may be feasible, but it requires an in-depth 
analysis of  possible effects on soil quality.

Potential tools for improving the productive 
use of  scarce water resources have been identi-
fied, but need further research. Salinity and soil 
degradation are important issues in irrigation 
systems in the Sahel, and the effects of  water-
saving techniques must be investigated. In the 
case of  the Senegal River valley, water is directly 
pumped from the river. Given high fuel prices, 
farmers and irrigation managers have concrete 
incentives to reduce water application to fields 
and increase profitability. However, in the case of  
the Office du Niger, a gravity-based system, 
farmers pay a fixed amount (‘redevance’) that 
permits them to irrigate during one season. 
Unlike systems with volumetric water pricing or 
pumps, there is no incentive for farmers to 
reduce water use; instead farmers will utilize all 
water available.

New research is proposed for irrigated rice 
systems focusing on testing promising water-
saving techniques, such as intermittent irriga-
tion, AWD and SRI, under a large range of  
conditions that prevail in Africa and including 
long-term effects on soils. The major challenge 
for research related to water-saving technologies 
will be creating impact and ensuring that tools 
meet farmers’ needs. The right incentives must 
be created for farmers and irrigation managers 
to improve water management and sustain or 
improve productive use of  water resources. 
On-farm participatory experiments are essential 
to optimize and improve a technology and to 
investigate the profitability and socio-economic 
constraints of  proposed products and services. 
The impact pathways require high involvement 
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of  the stakeholders through an inter-disciplinary 
and participatory research process, which 
involves the farmers, as well as irrigation man-
agers, development organizations and NGOs. 
Research must not only be implemented in 
experimental plots, but also in farmers’ fields 
and irrigation blocks and schemes to assess the 
opportunities and limitations of  water-saving 
options at different scales.
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regimes ranging from 1100 mm to 1400 mm 
per year, while convex inland valleys (Fig. 22.3c) 
are formed under the high-rainfall regimes of  
1400 mm and above, typical of  the equatorial 
forest zone.

With an estimated land area of  190 Mha,1

inland valleys are common landscapes serving 
a multitude of  ecosystem functions in many 
parts of  Africa. In general, wetland environ-
ments and particularly valley bottoms – com-
monly referred to as bas-fonds, fadamas and 
inland swamps in West Africa; mbuga in East 
Africa, and vleis, dambos, mapani, matoro, inuta
or amaxhaphozi in Southern Africa (Acres et al., 
1985) – generally have high agricultural pro-
duction potential (Andriesse et al., 1994), 
although the only major crop that can be 
grown under the temporary flooded conditions 
in these ecosystems is rice (e.g. Andriesse and 
Fresco, 1991). The development of  inland val-
leys for rice production can be accomplished 
with relatively small-scale technologies that 
require moderate investments (Roberts, 1988). 
Thus, inland valleys are strategically important 
for realizing Africa’s rice promise (e.g. Sakurai, 
2006; e.g. Balasubramanian et al., 2007).

Wetlands, including inland valleys, are 
particularly important assets for the rural poor 
as they can fulfil many crucial services 

Introduction

Inland-valley ecosystems are expected to play a 
crucial role in boosting Africa’s rice production. 
They are defined as the upper parts of  river 
drainage systems, comprising the whole upland–
lowland continuum (Windmeijer and Andriesse, 
1993), from the rainfed uplands ( pluvial) to 
rainfed, flooded and intensified lowlands in the 
valley bottom ( fluxial), with the hydromorphic 
fringes ( phreatic) as the (sloping) transition zone 
between them (Fig. 22.1).

The morphology of  inland valleys can vary 
as a result of  climate, geology and geomorphol-
ogy. There are many shapes of  inland valleys, but 
the three most frequently observed morphology 
types are: (i) rectilinear, broad valleys with gentle 
(<3%) and straight slopes; (ii) concave, relatively 
narrow valleys with concave side slopes (3–8%); 
and (iii) convex, with moderately steep convex 
side slopes and flat narrow (20–400 m) valley 
bottoms (Fig. 22.2). Raunet (1985) and Wind-
meijer and Andriesse (1993) report that in West 
Africa, rectilinear inland valleys (Fig. 22.3a) are 
located in areas with mean annual precipitation 
of  800–1100 mm as observed in the Sudan 
savannah to Guinea savannah zones; concave 
inland valleys (Fig. 22.3b) are associated with the 
Guinea savannah zone with intermediate rainfall 
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Fig. 22.1. Schematic landscape presentation of rice production environments along the upland–lowland 
continuum, and their hydrological regimes. (Adapted from Windmeijer and Andriesse, 1993.)

(Turner et al., 2000). Apart from agricultural 
production, these ecosystems supply local com-
munities with hunting, fishing, forest and forage 
resources (e.g. Roberts, 1988; Scoones, 1991; 
Adams, 1993) and they are local hot spots for 
biodiversity (Chapman et al., 2001). As different 
inland-valley ecosystem functions may conflict 
with agricultural objectives, and because there 
are large area-specific differences in develop-
ment suitability and risks, indiscriminate devel-
opment should be avoided (McCartney and 
Houghton-Carr, 2009). Agricultural develop-
ments implemented without proper impact 
assessments can affect local livelihoods and 
environments negatively (e.g. Whitlow, 1983), 
as other functions, like biodiversity and water 
buffering, are inevitably lost, at least to a certain 
extent. Benefiting sustainably from the potential 
of  inland valleys therefore requires aligning food 
production with biodiversity, soil and water con-
servation such that local rural livelihoods, and 
hence regional objectives of  reducing poverty, 
are achieved while inherent ecosystem services 
of  local and regional importance are safe-
guarded. This chapter focuses on how inland 
valleys can be efficiently and sustainably used to 
boost Africa’s rice production.

Inland Valley Development 
Opportunities and Challenges

Ecological and economic importance

Inland valleys are not obvious ecosystems for 
agricultural production, and traditionally they 
have not often been used for agriculture in Africa 
(Adams, 1993; Verhoeven and Setter, 2010). 
This is partly because inland-valley bottoms are 
difficult to manage and they are also often asso-
ciated with water-borne diseases such as bilhar-
zia (schistosomiasis – Schistosoma haematobium
and S. mansoni), river blindness (onchocerciasis – 
vector: Onchocerca volvulus, cause: Wolbachia 
pipientis), sleeping sickness (trypanosomiasis – 
Trypanosoma brucei gambiense or T. brucei rho-
desiense) and malaria (e.g. Plasmodium falciparum,
P. malariae and P. ovale) (Gbakima, 1994; Yapi 
et al., 2005). Moreover, inland-valley exploita-
tion is often complicated by unfavourable land-
tenure arrangements (e.g. Fu et al., 2010; 
Oladele et al., 2010) or prohibitive customary 
beliefs. Despite such challenges, inland valleys 
have increasingly been put under production by 
several generations in areas where they exist. 
Global changes, such as population growth and 
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climate change, provide new incentives for 
inland-valley development. Valley bottoms and 
hydromorphic fringes generally have higher 
water availability and soil-fertility levels com-
pared to the degraded upland soils (e.g. Andriesse 
et al., 1994; van der Heyden and New, 2003), 
even though soil fertility can still be sub-optimal. 
A secure harvest from a wetland-produced crop 

becomes of  invaluable importance in dry and 
unreliable agricultural environments (e.g. 
Scoones, 1991; Sakané et al., 2011). Therefore, 
inland valleys are expected to become increas-
ingly important in terms of  food security in sub-
Saharan Africa. However, climate change also 
poses a hydrological and therefore ecological 
threat to inland valleys. Ecological functioning 

Fig. 22.2. The three most common inland-valley morphology types in West Africa, developed on granite–
gneiss complexes under different rainfall regimes. (From Windmeijer and Andriesse, 1993, with 
permission from Alterra (Wageningen UR); adapted from Raunet, 1985.)
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(a)

(b)

(c)

Fig. 22.3. Three inland-valley types: rectilinear inland valley Mwanza, north-east Tanzania (a), concave 
inland valley near Banfora, south-west Burkina Faso (b) and convex inland valley near Umuahia, south-
east Nigeria (c). (Photos: J. Rodenburg.)

of  inland valleys is sensitive to changes in water 
supply, and preventing degradation of  these eco-
systems requires adaptive management strate-
gies (Erwin, 2009).

Inland-valley development also has an eco-
nomic driver. About 10 million tonnes (Mt) of  
milled rice, approximately 40% of  the annual 
regional consumption, is imported into Africa 
(mainly from Asian countries) each year, worth 
about US$5 billion (Seck et al., 2010, 2012). 
Regional production has, however, increased 
steeply since the early 2000s due to a declining 
availability of  global rice stocks for export, and 
consequently an increase in regional farm-gate 
prices from an estimated average $285 per 
tonne in 1999 to $564/t in 2009 (based on 
available data from 20 rice-producing countries 
in sub-Saharan Africa; FAO, 2010). These sig-
nificant price changes have encouraged many 
small-scale farmers to take up rice production. 

Increased inland-valley use for rice (and vegeta-
ble) production can, for instance, be observed 
around large urban centres as a result of  increas-
ing population density and the attraction of  the 
urban market (e.g. Erenstein, 2006; Erenstein 
et al., 2006; Sakurai, 2006).

Inland valley development: 
water management

Developing inland valleys for effective rice-based 
production systems (i.e. cropping systems with 
rice as the dominant crop in association with 
other staple crops or vegetables) primarily means 
establishing water management structures – for 
example, to control flooding, optimize irrigation 
and conserve water for late-season use. As inland 
valleys in Africa are socio-economically and 
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biophysically diverse and complex (Sakané et al., 
2011), the development of  these landscapes for 
crop production requires a flexible and careful 
approach (e.g. Andriesse et al., 1994). Every 
inland valley is unique in terms of  its biophysical 
characteristics and there is no ‘off-the-shelf ’ tech-
nology with a broad and indiscriminate applica-
tion range. Therefore, technologies for inland 
valleys need to be locally adapted to be effective. 
Local morphology, hydrology and climate, for 
instance, will determine the depth, duration and 
frequency of  flooding of  the valley bottom, which 
in turn will determine the suitability of  the valley 
bottom for rice-based production.

These physical conditions need to be consid-
ered in the design of  the most effective water 
management system. There are five main sys-
tems: (i) the traditional random-basin system; (ii) 
the central-drain system; (iii) the interceptor-
canal system; (iv) the head-bund system; and 
(v) the contour-bund system (Oosterbaan et al., 
1987). In the traditional random-basin system, 
the inland valley (the lower parts of  the slope and 
the valley bottom) is partitioned into rectangular 
plots by small bunds. Farmers regulate the water 
level within these plots by opening the bunds. 
In the central-drain system, the valley-bottom 
drainage is improved by a central drainage canal. 
The remainder of  the inland valley can still be 
divided by small bunds as in the traditional sys-
tem. The interceptor-canal system has two inter-
ception canals along the valley fringes parallel to 
the central stream. Water from the central 
stream is carried to these interceptor canals by 
contour drains. Rice fields are flooded from the 
interceptor canals and these canals protect the 
rice fields from uncontrollable floods or runoff  
from the uplands and can ensure irrigation dur-
ing short droughts. The head-bund system com-
prises head bunds that are built across the stream 
to create small reservoirs or ponds that can pro-
vide the rice fields with water through contour 
canals. In the contour-bund system, the valley 
bottom is divided by contour bunds across the 
stream. Within the space between two bunds 
(the rice field) the land can be levelled. Water 
from the stream is blocked by the contour bund 
and distributed over the field. Each contour bund 
has an outlet or spillway to enable water to flow 
from one field to another. To improve drainage of  
the lower fields, interceptor canals can be dug 
along the valley slopes (Windmeijer and Andriesse, 

1993; Windmeijer et al., 2002). The sawah sys-
tems in Madagascar represent a perfected exam-
ple of  a contour-bund system (Fig. 22.4 a and b).

Besides biophysical conditions, socio-
economic and institutional factors should also 
be considered when inland valleys are to be 
developed. Like the biophysical environment, 
the socio-economic context in inland valleys is 
also diverse and often complex. Land tenure 
arrangements, for instance, vary between loca-
tions (e.g. Fu et al., 2010), and within and 
between countries, ranging from ownership by 
families or individuals through single villages to 
whole states; state-owned tenure may discour-
age investment. Farmers working in the inland 
valleys do not often possess the required rights 
over the land and therefore do not always benefit 
from inland-valley development investments. 
Land-tenure arrangements also often have gen-
der implications. Land is mostly owned by men 
but cultivated by women, particularly when the 
value of  the land is low (e.g. low soil fertility, 
rainfed). After development, when the value of  
the land is raised, men may claim their rights 
again. Such social realities should be considered 
when inland-valley development projects are 
designed with the aim of  benefiting the poor and 
empowering disadvantaged groups like women.

The Pegnasso inland valley, near Sikasso 
(south-east Mali), was developed in 1994 by 
Agence Française de Développement (AFD). The 
project deliberately opted for a partial development 
rather than a complete development to avoid land 
redistribution among farmers. The logic was that 
large investments would increase the land value 
and cause conflicts between men and women. 
Women who had used the land prior to the devel-
opment would then risk being denied access to it, 
and would not benefit from the project. The partial 
development proposed and implemented consisted 
of  the construction of  a modest water-retention 
structure (Fig. 22.5a) and one central water inlet 
and irrigation canal to redirect water to the neigh-
bouring farmers’ plots. The plots were surrounded 
by simple bunds for within-plot water manage-
ment. These modest improvements enabled farm-
ers to make better use of  the available water for a 
prolonged period of  time and thereby increased 
rice productivity. Since rice production is mainly 
the responsibility of  women, the project succeeded 
in its twin goals of  benefiting the community while 
strengthening the position of  women.
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In the Blétou valley, near Blédougou (south-
west Burkina Faso), rice production was limited 
by the lack of  water retention. Water was only 
available during and shortly after a rainfall event, 
and quickly drained to lower parts of  the larger 
catchment area. Droughts were the main pro-
duction constraint and yields were erratic and 
low (less than 1 t/ha). A project funded by the 
Common Fund for Commodities (CFC) was imple-
mented between 2006 and 2009 with the aim of  
improving the water availability in the part of  the 
inland valley with the highest production poten-
tial. A contour-bund system consisting of  small 
water-retention bunds along the contour lines, 
covered with impermeable cloth and laterite 
rocks, was installed (Fig. 22.5b). A community-
participatory development approach was used, 
whereby plots would be distributed among 

(b)(a)

Fig. 22.4. Perfect examples of the contour-bund system: the sawah systems of Madagascar. (Photos: 
J. Rodenburg.)

(b)(a)

Fig. 22.5. Water-retention structure of the Pegnasso inland valley, southern Mali (a) and laterite-rock 
bunds with inlet at the Blétou inland valley, southern Burkina Faso (b). (Photos: J. Rodenburg.)

farmers according to their participation in the 
construction of  these water-management struc-
tures. The active participation of  farmers in the 
construction reduced the costs of  the investment 
and, more importantly, provided a basis for 
ownership by the community. The farmers par-
ticipating in the bund construction (e.g. collec-
tion of  laterite rocks) were predominantly female 
(104 women out of  a total of  121 farmers) and 
they were indeed rewarded when the plots were 
partitioned upon completion of  the inland-valley 
development. The plots were assigned in a par-
ticipatory manner with group consensus, 
respecting individual time investments and disre-
garding gender or age.

Many water-management infrastructures 
built in the 1970s have been abandoned. Such 
failures are thought to have resulted from the 
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farmers grow rice on 106 ha of  developed land 
using gravity irrigation. A comparison between 
this scheme and the schemes of  Bamè and 
Zonmon (33 ha and 84 ha, respectively) showed 
that careful selection of  the valley and local 
stakeholder participation in planning, design, 
implementation and use of  the developments 
are prerequisites for successful development 
efforts (Djagba et al., 2013).

Production constraints

Estimated actual rice yields in inland valleys across 
Africa (1.4 t/ha according to Rodenburg and 
Demont, 2009) are much lower than the attainable 
yield in these production systems (>6 t/ha). The top 
ten production constraints in inland valleys, based 
on a survey among rainfed lowland rice experts in 
eight countries in West Africa, include biophysical (e.g. 
weed competition, lack of  water control, poor soil 

lack of  local community participation during 
the selection, design and planning of  the develop-
ments (e.g. Dries, 1991; Maconachie, 2008), or 
because traditional local land-tenure arrangements 
were overlooked (Brautigam, 1992). In the 
1960s and 1970s, many irrigation-scheme 
developments in West Africa were funded by 
public investment corporations and develop-
ment projects. The Benin–China Cooperation, 
for instance, developed a total of  1400 ha of  
inland valleys and flood plains into medium-
sized (25–150 ha) irrigation schemes by equip-
ping them with water-retention structures, 
irrigation and drainage canals, inlets and out-
lets, cofferdams and small bridges. Most of  these 
irrigation schemes are under-utilized or aban-
doned. Examples of  abandoned schemes can be 
found in Bamè and Zommon in Zagnanado 
(Ouémé valley, Benin), where broken and silted 
water management structures are common 
(Fig. 22.6 a, b and c). One exception is the 
nearby irrigation scheme of  Koussin-Lélé, where 

(b)(a)

(c)

Fig. 22.6. Broken and silted water management infrastructures at Zommon, Benin. (Photos: J. Rodenburg 
(a and b); P. Kiepe (c).)
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fertility) and socio-economic and institutional fac-
tors (e.g. land tenure and lack of  inputs, labour and 
credit), and human health problems (Thiombiano 
et al., 1996; Fig. 22.7). Overarching biophysical 

production constraints in the ecosystem (from 
hydromorphic fringes to intensified lowlands) are 
weeds, pests and diseases, nitrogen and phosphorus 
deficiencies, and iron toxicity (Table 22.1).

1 2 3 4 5

Human health problems

Vegetation clearance burden

Acidification

Iron toxicity

Erosion

Lack of adapted varieties

Insect pests

Land tenure constraints

Poor soil structure

Labour shortages

Lack of water control

Poor soil fertility

Diseases

Lack of credit

Lack of inputs

Weed competition

Fig. 22.7. Ranking of constraintsa to the use of inland valleys for rice production as perceived by rainfed-
lowland rice experts from eight countries in West Africa in 1993. (Adapted from Thiombiano et al., 1996.)
aRating of constraints on a scale of 1 (not important) to 5 (very important).

Table 22.1. Rice-growing ecosystem characterization (water supply, agroecological zone, and main 
biophysical production constraints). (Data from Andriesse et al., 1994; Thiombiano et al., 1996; Kiepe, 
2006; Wopereis et al., 2007.)

Ecosystem Upland
Hydromorphic 
fringes Lowland

Intensified
lowland

Irrigated 
lowland

Main water 
supply

Rainfall Rainfall + water 
table

Rainfall + water 
table + 
unregulated
floods

Regulated
floods

Full irrigation

Agroecological 
zones

Guinea
savannah to 
humid forest

Guinea
savannah to 
humid forest

Sudan
savannah to 
humid forest

Sudan
savannah to 
humid forest

Sahel to 
humid forest

Main
biophysical 
production
constraints

Drought, weeds, 
pests and 
diseases, P and 
N deficiencies, 
soil erosion, 
soil acidity

Drought, weeds, 
pests and 
diseases, 
P and N 
deficiencies, 
soil erosion, 
soil acidity, 
iron toxicity

Drought/flooding,
weeds, pests 
and diseases, 
P and N 
deficiencies, 
iron toxicity

Drought/flooding,
weeds, pests 
and diseases, 
P and N 
deficiencies, 
iron toxicity

Weeds, pests 
and diseases, 
salinity/
alkalinity, 
P and N 
deficiencies, 
iron toxicity
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Weed competition is a major constraint. 
Dominant weeds in inland-valley rice are grasses 
like Echinochloa colona, E. crus-pavonis, Oryza longis-
taminata, O. barthii, Ischaemum rugosum and Leersia 
hexandra and sedges such as Fimbristylis littoralis,
Bolboschoenus maritimus, Kyllinga pumila, Cyperus 
difformis and C. iria. Frequently encountered 
broad-leaved weeds in inland valleys are Sphenoclea 
zeylanica, Ludwigia abyssinica, Heteranthera callifolia
and Ipomoea aquatica (Rodenburg and Johnson, 
2009; Rodenburg and Johnson, Chapter 16, this 
volume). Another emerging problem in inland val-
leys across Africa, particularly the ones with poor 
water control, is the parasitic weed Rhamphicarpa 
fistulosa (Rodenburg et al., 2010). This facultative 
parasitic weed, from the same family as the better 
known Striga spp., can grow independently like 
any of  the other weeds mentioned, but in the vicin-
ity of  a suitable host plant like rice, it can develop 
into a parasite by establishing underground root-
to-root connections, extracting host-derived car-
bohydrates and nutrients (Ouédraogo et al., 1999). 
Parasitic infection causes crop yield losses in 
infested fields in excess of  60%, and fields are some-
times abandoned by farmers because of  high infes-
tations (Rodenburg et al., 2011).

Other important biotic production con-
straints to rice in inland valleys are insect pests 
such as African rice gall midge, stem borers and 
rice bugs (see Nwilene etal., Chapter 18, this volume), 
and diseases such as Rice yellow mottle virus, leaf  blast, 
bacterial leaf  blight and brownspot (see Séré et al., 
Chapter 17, this volume); rats and birds can also 
cause significant yield losses (Balasubramanian 
et al., 2007). African rice gall midge is common in 
West and East Africa. It damages rice tillers, and 
each 1% of  damage is estimated to result in 2% of  
yield loss – final yield losses can reach 65% (Nacro 
et al., 1996). Rice yellow mottle virus, endemic to 
Africa, is transmitted by beetles (order Coleoptera, 
family Chrysomelidae, e.g. Chaetocnema pulla,
Sesselia pusilla, Trichispa sericea and Dicladispa viridi-
cyanea) and can lead to total yield losses (ranging 
from 5% to 100% depending on agro-climatic 
zone) in rainfed lowland rice in Africa (Kouassi 
et al., 2005).

Soil fertility in inland valleys is often far from 
optimal for sustainable and profitable crop pro-
duction. While soil fertility varies across agroeco-
logical zones (Issaka et al., 1997), soil sampling in 
inland valleys across West Africa revealed low to 
very low levels of  nitrogen, available phosphorus, 

pH, CEC and total carbon (Issaka et al., 1996), 
deficiencies in micronutrients like sulfur and zinc 
(Buri et al., 2000; Abe et al., 2010) and poor clay 
mineralogy (Abe et al., 2006). A problem com-
monly associated with low soil fertility in inland 
valleys is iron toxicity (Becker and Asch, 2005; 
Audebert and Fofana, 2009), a complex nutrient 
disorder caused by excessive iron in the soil solu-
tion under specific but typical waterlogged condi-
tions of  inland valleys (Narteh and Sahrawat, 
1999). A plant growing under such conditions 
takes up more soluble iron (Fe2+) than it needs, 
resulting in iron accumulation in the leaves 
beyond the critical level, shown by reddish-brown 
or yellow coloration (leaf  ‘bronzing’) and high 
leaf  mortality, which in turn negatively impacts 
crop yield (e.g. Becker and Asch, 2005). Direct 
and indirect effects of  iron toxicity can lead to 
40–45% rice yield reductions in lowlands, 
depending on the extent of  the problem, water, 
soil and crop management (e.g. cultivar choice), 
and the availability of  other soil nutrients 
(Audebert and Fofana, 2009).

Ecosystem functions 
of inland valleys

Inland valleys deliver a range of  associated eco-
system functions (Adams, 1993). Inland valleys 
are important for local flood and erosion control, 
water storage, nutrient retention, stabilization 
of  the micro-climate, as well as for recreation 
and tourism and for retrieving water, clay and 
sand for crafts and construction. While the main 
crop is often rice, inland valleys and their fringes 
are used to grow a variety of  other crops (e.g. 
maize, vegetables, fruit trees), and are also often 
used for cattle grazing (Fig. 22.8) – particularly 
during the dry season when the water table 
recedes below the soil surface of  the valley bot-
toms, but with sufficient residual moisture to 
support crop growth. Furthermore, these envi-
ronments provide important forest, wildlife and 
fisheries resources, and contribute to biological 
diversity as well as local cultural heritage 
(Dugan, 1990; Adams, 1993). The water 
resources available in inland valleys are often 
used by rural communities to fulfil a variety of  
daily household needs (Fig. 22.9 a and b). 
Besides the water resources, biological diversity 
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Fig. 22.8. Multiple uses of inland valleys: rice production is often combined with fruit trees (background) 
and small-scale vegetable and maize production and free-browsing cattle (foreground). Buganda, near 
Mwanza, north-west Tanzania. (Photo: J. Rodenburg.)

of  inland valleys is probably among the most 
important functions for the local communities: 
inland valleys are important locations for the col-
lection of  non-agricultural plant resources, and 
local communities have considerable knowledge 
of  the useful plant species, their use, abundance 
and collection places (Rodenburg et al., 2012).

Because of  their multifunctional character, 
inland valleys are attractive for exploitation and 
therefore vulnerable to degradation. The eco-
nomic opportunities of  inland valleys have been 
widely recognized and investments have been 
made to make these areas more accessible and 
profitable. Indiscriminate development of  these 
vulnerable environments, however, will lead to 
degradation of  the natural resources they har-
bour, and thereby jeopardize their unique and 
diverse ecosystem functions (e.g. Dixon and Wood, 
2003). For a long time, the important functions of  
wetlands such as inland valleys for local commu-
nities have often been ignored in policy planning 

(Silvius et al., 2000). Understanding the use and 
management of  ecosystem functions by local 
communities is the first necessary step in generat-
ing recommendations for their sustainable use 
(Rodenburg et al., 2012).

Different ecosystem services do not always 
conflict. For instance, while local community 
members in Togo and Benin perceive that agri-
culture is an important cause of  a decline in 
plant biodiversity, agricultural fields were also 
considered as one of  the most important loca-
tions for finding useful non-cultivated plants 
(Rodenburg et al., 2012). Farmers recognize the 
useful weed species during weeding and leave 
them untouched or keep them apart after 
uprooting (see references in Rodenburg and 
Johnson, 2009). Useful species (predominantly 
trees) are also often maintained during field 
clearing (e.g. Leach, 1991; Madge, 1995; 
Kristensen and Lykke, 2003). In fact, this is a 
common strategy to cope with declining forests 

Fig. 22.9. Using local inland-valley water resources for daily household needs in Benin (a) and Burkina 
Faso (b). (Photos: J. Rodenburg.)

(b)(a)
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(Shepherd, 1992). Other strategies, observed by 
Rodenburg et al. (2012) around inland valleys in 
Togo and Benin, include the establishment of  a 
community garden with (about 300) useful spe-
cies and the conservation of  a small community 
forest. These observations show that local com-
munities that depend on natural resources in 
and around inland valleys are able to exploit 
these landscapes synergistically, balancing agri-
cultural production with biodiversity conserva-
tion, use and management. However, aligning 
the multiple interests in inland-valley resources 
requires participation of  local communities in 
any development or conservation initiative, as 
they depend entirely on these natural resources. 
As primary stakeholders, their knowledge and 
needs should be taken into account when the 
objective is to achieve sustainable land use in 
inland valleys.

Turning Inland Valleys into 
Africa’s Food Baskets

The Inland Valley Community 
of practice

The Consortium for the Sustainable Use of  Inland 
Valley Agro-Ecosystems in Sub-Saharan Africa 
(Inland Valley Consortium, IVC), convened by 
the Africa Rice Center (AfricaRice) and com-
posed of  ten West African national agricultural 
research systems (NARS) and a number of  inter-
national (IITA, ILRI, IWMI, FAO and CORAF/
WECARD2) and advanced research institutes 
(CIRAD,3 Wageningen University), was founded 
in 1993 with the objective to develop, in a con-
certed and coordinated manner, technologies 
and operational support systems for intensified 
but sustainable use of  inland valleys in sub-
Saharan Africa. IVC uses a multidisciplinary sci-
entific approach aiming at: (i) determining the 
agroecosystem potential of  inland valleys, based 
on an integrated characterization and classifica-
tion; (ii) identifying means to achieve this poten-
tial by targeting research activities, by developing 
technological innovations and by transferring 
them to the plots, landscapes and watersheds; 
and (iii) capitalizing on available resources such 
as inland-valley ecosystems, inland-valley devel-
opments and local knowledge and innovations. 

IVC projects since the early 2000s have focused 
on rehabilitation of  abandoned or sub-optimal 
functioning inland-valley systems; participatory 
valuation of  inland-valley ecosystem goods and 
services; sustainable productivity improvement 
for rice, targeting water and weed management; 
exploring possibilities for the integration of  rice–
fish and rice–vegetable production; and enhancing 
the productivity and competitiveness of  inland-
valley lowlands through sustainable intensifica-
tion and diversification and product value chain 
development, while conserving land and water 
resources. In 2011, IVC became the Inland Valley 
Community of  practice, which better reflects its 
new modus operandi.

A strategy for sustainable inland valley 
selection, development and use

Based on almost 20 years of  experience under 
the umbrella of  IVC, complemented by insights 
gained from other initiatives, a strategy for 
inland-valley selection, development and use 
can be outlined. While regional food security is 
an important goal, and inland-valley develop-
ment could be an effective way to achieve this, 
the selection, development and exploitation of  
these environments should be approached with 
care. Not all inland valleys are necessarily suita-
ble for crop production (e.g. Kotze, 2011; Sakané 
et al., 2011). If  only 9.1% of  all inland valleys in 
Africa were set aside for rice production (i.e. 
17.30 Mha) and average rice productivity could 
be raised by 1 t/ha (from 1.4 to 2.4 t/ha, which 
is feasible according to Becker and Johnson, 
2001), this would produce 41.5 Mt of  paddy, 
about the same as the current sum of  total rice 
production and imports in Africa.4 Hence, only a 
fraction of  the total inland-valley area should 
suffice to produce enough rice to feed the entire 
continent and the remainder should be safe-
guarded for other purposes such as pastoralism, 
biodiversity and wildlife sanctuaries, and natu-
ral (excess) water buffers. This strategy would, 
however, require systematic approaches and 
methodologies for: (i) selecting the ‘best-bet’ 
(most suitable and low-risk) inland valleys for 
agricultural development to avoid investment 
failures or unnecessary destruction of  wetlands; 
(ii) land-use planning within the inland valley; 
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(iii) designing and implementing the ‘best-fit’ 
water management development infrastructure; 
and (iv) optimizing crop management practices 
for increased crop productivity.

Inland valley selection and 
land-use planning

Potential inland valleys (for agricultural devel-
opment) can be identified with GIS (geographic 
information system) and remote-sensing tools 
(e.g. Thenkabail and Nolte, 1996; Gumma et al.,
2009; Chabi et al., 2010). The necessary on-the-
ground evaluation and confirmation (‘ground 
truthing’) can be done at the semi-detailed level 
using the Integrated Transect Method (ITM) pro-
posed by van Duivenbooden et al. (1996). Based 
on geo-morphological, hydrological, soil and 
land-use characteristics, different inland-valley 
types can be distinguished, which will be help-
ful in identifying their (potential) ‘best-bet’ use 
(e.g. Andriesse et al., 1994; Sakané et al., 2011). 
Alongside these biophysical and agronomic 
assessments, socio-economic variables, such as 
market access and population densities, are 
important for feasibility studies to assess which 
valleys can be developed for agriculture (e.g. 
Narteh et al., 2007). The ‘best-bet’ inland valleys 
for rice-based production systems should score 
high on (agricultural) production and market-
ing potential and low on environmental and 
social risks, and preferably also low on other 
ecosystem functions such as biodiversity. Hence, 
a thorough assessment of  the valley’s economic 
value for local communities, including direct, 
indirect and non-use benefits is required 
(Scoones, 1991). In addition, local stakeholders 
should play a role in the land-use planning 
within a selected inland valley. So-called multi-
stakeholder platforms (MSP) could be created to 
reach consensus on economic, social and 
environmental gains and risks, and to identify 
hot spots for specific ecosystem services within 
the inland valley under consideration.

Inland valley development

After selection and land-use planning, the actual 
development can start, consisting mainly of  
clearing of  vegetation and establishment of  water 
management structures to increase water control. 
As mentioned above, various physical factors, 

such as the size of  the catchment area, the valley 
morphology and soil texture (determining hydro-
logical behaviour), need to be considered for the 
design of  the most suitable water management 
system. This requires a thorough diagnostic study 
on the spatial and dynamic water movements 
within the valley (Wopereis et al., 2007) and in-
depth discussions with the farming community 
to ensure full buy-in of  the community and that 
land tenure issues are identified and solved 
beforehand. Discussions on the land- and water-
development options that could be put in place 
should also consider consequences in terms of  
water availability for downstream users.

To aid in deciding what water control infra-
structure to develop, the diagnostic interactive 
tool called DIARPA (diagnostic rapide de pré-
aménagement) may be used (Lidon et al., 1998). 
This rapid hydraulic diagnosis method works as a 
decision tree and helps to assess the ‘best-bet’ type 
of  intervention at a given location and a given 
level of  investment, to optimize agricultural pro-
duction with limited hydraulic risks. Explanatory 
indicators for water dynamics are categorized 
under topographic, pedological and hydrological 
indicators and have been selected, characterized 
and validated for use as an index for the selection 
of  the best interventions (Table 22.2).

The proper functioning, management and 
maintenance of  the water control requires the 
actual users (farmers) to understand the basic 
principles. They should be involved in the devel-
opment of  water control infrastructure as much 
as possible to enable them to acquire ownership. 
As in the case of  the Blétou valley (south-west 
Burkina Faso) (see ‘Inland valley development: 
water management’ above), information on the 
extent of  participation in the development work 
provided by an individual stakeholder can be 
used to guide plot partitioning once the inland-
valley development is finalized, and the personal 
time investments at these stages will also ensure 
user commitment to future management and 
maintenance of  the development structures, 
and thereby benefit the sustainability of  the 
inland-valley production system. After comple-
tion of  the water management structures, 
a  performance assessment, similar to the one 
suggested by Dembele et al. (2011), should be 
carried out on a seasonal basis to enable farmers 
to make necessary adjustments and thereby 
further improve water productivity.
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The first steps towards improved water man-
agement in inland valleys in Africa will entail the 
construction of  main and secondary drainage 
pathways and identification, bunding and level-
ling of  individual fields with minimal soil distur-
bance. Slightly sloping valleys will be divided into 
relatively large bunded fields, whereas valleys with 
steep slopes will be divided into smaller, ‘terraced’, 
bunded fields. Worou et al. (2013) provide 
guidelines for the development of  such ‘partial 
water control’ structures that can be constructed 
entirely by the farming community. Farmers 
involved in the Japan-funded SAWAH-IV project 
implemented by AfricaRice and partners in Benin 
and Togo obtain very good results in inland valley 
settings, introducing such relatively simple, low-
cost water management structures (drainage 
canal development, bunding, levelling) that can 
be constructed and maintained entirely by farm-
ers themselves. Use of  power tillers is not essential at 
the first stage for land development and rice culti-
vation, but their introduction can substantially 
speed up land development once farmers are 
familiar with the technique. Similar observations 

were reported in Ghana by JICA staff  (K. Saito, 
Cotonou, Benin, 2013, personal communication).

The introduction of  such very simple water 
management structures will already lead to 
substantial yield gains (1–2 t/ha), especially if  
accompanied with good crop management 
practices (see below).

Locally adjusted production strategies

Local constraints need to be tackled in order to 
benefit from the inherent production potential 
of  the inland valley.

Relevant modules of  the Curriculum for 
Participatory Learning and Action Research (PLAR) 
for Integrated Rice Management (IRM) can be 
used to raise rice productivity. PLAR-IRM was 
developed by AfricaRice, based on the insight 
that a locally adapted and integrated approach is 
required to increase rice productivity in inland-
valley production systems in Africa (Wopereis 
and Defoer, 2007). It is essentially a farmer-
participatory, step-wise approach to put inland 
valleys under rice production using good 

Table 22.2. DIARPA indicators and their threshold values for each type of intervention. (Adapted from 
Legoupil et al., 1998.)

Indicator

Type of intervention

Contour
bunding

Contour
bunding 
with spill 
over

Water-retention 
dykes without 
seepage barrier

Water-
retention
dykes with 
seepage
barrier

Diversion 
barrier to 
diffuse flow

Diversion 
barrier for the 
re-infiltration 
and restocking 
of the water 
table

Pedological
Permeability (m/s) <10−4 <10−4 <10−4 <10−4 <10−4 <10−4

Impermeable layer 
depth

NI NI NI <2 m NI NI

Topographic
Average longitudinal 

slope of the valley
<1% <1% <0. 5% <0. 5% <1% <1%

Flow axis No flow 
axis

NI Noticeable 
flow axis

Noticeable 
flow axis

Narrow flow 
axis

Narrow flow 
axis

Hydrological
Peak flow by metre of 

valley-bottom width
3 × 10−3

m3/s
25 × 10−3

m3/s
0. 25–0. 6 

m3/s
0. 25–0. 6 

m3/s
50 × 10−3

m3/s
50 × 10−3

m3/s
Depth of the valley-

bottom groundwater 
flow at the start of 
the dry season

NI NI NI NI NI <2 m

NI, not important.
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agricultural practices (Defoer et al., 2004; 
Wopereis et al., 2007; see also Defoer and 
Wopereis, Chapter 31, this volume).

Following improved water management, 
key factors for raising productivity in inland val-
leys are weed and soil-fertility management 
(Wopereis and Defoer, 2007) and to a lesser 
extent pest and disease control (Table 22.1). 
However, the order of  importance of  production 
constraints needs to be assessed locally for each 
inland valley. Data collected during the detailed 
characterizations should be helpful in this 
respect (e.g. Sakané et al., 2011). The PLAR-IRM 
curriculum also provides a useful method to 
identify key production constraints, as well as 
locally researchable issues. PLAR-IRM further 
stimulates farmer experimentation in order to 
test ‘what works best’ under the given local (bio-
physical and socio-economic) conditions, using 
an integrated management approach. The avail-
able modules of  the PLAR curriculum provide 
guidelines for such approaches.

Through integrated water, soil-fertility and 
weed management in inland valleys, rice yields 
can be increased considerably. Bunding, pud-
dling (if  possible) and levelling, for instance, facil-
itate water management and decrease weed 
competition – as many weed species are not well 
adapted to permanently flooded conditions (e.g. 
Kent and Johnson, 2001) – and generally 
increase nutrient-use efficiencies, especially in 
well-drained fields. These relatively simple tech-
nologies have been shown to increase rice yields 
by 40%, and reduce weed infestation by 25% 
across agroecological zones (Becker and Johnson, 
2001; Toure et al., 2009). Yield improvements 
can then be achieved by using improved rice cul-
tivars. For instance, some NERICA cultivars 
(New Rice for Africa) adapted to lowland condi-
tions have an inherent high weed competitive-
ness (Rodenburg et al., 2009) and high yield 
potential (Sié et al., 2008).

Concluding Remarks

Inland valleys are the future food baskets of  Africa 
and play a pivotal role in realizing the region’s rice 
promise. Based on nearly 20 years of  experience 
with work carried out by IVC, a locally adapted, 
step-wise and bottom-up approach for site 

selection, land-use planning, water-management 
design and implementation, and crop manage-
ment is proposed for the sustainable exploitation 
of  the inland-valley potential. This approach 
includes: (i) the selection of  ‘best-bet’ inland val-
leys using multi-scale characterizations based on 
climate and geomorphological data and using 
GIS and remote-sensing tools followed by semi-
detailed and detailed typologies using ITM and 
socio-economic assessments; (ii) a stakeholder-
participatory land-use planning within the 
inland valley, based on the earlier characteriza-
tions and using MSPs; (iii) participatory inland-
valley development (e.g. clearing, levelling and 
construction of  water management structures) 
following relevant modules of  the PLAR curricu-
lum and the pre-development diagnostic tool 
DIARPA, followed by regular performance assess-
ments of  the water-control system; and (iv) 
improving rice productivity and resource-use 
efficiency through farmer-participatory identifi-
cation of  local production constraints and adapting 
management practices following the principles of  
IRM using PLAR.

It is essential to use systematic analysis 
approaches for the selection of  ‘best-bet’ inland 
valleys for rice-based production systems, as 
only a fraction of  the available inland valleys in 
Africa would need to be put under production in 
order to achieve regional self-sufficiency in rice. 
The remaining inland valleys could then be safe-
guarded to fulfil other ecosystem services. 
However, for this strategy to be effective, conser-
vation regulations and monitoring and evalua-
tion mechanisms need to be established to help 
protect those inland valleys that are either too 
vulnerable (to, e.g., soil and water degradation 
or social conflicts) or too valuable (because of  
other ecosystem functions such as biodiversity) 
to be subjected to agricultural development. 
Selection of  ‘best-bet’ production valleys should 
be based on both biophysical and socio-
economic criteria and be broadly supported by 
the local communities depending on them. The 
same approach is proposed for the identification 
of  locations within the inland valley that should 
be used for crop production and those that 
should continue to fulfil other ecosystem func-
tions. This again requires involvement of  local 
stakeholders.

Following these steps, the next challenge is 
the actual development. The right choice of  
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water-management system is of  vital importance 
and depends largely on the valley morphology 
and the local soil and hydrological characteristics. 
Development and implementation of  such water 
management systems and the agricultural pro-
duction practices following such development 
should not negatively impact the water quality 
and availability downstream. For the actual crop 
production, high-yielding and stress-resistant 
lowland rice cultivars and locally adapted and 
integrated crop management practices are 
required. Postharvest facilities for drying, thresh-
ing, milling, storage and transport should also be 
included in inland-valley development plans.

Full local stakeholder participation in all 
stages, from decision making to development and 
implementation, should result in consensus on 
the selection and land-use plans of  inland valleys, 

the implementation of  broadly supported inter-
ventions, and flexible, locally adaptable and 
acceptable solutions to the numerous technical, 
socio-economic and institutional constraints 
encountered by resource-poor farmers working 
in the inland-valley systems of  Africa. This should 
create a solid basis for the required sustainable 
use of  inland valleys and for turning these valua-
ble resources into Africa’s food baskets.
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Notes

1 Based on FAO and national databases, in particular FAO TERRASTAT (2003).
2 IITA, International Institute of Tropical Agriculture; ILRI, International Livestock Research Institute; IWMI, 
International Water Management Institute; FAO, Food and Agriculture Organization of the United Nations; 
CORAF/WECARD, West and Central African Council for Agricultural Research and Development.
3 CIRAD, Centre de coopération internationale en recherche agronomique pour le développement.
4 10 Mt of milled rice was imported into Africa in 2010, this translates in to 16.7 Mt of paddy (using a con-
servative paddy–milled rice conversion rate of 60%); in the same year an estimated 24.7 Mt of paddy was 
produced in Africa (FAO, 2012), the sum is 41.4 Mt of paddy.
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Africa. Therefore, agricultural policies have 
mainly favoured cheap imports of  food, rather 
than local food production. The result is that 
African policy makers now face the effects of  the 
historical urban bias in rice markets. Specifically, 
urban consumers in Africa have developed a 
marked preference for imported rice and associ-
ated purchasing and eating habits (Demont 
et al., 2013b).

In the early 1980s, agricultural economists 
warned that ‘the problem of  consumer tastes 
and responsiveness to the locally grown varieties 
which would replace rice imports’ was largely 
ignored in the debate on the policy and econom-
ics of  rice in West Africa (Pearson et al., 1981; 
Ross, 1983). The same criticism is raised in rice 
breeding, which has ‘not incorporated desirable 
consumption attributes and non-yield produc-
tion traits into new varieties’ (Dalton, 2004, 
p. 149). More recently, USAID reiterated this call 
for demand-focused research in its West Africa 
rice value-chain report, arguing that ‘support 
for research into consumer demand and prefer-
ences for local rice’ should be prioritized (USAID, 
2009a, p. iii).

This chapter discusses the situation of  rice 
in Africa from a consumer-behaviour perspec-
tive. Consumer behaviour is defined as ‘those 
actions directly involved in obtaining, consuming, 

Introduction

Since the 1960s, African appetite for rice has 
increased at an average annual rate of  +4%, i.e. 
twice as fast as in the world as a whole, to reach a 
total consumption level of  20 million tonnes (Mt) 
in 2009 (Table 23.1). Growth of  rice consump-
tion since the 1960s has been fastest in East 
Africa (e.g. Burundi, Ethiopia, Kenya, Rwanda 
and Zimbabwe), but since 2000, high growth 
rates are also recorded in North Africa (e.g. Algeria), 
West Africa (e.g. Benin) and Central Africa (e.g. 
Cameroon). This long-term structural trend is 
mainly linked to urbanization, which affects rice 
consumption in two ways. First, it provides 
women with increased opportunities to work 
outside the home, which increases the opportu-
nity cost of  their time for food shopping and 
cooking. This leads to a shift in consumer prefer-
ences in favour of  a ‘fast food’ that can be easily 
cooked and needs less preparation time. Rice is a 
staple food that meets such needs (Reardon, 
1993; Diagana et al., 1999). Second, urbaniza-
tion entails urban bias, i.e. the inefficient and 
systemic bias against agriculture and the rural 
economy in the allocation of  developmental 
resources (Lipton, 1977; Bezemer and Headey, 
2008). From a political perspective, urban dwellers 
are the most important voters in post-colonial 
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Table 23.1. Evolution of annual rice consumption (thousands of tonnes) in the world and in Africa since the 1960s. (Data from FAO, 2012.)

Yeara 1960s 1970s 1980s 1990s 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Growth 
since

1960sc

Growth 
since
2000d

Algeria 6 11 22 38 54 25 96 60 65 51 66 70 66 73 +14% +25%
Angola 15 28 57 63 57 68 73 80 84 85 83 85 95 98 +10% +6%
Benin 6 12 42 98 66 102 130 154 193 246 290 272 269 296 +16% +19%
Botswana 1 4 10 10 19 14 19 21 22 24 27 26 19 +14% +11%
Burkina Faso 22 31 94 186 239 263 282 214 236 266 263 191 260 408 +9% +9%
Burundi 2 4 11 25 30 36 35 33 39 39 49 49 45 52 +22% +7%
Cameroon 15 38 84 131 158 283 289 319 355 395 447 422 461 581 +11% +17%
Cape Verde 2 4 7 13 17 17 17 22 22 25 24 24 23 26 +8% +5%
Central African 

Republic
3 7 9 10 16 19 20 21 14 23 26 28 30 30 +9% +10%

Chad 19 22 30 64 74 68 81 66 68 76 66 63 103 78 +7% +3%
Comoros 14 20 33 40 40 39 46 42 42 44 46 48 48 49 +3% +3%
DR Congob 5 4 8 28 37 41 45 33 30 31 32 30 31 32 +12% −1%
Côte d’Ivoire 171 314 606 764 817 879 871 941 1,083 1,061 1,098 1,230 1,224 1,303 +6% +5%
Djibouti 4 7 15 27 30 31 31 31 33 32 34 37 37 37 +6% +2%
Egypt 734 1,057 1,309 2,356 2,684 2,680 3,070 3,005 2,905 2,641 2,859 2,960 3,227 3,077 +3% +2%
Ethiopia 2 1 15 14 13 15 18 29 26 26 40 53 39 47 +52% +19%
Gabon 2 5 12 37 46 47 48 50 51 51 50 49 55 51 +10% +1%
The Gambia 27 37 63 73 53 64 57 44 48 57 66 85 92 102 +4% +9%
Ghana 58 71 97 229 301 449 481 460 476 488 551 572 603 640 +8% +10%
Guinea 154 229 407 680 759 798 809 780 779 810 857 909 955 1,032 +5% +4%
Guinea-Bissau 35 48 82 119 123 126 130 135 120 113 107 116 131 147 +4% +2%
Kenya 11 25 49 61 139 167 168 218 268 261 298 285 274 315 +17% +10%
Liberia 111 182 257 134 163 179 180 160 161 191 256 255 314 369 +5% +10%
Libya 10 30 49 74 81 83 84 83 84 83 84 83 84 84 +6% +0%
Madagascar 723 981 1,157 1,271 1,508 1,603 1,684 1,713 1,784 1,850 1,913 1,983 2,043 2,123 +3% +4%
Malawi 4 33 21 34 48 46 47 51 53 54 61 65 76 86 +12% +7%
Mali 86 118 197 361 520 528 565 552 609 643 670 707 780 835 +7% +5%
Mauritania 10 28 81 116 128 72 72 78 88 96 109 103 102 103 +7% −1%
Mauritius 62 67 70 68 66 68 63 58 68 62 62 63 66 65 +0% +0%
Morocco 9 9 18 26 26 26 19 12 20 28 22 31 32 38 +13% +10%
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Mozambique 50 84 127 126 165 162 179 228 264 294 376 428 407 433 +6% +12%
Niger 12 25 70 96 125 150 236 244 257 301 221 198 154 124 +9% +3%
Nigeria 148 449 1,347 2,251 2,699 3,120 2,862 2,976 2,929 2,840 3,019 3,275 2,987 3,222 +12% +2%
Rwanda 1 3 10 15 9 34 25 29 30 51 54 55 62 99 +25% +49%
Senegal 204 261 421 536 722 654 739 775 774 784 778 877 895 866 +4% +2%
Sierra Leone 211 301 343 360 407 378 405 405 434 452 486 493 517 530 +3% +3%
South Africa 66 97 205 441 550 560 659 745 743 754 788 959 628 737 +7% +5%
Sudan 6 11 33 25 33 47 35 42 71 88 129 70 28 50 +9% +16%
Togo 13 14 32 67 110 85 99 98 154 144 121 127 121 124 +8% +3%
Tunisia 2 2 5 12 14 10 11 18 14 17 24 17 19 9 +4% +2%
Uganda 9 14 19 63 114 88 113 125 124 142 125 144 138 147 +14% +4%
Tanzania 81 189 344 442 616 638 647 773 801 764 811 831 890 873 +9% +4%
Zambia 3 7 10 13 15 20 25 35 33 27 34 18 30 35 +14% +15%
Zimbabwe 5 5 10 20 14 16 14 12 22 24 25 42 36 33 +29% +14%
Others 5 8 13 26 35 35 38 43 46 51 48 47 45 44 +5% +3%
Africa 3,157 4,926 7,973 11,720 14,015 14,933 15,720 16,122 16,614 16,675 17,707 18,606 18,668 19,646 +4% +4%
World 142,939 195,283 256,010 297,974 322,991 323,654 326,065 328,069 333,956 339,399 343,128 345,370 353,613 354,603 +2% +1%

a1960s, 1970s, 1980s and 1990s are 10-year averages.
bFormerly Zaire.
cAverage annual growth rates since the 1960s.
dAverage annual growth rates since 2000.
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and disposing of  products and services, includ-
ing the decision processes that precede and fol-
low these actions’ (Engel et al., 1995, p. 4). From 
a micro-economics point of  view, much empha-
sis has traditionally been placed on consumer 
decision-making and choice behaviour, building 
on demand and utility maximization theories. 
Most of  the presented schemes are so-called 
‘stage models’, which assume that consumers 
move through a problem-solving process, rang-
ing from the recognition of  needs, over informa-
tion search and the evaluation of  alternatives, to 
reach the final stage of  choice or purchase.

After realizing a need, consumers can start 
searching for information about potential solu-
tions to satisfy the need that has been recog-
nized. Both internal and external sources of  
information can be consulted. Internal sources 
typically pertain to previous experience and 
memory, whereas external sources include com-
mercial or non-commercial stimuli in the con-
sumers’ environment. The following step is the 
evaluation of  alternative solutions on criteria 
that are relevant for the individual consumer in 
the specific situation. Such criteria are referred 
to as attributes, about which consumers hold 
specific beliefs. Beliefs about attributes, com-
bined with attribute-importance weights, result 
in product preference, which is further trans-
lated into purchasing intentions.

Rice Attributes from a Consumer 
Perspective in Africa

Consumer surveys in Côte d’Ivoire and Nigeria 
show that rice has become an ordinary good for 
urban consumers. Rice is regularly consumed by 
all socio-economic groups (Lançon et al., 2003, 
2004), but the view of  rice as a uniform com-
modity is clearly out-dated. The West African 
rice market consists of  individual country mar-
kets that differ greatly in terms of  their size, 
importance of  rice in food consumption and 
consumer preference patterns.

Attributes are product characteristics that 
are either intrinsic, like taste, texture or colour, or 
extrinsic to the product, like packaging, brand 
or label. Another attribute classification distin-
guishes between search,experience and credence
attributes. Search attributes are available for 

product evaluation before purchase. Typical 
examples are price, appearance, brand and pack-
aging. Experience attributes can only be evalu-
ated upon product experience, thus after 
purchase or product use – examples are taste and 
texture. Credence attributes are attributes that 
consumers cannot evaluate or verify themselves. 
Instead they have to put trust in people or institu-
tions, like government controls or industry 
claims. Attributes relating to production, pro-
cessing and product contents are typical exam-
ples of  the credence-type attributes (Nelson, 
1970, 1974; Darby and Karni, 1973).

Search attributes

Relevant search attributes for rice in the African 
market include: rice type, price, financial service 
and cleanliness, each of  which is discussed in 
the following paragraphs. On the West and 
Central African market there are five major rice 
types: (i) long-grain white rice with an inter-
mediate level of  starch; (ii) broken rice; (iii) par-
boiled rice; (iv) aromatic (mostly jasmine) rice; 
and (v) round-grain ( japonica) rice (USAID, 
2009b).

Table 23.2 provides an overview of  con-
sumer preferences for alternative rice types in 
West and Central Africa.

Long-grain white rice dominates the mar-
kets in most of  West Africa, except for those mar-
kets that prefer parboiled or broken rice. Broken 
rice is a by-product of  rice processing. In inter-
national markets, broken rice is considered an 
inferior product and is therefore much cheaper 
than whole rice. However, urban Senegalese, 
Gambian and Mauritanian consumers have 
developed a marked preference for broken rice 
(Brüntrup et al., 2006). Most imported rice is 
either broken or milled rice, and is consumed 
more in the coastal regions, especially in the 
larger cities. In countries where the primary 
urban centre is also a port, with easier access to 
food imports than food grown in the country’s 
hinterland, the food purchases of  this non-
agricultural population are typically biased 
towards imports (Saverimuttu and Rempel, 2004).

In some parts of  Africa – such as south-
west Mali, Guinea, Sierra Leone, northern Côte 
d’Ivoire, parts of  Benin, Liberia and Nigeria – 
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Table 23.2. Consumer preferences for alternative rice types in West and Central Africa. (Adapted from 
USAID, 2009b, based on own observations.)

Country Rice market characteristics

Benin • Primarily an importer of high-quality white rice, but also buys aromatic rice and 
some ‘25% broken rice’ (mix of 25% broken rice and 75% whole-grain rice). 
High-quality white and aromatic rice are preferred in urban areas.

• Some consumers also prefer parboiled rice, especially in rural areas.
Burkina Faso • Mainly 25% broken rice. Rice is not an essential staple food, but is becoming more 

popular. Rice is mostly consumed in urban areas, whereas rural populations 
consume local cereals (millet, sorghum and fonio) in addition to rice.

• Although local rice is currently cheaper than imported rice, urban consumers prefer 
imported rice. Local rice is believed to be of good quality, but harder to access in 
urban areas than imported rice.

Cameroon • Imports 25% broken rice, but also significant quantities of high-quality white rice.
Chad • Market for 25% broken rice.
Côte d’Ivoire • The overall market is dominated by 25% broken white rice, followed by high-quality 

white rice, aromatic broken and aromatic 100% whole-grain rice (an emerging 
product category).

• Imported 25% broken rice is mostly sold on rural markets. In urban areas, the 
preference is for white long-grain 100% whole-grain rice, including aromatic rice.

• Local rice is mostly consumed in rural areas.
The Gambia • Price-conscious market; consumer preference is for 100% broken rice.

• Some 25% broken white rice is imported as well.
• Local rice is available only at the retail level but is sold at a price premium relative to 

imported rice.
Ghana • Rice is not an essential staple food. Consumer preference is for high-quality white 

and aromatic rice. Aromatic rice is sold at a premium and Ghana is Africa’s largest 
importer of aromatic rice. Some aromatic broken rice is imported as well.

• In the north, consumers used to prefer parboiled rice, but fieldwork by USAID 
(2009b) revealed that preferences have shifted to white rice.

• Local rice is sold at a lower price than the cheapest imported rice.
Guinea • Imports are mostly low-quality 25% broken rice. Rural consumers prefer locally 

parboiled rice.
• Some varieties of local rice are popular and sold at a premium to imported rice.

Guinea-Bissau • Rice is the key staple food, but consumers readily switch between local and 
imported rice.

Liberia • Consumer preference is for round-grain Chinese rice and low-quality parboiled rice.
Mali • Consumer preference is mostly for 25% broken rice, but imports also include broken 

rice, both white and aromatic.
• Rice is not a key staple food, but it is becoming more popular.
• Some varieties of local rice (e.g. Gambiaka) are popular and sold at a premium to 

imported rice.
Mauritania • Consumer preference is for 100% broken rice, both aromatic and white.

• Some consumers prefer local rice.
Niger • Consumer preference is for white 25% broken rice and for locally parboiled rice. The 

market is split equally between these two types of rice.
Nigeria • In northern Nigeria the preference is for rice flour (97% share), as opposed to grain. In 

the southern part, the preference is for high-quality parboiled, mostly imported rice.
Senegal • Consumer preference is for 100% broken rice, both white and aromatic, but there is 

a slow trend towards whole-grain rice.
• Rice is a staple food.
• In rice-production areas, local rice is preferred. In urban areas, consumers prefer 

imported rice; aromatic 100% broken rice is preferred in Dakar.
Sierra Leone • Price-conscious market, imports 25% broken rice and white broken rice.
Togo • Primarily imports high-quality rice, both white and aromatic rice, but also 25% broken rice.



Consumer Preferences for Rice 299

parboiled rice is preferred. Parboiling is a trans-
formation process that enhances the physical, 
chemical and organoleptic (involving sub-
stances that influence taste) qualities of  rice. It 
falls into two categories: high quality (with a 
golden tinge) and low quality (with a dark col-
our and sometimes an off-flavour or off-odour). 
Nigeria is one of  the largest importers of  fully 
milled, high-quality parboiled rice and Liberia is 
one of  West Africa’s top importers of  low-quality 
parboiled rice. Aromatic rice is an emerging and 
growing rice market segment that commands 
premium prices and is increasing in popularity 
throughout urban West Africa. Imported aro-
matic rice comes mainly from Thailand and 
Vietnam, and Ghana was one of  the first coun-
tries to adopt aromatic rice. Round-grain rice is 
the preferred rice in Liberia and is used for mak-
ing porridge because the grains stick together 
when cooked (Table 23.2; USAID, 2009b).

A second search attribute is price. It is impor-
tant to analyse how consumers respond to price 
changes of  rice. A large body of  literature indirectly 
addresses this question by analysing the effective-
ness of  price policies in reversing the trend from 
traditional local grains to wheat and rice (Reardon, 
1993; Kelly et al., 1995; Reardon et al., 1997; 
Akindes, 1999; Diagana and Reardon, 1999; 
Diagana et al., 1999; Singare et al., 1999). The 
devaluation of  the CFA franc in 1994 provided a 
unique test case to observe the impact of  a dou-
bling of  imported rice prices on consumption. 
However, instead of  reducing imported rice 
intake, consumers responded to the devaluation 
by de-diversifying their consumption patterns 
due to the larger importance they attributed to 
non-price attributes such as availability and ease 
of  cooking. Both Senegal and Côte d’Ivoire (the 
biggest rice importers) actually increased rice 
imports after devaluation; only Burkina Faso and 
Mali (both small rice importers) had small reduc-
tions in or stagnation of  rice imports (Diagana 
et al., 1999). The conclusion from this body of  
research was that price policies did not work due 
to the low responsiveness of  West African rice 
consumers to price changes, especially in coun-
tries where rice is the main staple crop. More 
recent consumer-preference studies of  Fall and 
Diagne (2008) and Lançon et al. (2004) confirm 
this conclusion.

A third search attribute is services associ-
ated with the purchase of  rice, such as credit, or 

delay-payment mechanisms. A consumer sur-
vey in Côte d’Ivoire showed that this criterion is 
much more important than price (Lançon et al.,
2001). These services are often provided by 
retailers of  imported rice and, less frequently, by 
dealers of  local rice.

A fourth search attribute is cleanliness 
and market presentation of  rice. The historical 
switch of  urban consumption from local coarse 
grains to imported wheat and rice instead of  
local rice can be explained by consumers’ per-
ception that local rice is of  inferior quality. 
Owing to a large percentage of  foreign matter 
and low levels of  postharvest grading and sort-
ing, local rice fails to meet expectations concern-
ing reduced workload and time spent on sorting 
and cooking rice, and hence falls short relative 
to imported rice in this convenience dimension. 
Several consumer-preference surveys in Benin, 
Burkina Faso, Côte d’Ivoire, Nigeria and Senegal 
confirm this (Lançon et al., 2001, 2003; 
Konkobo et al., 2002; Lançon and Benz, 2007; 
Fall and Diagne, 2008; Demont et al., 2012, 
2013a,b). This critically explains why imported 
rice is preferred in many countries over local 
rice, with Mali, The Gambia and Guinea as 
exceptions (USAID, 2009b).

Experience attributes

Experience attributes can be verified only after 
use of  the product – for rice the most important 
ones are sensory characteristics, swelling capac-
ity and cooking time. From a marketing perspec-
tive, lack of  consistency between pre- and 
post-consumption evaluations can significantly 
affect satisfaction and repeat-purchase deci-
sions. The evaluation of  taste is subjective and 
taste preferences differ among countries, 
regions, households and even for types of  meals. 
Consumer-preference studies show that taste is 
an important attribute that tends to favour local 
rice, but it is not the most decisive attribute in 
many cases (Lançon et al., 2001, 2003; Konkobo 
et al., 2002; Lançon and Benz, 2007; Fall and 
Diagne, 2008; Moseley et al., 2010; Demont 
et al., 2012).

In some countries, there are local rice varieties 
with unique taste characteristics that are par-
ticularly appreciated by consumers. For example, 
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revealed by experience and consumption, and 
where the consumer is reliant on third-party or 
external information to evaluate the attribute in 
the product. The market provision of  quality is 
notoriously fraught with difficulties under 
asymmetric information: when producers can-
not credibly signal the quality of  their products, 
consumers’ choices are predicated on the per-
ceived average quality on the market, and this 
pooling equilibrium leads to market failures. 
Labelling and branding can be used to counter-
act the effects of  quality uncertainty, as it not 
only indicates quality but also gives consumers a 
means of  retaliation if  the quality does not meet 
expectations (Akerlof, 1970). It has been estab-
lished that origin and quality labelling entail 
market differentiation potential, which might be 
noticeable for consumers depending on what the 
labels appeal to (e.g. health, safety, taste differen-
tiation) (Verbeke and Roosen, 2009). Country-
of-origin labelling (COOL) can therefore serve as 
an extrinsic cue that supplements the use of  
intrinsic quality cues to form quality expecta-
tions (Verlegh and Steenkamp, 1999).

Batra et al. (2000) found that among con-
sumers in developing countries – for reasons that 
go beyond brand quality assessments – brands 
perceived as having a non-local origin are attitu-
dinally preferred to brands seen as local. This sug-
gests that COOL not only serves as a quality cue, 
but also possesses an additional dimension of  for-
eignness that contributes to attitude formation 
and liking for status-enhancing reasons. The 
greatest challenge for rice marketeers in West and 
Central Africa will be to reverse this trend, espe-
cially in urban markets. Recent evidence in this 
research area is promising. Tomlins et al. (2005) 
found evidence for COOL effects in Ghana in that 
consumers tended to like rice types that came 
from their own region. Demont et al. (2013b) 
show that under experimental conditions, urban 
Senegalese consumers are willing to pay an aver-
age price premium of  35% – relative to the price 
of  traditional local rice – for enhanced-quality 
local rice and further added 6% if  the latter was 
labelled and branded as Rival® (a trademarked 
COOL launched by the Oxfam-funded PINORD 
platform in 2007) (PINORD, 2009). This suggests 
that COOL has the potential to increase consumer 
acceptance of  a food product by translating a 
typical credence characteristic (origin) into a 
searchable characteristic (an origin label).

‘Ofada’ rice in Nigeria is liked by consumers of  
all income classes for its distinct taste and aroma 
(PrOpCom, 2007). In Guinea and Mali, local rice 
is preferred for its taste and freshness (USAID, 
2009b). In Senegal, sensory tests provide evi-
dence of  the existence of  a market segment 
(14%) of  older and less-educated consumers 
with a preference for traditional local rice 
(Demont et al., 2013b). In Ghana, Tomlins et al.
(2005, 2007) similarly observed that although 
the majority (86%) of  consumers prefer 
imported raw and parboiled rice to that pro-
duced locally, due to the poor quality of  local 
rice, there is a niche market segment (14% of  
consumers) that mostly prefers traditional local 
rice. Apart from the above-mentioned studies, 
sensory studies dealing with rice in the African 
market are scarce.

Swelling capacity is related to the physical 
and chemical (starch content) properties of  the 
grain. Rice that swells more satisfies a larger 
number of  consumers in terms of  satiety for a 
given weight of  rice because of  its potential vol-
ume increase. This is an important experience 
attribute for large families with financial con-
straints (Lançon et al., 2001, 2003; Dalton, 
2004; Fall et al., 2007; Fall and Diagne, 2008). 
The swelling capacity of  rice is not only charac-
teristic of  the rice variety, but it is also influenced 
by the management of  postharvest operations. 
While (according to rice breeders) there is a rela-
tion between paddy variety and swelling capac-
ity, food technologists explain that the high 
swelling capacity of  imported rice is due to its 
longer storage period (up to one year or more). 
In contrast to imported rice, the bulk of  local rice 
is usually traded within months after the harvest 
(Lançon et al., 2003). Storage of  milled rice 
(ageing) affects rice quality: it leads to lower co -
hesiveness, drier grain surfaces, higher swelling 
capacity and firmer texture during cooking. 
Finally, cooking time also tends to become longer 
with increased storage time.

Credence attributes

Credence attributes generally gain importance 
as evaluative criteria in food-purchasing deci-
sion making. As indicated above, credence 
attributes are characteristics that are not directly 



Consumer Preferences for Rice 301

Conclusion

Historically, strong urbanization and urban bias 
have marked urban markets in West Africa with 
strong consumption preferences for imported rice. 
Understanding consumer preferences for rice in 
Africa will become increasingly important for 
reversing this trend in order to increasingly meet 
the growing demand for rice with local rice and 
reduce the import bill. The available evidence 
shows that rice is far from a homogeneous com-
modity in West and Central Africa – different mar-
ket segments can be identified, based on search, 
experience and credence attributes. Beliefs about 
attributes result in product preference, which is 
translated into purchasing intentions. Although 
consumer preferences are deeply embedded in 
societal norms and market behaviour, they are not 
unalterable. Credence attributes can increase 
acceptance of  a food product, if  they can be suc-
cessfully transformed into search attributes.

As argued by Tollens et al. (Chapter 1, this 
volume), consumer research on rice in Africa 
should be part of  an optimal mix between supply-
shifting and demand-lifting research and develop-
ment. The information generated by this research 
can be used by policy makers and stakeholders to 
tailor domestic rice value chains to market stand-
ards, in order to increase competitiveness of  the 
domestic rice sector to imported rice, illustrated 
by Demont and Neven (Chapter 24, this volume). 
Experimental economics is a particularly useful 
tool for conducting consumer research as it 
allows testing of  alternative marketing strategies 
in real or laboratory market conditions. In 2008, 
Africa Rice Center (AfricaRice) started a series 
of  experimental auctions in Benin, Burkina 
Faso, Cameroon, The Gambia, Mauritania, Senegal 
and Uganda, and is planning similar experiments 
to assess consumers’ willingness to pay for rice 
quality and marketing attributes in African 
markets (Demont et al., 2012, 2013a,b).
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relies on imports to supply half  of  its demand for 
rice. In May 2008, world rice prices tripled in 
just a few months to reach 30-year, inflation-
adjusted highs. With these dramatic price-spikes, 
combined with an overall import level into West 
Africa that over time had swelled to 6 million 
tonnes (Mt) (i.e. 20% of  the world’s rice imports) 
(USAID, 2009), governments could no longer 
afford traditional price interventions to protect 
domestic rice consumers from the volatility of  
the global rice market. Although the 2008 rice 
price crisis may in part have been driven by 
temporary speculation and a weak US dollar, 
there are underlying structural trends that have 
caused an increase in the price of  rice (and other 
staple foods) to a higher plateau.

The comparative advantage of  local rice 
production has been one of  the key issues in the 
food-policy debate in Africa since the early 1980s 
(Pearson et al., 1981). However, policies for 
increasing competitiveness have mainly focused 
on productivity and prices. The 1994 devalua-
tion of  the CFA franc – a failed attempt to reverse 
the historical urban bias and divert African con-
sumers from imported to local grains – clearly 
illustrated that price policies do not work well in 
the context of  the African rice sector due to a 
low price response by rice consumers and pro-
ducers (Diagana et al., 1999). This suggests that 

Introduction

The global financial crisis of  2009 onwards and 
the preceding food price crisis (2007–2008) 
exacerbated the food insecurity of  the rural and 
urban poor in developing countries. The question 
of  how national, regional and global agri-food 
systems can effectively respond to these crises 
and improve food security is once again at the 
top of  the development agenda. This chapter 
explores potential response strategies for the 
private and public sectors, and the donor com-
munity in West Africa. Merging two new studies 
on rice in West Africa, this objective is analysed 
through a value-chain lens from two angles. 
First, a supply-side perspective based on an exten-
sive, regional value-chain analysis. We present 
the results of  a major study conducted for the 
Global Food Security Response programme of  
the United States Agency for International 
Development (USAID, 2009). Second, a demand-
side perspective based on consumer experiments 
carried out by Africa Rice Center (AfricaRice) in 
Senegal (Demont et al., 2013a,b).

In most of  West Africa, rice production has 
not been able to meet the increases in demand 
triggered by population growth, rapid urbaniza-
tion, increasing incomes, and shifting urban con-
sumer preferences. As a result, the sub-region 
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non-price strategies may be needed to enhance 
the competitiveness of  the sector. Establishing 
efficient value chains is cited by the World Bank 
(2008) as a first policy objective in making 
agriculture more effective in supporting sustain-
able growth and reducing poverty. Therefore, 
taking a value-chain perspective, we identify 
some systemic key constraints and challenges to 
competitiveness and explore opportunities for 
upgrading African rice value chains and tailor-
ing them to consumers in end-markets with the 
aim of  simultaneously increasing food security 
and reducing poverty.

Value Chains

‘Value chains’ are defined as strategic vertical 
alliances of  non-adversarial relationships 
between stakeholders within a product’s supply 
chain (Hobbs et al., 2000). Unlike a traditional 
economic analysis of  food staples that assumes a 
homogeneous product, homogeneous agents, 
and perfectly competitive markets at various 
stages along the supply chain, the value-chain 
approach is a holistic and systemic methodology 
that takes into account a wide range of  factors in 
assessing agent behaviour and competitiveness 
(Kaplinsky and Morris, 2001; Neven, 2009). 
Most notably, the approach takes into account: 
(i) the heterogeneity of  the end-markets and the 
critical success factors that drive competitive-
ness (the end-markets are the starting point, 
i.e. a strategy is developed to take advantage of  
some identified opportunity in an end-market, 
which has implications all along the value 
chain); (ii) the heterogeneity of  stakeholders in 
terms of  their capacities and incentives, and how 
this influences the nature of  their interactions 
vertically (along the chain) and horizontally 
(at a certain stage of  the chain); (iii) the nature of  
service provision (logistics, extension, finance, etc.); 
and (iv) the broader environment in which they 
operate (policies, regulations, infrastructure). 
Furthermore, value-chain analysis takes a dynamic 
perspective as it aims to expose the key drivers of  
change that are present in the system, such as 
changes in policy, introduction of  new technolo-
gies, and the behaviour of  large firms. In other 
words, value-chain analysis explicitly recogni-
zes that the value of  the end-product to the 

end-consumer has many components (price, 
taste, convenience, image, etc.) and is the cumu-
lative outcome of  every value-adding activity 
along the value chain (value can be added or lost 
at each link in the chain) – this is especially 
important for staple-food value chains in devel-
oping countries that have to become more com-
petitive at every stage.

When domestic production-based staple-food 
value chains become more competitive they will 
contribute to food security and income growth. 
Moreover, by linking producers to consumers 
through a shared objective, value chains present 
a more sustainable approach to consumption 
and production than segmented and adversarial 
production chains (Demont, 2010). The market 
demand-driven strategy upon which value 
chains are based distinguishes them from tradi-
tional business relationships. Value chains are 
built on cooperation rather than adversarial 
business relationships; their members recognize 
that participants must create a win–win situa-
tion whereby they all benefit financially and all 
are part of  the information-sharing and decision-
making process.

A critical challenge in the development of  
African rice value chains is the governance of  
quality throughout the supply chain, whereby 
quality should be tailored to the food preferences 
of  end-market consumers (Rizzotto and Demont, 
2011; Demont and Rizzotto, 2012). Sorting by 
quality is necessary to capture rents in West 
Africa’s highly segmented rice markets, where 
most consumers want a product of  consistent 
quality. In some cases, however, consumers may 
prefer to buy mixed quality rice and sort it them-
selves as this is cheaper and gives them different 
rice types for different meal types (Demont et al.,
2013a,b). In some cases, rice processors or trad-
ers may mix different rice varieties to cater to 
the specific preferences of  particular consumers. 
For example, they may blend a small quantity 
of aromatic rice into cheaper broken rice to pro-
duce a rice blend that is both affordable and 
aromatic.

Evidence from across the world shows that 
market forces alone are sub-optimal in achieving 
governance of  quality throughout the supply 
chain, and other governance mechanisms (long-
term contracts, alliances, vertical integration, etc.) 
are needed to compensate for this market failure 
and to ensure that suppliers develop the capability 
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to comply with changing consumer demands 
as rapidly as possible (Swinnen et al., 2010). In 
high-value markets in developing countries, 
there has been an evolution towards increasing 
levels of  coordination between different actors 
in the supply chain and the question is whether 
similar patterns of  supply-chain governance 
could arise in staple-food supply chains, which 
typically have lower value added over the 
chain. Swinnen et al. (2010) formally show 
that the development of  chain governance is 
less obvious in the staple-food sector. Staple 
crops such as rice are characterized by low 
value and high storability, and there are a 
large number of small traders, which increases 
the possibility of  contract breach (Colen et al., 
2013). These characteristics make it very 
unlikely for chain governance to arise spontane-
ously. They conclude that interlinked contracts 
or other non-market governance mechanisms 
might develop, but only if  the value of  staple 
crops can be increased and contract enforce-
ment is improved.

The existence of  systematic price discounts 
for local rice relative to imported rice in some 
African countries suggests that there is under-
investment in upgrading product quality and 
consumer focus (Demont and Rizzotto, 2012). 
Evidence from poor Asian countries shows that 
research on quality has a high payoff  (Unnevehr, 
1986), which is consistent with the finding that 
even the very poor have more income elastic 
demand for food quality than for food quantity 
(Shah, 1983). Evidence from Africa similarly 
reveals that quality is an important factor in the 
demand for rice, even in rural areas (Erhabor 
and Ojogho, 2011; Demont et al., 2012). The 
central importance of  quality for competitive-
ness in West Africa’s rice markets is demon-
strated in several studies (e.g. Boughton and 
Reardon, 1997; Lançon et al., 2003, 2004; 
Tomlins et al., 2005; Balasubramanian et al.,
2007; Fall et al., 2007; Opoku and Akorli, 2009; 
USAID, 2009).

The market provision of  quality, however, is 
notoriously fraught with difficulties under 
asymmetric information: when producers can-
not credibly signal the quality of  their products, 
consumers’ choices are predicated on the per-
ceived average quality on the market, and this 
pooling equilibrium leads to market failures 
(Akerlof, 1970). Therefore, any quality upgrade 

needs to be accompanied by a credible certifica-
tion system (Moschini et al., 2008). Quality 
standards, certification and quality control 
become more relevant as the value chain moves 
from being supplier driven to increasingly buyer 
driven (ACI, 2005). Branding and labelling 
increase visibility and trust in rice consumption 
and are an integral part of  value-chain upgrad-
ing and innovation, as will be illustrated through 
our case study.

The nature of  milling equipment also greatly 
impacts rice quality. Although large-scale rice 
milling equipment provides the highest quality 
of  rice most efficiently, it is rare in post-structural 
adjustment West Africa where it is difficult to 
aggregate sufficient volumes to operate such 
facilities economically. Most rice in West Africa is 
milled using small, sometimes portable, milling 
machines that largely produce low-quality rice 
with significant levels of  impurities and mixed 
whole and broken grains. Where development 
of  the value chain for quality rice can generate 
sufficiently large margins for upgrading, inter-
mediate-scale operations may perhaps provide 
the best milling option. For example, in Mali, for-
hire mini rice mills operate with polishers and 
graders capable of  presenting a clean, polished 
product and sorting it into homogeneous lots by 
kernel size.

Methodology

As indicated above, this chapter is derived from 
two studies on rice in West Africa. The first is a 
regional rice value-chain study based on three 
components that build on and inform each 
other (USAID, 2009). First, a desk study cap-
tured and codified a breadth of  data on rice 
value chains in West Africa, comprising a 
review of  over 300 documents as well as key-
informant interviews. Second, a field-study 
component using USAID’s (2006) value-chain 
analysis methodology resulted in detailed 
value-chain studies on rice in Ghana, Liberia, 
Mali, Nigeria and Senegal. This component also 
included a regional market study that entailed 
further fieldwork in Benin, Côte d’Ivoire, Ghana 
and Senegal. Third, a 3-day online e-consultation 
with leading experts on rice in West Africa 
helped validate the results.
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The second study is a Senegal rice-
consumer experimental study that used Vickrey 
second price auctions to elicit consumers’ 
willingness-to-pay (WTP) a price premium, rela-
tive to conventional Senegal River valley (SRV) 
rice as the benchmark, for three rice products of  
higher quality: labelled and unlabelled high-
quality SRV rice and imported Thai 100% broken 
rice (Demont et al., 2013a,b). The conventional 
SRV rice type which is commonly available on 
the market consists of  a mix of  varieties and has 
mediocre grain quality. Enhanced-quality SRV 
broken rice is purified and homogenized through 
one or two sifting operations and is currently 
marketed under the Rival® brand name by the 
Oxfam-funded PINORD (Platforme d’appui aux 
Initiatives du Nord).1 Imported Thai 100% bro-
ken rice has a grain quality somewhere between 
the conventional and the enhanced-quality SRV 
broken rice and contains some impurities. Twenty 
experimental auctions were conducted in two 
important urban rice markets (Saint-Louis and 
Dakar); for each auction, ten women were ran-
domly recruited on the market. Participants 
were given one kilogram of  conventional SRV 
rice and were offered the opportunity to upgrade 
it by bidding simultaneously on the alternative 
rice types during two trials – before and after a 
sensory test. The experiments thus allowed for a 
comparison in WTP between imported rice 
(which dominates urban rice markets) and high-
quality local rice.

Findings

The US$10 billion West African rice market is 
not a single, homogeneous commodity market 
where competition is driven solely by price 
(Rutsaert et al., Chapter 23, this volume). Rather 
there is a wide range of  rice products on offer 
(brown, broken, parboiled, round, aromatic, 
etc.) and consumer preferences vary greatly 
among and within countries. Although typically 
one rice product dominates in a given market, 
there is often a wide range of  rice products avail-
able. No matter what the importance of  rice in 
the diet or the income category is, consumers set 
minimum quality standards and are unlikely to 
buy lower quality, cheaper rice that does not 
meet their standards.

West African rice is, in most cases, less 
competitive than imported rice, but it has the 
potential to become competitive (USAID, 2009). 
Local rice is less competitive than imported rice, 
especially in urban markets, in terms of  two 
main sets of  key success factors: (i) local rice in 
many cases is perceived to be of  a lower quality 
than the comparable imported product that sets 
the benchmark (The Gambia, Guinea and Mali 
are notable exceptions); (ii) the absence of  trade 
credit and aggregation in value chains for locally 
produced rice makes it difficult for the existing 
urban market distribution system to tap into 
domestic production. As a result, local rice is 
largely absent from urban markets and thus 
not an option for consumers, even if  they want 
to buy it. This largely explains the lack of  aware-
ness of  the existence of  local rice in those mar-
kets (Fall et al., 2007; Demont et al., 2013a,b). 
Nevertheless, in the five country studies con-
ducted in the context of  this value-chain analy-
sis, local rice is or can become competitive with 
imported rice. Margins appear to be sufficiently 
high to maintain price competitiveness even 
after taking into account the costs of  necessary 
quality improvements.

A third observation is that rice value chains 
in West Africa have failed to achieve their con-
siderable potential due to systemic constraints. 
The latter are related to the business-enabling
environment (e.g. fickle rice policies2 that deter 
private-sector investment, insecure land titles 
that impede investments by farmers, poor road 
conditions and corruption that block the linkage 
between production zones and markets), vertical
linkages (e.g. the history of  government and 
donor intervention in rice – including input-
subsidy programmes – that has generated a mis-
trust3 of  commercial relationships), horizontal 
linkages (e.g. aggregators or brokers that com-
pete to secure paddy from farmers, who too often 
engage in side-selling often encouraged by the 
aggregator/broker), and support markets (e.g. 
years of  government and donor interventions that 
have crowded out private-sector investment in 
input supply, processing services, extension provi-
sion, and finance). Progress through upgrading is 
needed on many fronts, such as improvements 
in rice quality, increased efficiency through the 
uptake of  appropriate technology, decreased 
postharvest losses, and consumer acceptance of  
local rice as a quality product. For any of  these 
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upgrades to take hold, however, supportive 
government policies and sustainable business-
development service provision are needed, as 
well as strengthened horizontal and vertical 
partnerships based on trust, transparency and 
mutual benefits. The widespread absence of  these 
factors represents a key systemic constraint to 
development.

A fourth observation relates to the critical 
importance of  quality governance. The Senegal 
experimental auctions show that, while 
Senegalese consumers were willing to pay an 
18% price premium for imported Thai 100% 
broken rice relative to conventional SRV rice, 
they were willing to pay a 35% price premium to 
obtain unlabelled enhanced-quality SRV broken 
rice, and a 41% price premium to obtain 
PINORD’s Rival-branded enhanced-quality SRV 
broken rice (Demont et al., 2013b). These find-
ings suggest that Senegalese consumers are will-
ing to pay for intrinsic quality attributes and 
quality certification and – as the price premiums 
largely cover the costs of  quality improvements 
and certification – that SRV rice is able to com-
pete against imported rice if  its quality is tailored 
to consumer preferences. However, the experi-
ments also revealed the existence of  an impor-
tant awareness gap: 18% of  consumers in 
Saint-Louis and 47% of  those in Dakar were 
unaware of  the existence of  quality SRV rice. 
Quality upgrading of  rice in combination with 
generic promotion programmes that extend 
the reach of  SRV rice might therefore create 
some opportunities for the development of  a 
certain degree of  coordination along the value 
chain and could have a real impact on urban 
markets (Rizzotto and Demont, 2011; Demont 
and Rizzotto, 2012). However, while PINORD’s 
model for the increased commercialization of  
quality SRV rice is certainly a good preliminary 
step towards competitiveness, their operational 
scale is currently too small to significantly 
impact the market.4

The final observation is that the reaction of  
donors and West African governments to the 
increased risk of  rice price spikes has been to 
launch programmes and policies to promote 
local production (AfricaRice, 2011). The impacts 
of  these programmes are still being realized, 
though forecasts of  the results of  some of  these 
actions are mixed. While investment in the rice 
sector is clearly needed, many of  the government 

rice initiatives focus almost exclusively on pro-
duction to the exclusion of  complementary ini-
tiatives in processing and marketing, which are 
critical to match supply to demand. The experi-
mental study findings reported above suggest 
that supply and demand strategies need to be 
synchronized in order to tailor the quality of  
local rice to consumer preferences in urban end-
markets (Demont and Rizzotto, 2012). In this 
example, Rival-labelled rice is produced and 
marketed in line with the buying behaviour of  
Senegalese rice consumers. For African policy 
makers, researchers and donors, this translates 
into the challenge of  finding the optimal mix 
between both areas of  investment (see Tollens 
et al., Chapter 1, this volume).

Conclusions and Recommendations

Rice production in West Africa can be competi-
tive with imported rice in a far broader range of  
markets than is currently the case, so it could 
drastically reduce import dependency and thus 
food insecurity. The 2008 rice price crisis could 
provide the jolt needed to unlock this potential, 
but only if  the response strategy is well designed, 
strikes the right balance between public, private 
and donor activity, and is implemented with 
ongoing investment of  time and other resources. 
Governance of  quality and clear marketing 
strategies are crucial for increasing the aware-
ness of  urban consumers and strengthening 
emerging value chains of  quality rice, such as 
the PINORD initiative in Senegal.

A food-security strategy for rice in West 
Africa needs to satisfy multiple aspects of  food 
security. It must foster the supply of  rice to meet 
the demands of  urban and peri-urban popula-
tions that currently consume large quantities 
of  imported rice (in most West African coun-
tries). At the same time, it must address food 
access by rural populations, many of  whom 
cultivate rice for subsistence. In addition, trade 
is essential to the efficient distribution of  food 
to deficit areas from surplus areas that have a 
competitive advantage to grow large amounts 
of  rice. Although recommended national rice 
value-chain development plans will differ 
between countries depending on their unique 
characteristics,5 a food-security strategy for 



308 M. Demont and D. Neven

rice in West Africa will have three general, dis-
tinct but complementary components that 
need to be balanced in a resource-constrained 
environment (Fig. 24.1).

First, national value-chain (VC) competi-
tiveness strategies are required to ensure the 
supply of  rice in the quantity and quality needed 
to effectively compete with imported rice in West 
Africa’s urban markets. While differing in detail 
by country, national competitiveness strategies 
will largely be based on the creation of  commer-
cial networks characterized by concentrated 
areas of  production (mostly irrigated), market-
oriented farmers, and significant investments in 
storage, processing and marketing. The estab-
lishment of  these commercial networks implies 
a time-consuming process of  building trust 
among value-chain stakeholders so that mutu-
ally beneficial business models emerge. It also 
implies a government policy shift to a more 
market-based approach to food security in which 
competitive local farms and firms ensure the 
supply of  quality staple foods at the most com-
petitive consumer prices.

Second, national rural rice food-security 
strategies focused on access to food are needed 
to improve productivity for the majority of  the 
widely dispersed subsistence rice producers, 
mainly operating under rainfed production 
systems. At its core, this strategy takes an 
incremental and partially subsidized approach 
to the introduction of  basic production and 
postharvest handling technologies – providing 
a demonstration effect for replication. It also 
takes non-distortive approaches to developing 
links between subsistence farmers and a 

commercial input-distribution system. Current 
disincentives to improved rice production will 
also need to be addressed, including insecure 
land tenure, dependency on government or 
donor assistance, and adverse cultural norms 
such as mistrust of  the private sector. A combi-
nation of  increased sales of  cash crops and 
capital-asset building (savings) will positively 
affect sustainability and the graduation of  
farmers from subsistence to market-oriented 
production. Such rural food-security strategies 
should focus on a number of  different food 
crops important for nutrition and calorie 
intake, rather than on rice (or any other staple 
food) in isolation.

Third, a regional food-security strategy 
focused on distribution is needed to facilitate 
rice flows and learning throughout the sub-
region. This facilitation will initially increase 
flows for imported rice that is already in the 
market and thus create a more competitive 
environment for local rice. However, regional 
improvements will eventually be needed to 
facilitate trade within West Africa from centres 
of  excellence (characterized by comparative 
advantages) to the major deficit areas in the 
region. Moreover, shared learning (rather than 
just information exchange) will ensure that les-
sons learned in one country will be applied 
elsewhere.

Finally, the goals of  food security and food 
self-sufficiency should not be pursued to the point 
that they undermine economic incentives – 
they may need to be rationalized within the 
design of  many current government and donor 
investments. Many post-crisis government 
interventions have undermined rather than 
built upon private-sector efforts. Even in coun-
tries where liberalization policies have been in 
place for years, there remains a fundamental 
lack of  trust in markets. At the same time, gov-
ernments in the sub-region have neither the 
resources nor the capabilities (as demonstrated 
by past efforts) to achieve substantial reduc-
tions in the need and demand for imported 
rice. Most donors and researchers would argue 
that working through the private sector is 
the most cost-effective strategy for generat-
ing the surpluses needed to replace imports. 
This strategy will have to be demonstrated 
before many governments in the region will 
be ready to adopt it.

Regional
food

security

Regional
specialization
and exchange

strategies

National
rice VC

competitiveness
strategies National rural

rice food
security

strategies

Fig. 24.1. Rice in a regional food-security strategy. 
VC, value chain.
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Notes

1 Launched in 2006, PINORD introduced and governs the quality of a new enhanced-quality SRV broken 
rice brand Rival® (Riz de la Vallée) during production (through a quality contract detailing recommended 
production practices), processing (sifting, cleaning and packaging) and promotion. PINORD also provides 
microfinancing (PINORD, 2007, 2009).
2 For example, in 2005, the Nigerian government encouraged large multinational rice companies to invest 
in rice processing by granting them licences to import brown rice at a preferential tariff rate. Two importers 
invested in new full-service rice mills, but this investment was undermined when the Nigerian government 
abandoned the exclusive licensing scheme within 2 years of its introduction (USAID, 2009).
3 The ubiquitous lack of trust works in all directions. For example, farmers do not trust that processors will 
pay them a fair price, processors do not trust that farmers will deliver in the promised quantity and quality, 
and processors do not trust that governments will stick to their policies.
4 PINORD marketed 500 tonnes of milled Rival rice on the Saint-Louis market in 2007, 5000–6000 t in 
2008, 7000–8000 t in 2009, and 12,000 t in 2010. However, the latter still represents only 3% of total 
SRV rice production in 2010–2011 (Demont et al., 2013b).
5 This is well illustrated in the country-specific value-chain studies that are attachments to USAID (2009).
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than white rice in Kumasi (the second largest 
city in Ghana), but this is not true for other mar-
kets in the country (Sakurai et al., 2006). 
Nigerians generally prefer cooked rice of  a 
‘harder’ texture than consumers in neighbour-
ing countries.

Watanabe et al. (2002a,b, 2006) showed 
that many grain quality characteristics such as 
grain breakage, grain whiteness after milling, and 
protein and amylose content were significantly 
different among 47 rice cultivars cultivated under 
wet- and dry-season growing conditions in Côte 
d’Ivoire. In a different trial, where effects of  differ-
ent harvesting dates on milling and related traits 
were examined in several varieties, interactive 
effects of  harvesting dates and varieties were sig-
nificant for husking recovery and head-rice ratio, 
while no significant interactive effects were 
observed in grain dimensions, milling recovery 
and chalkiness (Futakuchi et al., 2001 – see defi-
nitions of  grain quality below). These results illus-
trate that grain quality is a function of  the variety 
(intrinsic factors) and the production and pro-
cessing environment (extrinsic factors). It also 
underlines the importance of  conducting grain 
quality assessments under standardized cultiva-
tion and postharvest practices.

Enhancing grain quality of  locally produced 
rice in Africa needs to consider: (i) clear grain 

Introduction

Consumption of  rice is growing faster than that 
of  any other food commodity in Africa, because it 
has become a convenience food for the growing 
urban populations. Imports of  rice (close to 
10 million tonnes (Mt) per year) cost the African 
continent more than US$5 billion in 2009 (e.g. 
Seck et al., 2012). There is an urgent need to sub-
stitute imported rice with locally produced rice, 
but this requires improving the quality of  the 
latter to standards set by the consumer: locally 
produced rice is often not competitive vis-à-vis 
imported rice because of  a perceived lower qual-
ity. In Nigeria, consumers dislike locally produced 
rice compared to imported rice mostly because of  
the impurities (stones and other foreign matter) it 
contains (Tiamiyu et al., 2011). Similarly, 71% of  
390 consumers interviewed in Accra, the capital 
of  Ghana, preferred imported over local rice 
mostly because of  impurities (inclusion of  foreign 
matter) and unavailability of  local rice in suffi-
cient quantities all year round (Diako et al., 2010).

Grain quality may mean very different 
things from one country or region to another 
(see also Rutsaert et al., Chapter 23, this vol-
ume). For example, rice with low grain breakage 
is preferred in most countries, but broken rice is 
liked in Senegal. Red rice is sold at a higher price 
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quality targets based on a good understanding of  
consumer preferences; and (ii) achieving these 
targets through the choice of  the variety and by 
improving the conditions under which rice is 
produced, stored and processed.

This chapter starts with an overview of  defi-
nitions of  rice grain quality. Next a case study is 
presented on consumer preferences for rice as 
observed in four regions of  Benin. Ways to 
improve grain quality are discussed, ranging 
from the choice of  the variety to management 
factors before and after harvest. The chapter con-
cludes with recommendations for making African 
produced rice more competitive vis-à-vis imports.

Defining Rice Quality

We distinguish between rice grain quality indi-
cators in terms of: (i) physical appearance before 
and after the milling process; and (ii) cooking 
and eating quality. (For a full description see, 
e.g., Food Agency, 1995; Manful, 2011.)

Physical appearance before 
and after milling

• Size and shape – a good rice variety should 
have a characteristic and stable grain size and 
shape; consumers generally prefer milled rice 
of  a particular size and shape. The Standard 
Evaluation System (SES) for rice (IRRI, 1996) 
provides the following scales: for size, 1 (extra-
long, length >7.5 mm), 3 (long, length 6.6–
7.5 mm), 5 (medium, length 5.51–6.6 mm), 
7 (short, length ≤5.5 mm or less). For shape, 1 
(slender, length–width ratio >3.0), 3 (medium, 
ratio 2.1–3.0), 5 (bold, ratio 1.1–2.0), 9 
(round, ratio <1.1). These scores are recorded 
for brown rice to evaluate these traits as 
genetic characteristics avoiding the effect of  
milling on size and shape.

• Impurity – presence of  stones and other for-
eign matter.

• Husking recovery – the percentage of  
brown rice to paddy on a weight basis after 
dehusking.

• Milling recovery – the percentage of  milled 
(polished) rice to brown rice on a weight 
basis after milling.

• Head-rice ratio – the proportion of  ‘head 
rice’ in milled rice on a weight basis. Any 
milled grain that is less than three-quarters 
the size of  the whole grain is classified as 
‘broken’. Milled rice grains after removal 
of  damaged (broken, discolored, etc.), dead 
and immature grains are referred to as 
head rice. Breakage is a major damage and 
high head-rice ratio is considered as an 
indication of  less grain breakage.

• Chalkiness – levels of  ‘chalkiness’, i.e. chalky 
appearance either in the centres or edges of  
milled grains due to diffused reflection of  
light; a chalky grain denotes a grain in which 
the starch granules are not tightly packed and 
consequently grain filling can be termed as 
‘incomplete’. Grains with high chalkiness are 
generally softer, more likely to break during 
milling. The scales of  chalkiness by SES (IRRI, 
1996) are as follows: 0 (none, no chalky area 
in the kernel), 1 (small, chalky area <10%), 5 
(medium, chalky area 11–20%), 9 (large, 
chalky area >20%).

• Grain colour – colour is an important 
attribute to the food industry, including for 
rice. Consumers frequently look at a rice 
sample and make a judgment decision 
based largely on overall appearance includ-
ing colour. Frequently, degree of  whiteness 
is representatively used as a description of  
colour. The degree of  whiteness can be 
determined by readings (%) of  a milling/
whiteness meter, with higher values for 
greater degrees of  whiteness.

• Translucency – translucency of  milled 
grains is one of  the milled grain traits 
related to appearance. A milling/whiteness 
meter also provides a value (%) of  translu-
cency and a higher value means that the 
grain is more transparent.

• Aroma – aromatic rice is sold at a higher price 
(premium) in most regions. Existence of  aroma 
can be judged with milled grains and is a con-
sumer selection criterion in the market. Aroma 
is also a factor included in the eating quality.

Cooking and eating qualities

• Apparent amylose content – this is a 
major factor affecting rice eating texture 
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(usually, the lower the amylose content 
the softer the rice).

• Gelatinization temperature – the time 
required to cook rice is determined by the 
temperature at which the crystalline struc-
tures of  the starch in the grain begin to melt 
when heated in the presence of  water. This is 
known as the gelatinization temperature 
(GT) and it ranges from 55°C to 85°C. Rice 
with high GT takes a longer time to cook and 
the cooked rice has a harder texture, while 
low-GT rice takes a shorter time to cook and 
has softer to intermediate texture.

• Gel consistency – when rice flour is cooked 
in excess water it liquefies into a gel. The 
consistency of  the gel can be indicative of  
the cooked rice texture.

• Viscosity of  cooked rice flour – several vis-
cosity parameters (maximum, minimum, 
breakdown, final and setback viscosities) 
can be read in the amylograph, which can 
be drawn by a Brabender viscogram or other 
similar equipment with a rice flour sample 
(Food Agency, 1995) and the parameters 
are associated with eating texture. For those 
who eat rice after it has cooled, the parame-
ters at low temperatures (final and setback 
viscosities) are important.

• Protein content – high protein content makes 
eating texture harder. Amylose content has a 
much greater effect on texture than protein 
content (Watanabe et al., 2002a).

• Water-uptake ratio, elongation ratio and 
swelling ratio – water-uptake ratio is weight 
of  absorbed water during cooking per unit 
weight of  raw rice; elongation ratio is a 
ratio of  the length of  a cooked grain to that 
of  a raw grain; swelling ratio is a ratio of  
the volume of  a rice sample after cooking to 
that of  the rice sample before cooking.

• Cooking time.

Comparing Local and Imported Rice: 
A Case Study in Benin

Consumer preferences

A survey was conducted in Cotonou (the com-
mercial capital of  Benin in the southern region, 

where people are highly exposed to imported 
rice), Lokossa (a town in southwest region), and 
Materi and Tangieta (both towns in the north-
ern region) (Study 1). At each site, 125 consum-
ers compared the grain qualities of  two imported 
rice brands (Gino and Sultana), two local – 
already cultivated in the country – rice varieties 
(Beris 21 and Tox long) and three newly intro-
duced NERICA varieties (NERICA 1, NERICA 3 
and NERICA 4) (Fofana et al., 2010a). The con-
sumers were asked to rate milled and cooked rice 
samples using the following scale: 1, dislike very 
much; 2, dislike; 3, neither dislike nor like (neu-
tral); 4, like; 5, like very much. In the test of  
milled (raw or uncooked) rice, imported rice 
(Gino and Sultana) and NERICA 1 were appreci-
ated by consumers across Benin; local varieties 
and NERICA 3 and NERICA 4 were rated lower 
(Table 25.1). However, cooked rice was appreci-
ated very differently depending on the region 
(Table 25.2). The imported brands (Gino and 
Sultana) and NERICA 4 were liked in Cotonou, 
but they were neutral or disliked and NERICA 4 
was disliked in the other areas. NERICA 1 was 
disliked very much in Cotonou, but received 
neutral or higher ratings in the other regions. 
Beris 21 and Tox long were generally disliked 
and their ratings were especially low in Cotonou. 
For the three regions other than Cotonou, no 
rice varieties or brands received a score of  4 or 5. 
Cotonou stood out as very different from the 
other regions (Table 25.2).

Preference for imported rice in the raw 
(uncooked) state seemed to be common across 
the country, so matching the quality of  imported 
rice can be an excellent target for the improve-
ment of  locally produced rice. However, prefer-
ences for cooked rice were very site specific. The 
study also revealed that there can be large varia-
tion in consumer preferences even within a rela-
tively small country like Benin. This may suggest 
a wide range of  preference variation in other 
larger countries and also across Africa, and the 
necessity to collect more information to expand 
the study.

Physical appearance

To compare varietal characteristics of  local rice 
with imported rice (Study 2), AfricaRice cultivated 
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five local varieties and five NERICA varieties 
(three of  the five have been introduced to Benin). 
The harvested samples were processed using a 
laboratory husker and polisher, and their grain 
qualities compared to five imported rice brands 
in 2010 (Fofana et al., 2011a; Table 25.3). The 
imported rice brands were less chalky, more 
translucent and had more slender grain shapes 
than the local rice and the NERICA varieties. 
According to the standard evaluation system 
(SES) for rice (IRRI, 1996), the chalkiness scores 
0, 1, 5 and 9 indicate non-chalky, small (less 
than 10% of  kernel area), medium (11–20% of  
kernel area) and large (more than 20%) chalki-
ness, respectively. As the average of  three sam-
ples, the imported rice brands had scores of  0 or 

1, while the local rice had scores of  4 or 5 (except 
Adny 11). NERICA varieties also had a high 
score of  4. For grain hardness, two local varie-
ties (Beris 21 and IDSA 1) and four NERICAs 
(NERICA 3, 4, 6 and 7) showed low values com-
pared to the imported brands. These varieties 
also have chalky grains (soft and chalky grains 
are likely to break). However, the imported 
brands were not whiter than the other two 
groups, local and NERICA varieties. In the sen-
sory evaluation of  raw (uncooked) rice, imported 
brands (Gino and Sultana) were highly preferred 
compared over local varieties (Beris 21 and Tox 
long) and NERICA varieties (NERICA 3 and 4) 
(Table 25.1). From these results it follows that 
efforts to improve local and NERICA varieties in 

Table 25.1. Consumer acceptability scoresa for raw (uncooked) rice in the four 
locations in Benin. (Modified from Fofana et al., 2010a.)

Variety/brand
Cotonou Lokossa Materi Tangieta Total
Nb = 125 N = 125 N = 125 N = 125 N = 500

Gino (imported) 4.4 4.1 4.2 4.3 4.3
Sultana (imported) 4.6 4.4 4.5 4.6 4.6
Beris 21 (local) 2.5 2.8 3.1 2.9 2.9
Tox long (local) 2.5 2.5 2.8 3.1 2.8
NERICA 1 (newly 

introduced)
4.2 3.8 4.1 4.2 4.1

NERICA 3 (newly 
introduced)

3.1 2.8 2.5 2.8 2.9

NERICA 4 (newly 
introduced)

3.4 3.1 2.7 2.7 3.0

a1, dislike very much; 2, dislike; 3, neither dislike nor like; 4, like; 5, like very much.
bN, number of consumers participating in the test.

Table 25.2. Consumer acceptability scoresa for cooked rice in the four locations 
in Benin. (Modified from Fofana et al., 2010a.)

Variety/brand
Cotonou Lokossa Materi Tangieta Total
Nb = 125 N = 125 N = 125 N = 125 N = 500

Gino (imported) 4.2 3.3 3.4 2.6 3.6
Sultana (imported) 4.6 3.1 2.8 2.6 3.5
Beris 21 (local) 2.1 2.9 3.1 2.9 2.8
Tox long (local) 2.2 2.8 3.0 2.7 2.7
NERICA 1 (newly 

introduced)
1.0 3.0 3.7 3.6 2.6

NERICA 3 (newly 
introduced)

2.9 1.8 2.1 1.8 2.1

NERICA 4 (newly 
introduced)

4.2 2.2 1.8 1.9 2.8

a1, dislike very much; 2, dislike; 3, neither dislike nor like; 4, like; 5, like very much.
bN, number of consumers participating in the test.
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terms of  appearance should focus on greater 
grain slenderness, less chalkiness and higher 
translucency. NERICA 1 was liked as much as the 
imported brands Gino and Sultana (Table 25.1), 
although it did not have similar grain slender-
ness, chalkiness and translucency (Table 25.3). 
This is most probably due to the wide apprecia-
tion of  NERICA 1 in Benin for its aroma.

In another survey conducted in 2010 (Study 3), 
AfricaRice collected 110 milled rice samples 
(comprising eight varieties) from local millers in 
both urban and rural areas of  eight towns (Cove, 
Dassa, Glazoue, Lokossa, Malanville, Parakou, 
Savalou and Save) in Benin. For Cotonou and 
Porto-Novo (political capital of  Benin), no local 
millers were found in either the cities or the rural 
areas near the cities. Impurity, head-rice ratio, 
whiteness and translucency were determined on 
the samples (Table 25.4). The average whiteness 

obtained (67.3) is comparable to that of  the 
imported rice (Table 25.3), but the translucency 
is low compared to that of  the local varieties 
(Table 25.3, it is important to note that the pro-
cessing in Study 2 was done in the laboratory). 
This suggests rather poor processing practices of  
local millers. Impurity was 0.01–5.30% with an 
average of  1.09% and head-rice ratio was 1.4–
71.6% with an average of  28.4%. Although the 
same measurements were not made on imported 
rice at the same time, most of  the milled rice 
samples collected from local millers were of  
poorer quality. For example, in the Philippines, 
grade 3 (lowest rating for grain quality) rice has 
50–60% of  head-rice ratio and 0.20–0.50% 
impurities (Sampang, 1992). Poor quality in 
appearance may be partly caused by varietal 
characteristics, but inappropriate postharvest 
handling can negatively affect the appearance – the 

Table 25.3. Physical characteristics of imported, locally cultivated and NERICA rice. (Modified from 
Fofana et al., 2011a.)

Rice variety/
brand Grain sizea Grain shapea Chalkinessa

Hardness
(kgw)b

Whiteness
(%)

Translucency 
(%)

Elephant
(imported)

Long Slender 1 7.6 70.8 3.0

Gino (imported) Long Slender 0 7.7 66.2 3.4
Savana 

(imported)
Long Slender 1 7.2 62.5 3.6

Special rice 
(imported)

Long Slender 1 7.0 63.4 3.4

Sultana
(imported)

Long Slender 1 8.3 64.7 3.7

Adny 11 (local) Long Intermediate 1 8.9 60.7 2.5
Beris 21 (local) Long Intermediate 5 5.5 65.7 2.4
IDSA 1 (local) Long Intermediate 5 6.1 68.7 3.4
IR 841 (local) Long Intermediate 4 8.1 63.2 2.9
Tox long (local) Medium Intermediate 5 7.6 74.6 1.2
NERICA 1 

(newly 
introduced)

Long Intermediate 4 7.2 73.2 2.7

NERICA 3 
(newly 
introduced)

Long Intermediate 4 6.5 71.3 2.8

NERICA 4 
(newly 
introduced)

Long Intermediate 4 5.9 65.3 3.3

NERICA 6 Medium Intermediate 4 6.1 68.0 3.1
NERICA 7 Long Intermediate 4 5.9 70.0 3.2

aRanks of a grain size, a grain shape and chalkiness scores were based on Standard Evaluation System (IRRI, 1996). 
Although brown rice is used for the determinations of the size and shape in SES (IRRI, 1996), milled rice was used here, 
since the imported rice was all milled rice.
bHardness was measured by grain-hardness tester (Kiya Co Ltd). The units of the meter are kilogram weight (kgw).
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current situation requires improvement of  post-
harvest processing for some traits (impurity, 
head-rice ratio and translucency).

Cooking and eating quality

In Study 2, amylose content, protein content, gel 
consistency, water-uptake ratio, elongation 
ratio, swelling ratio and cooking time were also 
measured (Table 25.5). The first three factors 
can affect eating quality. In the sensory test for 
cooked rice, imported rice (Gino and Sultana), 
NERICA 1 and NERICA 4 were preferred in some 
regions of  Benin, while local rice (Beris 21 and 
Tox long) and NERICA 3 were not liked in any 
region. There could be varietal differences in 
the varieties and brands tested for characteris-
tics associated with eating quality. All the 
local varieties, NERICA varieties and imported 
brands had similar amylose content (21–24%). 
However, the NERICA varieties had higher pro-
tein content than the other two rice categories 
(higher protein content can make eating texture 
harder). In gel consistency, the local varieties 
(except Adny 11) showed lower gel consistencies 
than the imported and NERICA rices (rice of  
lower gel consistency can have harder eating 
texture). These results suggest that the imported 
rice may have slightly softer eating texture than 
the others. However, the difference of  rating 
among NERICA 1, NERICA 3 and NARICA 4 in 
the sensory test of  cooked rice (Table 25.2) can-
not be explained by these factors – other factors, 
which were not measured, appear to affect their 
eating quality. The average scores of  the sensory 
test of  cooked rice across all regions were higher 
for the imported rice brands than the others 
(Table 25.2), although the imported rice was not 

liked in the northern regions. The direction of  
varietal improvement might be to make eating 
texture a little softer. Since high protein content 
of  the NERICA varieties can be an asset for nutri-
tion supply, improvement of  eating texture 
should be made through the reduction of  amyl-
ose content, not of  protein content.

The local rice (except Adny 11) had higher 
water-uptake ratio than the other two categories, 
although one imported brand (Special rice) also 
had a high value. For elongation rate, most of  
the varieties and brands showed similar values, 
but ratios of  Tox long (local) and NERICA 1 were 
relatively high. Swelling ratio was generally 
higher in the NERICA varieties than in the local 
varieties. In the imported brands, values of  swell-
ing ratios varied greatly, from 3.835 (Savana) to 
4.933 (Gino). All five NERICA and three local 
varieties (Beris 21, IDSA 1 and IR 841) had long 
cooking times (22.0–25.6 minutes) compared to 
the imported rices (17.0–19.6 minutes).

From the sensory tests of  raw rice and 
cooked rice (Study 1), we cannot capture the 
preference for cooking characteristics. However, 
it is considered that, in general, consumers pre-
fer rice that increases in volume during cooking 
and short cooking time will be appreciated, espe-
cially by urban consumers. The swelling ratio of  
the existing NERICA varieties (4.202–4.600; 
average 4.460) is not inferior to that of  imported 
brands (3.835–4.933; average 4.284); however, 
shortened cooking time will be the point of  
improvement for the NERICA varieties.

Improving Grain Quality

In this section, various ways to improve grain 
quality are discussed in more detail.

Table 25.4. Physical characteristics of 110 raw (uncooked) rice 
samples collected from local millers.

Impurity 
(%)

Head-rice 
ratio (%)

Whitenessa

(%)
Translucencya

(%)

Average 1.09 28.4 67.3 1.6
SD 0.84 20.2 7.2 0.7
Max 5.30 71.6 83.0 3.6
Min 0.01 1.4 54.0 0.3

aOne red rice sample found was removed since it was a different type.
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Exact information on consumer prefer-
ences is not available in many countries in 
Africa. In such cases, varietal development for 
quality is largely dependent on expert knowl-
edge. National agricultural research systems 
(NARS) may concentrate on developing varieties 
that match local preferences, as determined by 
expert knowledge or information from surveys. 
Given the sensory test results across Benin (pref-
erences related to cooked rice were different 
across regions, but those related to raw rice were 
commonly for imported rice) and the fact that a 
lot of  imported rice is consumed in Africa, 
imported rice can be a model of  varietal selec-
tion for milled rice appearance. For eating qual-
ity, which is more region specific, breeders are 
best advised to avoid developing ‘extreme’ varieties. 

Selecting the right variety

In the case of  Benin described above, the breed-
ing target for raw (uncooked) rice appearance is 
apparently imported rice. It is desirable for new 
varieties to have less chalkiness, greater translu-
cency and more slender grains than the existing 
ones. Aromatic rice, NERICA 1, was also pre-
ferred in the country, so aroma is also a target. 
For eating quality, it might be better to aim for a 
cooked rice texture that is a little softer than that 
of  the existing varieties if  consumers in large 
population cities are targeted (imported rice 
with a softer eating texture than the existing 
local rice was rated high in Cotonou). Cooking 
time of  new varieties should also be as short as 
that of  imported rice.

Table 25.5. Cooking and eating characteristics of imported, locally cultivated and NERICA rices. 
(Modified from Fofana et al., 2011.)

Rice variety/
brand

Water-
uptake ratio

Elongation
ratio

Swelling 
Ratio

Cooking
time (min)

Protein
content (%)

Amylose 
content (%)

Gel
consistency

(mm)

Elephant
(imported)

2.074 1.593 4.073 17.3 7.2 23.4 100.0

Gino
(imported)

2.221 1.453 4.933 19.6 6.4 23.4 99.5

Savana 
(imported)

2.191 1.567 3.835 19.3 7.4 22.7 100.0

Special rice 
(imported)

2.420 1.490 4.364 19.0 7.3 23.0 99.3

Sultana
(imported)

2.018 1.539 4.217 17.0 7.0 23.6 99.3

Adny 11 
(local)

2.289 1.503 4.117 18.6 7.7 22.9 100.0

Beris 21 
(local)

2.516 1.504 4.260 25.6 7.1 22.7 71.3

IDSA 1 (local) 2.386 1.512 4.045 22.3 7.1 21.2 66.8
IR 841 (local) 2.610 1.564 4.132 23.3 7.4 23.1 63.0
Tox long 

(local)
2.690 1.760 4.365 19.6 6.8 22.6 71.3

NERICA 1 
(newly 
introduced)

2.200 1.603 4.202 26.0 10.6 23.8 99.6

NERICA 3 
(newly 
introduced)

1.895 1.556 4.401 22.0 10.5 23.8 99.0

NERICA 4 
(newly 
introduced)

2.100 1.532 4.600 24.0 10.6 22.8 99.1

NERICA 6 2.004 1.574 4.595 23.0 10.7 22.5 98.8
NERICA 7 1.895 1.542 4.503 24.0 10.8 24.1 95.0
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For instance, all local and NERICA varieties and 
imported brands evaluated in Study 2 have simi-
lar amylose content in the range 21–24%; it will 
not be necessary to develop varieties with 
extremely high or low amylose contents. For 
cooking quality, high swelling ratio and short 
cooking time are generally desirable breeding 
directions.

Development of  premium-quality rice – 
non-chalky, translucent, slender and aromatic 
rice – can be a breeding objective; the ‘ORYLUX 
series’ developed by AfricaRice and NARS part-
ners is an example (Futakuchi et al., 2011). 
However, there are diverse and wide-ranging 
requirements for varieties and it will be difficult 
to develop a variety that fulfils all the require-
ments (high yield potential, resistances to all 
possible constraints in a target ecosystem, etc.) 
plus premium quality. In contrast, it will be 
important for all newly developed varieties – 
whatever the main breeding objective is – to 
possess acceptable quality (i.e. not disliked by 
consumers). For this purpose, the breeders at 
AfricaRice check all of  their materials in terms 
of  basic grain quality characteristics for raw rice 
appearance from the F4 generation and un -
acceptable (poor-quality) progenies (high chalk-
iness, etc.) are eliminated from further selection.

Most quality traits – such as grain dimen-
sions, grain hardness, whiteness, chalkiness and 
absence/existence of  aroma – are easy to meas-
ure on a small sample. Conventional breeding 
will still be effective for the improvement of  these 
traits. For traits which cost more and take more 
time to measure, marker-assisted selection 
(MAS, see Ndjiondjop et al., Chapter 12, this vol-
ume) will be a convenient approach. For exam-
ple, major and minor genes for amylose content 
occur on chromosomes 6 and 5, respectively, 
and for gel consistency two QTLs have been iden-
tified on chromosomes 2 and 7 (He et al., 1999). 
Grain breakage (low head-rice ratio) is a highly 
complicated characteristic associated with vari-
ous quality traits like grain dimension, chalki-
ness and hardness, and controlled by a large 
number of  genes. In the comparison of  head-
rice ratios of  50 varieties between two cropping 
seasons, a significant correlation was observed 
(P < 0.05). However, its correlation coefficient 
was low (r = 0.337) compared to grain slender-
ness (length/width ratio) (r = 0.920, P < 0.001), 
for example (Watanabe et al., 2002b), suggesting 

that head-rice ratio is a varietal characteristic 
but its heritability will be very low compared to 
grain slenderness. Consequently, selection of  
head-rice ratio using data from actual measure-
ment will be inefficient. It may be useful to pyra-
mid each characteristic associated with high 
head-rice ratio by MAS.

Pre-harvest cultivation practices

Sowing seeds that are a mixture of  different vari-
eties usually results in asynchronous heading in 
the same field, which makes harvesting difficult, 
which will often result in high grain breakage 
(see below). Farmers usually use their own seeds 
(harvested the previous season); thus, seed selec-
tion and handling should be done carefully. It is 
recommended that farmers renew their seeds 
every few years by purchasing certified seeds.

Zhang et al. (2012) compared rice grain 
yield and quality between a conventional low-
land irrigation scheme in China and a water-
restricted irrigation scheme, where about 16% 
of  the water of  the conventional scheme was 
used. Although yield and 1000-grain weight 
were lower in the restricted irrigation, quality 
was higher (higher head-rice ratio and lower 
chalkiness). Fofana et al. (2010b) showed that 
drought during maturity in upland rice did not 
affect yield, but decreased grain breakage and 
amylose content. These results provide some evi-
dence that a water-saving irrigation system may 
produce rice with a higher head-rice ratio with-
out sacrificing yield.

Fertilizer applications may affect grain 
quality substantially. Wopereis-Pura et al. (2002) 
showed that late application of  30 kg N/ha at 
booting stage, in addition to farmers’ standard 
fertilizer management (116 and 127 kg N/ha in 
the wet and dry seasons, respectively) increased 
head-rice ratio by 12% and 24% in the wet and 
dry seasons, respectively, in northern Senegal 
(Sahel). The late N application also increased 
yield by 0.4 t/ha and 1.0 t/ha, respectively, in the 
wet and dry seasons. However, the practice is 
useful only for rice farmers who can afford to 
apply additional fertilizer.

Timing of  harvest is crucial for grain qual-
ity and appropriate timing is often compromised 
because of  competing activities or lack of  labour 
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for harvesting. Futakuchi et al. (2001) showed 
that late harvesting (45 days after 50% flower-
ing) decreased head-rice ratio by 7.9% compared 
to the harvesting at 30 days after 50% flowering 
in M’bé (in the transition zone between Guinea 
savannah and forest areas of  Côte d’Ivoire). 
Since lower air humidity during paddy drying 
decreases head-rice ratio (Aguerre et al., 1986), 
the negative effect of  late harvesting on head-
rice ratio will become more severe in the Sahel.

Some insects and diseases may intervene in 
the field during grain-filling stage. Blast disease 
reduced head-rice ratio (Hai et al., 2007) and 
infections of  panicle blast increased the number 
of  damaged grains (Shim et al., 2005). Grains 
attacked by shield bugs (stink bugs) can be dam-
aged with dark spots (Noda and Ishii, 1983) and 
the spots do not disappear after milling. 
Management to control pests will be important to 
produce quality rice. However, little is known 
about the extent of  quality losses caused by these 
pests in Africa (see also Nwilene et al., Chapter 18, 
this volume).

Harvesting and threshing

In the harvesting of  upland rice, where subsist-
ence farmers are dominant, panicles are har-
vested with knives; harvested panicles are 
bundled and kept at home (in humid environ-
ments, panicles are stored in the relatively less-
humid kitchen). In lowland rice systems, the 
stems are cut at several centimetres above the 
base by sickle and manually threshed – for 
instance, farmers flay harvested plants against 
a metal barrel or a log. Threshed paddy is dried, 
sometimes on the ground in direct sunlight. 
These practices can introduce impurities and 
induce low head-rice ratio upon milling.

Manual harvesting is a labour-intensive 
process and proper timing of  harvesting may be 
difficult. As mentioned in the section above, 
appropriate harvesting time is important for 
grain quality. For large irrigated lowland plots in 
the Sahel, a mechanical harvester is a solution 
to this constraint, and attempts to introduce 
such a technology have been started by 
AfricaRice. Introduction of  threshing machines, 
such as the ASI thresher–cleaner (Rickman 
et al., Chapter 27, this volume), is crucial and 

has already been carried out in some Sahelian 
areas. However, this requires an initial invest-
ment and backup systems to maintain the 
machines.

It is important to dry paddy on plastic 
sheets or tarpaulins to avoid contamination 
with soil or other foreign materials. It is well 
known that fast drying of  harvested paddy leads 
to a higher percentage of  broken grains (Rhind, 
1962). Practices to avoid quick drying of  paddy 
are relatively easy to adopt. One recommendable 
practice is simply to dry paddy in the shade, in 
an area with the lowest available relative humid-
ity, not in direct sunshine. In areas where this is 
difficult, a possible practice is to have a thick 
layer of  paddy on the ground and stir the paddy 
more frequently during the drying process.

Milling

Most subsistence rice farmers carry out milling 
by themselves using mortar and pestle and sub-
sequently winnow it in the wind. In this process, 
almost all grains are broken; meanwhile, profes-
sional millers may grade milled rice before it is 
sold on the market. In Kumasi (Ghana), both 
Engelberg and so-called ‘one-pass’ mini rice 
mills are used (Sakurai et al., 2006). In an 
Engelberg mill, a steel roller with grooves rotates 
in a metal casing and paddy grains are husked 
and then polished by friction between the 
grooves and grains and among the grains; the 
machine was developed in 1888 in the USA and 
is still manufactured and used in South-east 
Asia (Satake Cooperation, 2006a). The one-pass 
mini rice mill was developed in Japan in 1956. 
This machine operates on the same principle of  
‘friction milling’ as the Engelberg, but has a dif-
ferent style of  dehusking and polishing with a 
larger capacity, and the rice husks and bran are 
removed by aspiration (Satake Cooperation, 
2006b). Rice milled by the mini rice mill had sig-
nificantly higher head-rice ratio and lower levels 
of  impurity than that milled by Engelberg mills 
in Ghana (Sakurai et al., 2006).

In Benin, all 110 millers from whom 
AfricaRice collected milled rice samples (Study 3), 
used Engelberg mills. Their output is of  poor 
quality (see ‘Physical appearance’ above). To 
improve the quality of  milled rice on the local 
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market, the introduction of  improved mini rice 
mills is one necessary measure. The mini rice 
mill has greater capacity than the Engelberg 
type, so a miller who adopts it could process 
more rice and collect more fees – the fee for mill-
ing a unit volume of  rice was not affected by 
technologies of  milling, but by location of  the 
mills (Sakurai et al., 2006). The introduction of  
a new type of  rice mill requires a large initial 
investment and it is important to consider loca-
tion and effective dissemination modes. Of  the 
110 millers using Engelberg mills in Benin, 48 
used locally produced machines and the remain-
ing 62 used machines imported from Asia. The 
average levels of  impurities and head-rice ratios 
were 1.02% and 24.4%, respectively, for the 
locally produced mills and 1.14% and 31.6%, 
respectively, for the imported mills. Impurity 
may depend on the condition of  the paddy 
brought to the millers and imported mills pro-
duced slightly higher head-rice ratio. Before a 
shift from Engelberg types to mini rice mills, 
some improvement could be possible in the local 
capacity for making mills. Stones that contami-
nate paddy (through inappropriate threshing 
and drying) can damage the mills. It is also 
important to improve local capacity to repair 
and maintain mills.

More information on rice mills can be found 
in Rickman et al. (Chapter 27, this volume).

Storage conditions

Stored grains may be attacked by weevils or 
other insects (for more details see Nwilene et al.,
Chapter 18, this volume). Storage condition and 
duration may affect grain quality. Bleoussi et al.
(2011) tested four NERICA varieties and one 
Oryza sativa variety in relation to the effect of  
storage duration (paddy under room tempera-
ture and humidity) on some grain quality traits 
up to 64 weeks and showed that with the elapse 
of  storage time, husking recovery, milling recov-
ery, head-rice ratio and grain hardness increased, 
but whiteness decreased; there was no effect on 
grain chalkiness, but some changes in cooking 
and eating characteristics caused by extended 
storage were observed. Little information is 
available on the effect of  existing storage condi-
tions in Africa on grain quality. A study of  existing 

storage practices would be helpful in determin-
ing which indigenous practices are appropriate 
for storing rice and what new practices could be 
introduced. In Asia, some storage technologies 
to improve quality and reduce damage to rice are 
available; for example, IRRI has developed a stor-
age bag for crops (not only for rice but also for 
other crops such as coffee) called the ‘Super 
Bag’. This is a hermetic storage bag and prevents 
both oxygen and water from entering from the 
outside – the following positive effects are 
expected: approximate doubling of  the germina-
tion life of  seeds; control of  insects without using 
chemicals; improved head-rice recovery of  
stored grain by about 10% (IRRI, 2005). Such a 
reputable technology could be directly intro-
duced to Africa relatively easily.

Parboiling

Parboiling is a hydrothermal process in which 
the crystalline form of  starch present in the 
paddy rice is changed into an amorphous one as 
a result of  the irreversible swelling and fusion of  
starch. This is accomplished by soaking in cold 
and then hot water or steam at low pressure, 
before drying and milling the rice. There are 
many methods of  parboiling rice, but the central 
processes are essentially the same. The process 
of  parboiling results in physical, chemical and 
organoleptic changes in the rice, with economic 
and nutritional advantages (Choudhury, 1991). 
Parboiled rice is consumed worldwide, except in 
East Asia, and its consumption is increasing in 
Africa and Central and South America (Kimura, 
1995). Parboiled rice is strongly preferred in 
some African countries such as Nigeria, where 
almost all locally produced rice is parboiled. In 
an assessment of  consumer preferences in Benin 
(Mhlanga, 2010), consumers of  all regions – 
except the south (including Cotonou) – preferred 
parboiled rice to non-parboiled rice. In countries 
such as Benin and Nigeria, therefore, there could 
be a large potential in parboiling technologies to 
increase incomes, especially for women processors – 
the main producers of  parboiled rice. Fofana et al.
(2011b) show that a method to steam paddy 
instead of  boiling resulted in a better-quality prod-
uct with fewer heat-damaged grains, higher head-
rice ratio and greater translucency. This method 
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of  direct steaming is being disseminated to rice 
parboilers in Benin by AfricaRice and the Institut 
national de recherches agricoles du Bénin 
(INRAB, the Beninese NARS).

Bleoussi et al. (2011) report significant 
interactive effects of  paddy storage duration and 
parboiling on several grain quality traits (grain 
hardness, husking recovery, head-rice ratio, 
whiteness, translucency, cooking time, swelling 
ratio and gel consistency), but not milling recov-
ery. In consideration of  the importance of  par-
boiled rice in Africa, further study will be 
necessary on this topic.

Other factors

Ghanaian rice farmers near Kumasi take paddy 
directly to millers and pay them on a milled-rice 
volume basis. Farmers then sell milled rice to bro-
kers or retailers (Sakurai et al., 2006). Sakurai 
et al. (2006) observed that low grain breakage 
had a significantly positive effect on the rice price 
in the urban areas of  Kumasi but not in the rural 
areas around the city. For goods to be sold at the 
right price (i.e. high-value goods sell at high 
prices and low-value goods at low prices), market 
information should be available to all actors. In 
the urban area of  Kumasi, there are several clus-
ters of  rice millers. In contrast, in the rural areas, 
millers are much more scattered.

If  rice with higher (more appreciated) qual-
ity is sold at a higher price, rice value-chain 
actors will be more motivated to improve the 
quality of  rice; in this example, this is more likely 
to occur with rice sold in the urban areas than 
that sold in the rural communities around 
Kumasi.

Conclusions

Improving the market competitiveness of  locally 
produced rice is crucial for reducing the amount 
of  imported rice and contributing to food security 
in Africa. The competitiveness of  locally produced 
rice against imported rice in the market depends 
primarily on its acceptance by the consumer.

Sensory tests were conducted in four 
regions in Benin using two imported brands, two 
local (already cultivated) varieties and two 

newly introduced NERICA varieties with 125 
consumers at each site. Preference for raw 
(uncooked) rice was common across regions 
with a high preference for imported rice brands 
and NERICA 1. For cooked rice, preferences dif-
fered with region. Cotonou showed very differ-
ent results (imported rice and NERICA 4 were 
liked there) from the other regions, most proba-
bly due to the fact that its population is more 
exposed to imported rice compared to the other 
three regions. The local varieties did not receive 
high preference scores as either raw (uncooked) 
rice or cooked rice samples in any region.

Comparing the sensory tests with the study 
on grain quality traits of  imported rice brands, 
local varieties and NERICA varieties, it was shown 
that low chalkiness, high translucency, slender 
grains and aroma are factors that are commonly 
preferred across Benin for raw (uncooked) rice. 
The third study showed that locally produced rice 
was generally of  poor quality because of  impuri-
ties, and a poor head-rice ratio and translucency. 
These are important indicators to be considered 
in the improvement of  varieties, and with respect 
to pre- and postharvest practices. Although pref-
erence for cooked rice was different among 
regions, the imported rice brands received rela-
tively high preference scores on average across 
regions. With respect to cooked-rice characteris-
tics, imported rice possessed a softer texture than 
the local and NERICA varieties, which was pre-
ferred by most consumers.

The diversity of  preferences for cooked-rice 
attributes within a small country like Benin may 
suggest that there could be huge variations in 
cooked-rice preferences across the continent. 
Precise information is not available for most 
countries in Africa and further consumer-
preference surveys will be necessary in those 
countries. On the other hand, preference attrib-
utes for imported raw rice in all regions of  Benin 
was fairly uniform. The physical quality attrib-
utes of  imported rice could therefore be the 
benchmark target for breeding, pre- and post-
harvest practices in many areas in Africa. It has 
been reported that despite some superior eating 
properties of  local rice, it is not competitive 
against imported rice in terms of  physical qual-
ity in Nigeria (Tiamiyu et al., 2011; Ogundele 
and Diagne, unpublished data).

In all steps along the value chain where the 
quality of  locally produced rice is affected – i.e. 
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varietal selection (breeding), cultivation, har-
vesting and threshing, milling, storage and par-
boiling – there are some issues to be addressed. 
Possible improvements in each step are discussed 
in this chapter based on detailed studies in 
Ghana and Benin and available knowledge 
(documents and expert knowledge).

In order to achieve a better physical qual-
ity of  rice, especially fewer impurities and 
higher head-rice ratio, the harvesting, thresh-
ing and milling processes are crucial with 
mechanization being important for all these 
operations. Results from Benin show that 
locally manufactured rice mills generally pro-
duce lower-quality rice than imported mills of  
the same type. Improvement of  the local 
capacity to construct these mills is needed and 

this may also contribute to better mainte-
nance of  the mills.

Apart from factors such as varietal selection 
and pre- and postharvest practices discussed 
above, the socio-economic environments sur-
rounding value-chain actors may have an influ-
ence on the quality of  locally produced rice. If  
locally produced rice of  better quality is sold at a 
higher price, the actors will be more motivated to 
improve rice quality. In our example from Ghana, 
this was the case in the urban area of  Kumasi but 
not in the surrounding rural areas. This differ-
ence between urban and rural areas is because of  
differences in access to price information (Sakurai 
et al., 2006). Therefore, better access of  value-
chain actors to price information is an important 
prerequisite for rice quality improvement.
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the role of  locally grown rice, both as a substitute
for imports and as a means of  assuring food 
security.

Can African Rice Compete?

Growth of  rice consumption in SSA has been 
outstripping that of  rice production. Between 
1961 and 2005, rice consumption in SSA grew 
at 4.52% annually, compared with growth in 
production of  3.23% (WARDA, 2007). Imports 
increased dramatically to fill the gap, as the self-
sufficiency ratio (production/consumption) 
declined from 112% in 1961 to 60% in 2005. 
The international market thus supplied 40% of  
SSA’s rice needs.

Most growth in production has been due to 
an expansion of  the area under cultivation 
rather than to an increase in yields, although 
this situation has changed dramatically in many 
countries since the 2007–2008 rice crisis (see 
Seck et al., Chapter 2, this volume). This is partly 
because of  the dominance of  rainfed cultivation, 
both upland and lowland, which accounts for 
70% of  the area planted to rice in SSA (com-
pared with 37% worldwide; see Diagne et al.,
Chapter 3, this volume). In fact, substantial 
increases in yields have been achieved under 

Introduction

This chapter describes how value-chain analysis 
can be used to identify key constraints in the rice 
commodity chain and how these constraints can 
be overcome through infrastructural invest-
ment, institutional change and policy reform. It 
applies this analysis to the specific case of  rice in 
Rwanda, where a major goal is to slow the 
growth of  rice imports. The analysis reveals that 
the chief  problem is lack of  competitiveness of  
local rice vis-à-vis imports due to the poor qual-
ity of  milling and a policy environment that dis-
courages investment in mills capable of  produc-
ing rice that is competitive. This problem of  the 
competitiveness of  local rice production is also 
prevalent in much of  West Africa.

The paper is organized as follows. The first 
section sets out some of  the broader dimensions 
of  competition between rice produced and milled 
in sub-Saharan Africa (SSA) and rice that is 
imported from outside the continent. Much of  
this discussion is focused on West Africa and on 
some of  the empirical research that has been 
undertaken within this sub-region. The second 
section applies value-chain analysis to this prob-
lem in Rwanda. The final section draws some 
conclusions and looks at the implications for 
SSA. It raises a number of  questions regarding 
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irrigation systems involving total water control, 
but these have not been sufficiently important in 
aggregate to offset the relative stagnation of  
yields under rainfed conditions.

Among the major staple foods in SSA, rice 
consumption is growing most rapidly (Diagne, 
2010). There are a number of  reasons for this. 
Rice is an important convenience food. It 
requires less time and energy to cook than most 
of  the other staples such as beans, cassava, 
banana and potato. This is an important attrib-
ute given women’s increased participation in the 
labour market and the growing importance of  
food consumption away from the household. 
Other desirable features include its ease of  stor-
age and handling, and its long shelf  life. These 
make it a highly desirable food in urban areas. 
Furthermore, when processed, rice gives off  sev-
eral useful by-products, which can be used in the 
animal feed sub-sector, breweries and other 
industries. This lowers the price of  milled rice to 
consumers.

If  past trends continue (reflecting growth 
rates seen over the period 2000–2012), con-
sumption in SSA will reach 36 million tonnes 
(Mt) in 2020 compared with 19 Mt of  milled rice 
production (Seck et al., Chapter 2, this volume). 
This will imply a self-sufficiency ratio of  only 
about 52%. However, this growing imbalance is 
based on past trends and does not have to reflect 
the future. Africa has a number of  advantages 
that may put it in a better position. Production 
has been increasing, in part spurred on by the 
food crisis of  2007–2008, and a number of  pro-
active measures have been taken. The fact that 
most rice is grown under rainfed conditions 
means that there is substantial potential for 
investment in irrigation, and a consequent 
increase in yields up to 7 t/ha or more. Further-
more, the new NERICA varieties developed by 
the Africa Rice Center for rainfed cultivation 
mean that gains in yields are not limited to irri-
gated rice. Finally, a number of  studies suggest 
that SSA has a comparative advantage in rice 
production in competition with imports, and 
that comparative advantage appears to be grow-
ing, especially given the price increases since 
2005 (Lançon and Benz, 2007).

Given this potential to expand production, it 
would seem that there is a good possibility that 
the growth in the gap between rice consumption 
and production could be reversed, and that 

imports could decline, at least in relative terms. 
But for this to happen, there needs to be more 
attention paid to postharvest dimensions of  the 
rice value chain. For it is not at all clear that 
most of  the rice being produced in SSA is com-
petitive with imported rice – not so much in 
terms of  comparative costs as in terms of  quality 
and other dimensions in which these grains 
compete.

It is well recognized that rice produced 
locally in SSA suffers a significant price discount 
in comparison with imported rice (Lançon and 
Benz, 2007). This appears to be at least partly 
due to perceived differences in quality. Local 
African rice generally has more impurities mixed 
in with it and is not of  uniform grain size and 
colour (Campbell et al., 2009, p 31).2 Lack of  
product uniformity leads to longer cooking 
times and unpredictable preparation. Cleaning 
and sorting this rice prior to cooking is time-
consuming and laborious.

Lack of  ready availability of  local rice 
throughout the year may also be a problem. 
Imported rice tends to be consumed mostly in 
urban areas, whereas local rice is consumed more 
in the countryside, close to the production areas. 
Traders in urban areas are reluctant to carry 
local rice because of  lack of  credit from whole-
salers, whereas credit is generally available from 
importers and the wholesalers to whom they sell 
(Campbell et al., 2009, p 32). In addition, supplies 
of  local rice, which are abundant just after har-
vest, tend to dwindle thereafter because of  lack of  
adequate incentives for storage.

There is other evidence that local rice and 
imported rice are not very good substitutes in 
consumption. In most SSA countries, prices of  
local rice tend not to follow the movement of  
prices on the international rice market, at least 
not very closely. Consumers’ price elasticity of  
response to movements of  the prices of  imported 
rice appears to be very low. For example, follow-
ing the devaluation of  the CFA franc in 1994, 
consumers in Burkina Faso, Côte d’Ivoire, Mali 
and Senegal responded by reducing their con-
sumption of  other foods, such as meat and 
wheat products, while maintaining their con-
sumption of  rice at relatively constant or only 
slightly reduced levels (Diagana et al., 1999). 
Consumers tend to set minimum quality stand-
ards and are unlikely to shift from imported rice 
to local rice just because the price of  the former 
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has risen. Instead they tend to shift to lower-
quality but cheaper imported rice – for example, 
one with a higher percentage of  broken grains 
(Campbell et al., 2009, p 28).

There is evidence from Senegal that the rise 
in rice prices on the world market in 2007–
2008, which was transmitted into higher retail 
prices for imported rice in Senegal relatively 
quickly, did not spill over into a parallel increase 
in the price of  local rice. In fact, prices of  local 
rice actually decreased and there was a substan-
tial widening of  the gap between the two 
(Rutsaert et al., 2010). This has important impli-
cations for policy. If  there is very little substitut-
ability between imported and local rice, then 
increased production of  local rice, in the face of  
very inelastic demand, could result in a decline 
in its price rather than a replacement of  imports 
(Rizzotto and Demont, 2011).

Another question that arises is whether the 
price discount to which local rice is subject in 
comparison with imports occurs because of  
inferior quality, particular consumer prefer-
ences, or prejudice in favour of  imported rice 
because it is ‘foreign’. This is an important ques-
tion for policy because, as seen in the case study 
of  Rwanda, the cause will have direct implica-
tions for the actions necessary to reduce this dis-
count. Unfortunately, little research has been 
done that would shed some light on this issue. 
One exception is a study that was undertaken in 
Senegal to test the hypothesis that consumers 
prefer imported rice because it is foreign 
(Rutsaert et al., 2010). This involved allowing 
consumers to bid in an auction for four different 
rices, judged on the basis of  their appearance, a 
sensory taste test, and their own experience.

Each participant was endowed with one kilogram 
of  the ‘benchmark’ mediocre-quality SRV 
(Senegal River Valley) rice and was presented 
with the option to exchange this kilo into the 
three alternative rice types. The benchmark rice is 
a mix of  varieties (Sahel 108 and [Sahel] 201) 
and is commonly available on the market. The 
imported Thai-25 rice has a grain quality 
somewhere between the benchmark and the 
high-quality SRV rice and contains some 
impurities. The unlabeled and labeled rice types 
are equal, i.e. high-quality SRV rice (Sahel 108 
variety) which is purified, carefully sifted, and 
branded and marketed as ‘Rival’.

(Rutsaert et al., 2010, p 7–8; see also Demont 
and Neven, Chapter 24, this volume).

Senegalese consumers were willing to pay 
a premium of  CFA 43/kg (€0.07/kg) for quality 
SRV rice relative to imported rice. They were fur-
ther willing to add CFA 29/kg (€0.04/kg) for 
the branded version of  the quality SRV rice. 
Although this suggests that these consumers 
valued the high-quality SRV rice, especially in 
relation to the benchmark of  mediocre quality, 
it does not tell us very much about how they 
would value this rice in comparison with similar 
high-quality broken rice that was imported. 
Furthermore, Senegalese consumers may be 
differentiated to some extent by their preference 
for broken rice and by the high degree to which 
they consume imported rice not just in the cities 
but also in the countryside. Thus, they are more 
familiar than consumers in many other coun-
tries with the differences between imported and 
local rice.

So what is to be done? Is there any way that 
African rice can compete on more equal terms 
with imported rice? If  so, what does this require? 
Better milling? More organized marketing? 
Improved access to finance? Public promotion? 
To suggest some answers to these questions, we 
turn in the next section to a case study of  value-
chain analysis applied to the issue of  the com-
petitiveness of  Rwandan rice vis-à-vis imported 
rice. This analysis involves the following steps.3

• Identify where local rice is likely to be most 
competitive, e.g. as a substitute for rice 
imports, as a substitute for other locally 
produced food crops, or for export. This 
should be based on:

• projections of  local demand and supply;

• analysis of  the economic cost of  sup-
plying each of  these markets in rela-
tion to price; and

• identification of  elements of  competi-
tiveness other than cost in each mar-
ket, e.g. quality, continuity of  supply.

• Map different value chains and their spatial 
relationships and modes of  production, col-
lection, milling, transportation and mar-
keting; determining relative quantities of  
rice passing along each chain.

• Establish the enabling environment, includ-
ing policies related to production, input 
taxes and subsidies, investment incentives, 
trade, regulation, institutional promotion 
and competition policy.
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• Assess costs, value addition, and profitabil-
ity at each stage of  each value chain in both 
financial and economic prices.4

• Identify infrastructural, institutional, 
financial and policy constraints at each 
stage of  each value chain.

• Establish benchmarks for performance indi-
cators against international competition, 
e.g. quality in relation to price.

• Prioritize binding constraints.

• Understand political, social, economic and 
financial issues behind these constraints.

• Formulate actions to overcome these 
constraints.

Case Study of Rwanda5

Background

Rwanda is a relative newcomer to rice. Traditionally, 
its staple foods have been rainfed crops such as 
sweetpotato, cassava, beans and maize, which are 
grown primarily on the steep hillsides using rela-
tively labour-intensive techniques to keep the soil 
in place and to preserve its fertility. However, begin-
ning in the 1950s, Rwanda began to import rice as 
a convenience food, especially for urban consum-
ers. These imports accelerated following the end-
ing of  the genocide in 1994.

Several years ago, the Government of  
Rwanda decided to give high priority to the pro-
duction of  rice in the country’s marshlands, 
where, with adequate investment in irrigation 
infrastructure, the crop is capable of  yielding up 
to 7 t/ha during each of  two growing seasons 
(Ministry of  Agriculture and Animal Resources, 
2005, pp. 2–3). The government provided this 
investment and farmers responded by growing 
rice largely as a cash crop. However, as produc-
tion increased there was a growing need to 
expand facilities for processing and marketing. 
At first, much of  this processing was done with 
small hullers, which produced rice with sub-
stantial impurities and little uniformity of  grain 
colour and size. This was similar to much of  the 
rice being produced and processed for home con-
sumption or the local market in West Africa.

In addition to the hullers, the government 
earlier invested in a number of  medium-sized 
mills of  1–3 t/hour capacity. By the time that the 

National Rice Program was going into effect, 
these mills were old and required substantial 
upgrading or replacement with more modern 
equipment. The government responded by pri-
vatizing these mills, turning them over to co-
operatives or selling them to private investors. 
Often this was done as part of  a joint venture 
arrangement between the cooperatives and the 
investors. However, even though these mills pro-
duced a better quality of  rice than the small hull-
ers, they had a hard time competing. Finally, in 
2009, the government banned most of  the small 
hullers in an effort to ensure adequate supplies 
of  paddy to the larger mills.

This ban encountered strong opposition 
from Rwandan farmers, resulting in only about 
10% of  total production flowing through the 
mills. This was largely because the prices the 
mills offered to farmers were substantially lower 
than those offered by private traders. As a result, 
the mills continued to operate at less than full 
capacity, raising their costs and making it even 
more difficult for them to compete.

A major objective of  the study of  the rice 
commodity chain was to make recommenda-
tions concerning how the quality of  milled rice 
could be improved so that this rice could com-
pete more favourably with imports, and, at the 
same time, result in greater efficiency in market-
ing and processing.

Key findings

The following are some of  the key findings from 
the study that are relevant to these objectives.

• Careful projections of  the supply of  and 
demand for rice in Rwanda over 10 years 
show that, while there is considerable 
potential for expansion of  production, the 
growth of  consumption is such that it is 
highly unlikely that Rwanda will be able to 
achieve self-sufficiency in rice – at least as 
long as production of  rice is confined to the 
marshlands. Given the continuing rice defi-
cit, the major market for locally grown rice 
is as a substitute for rice imports or to dis-
place other food crops in consumption.

• There are some advantages to competing 
with imports. In particular, as long as rice is 
being imported, local production is being 
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protected by the cost of  transporting 
imported rice from producing countries to 
Rwanda. In addition, it makes it easy to pro-
tect local rice by imposing taxes on rice 
imports.

• Only about 10% of  the paddy being pro-
duced is processed in modern mills. The rest 
is going to seed, feed, losses, hand pound-
ing, or husking by small hullers. This results 
in a lower-quality product, which com-
mands a lower price than imports. At the 
same time, several of  the modern mills 
complain about not being able to buy all the 
paddy they can process. One reason appears 
to be the low prices that they offer com-
pared with private traders.

• The poor quality of  most local rice as cur-
rently processed, plus the separation of  the 
market for this rice from that of  imported 
rice, means that it is not a very good substi-
tute for imports. To the extent that it is 
being sold on local markets, it is competing 
mostly with other foods. When processed in 
modern mills, the local rice appears to be of  
a quality that should be competitive with 
imported rice, but it does not command the 
same price as the latter. Frequently, the 
unexplained discount on local rice is 
10–20%. The reasons for this are not well 
understood and need to be investigated.

• In addition to taxes on imports, the govern-
ment provides substantial subsidies on 
production by paying for irrigation infra-
structure and subsidizing the transportation 
of  fertilizer. These subsidies amount to close 
to 30% of  total on-farm production costs. 
Rice production is financially profitable eve-
rywhere, partly because of  the subsidies 
involved. It is economically profitable in 
most, though not all, locations in competi-
tion with rice imports.

• Data on the range of  small to medium-sized 
modern mills (0.2–3.5 t/h) that are operat-
ing in Rwanda suggests that most of  those 
mills are profitable and would continue to 
be profitable even if  they paid the market 
price for paddy. There is a wide range of  
mills of  different sizes on the international 
market that are able to process and grade 
rice of  good quality, with a low percentage 
of  broken grains, uniform appearance and 
few impurities.

Recommendations to improve 
competitiveness

The Government of  Rwanda has two major 
objectives regarding the rice sector. The first is to 
increase supplies of  domestic rice to reduce 
dependence on rice imports. The second is part 
of  the overall objective of  assuring food security 
for the majority of  the population. It is clear that 
the current system for processing most rice in 
small hullers is not contributing to the first 
objective because of  the poor quality of  the 
hulled rice, as indicated by the substantial dis-
count this rice receives – up to 30% of  the price 
of  imported rice. However, it can contribute to 
food security.

There are some important advantages to 
having a modest-sized market for this hulled 
rice. First, the quality is not so bad that no one 
will eat it. With a little cleaning, it can be quite 
satisfying, especially for the poor and those liv-
ing in rural areas. Second, the by-product of  
such rice is usually a mixture of  husks, bran 
and some broken grains. This is a relatively 
good animal feed, especially for ruminants, and 
can contribute to food security via the livestock 
sector. Third, the small scale of  these hullers 
allows them to be owned and operated by a 
number of  small entrepreneurs, creating income 
and employment, and – through this – improved 
food security. Finally, availability of  a large 
number of  small rice-processing units creates 
an environment in which competition flour-
ishes, ensuring that costs to consumers are 
minimized.6

Nevertheless, the poor quality of  rice pro-
cessed in the small hullers does limit its ability to 
compete with imports. In the longer term, as 
incomes increase, the consumption of  this rice 
will decline in importance as consumers become 
more discriminating. It is important, therefore, 
that a modern milling sector develop alongside 
the small-scale, poor-quality sector. The analysis 
of  costs and returns in Rwanda suggests that 
this can be done without the ban on small hull-
ers. There is a ready market for good-quality 
local rice as a substitute for imported rice, espe-
cially if  this rice enters the market chain at the 
same point as the imported rice. Substantial 
profits can be made all along the value chain 
even if  the larger mills compete freely in the 
market for paddy.
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This does not mean that all rice should be 
milled in a few larger mills. There are ample mar-
kets for and ready sources of  supply of  modern 
mills of  different sizes – ranging from 250 kg/h 
to 5 t/h. These mills are capable of  cleaning, 
dehusking, whitening, polishing and grading 
rice to the specifications that will meet interna-
tional standards. Small mills are particularly 
appropriate where rice production occurs in 
relatively isolated regions. They give to the 
cooperatives and individual owners the sense 
that they are able to make productive invest-
ments that capture some of  the value added in 
the commodity chain. Furthermore, the exist-
ence of  a number of  mills in this size range, in 
addition to a few larger mills at strategic loca-
tions, helps to spur competition. Such a diversi-
fied range of  milling activities should therefore 
be promoted.

There is one caveat. Even when the 
appearance of  imported and local rice is the 
same, there appears to be a consumer bias 
towards imported rice, which results in a 
price discount of  10–20% of  the price of  
imported rice. It is not evident why this is so. 
There may be characteristics that are not 
always clearly visible in the market, such as 
better taste, faster cooking time, more swell-
ing in cooking, greater assurance of  availabil-
ity, and attachment to brand names. These 
characteristics need to be identified through 
consumer surveys, blind tastings, and physi-
cal testing. Once the sources of  bias are 
understood, efforts should be made to over-
come these perceived differences through 
investment in storage, parboiling and other 
measures. Finally, to the extent that differ-
ences in preferences persist that are unex-
plained, this should be publicized in order for 
consumers to learn that their preferences are 
not based on real differences and that they 
can gain by buying cheaper local rice.

Conclusions and Implications

The qualitative competitiveness of  local rice 
production and processing in SSA is increas-
ingly being recognized as a major constraint to 
increased self-sufficiency and reduced depend-
ence on rice imports. The duality of  the market 

for rice is a major factor. On one hand, the mar-
ket for imported rice is heavily concentrated in 
urban areas and demands a relatively high 
standard of  quality in terms of  lack of  impuri-
ties and relatively uniform appearance. On the 
other hand, rice in rural areas is more likely to 
come from local sources, to have more impuri-
ties and to be less uniform with respect to grain 
size and colour, though it may have certain 
taste characteristics that are appreciated by 
local consumers.

One result is that the price of  local rice on 
the domestic market is generally less than that 
of  imported rice. It is not totally evident 
whether this is because the local rice is of  lower 
quality. Some local rice, processed in modern 
mills and flowing into similar market channels, 
would seem to compete very well with imported 
rice. However, in Rwanda at least, local rice of  
very similar appearance in terms of  lack of  
impurities, percentage broken grains, uniform-
ity of  grain size and colour, etc., sells at a sub-
stantial discount over imported rice. Whether 
this is because of  other characteristics that 
cannot so easily be observed or results from 
prejudice in favour of  imported rice is not 
known.

This is an important area for research. The 
effect of  the price discount is substantial in 
terms of  foregone profits. Furthermore, lack of  
substitutability between imported and local rice 
means that all of  the efforts being undertaken 
to promote local production as a substitute for 
imports may simply drive down the price of  
local rice, discouraging investment in expanded 
production.

It appears from the Rwanda case study and 
from some other experiences in Africa that it is 
quite possible to invest in modern mills of  vari-
ous sizes that are capable of  profitably milling 
rice of  good quality that should compete very 
well with imports. Even though the cost of  this 
milling will be higher than using small hullers 
alone, the price increase resulting from the 
higher-quality product should be more than 
enough to offset the higher costs. This is cer-
tainly the case in Rwanda.

Given the cleaning, polishing and grading 
capabilities that these mills have, better milling 
should take care of  the problems of  impurities, 
lack of  uniformity, and high percentage of  bro-
ken grains. With complementary investment in 
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adequate supplies of  food. If  all paddy is chan-
nelled towards the modern mills, what happens 
to this source of  food?

The importance of  this depends on what 
other alternatives are available. In Rwanda, 
there are numerous alternative sources of  food 
upon which the population has traditionally 
depended. The opportunity to grow rice in the 
marshlands is an opportunity to make the best 
use of  this scarce resource, which can be most 
profitably exploited by selling the rice as a cash 
crop. But this can most profitability occur only if  
the paddy is processed in modern mills in order 
to earn the best price in competition with 
imports.

In other countries, for example Liberia, 
rice is widely consumed as a staple food 
throughout the country. Here one wants to be 
much more careful in moving too rapidly 
towards the use of  modern processing facilities, 
since this can put rice out of  reach of  the poor. 
This does not mean that improvements in pro-
cessing should not be made, but simply that 
there are some advantages to the simple hull-
ing of  rice to produce a product that is widely 
consumed throughout the country, yields a by-
product that is valued as an input into the 
livestock sector, and provides income and 
employment to the rural economy. Thus, a dual 
approach involving both types of  processing 
might be best until there are reasonable assur-
ances that food security has been attained.

storage, this should also ensure that adequate 
supplies of  local rice are available year round. It 
will not necessarily solve problems of  taste, stor-
ability, cooking time, water absorption and other 
characteristics that are not apparent to the eye. 
That will require further testing and consumer 
surveys, including the use of  blind sensory tests. 
It will also require trials to see how improve-
ments can be made. For example, there is some 
evidence that imports benefit from longer stor-
age during transport, and this improves quality 
(Bleoussi et al., 2010). Parboiling may be used to 
increase water absorption during cooking. All of  
this needs to be better understood and tested to 
see what works best in competition with imports.

To the extent that there do not appear to be 
any important differences between imported 
and local rice processed in modern mills – 
whether visible or not – there may simply be a 
prejudice in favour of  imported rice because it 
is ‘foreign’. The fact that definable differences 
have not been found and yet imported rice is 
more expensive than local rice needs to be pub-
licized in order for consumers to learn that 
their preferences are not based on real differ-
ences and that they can gain by buying cheaper 
local rice.

A final issue to be considered is what hap-
pens to food security as progress is made in 
increasing food self-sufficiency. Here the answer 
is not so evident. Low prices of  rice, even of  
mediocre quality, help ensure that the poor have 

Notes

1 An earlier version of this chapter was originally presented at the Second Africa Rice Congress, and 
subsequently published online as part of the proceedings of that Congress (www.africarice.org/workshop/
ARC/0P3%20Stryker%20ed2.pdf). It has been updated, restyled and reformatted for this book and some 
minor errors corrected. (Reproduced with permission from Africa Rice Center.)
2 Local rice is sometimes preferred over imported rice because of its taste characteristics, even if it has lots 
of impurities and is poorly graded. However, the preference given to taste is not generally great enough to 
offset the other negative factors.
3 The elements of this analysis are drawn from FIAS (2007), Stryker and Salinger (2004) and Pearson 
et al. (1981).
4 Financial prices are those found in the market; economic prices are financial prices minus taxes and plus 
subsidies included in them.
5 The results reported here are from a study undertaken by the author for the Ministry of Agriculture and 
Animal Resources of Rwanda.
6 West Africa is filled with examples of how the introduction of small rice hullers contributed to higher 
prices for producers, lower prices for consumers, and greater market efficiency. For example, in the Office 
du Niger in Mali, small-scale hullers competed very well with large, inefficient and costly rice mills owned 
by the state. This led to liberalization of rice marketing and expansion of rice production and processing.

www.africarice.org/workshop/ARC/0P3%20Stryker%20ed2.pdf
www.africarice.org/workshop/ARC/0P3%20Stryker%20ed2.pdf
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Introduction

Significant increases in rice production can be 
obtained in sub-Saharan Africa (SSA) by increas-
ing rice grain yield in existing production systems, 
expanding rice harvested area, and reducing har-
vest and postharvest losses. However, availability 
of  labour at critical times is often a major con-
straint, and this situation is aggravated by the 
effects of  the HIV/AIDS pandemic. Delays during 
harvesting, threshing and drying cause losses in 
both grain quantity and quality. Rice crops in 
Africa are often not planted on time due to late 
and poor land preparation as farmers wait for 
rain to soften the soil so they can prepare the 
land using hand implements. This often results 
in poorly prepared and uneven seed beds and 
weeds become a major problem. To compensate 
for this, farmers tend to plant more seeds. Late-
planted crops are more susceptible to pest dam-
age, in particular leaf  diseases. Unlevelled and 
uneven fields result in higher water require-
ments, poor fertilizer-use efficiency and non-
uniform crop ripening causing delays at harvest 
and increased losses to shattering and birds. 
Rainfed rice crops are often left in the field up to 
one month longer than necessary because farm-
ers tend to wait until grain moisture content is 
low enough for easy hand-threshing. At the 
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other end of  the scale in some irrigated systems,
such as in the Senegal River delta, farmers tend 
to wait for large combine-harvesters to harvest 
their fields. These harvesters often break down 
and can only enter fields when the soil is dry. 
Such situations increase the risk of  shattering 
and bird damage.

In general, postharvest losses of  rice are 
very high, with estimates ranging from 30% to 
50% (Mrema et al., 2008). In some instances, all 
of  the grain is lost, contaminated by mycotoxins 
or spoiled by rain before harvest and during 
storage. These losses occur because of  poor 
postharvest management, outdated postharvest 
technology and poor storage facilities. Losses in 
quality and quantity combined can reduce the 
value of  the milled rice by 20–50% at the mar-
ket, thus further reducing farmers’ income and 
providing consumers with poorer-quality rice. 
In addition to these losses, there is also a loss in 
potential income by selling the grain at the point 
of  harvest. If  farmers are able to safely store 
their grain, they can often increase the value of  
the grain by 30% in the 3–4 months after har-
vest. Rice production in SSA in 2010 was esti-
mated at 18.4 million tonnes (Mt) of  paddy 
(AfricaRice, 2011). Assuming a conservative 
20% of  postharvest losses, reducing postharvest 
losses by half  would provide an additional 1.84 Mt 
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of  paddy, equivalent to 10% of  regional imports, 
with a value of  about US$550 million per year.

Overcoming labour shortages requires 
labour-saving technologies and practices, and 
injecting energy into the farming system through 
mechanization (Mrema et al., 2008). Agricultural 
mechanization aims at ‘reducing human drudg-
ery, increasing yields through better timeliness of  
operations because of  the availability of  more 
power, bringing more land under cultivation, 
enabling agriculture-led industrialization and 
markets for rural economic growth, and ulti-
mately improving the standard of  living of  farm-
ers’ (FAO and UNIDO, 2010). Management 
practices along the entire rice value chain ‘from 
farm to plate’ can be mechanized, i.e. from land 
preparation, through water management, weed-
ing, pest control and harvesting, to transporta-
tion, storage and processing.

Introduction of  mechanization can address 
labour bottlenecks, improve productivity and 
allow household members to pursue other activi-
ties. More importantly, mechanization may allow 
for intensification and increases in harvested 
area. For example, introduction of  a small-scale 
combine-harvester may allow timely rice harvest-
ing and increase opportunities for growing a 
second crop in the same field in one year or open-
ing up new rice fields – creating employment 
opportunities and increasing farm revenues. 
Proper land levelling using small hand tractors or 
four-wheel tractors with laser-assisted equipment 
will enable farmers to better manage their crops 
and gain higher returns from inputs such as min-
eral fertilizer. Development of  the mechanization 
sector itself  will also create employment.

Lack of  mechanization seriously limits the 
productivity and competitiveness of  rice-based 
systems in SSA. This is now widely recognized 
and agricultural mechanization is a key compo-
nent in all of  the national rice development 
strategies that have been developed under 
the Coalition for African Rice Development 
(CARD; 21 African countries; www.riceforafrica.
org). There is now a clear commitment at 
national level to mechanize Africa’s rice sector. 
At the same time, the continent is littered with 
wrecks of  imported agricultural machinery, 
abandoned because: the technology is not 
adapted to the field conditions in SSA; it is of  
inappropriate design; there is a lack of  spare 
parts; or maintenance is costly. Introduction of  

mechanization, therefore, requires careful anal-
ysis of  past successes and failures, and discus-
sion of  lessons learned.

This chapter starts with a review of  the sta-
tus of  agricultural mechanization in SSA. Next, 
pre-harvest, harvest and postharvest mechani-
zation options that could make a difference in 
Africa are discussed. Finally, the different roles 
that partners need to play to enable sustainable 
mechanization of  Africa’s rice sector is illus-
trated, with a discussion of  the outcome of  a 
workshop on ‘Boosting agricultural mechaniza-
tion in rice-based systems in sub-Saharan Africa’ 
held at Africa Rice Center, Senegal in June 2011.

Status of Agricultural 
Mechanization in Africa

The number of  four-wheel tractors (with four 
wheels and two axles) can be used as an indicator 
of  how far a country (or region) has advanced in 
mechanizing its agriculture. In 1961, SSA had 
approximately 3.4 times more tractors in use 
than in Thailand; however, by 2000, Thailand 
had the same number as the whole of  SSA. These 
tractors were concentrated in a few countries. For 
example, in 2000, South Africa and Zimbabwe 
accounted for 50% and 17%, respectively, of  the 
tractors in the Southern African Development 
Community, while Nigeria accounted for 68% of  
the tractors in the Economic Community of  West 
African States (Mrema et al., 2008). Few of  these 
tractors worked in rice.

Primary land preparation in SSA relies on 
human muscle power for about 80% of  the culti-
vated land, with draught animals and tractors 
being used on only 15% and 5%, respectively. 
This contrasts strongly with Asia, where land 
preparation on over 60% of  the cultivated land is 
done by tractors (Mrema et al., 2008). These fig-
ures illustrate that farm power is deficient almost 
everywhere in Africa, and rice-based systems 
generally are not an exception to this rule.

Pre-harvest mechanization: 
challenges and opportunities

In Africa, land preparation is done mostly by 
hand or animals. Power substitution by using 

www.riceforafrica.org
www.riceforafrica.org
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either two- or four-wheel tractors is an obvious 
way to increase labour productivity and to improve 
the timeliness of  operations. Programmes to 
increase the use of  tractors have failed in the 
past because of  a top-down approach to machin-
ery selection, poor maintenance, lack of  after-
sales service and insufficient operator training. 
The two-wheel tractor enabled the mechaniza-
tion of  the green revolution in Asia and could 
also be used by smallholder farmers to do the 
same in Africa. Initially, the tractor would need 
to be imported but could eventually be produced 
locally, for example in joint ventures with Asian 
companies. The development of  contract-service 
business models for four-wheel tractors for land 
preparation and other services such as laser lev-
elling could increase the applicability of  this 
technology. Minimum or zero tillage is not a 
common practice in rice-based systems in Africa.

Due to labour shortage, many farmers have 
shifted from transplanting to direct seeding or 
were already direct seeding using manual broad-
casting. The drum seeder, which is a simple 
technology, is available for improved crop estab-
lishment in rows, which allows mechanized 
weeding between rows. More sophisticated 
direct-seeding technologies, both dry and wet 
seeded, are being verified in South Asia in con-
servation farming approaches and could be of  
interest to Africa at a later stage when successful 
experiences with mechanization are available.

If  mechanical weeders are to be used, crops 
must be planted in rows. This will require more 
care and, in some instances, more time or labour 
at planting. However, if  the planting is under-
taken using a mechanical seeder, transplanter, 
or a drum seeder, this will not be a problem. 
Mechanical weeding using a cone weeder has 
proved to take one-sixth of  the time it takes for 
traditional hand weeding. The type of  weeder 
will also need to be matched to the soil as, for 
example, cone weeders are best in heavy clay 
soils and finger weeders in sandy conditions.

The majority of  lowland-rice farmers in 
SSA level their land by moving soil from higher 
to lower portions of  the field using a hand hoe. 
In large fields, farmers sub-divide the land into 
more manageable sizes. This practice tends to 
reduce the area available for planting because of  
the space taken up by bunds. Direct-seeding 
technologies such as the drum seeder, but also 
more sophisticated mechanized direct-seeding 

equipment, require improved land levelling for 
good crop establishment. In areas where four-
wheel tractors are being used for contract 
ploughing, laser-assisted levelling could be 
added to the service provision for farmers. In 
India and Vietnam, laser levelling increases 
yields by 5–10%, reduces irrigation water require-
ment by 20–40%, reduces herbicide cost, pro-
duces better-quality rice and can lead to 4–6% 
increase of  rice area if  small rice fields are 
consolidated into bigger ones. Although the 
laser-hydraulic control equipment needs to be 
imported and appears to be expensive, when 
used in a contract-service business model it can 
be profitable for the contractor and the farmer.

Engine-driven axial-flow or propeller-type 
pumps can improve irrigation of  individual 
fields if  only a small amount of  lift is required. 
These pumps usually provide flows in the range 
150–1500 m3/h, with heads in the range of  
1.5–3 m. These pumps can be driven by the 
same engines as the hand tractors; these engines 
can also power stationary threshers.

Harvest and postharvest mechanization: 
challenges and opportunities

Harvesting

More than 70% of  the rice in Africa is harvested 
by hand using a sickle, knife or machete. This 
requires a lot of  labour, mostly provided by 
women in rainfed upland and rainfed lowland 
areas, and by men in irrigated environments. 
Hand harvesting is fraught with problems, 
including the time required that could be used in 
other activities and delays in harvesting, leading 
to both quantitative and qualitative losses. These 
losses occur through shattering, low moisture 
content, attack by rodents, birds and insects, 
grain germinating in panicle due to rainfall or 
lodging (panicles touch the soil).

Mechanized harvesting may involve the use 
of  small reapers in combination with mechani-
cal threshers, mini combine-harvesters and 
large combine-harvesters. Reapers were intro-
duced for use in the rainfed and irrigated low-
land environments and have not been really 
successful in SSA. Constraints in the use of  reap-
ers can be attributed to low capacity, less than 
1 ha/day; they require an efficient operator, and 
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spare parts may be difficult to access as they 
need to be imported. Reapers or cutting bars 
may also be mounted on a power tiller. Reapers 
are more appropriate for use on medium-sized 
farms (5–25 ha) and may be affordable for 
farmer cooperatives. Reapers are commonly 
used in the Office du Niger (Mali) and northern 
Senegal.

Since 2000, small combine-harvesters 
have been introduced from China, India, Japan 
and Thailand. While they can harvest 2–5 ha/
day, their introduction has not been successful 
because of  the higher level of  sophistication of  
the technology, lack of  trained operators, poorly 
prepared and unlevelled field conditions, lack of  
spare parts and maintenance, and the high 
initial investment required by small-scale farm-
ers. These challenges are now being addressed 
by introducing smaller and cheaper ‘mini-
combines’ with less sophisticated technology 
that may be fabricated and maintained locally. 
The major parts that need to be imported are 
the gearbox and drive belts. The local fabrica-
tion of  these mini-combines will help ensure 
employment and incomes for the fabricators or 
local artisans, maintenance-service providers, 
spare-part fabricators, and others.

Large combine-harvesters capable of  har-
vesting 5–10 ha/day are mostly used in the large 
irrigation schemes in Egypt, Mauritania and 
Senegal. In Senegal, only 29 remain in working 
condition out of  the initial 41 introduced (SAED, 
2010), They are suitable for large farms but 
need well-levelled fields to function efficiently. 
These combines are very expensive, often cost-
ing more than $100,000, tend to break down 
often, and spare parts are not readily available. 
Consequently, their use is much less now than in 
the pre-structural adjustment era and often 
those now being imported are second-hand 
machines.

Threshing

Threshing is done either manually or mechani-
cally using a pedal or motorized thresher. 
Manual threshing involves hitting the panicles 
against a stationary object (e.g. drum, log of  
wood, wooden box), beating the cut crop with a 
stick, or running animals or a tractor over the 
cut panicles to remove the grain. Manual thresh-
ing is popular because of  its low cost; however, 

quantitative and qualitative losses can be as high 
as 20–30%. This is especially a problem with 
excessively dry or wet panicles. Manual thresh-
ing requires the rice straw to be cut long to allow 
the paddy to be more easily held when hitting 
against a drum or threshing board to remove the 
grain from the panicle. Conversely, mechanical 
threshing requires short straw to avoid clogging 
the thresher and reducing the machine’s thresh-
ing efficiency.

In Burkina Faso, Guinea, Liberia, Madagascar 
and Sierra Leone, hand and pedal threshers have 
been widely adopted. They are now built locally 
and are used by small-scale farmers as well as for 
seed producers. These machines have a thresh-
ing capacity of  500 kg/day, and require a lot of  
physical energy to operate. This has increased 
the desire within the region for mechanized 
threshers.

The motorized vortex thresher was intro-
duced in the 1990s and is now widely used in 
Liberia, Madagascar, Nigeria, Senegal and Sierra 
Leone. It can thresh 400–800 kg/h and has rev-
olutionized rice threshing in the region. The 
technology is very simple and the machine is 
now being fabricated by local companies such as 
Sismar and Matforce in Senegal. One of  the limi-
tations of  the vortex thresher is that it does not 
clean the grain effectively. It also requires up to 
six people to operate and an additional three or 
four people are required to clean the grain by 
winnowing after threshing. This constraint was 
overcome with the introduction of  a thresher–
cleaner from Vietnam via the International Rice 
Research Institute (IRRI). This machine was 
modified collaboratively by Africa Rice Center 
(AfricaRice), Société d’aménagement et 
d’exploitation des terres du Delta du Fleuve 
Sénégal et des vallées du Fleuve Sénégal et de la 
Falémé (SAED) and the Institut sénégalais de 
recherches agricoles (ISRA) to suit local condi-
tions and named ‘ASI’. The ASI thresher can 
thresh and clean 1000–1500 kg grain/h, is 
operated by four people and the grain does not 
require winnowing after threshing. This 
thresher is mounted on two wheels and can be 
easily transported by draught animals, tractor 
or other vehicle. It is now fabricated locally and 
provides employment opportunities in many 
rural areas.

Crops are ideally harvested when grain 
moisture content is 20–22% and stored when 
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the moisture level is less than 14%. When crops 
with high moisture content are threshed, some 
form of  drying will be needed. This can be done 
by solar drying using the sun, or mechanical 
drying using some form of  hot-air. Sun-drying is 
practised by most farmers in SSA by drying on 
mats, roadways or drying pads. Care needs to be 
taken to ensure that the paddy is not contami-
nated by soil or other materials when left to dry. 
With solar drying it is also difficult to control the 
rate of  drying as it is difficult to control ambient 
temperatures. The ideal temperature is 42°C, 
but in many instances field temperatures are 
above 65°C. The depth of  the paddy and the 
duration of  drying will also affect grain quality 
and may result in high levels of  grain breakage 
and low milling yields when processed. This 
problem can be reduced by turning the grain 
every hour, and tempering the grain by alternat-
ing between sun drying for a short time period 
and then allowing the grain to cool in the shade. 
Stacking of  moist rice crops for more than 24 h 
after cutting may cause grain discoloration and 
spoilage. To avoid this, wet crops need to be 
threshed quickly after cutting, and then dried as 
soon as possible. This may be difficult to achieve 
when trying to sun dry rice harvested in the 
rainy season.

In these situations hot-air mechanical 
dryers are an alternative. Small flat-bed batch 
dryers have been tested in some countries, but 
they are not popular in Africa because they are 
expensive to operate and have limited capacity 
of  2–3 t/day. Rice husk furnaces are now avail-
able that can provide hot air for flat-bed and 
batch dryers. These will reduce the operating 
cost and use husk (a milling by-product) as the 
source of  energy. Column dryers are used in 
large-scale mills, but high throughputs are 
needed and the high cost of  fuel is often 
prohibitive.

Milling

The type of  rice mill, the quality of  the paddy, 
postharvest handling, the rice variety, and the 
miller’s skill all influence milling performance. 
Good-quality paddy processed in a multi-stage 
rice mill can yield 65–70% of  white rice (milling 
recovery) and 50–60% whole grains (head rice).

The ideal grain moisture level for milling 
rice is 12–14%. In the Senegal River valley, 

paddy harvested at the end of  the wet season, 
may have a moisture content (MC) of  10–12%. 
This moisture content lasts for approximately 
one month, after which the paddy moisture 
drops below 10%. This is due to high ambient 
temperatures during the day, extended drying 
times and poor storage conditions. Over-dried 
paddy is more susceptible to breaking during 
husking and whitening, and this results in 
reduced white-rice and head-rice yields. Poor 
postharvest handling of  the grain also causes 
grain breakage (Moreira, 1993; ODI, 2001). 
When very dry rice is stored it can absorb mois-
ture from the surrounding humid air which may 
also increase cracking or fissuring in the grain 
resulting in low head-rice yields. In the Sahel, 
milled rice often contains 10–20% head rice, 
30–40% large broken grains and 30–60% small 
broken rice (Moreira, 1995; ODI, 2001). Aoki 
and Seck (2011) also demonstrated the effect of  
low MC on milling recovery of  the irrigated crop 
harvested in December in Senegal. The reverse 
occurs with rice harvested during the rainy sea-
son in July–August. High grain moisture con-
tents of  15–18%, caused by high humidity and 
early rains, result in low milling recovery of  
55–60%, powdered rice and frequent break-
downs in the mill. These conditions may also act 
as a constraint to double cropping in the Sahel.

In many rainfed rice areas in West Africa, 
paddy rice is stored in drums, either metal or 
plastic, in mud granaries or in the open-air 
kitchen, and then processed as needed using a 
pestle and mortar. This type of  processing does 
not remove the bran layer and leaves most of  the 
rice as broken brown rice and husks. For local 
commercial milling, steel huller mills, often 
referred to as Engelberg mills, are used. The 
Engelberg mill often results in yields of  55% 
white rice and 45% of  a mixture of  bran and 
powdered husk, with the latter being used to feed 
livestock. The cost of  milling using this type of  
mill is CFA 600–1000 ($1.1–1.9) per 80 kg bag 
of  paddy. Many of  these steel huller rice mills are 
now fabricated locally and are widely distributed 
in SSA.

Surveys from the Office du Niger (Mali; 
Cruz, 2001a,b), Senegal River valley (SAED, 
2010), Guinea (Norsa, 2011) and Cameroon 
(ODI, 2001) highlighted a large number of  
Engelberg mills which were originally imported 
from Europe and China, and also some locally 
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fabricated machines. In 2000, there were more 
than 700 of  these mills in Mali and 350 in 
Senegal. In Guinea in 1995 there were 200 
Engelberg mills and this had risen to 900 by 
2003. However, milling rice with an Engelberg 
mill results in very high percentage of  broken 
rice and low milling recovery. Milling recovery 
can be less than 55%, which is already 10% 
below the expected average. This 10% loss is 
caused by broken rice ending up in the bran and 
husk.

Two-stage milling, which incorporates a 
rubber-roll dehusker and a steel polisher for whit-
ening, is also popular in villages and for small-
scale commercial milling. These mills can process 
250–750 kg of  paddy per hour. The rubber roll-
ers remove the husk from the brown rice and 
then an abrasive or friction polisher removes the 
brown layer or bran. The brown layer does not 
contain the powdered husk as in the case with 
the Engelberg. This type of  mill gives a better-
quality rice and a higher milling recovery than 
the Engelberg mills. These mills are not fabricated 
locally and all spare parts (e.g. the rubber rollers 
and sieves) must be imported. These components 
will often need to be replaced every 60–80 tonnes 
of  milled rice if  quality is to be maintained.

Rice being processed in small village mills is 
often a mixture of  different varieties and kernel 
sizes. Because these mills lack paddy-grading 
facilities they have difficulty competing in qual-
ity with imported rice or rice processed by the 
larger multi-stage commercial mills. Large com-
mercial rice mills pre-grade paddy and milled 
rice, and in some instances often colour-sort 
milled rice.

A mechanical grader, with double screens 
to separate whole and broken grains, was intro-
duced into village mills in Senegal by the Taiwan 
Agricultural Corporation. This type of  grading 
equipment could be built locally and would 
make a tremendous improvement to the quality 
of  the final product if  adopted in SSA for small 
village mills which use the Engelberg or two-
stage mills.

Multi-stage commercial rice mills, capable 
of  milling 1–2 t/h, are also used in Africa. These 
mills have separate components for pre-cleaning, 
husking, whitening and polishing, grading and 
packaging. In some mills, the milling equipment 
is not complete, as they lack paddy cleaners, deston-
ers, paddy separators and grading equipment. 

One way to improve the quality of  milled rice has 
been to grade the rice in two operations. The first 
operation uses a rotary sifter to separate large 
grains from small grains, and the second uses an 
indented cylinder to separate whole grains from 
large broken grains.

Business models

Mechanization requires equipment to be pro-
duced, distributed, serviced, financed and 
bought by the end-users, who then need to 
ensure that they make a return on their invest-
ment. This means that valid business models 
are needed for selecting mechanization options, 
the production and delivery of  the machines to 
the end-users, and provision of  support services.

Most schemes for public hire and coopera-
tive ownership of  equipment have been unsuc-
cessful worldwide. Business models that have 
been successfully used include private hire ser-
vice through contract service providers, private 
ownership for their own farm and hire-out 
services for excess capacity, exclusive private 
owner–user and informal joint ownership (Rijk, 
1986). In SSA, particularly in francophone 
countries, the liberalization of  the rice sector 
and the introduction of  agricultural banking led 
to the establishment of  agricultural services pro-
viding inputs such as seed, herbicides and ferti-
lizers, land preparation, mechanical harvesting 
and threshing. Governments completely with-
drew from these activities, which were taken 
over by the private sector, which also took the 
lead by importing equipment.

Agricultural banks are willing to support 
the mechanization of  the agricultural sector. For 
example, the West African Development Bank 
(BOAD) has established a CFA 4 billion ($7.6 
million) fund to support the private sector in pro-
viding mechanization services to farmers.

Researchers can help to scale out feasible 
mechanization options by identifying and sup-
porting suitable business models and by provid-
ing assistance in business planning. A business 
plan is required when seeking financing or 
applying for a loan. Financing institutions are 
usually risk averse and do not like agricultural 
credit because of  their lack of  understanding of  
the agricultural sector and lack of  land tenure 
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partners looking at successes and failures in 
mechanization and postharvest, identified the 
following factors that led to successful adoption 
of  such technologies:

• Identification or development of  appropri-
ate technology options that address end-
users’ needs, accompanied with adaptive 
research and development to match the 
technologies to local needs. This includes 
proper targeting of  end-users – there needs 
to be a business model for the end-users if  
the technology is to be applied successfully.

• Private-industry involvement at a very 
early stage of  technology development and 
dissemination, including local manufactur-
ers, distributors and international machin-
ery companies.

• Private entrepreneurship as the most effi-
cient way to apply and provide mechaniza-
tion technology, e.g. though machinery 
contract and hiring services, distribution, 
and repair services.

• In all successful cases of  technology intro-
duction there has been at least one technol-
ogy champion, who was committed to move 
the technology forward against all initial 
hurdles, often supported by a local cham-
pion helping to promote the idea to potential 
users, intermediaries and policy makers.

• Sufficient time horizon for projects that 
aim to introduce a new technology. The 
introduction of  the axial-flow threshers, 
combine-harvesters and mechanical dry-
ers in South-east Asia and laser-levelling 
equipment in India took at least 6 years of  
support to achieve significant initial adop-
tion that led to sustainable introduction.

• Successful initiatives had some sort of  
multi-stakeholder platform that embraced 
the different stakeholders from public and 
private sectors.

• Policy dialogue for creating an enabling 
environment for the industry and also for 
lobbying for support of  promising technolo-
gies through the government extension ser-
vice and the provision of  support services 
(e.g. agricultural credit).

Often many well-intended initiatives failed 
when they included machinery importation or 
manufacturing by public-sector institutions, 
top-down decision making on technology 

and ownership. Business plans can be used to 
engage with financial service providers with a 
view to designing custom credit lines for agricul-
tural equipment.

The development of  business models for the 
manufacture and supply of  agricultural equip-
ment and service provision is the responsibility 
of  the private sector. However, there is often 
heavy bureaucracy in granting business permits, 
high taxes and duties, and other constraints. It is 
the role of  the public sector to create a favourable 
business environment so that the private-sector 
players can fulfil their roles. Researchers can 
assist this by engaging in a policy dialogue and 
lobbying for a better policy environment.

Can Lessons Learned 
in Asia Help?

Mechanization of  rice production and 
postharvest processes started in South-east Asia 
with the promotion of  two-wheel tractors, and 
the development of  the axial-flow thresher and 
low-lift axial-flow pumps in the 1970s. By 
2012, land preparation and threshing were 
fully mechanized in most intensive rice-
production systems across Asia. A second wave 
of  mechanization started in the mid-1990s 
with the development of  combine-harvesters 
in Thailand and Vietnam, and the introduc-
tion of  laser-assisted land levelling using four-
wheel tractors in China, India and Vietnam. 
The adoption of  mechanical dryers started in 
Thailand and Vietnam in the 1990s and, since 
the early 2000s, IRRI has facilitated the spread 
of  simple flat-bed dryers, using rice husk as 
fuel, in Cambodia, Indonesia, Laos, Myanmar, 
Philippines and Vietnam. More than 80% of  
the rice in the Central Plains of  Thailand is 
harvested by combines, and there are more 
than 6000 combines in Vietnam and about 
2000 in Cambodia, a country which did not 
have a single unit in 2007. In India, more than 
10,000 contractors provide laser-levelling ser-
vices. An estimated 6500 flat-bed dryers are 
used in the Mekong Delta and dryer numbers 
are rapidly increasing in Cambodia, Indonesia 
and Myanmar. A ‘lessons learned’ workshop held 
in Los Baños (Philippines) in May 2012, with 
public and private stakeholders and project 
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choice, subsidized machinery distribution, lack 
of  financing or lack of  supporting policy. 
Machinery use through public hire services, 
farmer groups or cooperatives instead of  service 
provision by private contract-service providers 
has been unsuccessful in South-east Asia.

While technologies as such are not neces-
sarily transferrable without modifications, these 
Asian experiences with approaches and method-
ologies for fostering mechanization can provide 
some lessons for new initiatives in Africa.

Towards Sustainable 
Mechanization in Africa

In June 2011, representatives of  national agri-
cultural research systems and local manufac-
turing and distribution companies from seven 
countries (Ghana, Mali, Nigeria, Senegal, 
Sierra Leone, Tanzania and Uganda), farmer 
organizations, rural credit providers, interna-
tional research and development organizations 
(AfricaRice, IRRI, JICA, CIRAD1), international 
agricultural machinery manufacturers (Briggs 
& Stratton) and CARD discussed opportunities to 
boost agricultural mechanization in rice-based 
systems in Africa in Saint-Louis (Senegal). 
A total of  47 participants attended. The work-
shop also looked back at successes and failures in 
terms of  agricultural mechanization.

One success story in particular was high-
lighted: the development of  an axial-flow 
thresher–cleaner in Senegal in the late 1990s 
based on a design imported from Asia (Donovan 
et al., 1998; Wopereis et al., 1998). Ten years 
after its release in 1997, the ASI thresher–
cleaner was adapted and in use in six West 
African countries: Senegal, Mauritania, Mali, 
Burkina Faso, Ghana and Côte d’Ivoire. The 
main reason for the success was the establish-
ment of  an alliance by AfricaRice between 
re  searchers and local agricultural manufactur-
ers. This alliance tested a first prototype imported 
from Asia via IRRI and adapted it to local con-
ditions. This process meant that the locally built 
machine could be entirely constructed and 
manufactured locally, and only the engine 
needed to be imported.

A similar approach is being used by 
AfricaRice to develop a local version of  a small 

combine-harvester based on a prototype built by 
the Philippine Rice Research Institute imported 
via IRRI. The machine was tested and adapted in 
the Senegal River valley in northern Senegal 
during the 2011 growing seasons. In particular, 
the imported machine became blocked by the 
tougher Sahel rice straw, so a local manufac-
turer reinforced the cutting system, and 
improved the thresher wheel and elevator. After 
demonstration to farmers, the machine was also 
adapted to four wheels from the original three. 
This ‘mini-combine’ can harvest 1.5–2 ha of  
rice per day, requiring just three operators to do 
so. This is at least double the speed of  hand-
harvesting and ASI threshing, which takes four 
labourers to complete. Demonstrations to date 
have shown losses of  just 2% and that the 
machine produces very clean paddy. The pay-
back time on the investment of  CFA 4 million 
($7620) in such a machine is estimated at 3.5 
years on the basis of  harvesting 45 ha/year.

Referring to these successful examples, 
workshop participants stressed the need to avoid 
massive importation of  agricultural equipment 
without proper testing and evaluation before 
large-scale release. Governments and national 
and international research institutes have an 
important role to play here. Policies also need to 
be developed with regard to importation and 
taxation that are supportive of  equipment 
importers, dealerships and local manufacturers. 
Rules currently vary according to whether it is 
the whole machine, spare parts or raw materials 
that are being imported. Tax on new farm equip-
ment can be as high as 35% and on spare parts 
more than 60%. Where exemptions can be 
claimed, the tax usually has to be paid up front 
and then reclaimed – it can take 1–2 years to get 
the reimbursement. In addition, clearance time 
at the ports is often very slow resulting in extra 
demurrage charges being levied.

Governments need to take care that they 
do not ‘over-subsidize’. In Thailand in the 
1990s, over-subsidization led to a large number 
of  unviable two-wheel tractor and machinery 
manufacturers glutting the local market. When 
subsidies were withdrawn, the number of  local 
manufacturers dropped from more than 150 to 
just a handful.

Governments also need to be responsible 
for the certification of  equipment and provide 
support to training institutes. Vocational training 
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institutes need help to develop curricula and 
provide training for farm-machine operators, 
mechanics and artisans. This training needs to 
include technical and business planning and 
management. Government and private-sector 
extension officers also require training to sup-
port and extend mechanized agriculture at 
farm level.

Credit institutes require encouragement to 
structure loans that suit individual farmers and 
contract-service suppliers. Many micro-credit 
suppliers work within a restricted radius 
around their local branch and lend to groups 
rather than individuals. They also have prepay-
ment rules, often monthly, that make it difficult 
for farmers to comply. In most localities, inter-
est rates are above 25% and the repayment 
times less than one year. Many African farmers 
already work in associations or cooperatives, so 
collective ownership could be a solution for 
purchasing equipment in the short term. 
However, problems always arise in the manage-
ment and prioritization of  communally owned 
equipment and, eventually, local entrepreneurs 
will need to be found to offer contract services 
for activities such as ploughing, harvesting and 
milling to other farmers.

The workshop formulated the following 
recommendations for the different key actors to 
boost agricultural mechanization in rice-based 
systems in a sustainable manner in Africa.

Government

• Develop coherent strategies to boost agri-
cultural mechanization, particularly in 
rice-based systems.

• Facilitate enhanced public–private sector 
collaboration in the development of  agricul-
tural mechanization in rice-based systems.

• Reduce taxes and duties on imported 
machinery, components and raw materials.

• Encourage the establishment of  partnerships 
among local manufacturers to enhance the 
efficiency and quality of  their work.

• Support national research to guide impor-
tation of  machinery that is well adapted to 
local rice-growing conditions, effective 
and durable, and can be serviced and 
repaired locally.

• Facilitate access to credit for key actors 
(local manufacturers and end-users) in the 
mechanization value chain to sustain and 
increase the supply and demand for agri-
cultural technology.

• Build and support local training centres in 
agricultural mechanization.

International manufacturers

• Establish direct dealerships in Africa.

• Build local capacity in the use and mainte-
nance of  equipment.

• Provide stewardship and quality assurance.

• Develop partnerships with local manufactur-
ers to upgrade their construction capacities.

• Support local training centres in agricul-
tural mechanization.

Local manufacturers

• Construct quality equipment or components 
that are adapted to local rice-growing con-
ditions and for which local manufacturers 
have a clear competitive advantage.

• Provide aftersales services for products.

• Create partnerships among local manufac-
turers to standardize key equipment and to 
better respond to demands for local manu-
facture and maintenance of  equipment.

National research and 
extension agencies

• Identify local needs for equipment in part-
nership with end-users.

• Contribute to the elaboration of  policies 
that strengthen agricultural mechaniza-
tion of  the rice sector.

• Build local capacity through introduction 
of  prototype technology in partnership 
with local manufacturers.

• Identify and work with key local manufac-
turers to help adapt prototype machinery 
that can be fabricated locally.

• Support training of  local artisans for con-
structing and servicing machinery.
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• Elaborate technical standards and norms 
for use, maintenance and manufacturing 
of  equipment based on field testing.

• Provide advice on business planning to 
mechanize farming in rice-based sys-
tems to farmer cooperatives and service 
providers.

• Provide methods and decision support for 
extension agents and end-users to guide 
the use and maintenance of  agricultural 
equipment.

• Provide facilities to train adequate numbers 
of  agricultural engineers.

International research centres such 
as AfricaRice, IRRI and CIRAD

• Contribute to the elaboration of  policies 
that strengthen agricultural mechaniza-
tion of  the rice sector.

• Contribute to enhanced public–private 
sector collaboration in the development of  
agricultural mechanization in rice-based 
systems.

• Introduce new prototypes for testing 
under local conditions based on identified 
needs.

• Help improve local manufacturing 
technologies.

• Establish a network of  local manufacturers 
and researchers from national and interna-
tional research (Africa-wide Rice Mech-
anization Task Force) to enhance and 
sustain agricultural mechanization in rice-
based systems, in particular:

• Support the development of  training 
curricula on agricultural mechaniza-
tion in partnership with key actors in 
Asia and Latin America;

• Exchange knowledge on agricultural 
mechanization in rice-based systems 
in Africa and worldwide;

• Facilitate South–South cooperation 
between Africa and Asia and Latin 
America for local manufacturers and 
research through exchange visits and 
training.

Umbrella agricultural research 
and development forums

• Identify local institutes that can serve as 
training centres in agricultural mechanization.

• Assess government policies related to 
agricultural mechanization, in particular 
with respect to the importation of  agri-
cultural machinery and spare parts 
across Africa.

• Advocate support for mechanization as part 
of  national rice development strategies.

Conclusions

There is an urgent need to inject more energy 
into Africa’s rice-farming systems. Mechaniza-
tion can provide that extra power, addressing 
labour bottlenecks, improving productivity 
per unit of  land and labour, and allowing 
household members to pursue other labour 
activities.

This chapter reviews the challenges and 
opportunities related to mechanization in 
Africa’s rice sector, ‘from farm to plate’, look-
ing at interventions before, during and after 
harvest. Many possibilities and opportunities 
exist that can, in principle, be readily exploited, 
copied and scaled out. However, the African 
continent is littered with wrecks of  imported 
machinery. As much of  the machinery as pos-
sible needs to be manufactured locally to cre-
ate job opportunities, keep costs down and 
ensure that equipment is adapted to local con-
ditions and can be maintained locally. More 
thought needs to go into business models that 
fit African conditions to help scale out feasible 
mechanization options. Much can be learned 
from experiences in Asia.

Recommendations formulated during the 
mechanization workshop in 2011 aim to pre-
vent any repetition of  past mistakes and to 
ensure sustainable and focused mechanization 
of  the rice sector in Africa. Mechanizing Africa’s 
rice sector is a prerequisite to reach the ambi-
tious growth objectives set by African govern-
ments for their rice sectors.
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crop in others, while in many places, the gender 
pattern for rice cultivation is complex.

In spite of  the active involvement of  both 
men and women in rice farming, processing and 
marketing, the overall research-for-development 
agenda has not always fully appreciated or con-
sidered the gender perspective (Poats, 1991). 
Consequently, the technologies and knowledge 
generated through rice research may not have 
reached the women end-users. A gender per-
spective needs to be integrated into agriculture – 
specifically in rice research for development – as 
a strategic pathway towards sustainable and 
effective rice development in Africa.

Gender Actors and Levels 
in Rice Development

‘Gender’ is a term used to explain how society 
constructs the differences between women and 
men, whereas ‘sex’ identifies the biological dif-
ferences between women and men. Therefore, 
looking at gender does not focus primarily on 
women or men, but rather on the relationships 
between their different roles, responsibilities, 

Introduction

Women’s participation in rice production, 
postharvest and trading operations is well recog-
nized in Africa (Dey, 1984; Nyanteng, 1985; 
Akande et al., 2007; WARDA et al., 2008; Bunch, 
2011). In West Africa, for example, labour sup-
plied by women for rice cultivation varies from 
3% for floating rice in Mali, to 80–100% in man-
grove-swamp rice in The Gambia and Liberia, 
where women participate in most of  the activi-
ties and undertake postharvest processing of  the 
crop (Huvio, 1998). Also a clear gender division 
of  labour exists among crops. In The Gambia, 
swampland farming is solely women’s duty; men 
cultivate cash crops and their fields are usually 
larger. In Mali, rice was traditionally grown only 
by women near rivers and wetlands (Synnevag, 
1997, cited by FAO, 2004b). In many African 
countries, women are responsible for producing 
subsistence food crops for household consump-
tion on their own plots or in communal house-
hold fields. In Côte d’Ivoire, husband and wife 
farm separate plots and there is some specializa-
tion by gender in the crops. Rice is considered a 
man’s crop in some communities, and a woman’s 
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opportunities and needs. In sub-Saharan Africa, 
women, men and youth are key players in rice 
production, processing and trading; in this 
chapter, we refer to them as ‘gender actors’.

Gendered roles in rice farming 
in sub-Saharan Africa

In African rice-farming communities, the gen-
der division of  activities has been well docu-
mented. This division of  tasks can be very 
complex and unbalanced at the expense of  
women and youth who become the main labour 
providers. The division of  tasks also depends on 
the rice agroecosystem. In Sierra Leone, women 
are primarily in charge of  planting, weeding and 
harvesting activities, while men carry out land 
preparation at the beginning of  the cropping 
season (Kroma, 2002). Similar findings are 
reported by Fonjong and Mbah (2007) from the 
rural areas of  Ndop (Cameroon), with the differ-
ence that some activities such as tilling, trans-
planting and harvesting were performed by 
both men and women (Fig. 28.1).

In Yangambi (Democratic Republic of  
Congo, DRC), women are involved in rice crop 
establishment and weeding activities along 
with men (Fig. 28.2); however, some tasks 
(such as birds scaring) are exclusively carried 
out by women assisted by children (Kabore and 
Misiko, 2010). In some farming communities, 
rice farming is considered as a strictly female 
activity (e.g. southern Senegal; World Bank, 

2008). Generally, rice postharvest activities 
(threshing, pounding/milling, parboiling, cook-
ing, trading, etc.) are mostly performed by the 
womenfolk. It has been argued that when some 
women’s operations are mechanized (to save time, 
reduce the energy burdens or improve the pro-
cess), they tend to be taken over by males (Stamp, 
1990). However, adoption of  the ‘ASI’ thresher–
cleaner (see Rickman et al., Chapter 27, this 
volume) had no adverse effect on the profits of  
86% of  the sampled women (AfricaRice, 2009).

Gendered access to productive 
resources for rice farming

Sustainable rice development relies on many fac-
tors. Farmers need access to key productive 
resources such as farmland, labour, agricultural 
inputs (e.g. quality seed and fertilizer), capital, 
and complementary rice productivity-enhancing 
technologies (knowledge, equipment, etc.). Men 
and women also need equitable control over 
their farm outputs. Any imbalance in the gen-
dered access to or control of  these resources 
slows rice development. Various studies (e.g. 
FAO, 2004a) have shown that women have less 
access than men to critical productive resources 
and services, including credit, farm inputs (seed, 
fertilizers, pesticides, etc.), marketing facilities, 
extension and information. Even when national 
laws endorse equal rights to own and control 
land, existing customary laws often prevent 
women from sustainable access to fertile farmland. 
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Fig. 28.1. Role of men and women in lowland rice farming in Ndop, Cameroon. (Data from Fonjong and 
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In Cameroon, for example, 45% of  women are 
given remote rice fields requiring long trekking 
time to reach with consequent less time avail-
able for working (Fonjong and Mbah, 2007). 
Organizing themselves into women’s groups 
does not always prove to be an effective solution. 
IFAD (1998) reports that women’s groups were 
seldom allowed to use the farmland allocated 
by the community authorities for more than 
3 years, because otherwise they would acquire 
permanent rights to it. Moreover, World Bank 
(2008) reports that high labour costs and land 
scarcity concerns are especially important to 
women farmers with no access to assets and ser-
vices, and who have specific seasonal labour-use 
patterns. It appears that gendered access to 
productivity-enhancing resources and technol-
ogies remains a challenge in many African rice-
farming communities. Efforts need to be devoted 
to effectively tackle such gender bias in access to 
agricultural inputs.

Female rice farmers: skilled 
in good farming practices

Female rice farmers have proved to possess par-
ticular skills in implementing some specific 
tasks. In-depth community studies conducted in 
rice-farming communities of  Kindia (Guinea) 
and Yangambi (DRC) revealed that women’s 
small rice plots (as opposed to the main family 
rice plots that are male dominated) play a critical 
role in local rice-farming systems. These small 
female-run rice gardens are used as ‘experimental 

plots’ where new varieties are first tested for two 
or three cropping seasons and the best are ear-
marked on the basis of  female farmers’ preferred 
traits before deciding to scale-up on the main 
plots (Kabore and Misiko, 2010). These women’s 
plots are also used for managing agro-biodiversity. 
In fact, several rice varieties (including old 
treasured ones) are maintained and carefully 
grown in these women’s small plots, which also 
act as sources of  seed for scaling up on the main 
family plot.

Furthermore, female farmers are known to 
be better at selecting seed. For example, in 
Jipalom (Senegal), Linares (2002) observed that 
rice seed selection is exclusively carried out by 
female farmers, because they are better in distin-
guishing different rice varieties. Women’s roles 
as repositories of  local knowledge in seed selec-
tion, seed storage, genetic conservation and seed 
health need to be further enhanced through 
‘hands-on’ training.

Gender actors in rice farming 
in Africa: a socio-cultural 

and economic perspective

In African rice-farming communities, diverse 
prevailing practices or wisdoms exist and are gener-
ally rooted in the local culture. In such communi-
ties, ignoring these socio-cultural practices/
wisdoms could be a barrier for effective scaling-up 
of  gender-sensitive productivity-enhancing tech-
nologies. Various issues surrounding gendered 
access to and control over productive resources 
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are sensitive and need to be tackled with subtlety. 
Some of  these sensitive aspects are related to: 
(i) access to farmland; (ii) access to and control 
exerted over some farming technologies (e.g. seed, 
fertilizers, mechanized equipment); (iii) allocation 
of  labour; (iv) control of  the harvested rice – 
trading their own products; and (v) access to 
knowledge. For example, in Cameroon, Fonjong 
and Mbah (2007) report that some men see 
female income-earning as a threat to their author-
itative position as breadwinners. Consequently, 
they react to women’s increased earnings by 
abandoning their financial responsibilities towards 
their families and pushing the total burden of  
household maintenance onto their wives.

Labour exchange is also a common social 
strategy developed in many rice-farming com-
munities to cope with peak labour periods. The 
practice cements the social ties in farming com-
munities. Labour exchanges are generally used 
for assistance to vulnerable farmers, such as 
elders without other labour resources, widows, 
sick and disabled farmers, and the poorest farm-
ers. With rice becoming a cash crop and conse-
quent production increases, there is the threat of  
a shift towards waged or hired labour to cope 
with peak labour periods, at the expense of  
labour exchange. The disappearance of  such 
social cement could have detrimental effects on 
the welfare of  resource-poor and vulnerable 
farmers. Likewise, seed commercialization is not 
always well accepted. In Gimbi (DRC), seed com-
mercialization is taboo (Misiko, 2009) – seed 
marketing is disdained by locals. Instead, farmers 
acquire their rice seed through indigenous reci-
procity practices such as barter (seed for seed of  
different rice varieties or crops), or in-kind seed 
credit to be paid back at harvest. Female farmers 
are acknowledged to be the best seed guardians 
because of  their knowledge and abilities in seed 
management. In such settings, it can be argued 
that any initiative aiming at developing sustain-
able seed enterprises should extract valuable 
insights from the local norms and practices.

Generally, rice farming has been developed 
in some rural societies following the increasing 
demand from growing urban centres. The intro-
duction of  this ‘new’ crop has had implications 
for local cultures. For example, the introduction 
of  rice cultivation in Ndop (Cameroon), in which 
women’s labour constitutes an important compo-
nent, has dramatically changed the traditional 

patterns of  division of  labour and gender roles, 
which formerly prevented women from engag-
ing in economically profitable activities (Fonjong 
and Mbah, 2007). This situation has yielded 
positive outcomes: the introduction of  rice farm-
ing has brought women not only into food-crop 
production, but also into the cultivation of  cash 
crops and other income-generating activities, 
through which some of  them have become 
major breadwinners. The logical outcome is a 
phenomenal reduction in household poverty 
among many families, particularly female-
headed households.

It can be concluded that in all African socie-
ties, diverse socio-economic and cultural prac-
tices exist, but are not always known due to the 
oral nature of  the cultures. These practices need 
to be investigated further to gain important 
insights for the effectiveness of  future rice 
research and development activities.

Gender Mainstreaming in Rice 
Research for Development in Africa

New varieties – new gains for women

Gender-blind technology development can 
obstruct its efficiency and performance. Gender 
bias has been a problem for agricultural research 
centres and has been considered, among others, 
a reason for the non-adoption of  some agricul-
tural technologies. Participatory approaches 
such as participatory varietal selection (PVS) are 
used by Africa Rice Center (AfricaRice) and 
national agricultural research and extension 
(NARES) partners to include both female and 
male end-users in evaluation and selection of  
varieties. Research on PVS revealed that men 
gave importance to short growth duration and 
plant height, whereas women preferred traits 
such as good emergence, seedling vigour and 
droopy leaves that indicate weed competitive-
ness, since they are mostly involved in the sowing 
and weeding operations (WARDA et al., 2008).

The PVS approach is complemented by the 
community-based seed system (CBSS; see Bèye 
et al., Chapter 14, this volume) to increase the 
end-users’ access to available quality seed of  the 
chosen varieties. Thanks to these two approaches, 
the new varieties have been introduced in various 
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rice-farming communities in sub-Saharan Africa. 
The gender-related impacts of  improved varieties 
such as the NERICA varieties have been docu-
mented by several authors. For example, in 
Guinea, Diagne et al. (2007) found a higher 
impact of  adoption of  NERICA varieties among 
women (yield increase 1090 kg/ha) than among 
men (yield increase 442 kg/ha). Similar results 
are reported from Benin by Agboh-Noameshie 
et al. (2007). Impacts of  adoption of  NERICA 
varieties have been noted beyond the farm: 
Adékambi et al. (2008a,b) report improvement 
in children’s schooling in households growing 
NERICA varieties (i.e. 6% increase in children’s 
school attendance rate and US$20 increase in 
school expenditure per child) and an increase of  
about $0.30/day in household consumption 
expenditure per adult. Various social gains have 
also been reported following the adoption of  
NERICA varieties. The development of  busi-
nesses around postharvest and rice processing 
technologies has also triggered women’s empow-
erment (built social capital) through their organ-
izations (Zossou et al., 2009).

The reasons underlying these successes 
are that men and women farmers have been 
closely associated with the development and 
adoption of  the technologies through assess-
ment of  their own needs and the participatory 
approaches (PVS and CBSS).

Gender-sensitive rice learning 
and rural innovation

Rice farmers need relevant information and 
knowledge on productivity-enhancing technol-
ogies and opportunities to add value to their pro-
duction, and to sell their surplus. However, most 
of  them live in rural areas with poor infrastruc-
ture (roads, communication facilities, etc.), and 
they frequently do not have such productivity-
enhancing knowledge. Though women are 
acknowledged as critical players in rice-farming 
systems, they have limited contact with exten-
sion agents; the underlying reasons for this 
include cultural barriers, heavy workload pre-
venting women from devoting ‘spare time’ to 
extension service, and unawareness of  the 
importance of  the information to be provided 
(Chale, 1990; FAO, 1993; Jiggins et al., 1998). 

As a consequence, only male farmers are gener-
ally reached. However, the information directed 
to male heads of  households is not always trans-
ferred adequately to their female and youth 
dependents. For example, in Sierra Leone, agri-
cultural extension messages, when available, 
often had to be indirectly channelled to women 
through the men, with little guarantee that the 
effective transfer of  information acquired will 
occur (Kroma, 2002).

Aware of  these shortcomings and hindrances 
in knowledge dissemination among rice farmers, 
AfricaRice developed a participatory learning and 
action-research for integrated rice management 
(PLAR-IRM) methodology (Defoer et al., 2004; 
Defoer and Wopereis, Chapter 31, this volume). 
PLAR-IRM is an intensive methodology that com-
bines ideas from the Farmer Field School approach 
(such as weekly sessions with groups of  about 
25 farmers, discussing a specific issue while stimu-
lating learning) with other relevant tools (e.g. 
cropping calendars or transect walks). Several 
achievements resulting from the application of  
PLAR-IRM methodology have been reported. Over 
3 years, AfricaRice conducted 183 PLAR training 
sessions in Mali, Guinea, The Gambia and Ghana, 
reaching 1248 farmers (61% female, 39% male) 
(WARDA, 2008). To make the PLAR-IRM 
more sustainable in Mali, 45 farmer-facilitators 
(19 female and 26 male) were trained to conduct 
PLAR in their villages after the ‘Participatory 
Adaptive Research and Dissemination of  Rice 
Technologies in West-Africa’ project (WARDA, 
2008). Similar PLAR-IRM training activities were 
conducted in the other project countries (WARDA, 
2008). Farmers clearly appreciated the PLAR-
IRM training and this approach has helped to 
break down gender barriers.

Furthermore, a rice seed health video previ-
ously produced in Bangladesh was translated into 
Bambara and used as a video-supported learning 
tool to reach 3915 farmers (2120 male, 1795 
female) in nine villages in Mali. After watching 
the videos, about 40% of  the women changed 
their seed-drying practices in Bangladesh (Van 
Mele et al., 2005; Van Mele et al., Chapter 30, this 
volume). Considering the effectiveness of  the seed 
health video in communicating technologies to a 
large number of  farmers and the success of  the 
PLAR-IRM methodology in farmer learning, 
AfricaRice developed the zooming-in zooming-
out (ZIZO) approach (Van Mele, 2006; Van Mele 
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et al., Chapter 30, this volume) to produce further 
media-supported learning. In 2009, AfricaRice 
combined the PLAR-IRM and ZIZO approaches to 
produce a new series of  videos on integrated rice 
management. Dealing with five modules (land 
preparation, seedbed, transplanting, weed man-
agement, soil fertility management), these videos 
were translated into local languages in addition to 
the French or English versions. Through video-
supported group learning, 2396 smallholders in 
DRC (1808 male, 588 female), 920 in Guinea 
(620 male, 300 female) and 800 in Sierra Leone 
have been trained (AfricaRice, 2010). These 
videos were also translated into more than 33 
African local languages for a wide dissemination 
across sub-Saharan Africa, and had already 
reached 160,000 farmers in 2010 (Wanvoeke 
and Van Mele, 2010; Van Mele et al., Chapter 30, 
this volume).

Various studies have shown the effective-
ness of  these video-based learning tools in com-
municating agricultural technologies to the 
poor, women, men and young farmers. For 
example, in their study on rice parboiling tech-
nologies in Benin, Zossou et al. (2009) found 
that 89% of  women strongly appreciated the 
farmer-to-farmer video with two characteristics 
emerging: (i) the video burns images into the 
memory (mentioned by 74% of  them), and 
(ii) the video is both educational and entertain-
ing (mentioned by 77% of  them). Importantly, 
the video-supported training has been evaluated 
as more effective and has reached three times as 
many women than hands-on training work-
shops organized by a local NGO. Also more than 
90% of  the women who watched the video 
improved the quality of  their parboiled rice. 
These tools provide equitable access to research 
and extension knowledge by both male and 
female grassroots actors operating in rice sector.

Towards a Framework for Gender 
Equity in Rice Research for 

Development in Africa

Process of gender mainstreaming 
in research for development

It has become apparent that there is a need to 
integrate gender as an analytical variable in 

research for development, especially in rice-
based production systems. Innovations should 
be based on gender analysis,1 which is a way 
of  looking at a community in its totality to 
ensure that the interests of  all its members – 
men, women and children – are addressed. 
Hunt (2004) stresses that gender analysis 
should be done at the various stages of  pro-
gramme or project design, implementation 
and impact evaluation, and gives the follow-
ing definition:

During program and project design, gender 
analysis is the process of  assessing the impact 
that a development activity may have on females 
and males, and on gender relations (the 
economic and social relationships between 
males and females which are constructed and 
reinforced by social institutions). It can be used 
to ensure that men and women are not 
disadvantaged by development activities, to 
enhance the sustainability and effectiveness of  
activities, or to identify priority areas for action 
to promote equality between women and men. 
During implementation, monitoring and 
evaluation, gender analysis assists to assess 
differences in participation, benefits and impacts 
between males and females, including progress 
towards gender equality and changes in gender 
relations.

There is a lot of  literature on how to inte-
grate gender perspectives into research-for-
development programmes. However, this is 
usually restrained by inadequate capacity to 
conduct gender-sensitive analysis. Meinzen-
Dick et al. (2011) report that, despite the evi-
dence that women are being involved in 
participatory adaptive research and that atten-
tion has been focused on gender differences in 
the impact of  agricultural technologies, more 
work needs to be done in integrating gender in 
the upstream priority setting and decision mak-
ing. They recommend more functional linkages 
among research-for-development actors instead 
of  a unidirectional flow between research and 
end-users, and present a conceptual framework 
that will allow a more effective feedback loop 
(Fig. 28.3).

An important starting point in the imple-
mentation of  gender mainstreaming is to ensure 
that the initial definitions of  issues and problems 
are done in a way that allows for the identi-
fication of  gender differences and disparities. 
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• During extension phase: (i) who delivers 
extension services? (ii) who receives the 
extension services and information? (iii) are 
women recognized as farmers and clients of  
the extension services? (iv) how are exten-
sion services delivered?

• For adoption of  innovations: (i) who can 
and will adopt agricultural innovations? 
(ii) who can benefit from them?

• For evaluation and impact assessment: 
(i) how can both external studies and partici-
patory processes that assess the costs and 
benefits of  agricultural innovations and 
their related distribution consider gender dif-
ferences? (ii) how can we use evaluations 
and assessments that do consider gender dif-
ferences to inform future research priorities?

These processes can be seen at different 
scales with different actors in various research-
for-development institutions.

Assumptions that issues and problems are neu-
tral from a gender perspective should be avoided 
and gender analysis should always be carried 
out, separately or as part of  existing analyses. 
Meinzen-Dick et al. (2011) stress that integrat-
ing gender issues into agricultural research and 
development will require addressing the follow-
ing critical questions:

• For priority setting: (i) where and how 
are the differential needs, interests and 
priorities of  women and men reflected? 
(ii) who makes the decisions regarding 
the kinds of  agricultural R&D that will 
receive investment? (iii) are there mecha-
nisms to take the needs of  women and 
men as both producers and consumers 
into account?

• For research and development: (i) who are 
the researchers and how attuned are they 
to gender issues?

Priority
setting

Farmers

NARES

CGIAR

Farmers

NARES

CGIAR

Farmers

NARES

CGIAR

Farmers

NARES

CGIAR

Farmers

NARES

CGIAR

Research & 
Development

Evaluation

Extension

Adoption

Fig. 28.3. Components of a gender-responsive agricultural research system. (From Meinzen-Dick et al.,
2011, reproduced with permission from the International Food Policy Research Institute www.ifpri.org.)
NARES: national agricultural research and extension system.
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Practical example of integration 
of gender in project cycle

When gender is to be integrated into any project 
cycle, integration should occur at all stages, 
from diagnosis and implementation, through to 
monitoring and evaluation, adoption and 
impact evaluation.

During the diagnosis phase, constraints 
and problems, opportunities and needs are 
determined by reviewing earlier research and 
undertaking additional studies, especially par-
ticipatory situation analysis (Cornwall, 2000). 
Since women and men farmers and processors 
have shared responsibilities and constraints within 
the household economic production and house-
hold management systems, data disaggregated 
by sex and age should be collected using gender-
responsive tools such as semi-structured ques-
tionnaires, checklists and gender-focused 
discussions (IFAD, 2002). Questions should be 
structured in such a way that they bring out 
information on different gender categories in a 
household. These data are important in moni-
toring and evaluation (M&E) as they reveal pro-
ject impacts on men and women, including the 
young and old, and help in development of  
gender-responsive technology (Njenga et al.,
2008). Once the project design phase is rendered 
gender-sensitive, all the other phases should 
automatically take gender issues into account.

Project design: The project’s goals and 
strategies are identified through a joint process 
of  visualizing the desired development and pro-
ject outcomes, then evaluating alternative strat-
egies that might be applied to realize those 
outcomes by looking into their viability and 
effectiveness to produce the required outcomes. 
In research, some of  the strategies identified 
may include further participatory research into, 
for example, technical options. Here a gendered 
assessment of  alternative problem-solving strat-
egies can be used as well as a checklist of  guiding 
questions for conducting group discussions as 
suggested by CIP (2008).

Activity planning: At this stage the goals 
and strategies are operationalized by: identifying 
the activities needed to implement the strategies; 
developing the methods and tools to be applied; 
dividing responsibilities and tasks among the 
participating organizations and groups; defining 
coordination and monitoring mechanisms; and 

developing a budget and a timeframe. The plan-
ning can be done using a participatory gender-
responsive planning matrix (Hovorka et al.,
2009).

Implementation: Implementation of  pro-
ject activities requires following the designed 
strategies, goals/objectives and activities, but 
also requires adaptation to the local situation. 
Sometimes there is a need to enhance the skills 
of  research teams for effective incorporation of  
gender in R&D, particularly if  there are no part-
ners with gender expertise in the team (Njenga 
et al., 2008). For instance, the research team 
should have its capacity for participatory 
research and gender analysis built.

Monitoring and evaluation: To ensure 
institutional accountability for gender mainstream-
ing in the overall rice research-for-development 
activities and in reporting on gender issues, there is 
a need to establish relevant gender-sensitive quali-
tative and quantitative indicators to be regularly 
monitored and evaluated. This process will ensure 
gender mainstreaming is supported by gender-sen-
sitive budgeting and relevant time allocation for 
effective implementation of  the planned activities 
(Njenga et al., 2008).

Impact assessment: Baseline surveys at 
the outset of  each activity need to ensure that 
relevant benchmark gender-disaggregated data 
and gendered indicators are captured. Then, at 
the end of  the related activity, the ex-post impact 
assessment generates end-line data and indica-
tors to measure the progress registered and draw 
the lessons learned from successes or failures for 
any duplication or future fine-tuning.

It takes political will at the institutional 
level to operationalize gender mainstreaming – 
this will ensure that a clear and comprehensive 
operational gender policy is established and 
effectively shared.

It should be noted that practical gender 
mainstreaming is not about running through a 
checklist of  questions to ensure you have not 
overlooked anything. It is about asking the right 
questions so that you can see where limited 
resources should best be used. Gender main-
streaming is a necessary process for achieving 
gender equality in the most effective and effi-
cient manner. For example, the key questions 
listed in Box 28.1 could help to ensure that the 
logical framework of  the project includes a gen-
der perspective (UNDCP, 2000).
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Challenges related to gender 
mainstreaming in rice 

research for development

Despite the increase in awareness and the 
availability of  information on the existing gen-
der disparities in agriculture, integrating a gen-
der perspective in agricultural research for 
development still faces many challenges. These 
challenges come from the misconception of  gen-
der equality as implying that men and women 
become equal, while gender equality in fact 
means that the opportunities and life chances of  
men and women are equal (Opio, 2003). In agri-
cultural research and development, achieving 
gender equality will therefore not only require 
changes in research targeting, system mapping, 
and diagnosis and intervention, but also in the 
institutional culture of  the research organiza-
tion to ensure that women are given a strong 
voice both in shaping research and in shap-
ing the development of  their societies (Njenga 
et al., 2008). Moreover, it is also observed that 

even though there are well-written gender-
mainstreaming strategies at country level, many 
research and extension institutions have not 
successfully addressed gender in the design and 
implementation of  their activities. The provision 
of  agricultural services is male dominated and 
little effort has been made to train men to work 
with women and be aware of  the strategic and 
practical needs of  women within agriculture. 
Also, despite the fundamental role women play 
in agriculture very few of  them own, control or 
have guaranteed access to productive resources 
such as land, credit, technical services, market 
outlets and information.

Furthermore, very few members of  staff  
have been trained in gender analysis, which 
therefore limits the scope for promoting equity 
within most institutions. Members of  staff  lack 
experience in mainstreaming gender issues into 
their programmes. While some are willing to do 
so, they have no clear guidelines and cannot 
quite relate the relevance to their working 
environment.

Box 28.1. Determining the gender sensitivity of a logical framework matrix

Objectives:

• Do the objectives address the problems of both men and women?
• Are the objectives likely to influence relationships between women and men?
• Do the objectives specify who is targeted and who is expected to benefit, differentiating between 

women and men?
• Who participated in choosing objectives from the complete set of needs to be addressed?
• What needs of women, and of men, does the project address?

Outputs:

• Are there separate outputs for women and men?
• Are they consistent with the needs of the beneficiary group?

Achievement indicators:

• Are there separate achievement indicators for women and men?

Inputs:

• Are the inputs appropriate for the involvement of both women and men?
• Is there time and is there a budget for gender analysis?
• Are the budgets flexible and reviewable?
• Is the planning flexible enough to enable new activities to be initiated in response to women’s and 

men’s constraints?

Risks and assumptions:

• Analysis of risks and assumptions should consider gender-related barriers and constraints that could 
affect implementation. Where necessary, special project activities should be integrated to counteract 
barriers and constraints.

Source: Adapted from EC-C (1993).
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Conclusion

By analysing and documenting gender-disag-
gregated data, AfricaRice has shown the impact 
of  some of  its research on targeted gender 
actors. However, more effort needs to be invested 
to better integrate gender issues in the whole rice 
research-for-development cycle for an effective 

and sustainable impact on actors’ livelihoods. 
The framework to mainstream gender in rice 
research-for-development activities presented in 
this chapter provides important guidelines in 
this respect. Its application will require substan-
tial awareness-raising and capacity-building 
efforts among Africa’s rice research and exten-
sion communities.

Note

1 A number of different frameworks are used to undertake gender analysis. Some of these have been devel-
oped in Northern countries (Overholt et al., 1985; Moser, 1993), and others have been developed and adapted 
by development practitioners from the South (Longwe, 1991; Parker, 1993; Kabeer, 1994). These articles outline 
the essential steps that need to be addressed to undertake gender analysis.
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and innovation, and ways to build upon these 
processes or to integrate them with scientific 
technology development.

Farmer technologies, such as farmer varie-
ties, are the result of  long innovation trajecto-
ries. These trajectories are shaped by interactions 
among agroecological, socio-economic and cul-
tural factors and it is therefore essential to 
understand such interactions when involving 
farmers in technology development or building 
upon farmer technology development. The need 
for a more decentralized technology develop-
ment approach (for, e.g., varieties) with a larger 
role for farmers has become even clearer 
(Dorward et al., 2007; Efisue et al., 2008; Nuijten 
et al., 2009; Mokuwa et al., 2012). For example, 
Mokuwa et al. (2012) provide evidence that 
farmer rice varieties can be widely adaptable, as 
a considerable number performed well under 
very different ecological conditions and are 
therefore not restricted to the locality where 
they were developed. This means that farmers, 
next to researchers, equally produce techno-
logies that may be relevant for farming over 
large regions.

Introduction

Modern agricultural technologies have been 
adopted in many Asian rice farming systems, par-
ticularly in areas with good agroecological condi-
tions. But in other rice-growing areas, the 
adoption of  modern technologies has been very 
slow (Binswanger and Pingali, 1989; Waddington 
et al., 2010). In West Africa, this has been par-
ticularly the case in upland rice cultivation 
(Richards, 1986; Dalton, 2004; Okry et al., 
2011), but also in mangrove-swamp farming sys-
tems (Temudo, 2011). Modern technologies are 
often not adapted to local conditions. Since the 
1980s, it has been recognized that farmers need 
to be more involved in variety development 
through participatory varietal selection (PVS) 
and decentralized breeding (Maurya et al., 1988; 
Sperling and Loevinsohn, 1993; Weltzien et al., 
1996; Almekinders and Elings, 2001; Ceccarelli 
and Grando, 2007). In this vein Africa Rice 
Center (AfricaRice) has used PVS to improve the 
adoption of  the NERICA varieties (Gridley et al., 
2002). However, there is still little attention on 
the outcomes of  farmer technology development 
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In many regions, farmers carefully inno-
vate, select and match technologies to local envi-
ronmental conditions, looking for optimal 
interactions of  technologies with agroecologi-
cal, socio-economic and cultural factors. The 
ways farmers organize their farm management 
and livelihood strategies differ widely, even 
within small, well-defined regions. Often this 
variation reflects differences in the agroecologi-
cal environment, societal organization, and cul-
tural and socio-economic dynamics. We 
therefore need a better understanding of  how 
technologies interact with the agroecological 
and socio-cultural environments. Comparisons 
within and between different areas and coun-
tries may yield useful insights into key aspects 
and mechanisms underlying these complex 
interactions in rice-farming systems in West 
Africa. Such comparisons will also provide 
insights into the way farmer technologies have 
been developed and how to link farmer technol-
ogy development with science. For a better 
understanding of  these complex interactions a 
wide range of  scientific disciplines is needed, 
such as soil science, plant breeding, agronomy, 
crop physiology, chemistry, economics, anthro-
pology, and communication and innovation 
studies. As today’s farming is also shaped by the 
past, archaeology and history may also be impor-
tant to understand the socio-economic and cul-
tural aspects of  these complex interactions.

Examples of Complex Interactions

In the examples below, we draw from research 
conducted on farmer management of  rice crop 
diversity. For example, Teeken et al. (2010) show 
that variety adoption is not the result of  
‘rational’ choice in the narrow sense of  optimiz-
ing production for given agroecological and 
socio-economic conditions. Cultural factors (e.g. 
rituals, food preferences) and socio-political fac-
tors (e.g. conflict) play a crucial role in the adop-
tion or rejection of  new varieties. For example, in 
Ghana, Guinea and Sierra Leone people show a 
cultural preference for rice varieties with a red peri-
carp over varieties with a white pericarp, whereas 
in The Gambia, Guinea-Bissau and Senegal 
people prefer varieties with a white pericarp. 
Since the late 1950s, the cultivation of  African 

rice (Oryza glaberrima) has decreased in Ghana, 
but its role in rituals has become more important. 
In The Gambia, a reverse process has occurred: 
while older women still consider African rice 
very important (e.g. they like to plant a little bit 
of  it in a field of  Asian rice in the belief  that it 
ensures a good harvest) younger women con-
sider African rice as something bad (as being lit-
tle more than a weed). In southern Guinea-Bissau 
and Sierra Leone, countries both affected by 
long periods of  armed conflict, the use of  African 
rice has increased. In southern Guinea-Bissau, 
people appreciate African rice for its medicinal 
properties, tolerance to salinity, and slow digest-
ibility, while in Sierra Leone farmers appreciate 
African rice mostly for its ability to grow on poor 
upland soils, and its short growth cycle in the 
‘hungry season’. In maritime Guinea, the use of  
African rice has been maintained as it helps 
households to achieve food sufficiency in an 
environment marked by severe economic crises 
– it is adapted to poor soils and it digests slowly, 
which reduces daily intake.

Cultural identity can also be associated 
with tools. A very widely studied identity marker 
is the fulcrum shovel plough used in mangrove-
swamp rice cultivation in Senegal, Guinea-
Bissau and Guinea (Linares, 1992; Sarró, 
2009). Very small tools like a small harvest knife 
also function as identity markers, although per-
haps less obviously so. Despite the fact that a 
sickle would increase the speed of  harvesting, 
Mandinka women in The Gambia and Senegal 
strongly oppose its use. They consider the sickle 
a Jola tool. Among the Jola the sickle is used by 
men, although it may also be used by women. 
Jola women sometimes use a sickle for the har-
vesting of  short-straw (modern) varieties. Some 
Mandinka women acknowledge that a sickle 
would make harvesting of  short-straw varieties 
much easier, but still they resist its use. This 
resistance can be better understood if  we realize 
that in the past sickle harvesting was sometimes 
violently resisted by some groups in coastal West 
Africa because it was seen to challenge egalitar-
ian cultural values (Richards, 1996).

The examples given above show how rice 
technologies (varieties, tools and techniques) 
are shaped by various factors in very different 
ways. Technologies such as tools and varieties 
have different development pathways, but have 
in common the fact that they are shaped by both 



Interactions of Technology with Environment and Society 357

environmental and cultural selection pressures. 
In this chapter, we use variety choice to show 
how agroecological, socio-cultural and eco-
nomic factors all influence technology develop-
ment, use and adoption. Which varieties are 
chosen not only depends on which varieties best 
fit a farming system, but also on socio-economic 
dynamics and the roles different crops and varie-
ties play in larger socio-economic and socio-
cultural systems. An example from The Gambia 
may be used to illustrate this. Before 1970, farm-
ers commonly grew varieties with different crop 
cycle durations and O. glaberrima was the first 
rice to harvest. With the decrease in rainfall in 
the early 1970s, varieties with an equally short 
duration were introduced from Casamance 
(Senegal). In that same period, labour became 
less available at household level for rice pound-
ing and bird scaring in the rice fields. Together 
these factors have affected crop and variety pref-
erences and therefore also the selection and 
development of  crops and varieties by farmers. 
Farmers explained that more than a generation 
ago it was not considered difficult to pound (mill) 
O. glaberrima, as pounding fonio (Digitaria exilis)
was considered even more difficult. Subsequently, 
most farmers abandoned fonio; moreover O. glaber-
rima is now considered very difficult to pound 
(Nuijten, 2005). Another example of  how social 
change and access to labour can impact on vari-
etal choice may be given from mangrove-rice 
farming in southern Guinea-Bissau. In colonial 
times, Thom and Atanhã were the most exten-
sively grown varieties because of  their high 
productivity and good cooking and eating char-
acteristics. Social change after independence led 
to a reduction in their cultivation due to the dif-
ficulty of  finding youth labour-groups willing to 
do the intensive threshing required for these 
varieties (Temudo, 2011).

Guinea-Bissau also provides an example of  
how market conditions may impact on farmer 
preferences and adoption of  new varieties. Since 
the 1980s, farmers have been adopting cashew 
(Anacardium occidentale) as a cash crop, reducing 
rice production and relying progressively on the 
purchase of  imported rice during the pre-harvest 
‘hungry’ season. Some farmers with large cashew 
orchards stopped rice production altogether, 
other farmers reduced their portfolio, while yet 
others began to prefer more tasty varieties. 
However, the decrease in the price of  cashew 

and increase in the price of  imported rice has 
reversed this trend. There is now a renewed 
interest in non-tasty varieties with long diges-
tion times. Among these varieties attracting 
renewed interest one can highlight the upland 
variety Maimuna, which Nuijten et al. (2009) 
identified as belonging to a group of  39 rice 
accessions representing farmer varieties result-
ing from hybridization between O. sativa and 
O. glaberrima. The exact origin of  these materials 
is beyond current farmer memory. Farmer prac-
tices enable such hybridization and spontaneous 
back-crossing to occur in their fields. Conditions 
of  war and drought have presumably stimulated 
the spread of  these varieties, apparently because 
they have considerable adaptive plasticity under 
sub-optimal farming conditions.

Varietal traits also play a complex role in 
the adoption rate of  new varieties. Social pro-
cesses play a more important role in the adop-
tion of  some traits than others (Nuijten, 2005). 
Crop duration is an example of  a trait that is 
closely linked with the social system. In various 
upland rice cultivation areas in West Africa, the 
common rice varieties are chosen in such a way 
that they are similar in crop cycle duration. One 
reason for this is the labour calendar. This factor 
prevails among upland farmers in Guinea. 
Another important reason in The Gambia, Guinea 
and Guinea-Bissau is bird scaring. If  varieties 
differ in crop duration, the crops mature over a 
longer period and hence bird scaring requires 
more labour. Farmers who sow their rice much 
earlier or sow earlier-maturing varieties, run the 
risk of  a complete failure due to birds, if  they 
cannot organize proper bird scaring. This implies 
that if  farmers want to adopt a new variety with 
a shorter duration, farmers will need to test this 
variety simultaneously as a group, to avoid the 
risk that birds will destroy the entire crop of  a 
lone pioneer.

The adoption of  new varieties often follows 
a pattern in which a single farmer will test a 
variety, and then give it to neighbours or family 
members for further testing. If  they also like the 
new variety it may then be adopted by other 
farmers in the village, and spread to neighbour-
ing villages. But for some traits, like crop cycle 
duration, a different way of  testing varieties is 
required, and a critical mass of  farmers involved 
from the outset. This implies that there is a social 
component in variety choice, and this social 
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component needs to be properly evaluated if  
varieties are to be introduced effectively. Where 
adoption of  better varieties requires changes in 
the farming system at village level (as is probably 
the case for bird scaring of  early and long-cycle 
varieties), there is little to be gained by relying on 
seed transfer to a handful of  (so-called) ‘master 
farmers’. Instead, a group innovation approach 
is required.

Similar social dynamics apply to traits 
related to digestibility. In communities where 
there are strong preferences for ‘heavy’ varieties, 
which digest slowly and ‘stay long in the stom-
ach’, the uptake of  ‘light’ varieties may only be 
for certain specific purposes, such as to meet the 
needs of  old or sick people. Substantial adoption 
of  light varieties would require re-organizing the 
food system; in particular, the possibility of  
increasing the food intake either by the con-
sumption of  more rice, and therefore larger 
fields for which more labour would be needed, or 
through diversification of  the diet, for which a 
larger range of  crops would need to be cultivated 
with consequent re-organization of  tasks and 
the labour calendar and related rules and rights. 
This also applies to varieties which cannot be 
kept long after cooking without becoming either 
mushy or too hard. In various West African soci-
eties, it is important to be able to offer strangers 
food at any time of  the day, or to keep the food till 
the next morning and eat it as breakfast. These 
aspects need to be evaluated as part of  any rice 
innovation strategy.

Perhaps paradoxically, a thorough social 
analysis may be less needed for a trait like taste, 
which is often seen as a ‘cultural’ variable. Taste 
is determined by social dynamics, but is also to 
an important degree the result of  individual 
preferences. If  a variety with a different taste is 
appreciated by only one farmer, it does not imply 
any disadvantage for its cultivation. Over time, it 
may (or may not) be adopted by other farmers. 
In any case, taste is evaluated differently accord-
ing to circumstances. A good illustration is the 
positive evaluation given to certain rices with a 
poor taste by farmers in southern Guinea-Bissau 
that might elsewhere be rejected because of  this 
poor taste. The lack of  attractive taste is deemed 
to slow down consumption, and so prevents eat-
ing more than necessary in times of  food short-
age, such as during the pre-harvest season 
(Temudo, 2011). Equally, farmers in Guinea and 

northern Guinea-Bissau sometimes mix heavy, 
poor-tasting rice with very tasty varieties to slow 
consumption of  stock.

These examples show that the preference 
for traits is not only related to environmental 
factors, but also to socio-economic, cultural and 
individual factors. Desired and unwanted traits 
are conceived in relation to the diversity of  avail-
able crops and their varieties and thus the con-
cepts of  desired and unwanted traits are fluid 
(Nuijten, 2005). This probably also explains 
differences in outcomes of  studies on the impor-
tance to farmers of  yield and taste. Taste can 
only be an important criterion where crop varie-
ties differ greatly in taste and the same can be 
said for yield (Nuijten, 2005).

Variety preferences and criteria may change 
over time. In the past, Gambian farmers pre-
ferred varieties that matured within the rainy 
season in order to have as long a growing season 
as possible. With increasingly erratic rainfall, 
many farmers now prefer early varieties, 
although they do not want varieties that mature 
too early (Nuijten, 2005, 2010). Farmers in a 
village in Cacheu (Guinea-Bissau) often said 
that the varieties grown in Casamance and 
The Gambia today are too early and require 
intensive bird scaring (Nuijten, unpublished 
observations, 2007–2008). In the past they 
grew these early varieties next to varieties with a 
longer crop cycle duration in the uplands, but 
were able to do so because children did the bird 
scaring on early rice while adults worked on 
other crops. Now that the children go to school, 
farmers prefer to grow varieties with similar 
duration in the uplands, so they can do bird scar-
ing and harvesting at the same time.

For other traits, notably yield, genotype-by-
environment (G×E) interactions at the local level 
play a crucial role. For farmers to adopt a new 
variety for its yield, this new variety needs to per-
form better than the varieties grown by them 
over the previous two or three seasons. Farmers 
do not use multiple replications (or advanced 
statistical analysis), but only single ones, which 
implies the yield difference needs to be substan-
tial for a farmer to appreciate it enough to adopt 
the new variety. Famers may also test the new 
varieties in the worst part of  their plots, and if  
they perform well there, then they feel they are 
sure to get good productivity and yield stability 
elsewhere (Richards, 1986; Temudo, 2011). 
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In addition to G×E interactions, social processes 
may play a role when many new varieties are 
introduced simultaneously in a community. In 
such a case the adopted variety may not be the 
best-performing variety, but the variety intro-
duced through the largest or most influential 
socio-political network. Thus, knowing about 
these networks and how they are constituted – 
e.g. as networks of  patrons and clients – is 
important for any successful seed innovation 
strategy (see Richards, 1986).

Furthermore, variety choice and preference 
are not the same. Farmers need to choose varie-
ties that do well in the field, even though those 
varieties do not meet all their preference require-
ments (Nuijten, 2005). For example, Gambian 
rice farmers prefer tall rice varieties, but if  only 
short varieties are available with the right crop 
cycle duration, they will work with short varie-
ties. Women in The Gambia also say they like 
varieties with big grains, but (particularly in the 
uplands) the best-performing varieties (both 
farmer and modern) have small grains. In short, 
not all preferences count with the same weight. 
Preferences predict whether (say) a tall, bold-
grained rice will do better among Gambian 
farmers than a rival short, small-grained variety, 
but cannot indicate whether the tall, bold-
grained type will be adopted.

This implies that adoption curves of  new 
varieties are likely to differ depending on par-
ticular traits of  those varieties in relation to the 
farming system and the wider socio-cultural and 
agroecological context. Certain ‘permissive’ 
agroecological contexts (in a well-watered coun-
try such as Sierra Leone, for example) may allow 
the adoption of  quite a wide range of  varieties 
with different traits. Similarly, socio-cultural 
and economic conditions may reduce or enlarge 
the number of  desirable varieties, and may nar-
row or enlarge the variation in traits considera-
bly, for reasons as diverse as ethnic and religious 
preferences, presence of  milling machines, 
modes of  labour organization, and availability of  
cash income sources and cheap imported rice.

As a result, the uptake of  the same new 
technology (a variety) may show different pat-
terns in different farming systems due to the dif-
ferent agroecological and socio-cultural contexts: 
the S-curve describing the uptake of  a single 
technology may be quite variable in gradient 
according to local variations in the configuration 

of  the competing and converging variables. The 
initial slow growth phase may be slower or 
faster, and the steepness of  the middle part of  the 
curve may also vary. In some areas, the adoption 
rate of  a promising variety may be 100%, while 
in other areas the same variety may have only a 
moderate or low uptake. Explanation of  what 
works, where and why, can be quite hard or 
impossible in the absence of  careful analysis of  
socio-cultural and socio-economic selection fac-
tors and their interaction with environmental 
factors.

Discussion

The implication of  the factors described above is 
that a better understanding of  the interactions 
among technologies, agroecological and socio-
cultural factors may allow the development of  
technologies more suited to farmers’ needs. It 
may also facilitate the distribution of  farmer 
technologies across regions as otherwise diverse 
as West Africa. Farmer varieties are often con-
sidered to be adapted to the local context, 
whereas modern varieties are developed for wide 
adaptation.

Research comparing farmer varieties of  
African and Asian rice in trials in Guinea-Bissau, 
Guinea, Sierra Leone, Ghana and Togo, shows 
that many farmer varieties are widely adaptable 
in agroecological terms (Mokuwa et al., 2012). 
However, a considerable number of  these widely 
adaptable farmer varieties are not appreciated 
outside their cultivation zone for socio-economic 
and cultural reasons. Some farmer varieties are 
adapted to both the agroecological and the 
socio-cultural contexts. An example is a variety 
collected in Guinea-Bissau, called Untufa and 
belonging to a new interspecific rice type identi-
fied by Nuijten et al. (2009), that was appreci-
ated by farmers in a case study area in Ghana for 
both agroecological and socio-cultural reasons 
(Teeken et al., 2011). In our examples we focused 
on rice varieties. For other technologies, for 
example sowing and harvesting tools, or fallow 
management and postharvest management 
practices, the same dynamics are also likely to 
emerge when studied. Some practices may fit 
various agroecological contexts, but not the 
socio-cultural contexts. There may be little 
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technology-by-environment interaction, but much 
technology-by-society interaction, or vice versa. 
Other practices may fit well across a range of  
agroecological and socio-cultural contexts (i.e. 
there is little or no interaction) or be limited to a 
few localities because there is strong technology-
by-environment-by-society interaction.

It may thus be important to test locally 
developed technologies across the region and to 
assess whether they are plastic (i.e. have low 
technology × environment × society interaction 
effects) or applicable only in specific localities. 
Given the large diversity in farming systems, and 
agroecological and socio-cultural variables, 
conducting experiments together with a wide 
network of  farmers may provide a better under-
standing of  how the various interactions among 
these variables limit or stimulate the adoption of  
new (local and modern) technologies (Richards 
et al., 2009). An important question is how 
farmer technology development can be better 
linked to scientific technology development (Offei 
et al., 2010). An essential first step in achieving 
this linkage is to realize that farmer technologies 
need to be valued in a similar way to the tech-
nologies developed by scientific research (i.e. 
without prejudice). If  they show potential they 
deserve region-wide dissemination.

Theoretical perspectives and 
methodological approaches

At this stage there is no theory that is capable of  
integrating all perspectives from the various dis-
ciplines of  soil science, plant breeding, agron-
omy, crop physiology, chemistry, economics, 
anthropology, communication and innovation 
studies, archaeology and history. The examples 
described above show that both simple and com-
plex interactions may occur. In one case an 
agroecological factor may play a dominant role, 
whereas in a seemingly comparable case within 
a different context cultural factors may be criti-
cal. Various researchers have suggested a more 
systematic or holistic approach in order to fit 
varieties better to the environment and man-
agement practices, and to appreciate complex 
genotype-by-environment-by-management 
interactions rather than trying to ignore them 
(Kronstad, 1996; Kropff  and Struik, 2002; 

Desclaux et al., 2008). The disadvantage of  the 
term ‘management’ is that it is already the result 
of  interactions among genotypic, environmen-
tal and socio-economic factors. Researchers 
working on participatory plant breeding (PPB) 
have suggested that the environment should 
also include socio-economic factors (Ceccarelli 
and Grando, 2007). To systematically compare 
and integrate technological, agroecological, 
socio-cultural and economic factors we suggest 
the following framework, based on the formula 
used to describe G×E interactions:

P = m + T + E + S + T × E
+ T × S + E × S + T × E × S + e

This framework tangibly brings together 
the technical, natural and social at the same 
level.1 In the context of  rice-farming systems, 
the meaning of  the symbols is the following:

• P = outcome (a farming system, resulting 
from various interactions between a tech-
nology and the societal and environment 
factors)

• m = a common factor for all farming 
systems (a common factor shared by all 
societies in terms of  social dynamics and 
environmental conditions)

• T = technology effects (e.g. differences in 
performance between varieties)

• E = environment effects (a range of  agro-
ecological variables such as climate, soil, 
landscape, pests)

• S = society effects (socio-cultural and 
socio-economic; e.g. appreciation of  peri-
carp colour or maturity in relation to the 
labour calendar, and the societal processes 
underlying these preferences)

• T × E = technology-by-environment inter-
action (e.g. research by Mokuwa et al.,
2012, shows strong responses to environ-
ment for some farmer varieties and hardly 
any response for others)

• T × S = technology-by-society interaction 
(e.g. varieties that are widely adaptable in 
agroecological terms are appreciated differ-
ently on the basis of  how they fit within the 
farming system in regard to factors such as 
duration or pericarp colour)

• E × S = environment-by-society interactions 
(e.g. the cultivation of  rice in different envi-
ronments [upland or lowland] may be done 
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Technography is located within a philosophical 
framework of  critical realism, which assigns an 
equivalent epistemological status to social and 
biological variables (see Sayer, 2000). Although 
technography is in essence a social-science 
methodology, it can be integrated (because of  its 
attention to causal mechanisms) with various 
biological research methods that have a strong 
focus on causal mechanisms and experimenta-
tion. The idea is not to generate a single data set 
of  biological and sociological data, but to gener-
ate data sets in such a way that a range of  
hypotheses in relation to the actual functioning 
of  a particular mechanism within a certain con-
text can be validated.

Towards new models for technology 
development and dissemination

At this stage, there is insufficient data available 
for a systems approach for rice farming in West 
Africa. It is also argued that a disadvantage of  a 
systems approach as currently practised is that it 
largely ignores power issues (inequality, gender, 
age, etc.) and the openness inherent in farming 
practices (Jansen, 2001). Another disadvantage 
is that there is little scope to consider perfor-
mance, which is an essential element of  (both 
low-input and high-input) farming.

A better understanding of  the interactions 
among technology, environment and society ele-
ments is necessary to understand how to build 
new models for technology development and 
dissemination in which there is an active role for 
farmers. In this chapter we have provided some 
examples of  such interactions, mostly in relation 
to variety choice. We need more examples relat-
ing to other technologies, such as soil and water 
management, and the control of  pests and dis-
eases. The local farming system needs to be 
taken as the starting point, using the suggested 
methodology to identify key interactions.

A comparison between sub-Saharan 
Africa and Asia may provide some useful 
insights in terms of  technology development 
and adoption at a macro level. Certain differ-
ences exist in terms of  institutional organiza-
tion at the national level. For example, in China 
the state plays a dominant role in technology 
development, which is an important factor 

by various social groups depending on 
cultural regulations)

• T × E × S = technology-by-environment-
by-society interactions (specific outcomes 
as the result of  interactions between all 
three terms)

• e = residual variance, not accounted for by 
any measured factor or their interactions; it 
includes outcomes that are too complex to 
explain through reference to any identified 
mechanism, or behind which there is no par-
ticular intentionality other than farmer per-
formance (see Richards, 1993; Batterbury, 
1996). Richards (1989, 1993) calls the 
process of  adjusting the farming decisions to 
ongoing opportunities and constraints 
‘performance’.2

Where appropriate, the factors T, E and S
can be further broken down into relevant com-
ponents. The nature of  these factors depends 
on the research question. The factor e is often 
considered unimportant in natural-science 
research, but in our view it is very important: it 
not only stands for random noise that is too 
complex to explain, but also for contexts that 
at some point in time may yield interesting 
innovations.

The best methodological approach to 
describe and/or measure T × E × S interactions 
is a comparative case-study approach, combin-
ing experiments (applicable to both social and 
natural science aspects), questionnaires, various 
types of  interviews, and observation-based 
and participatory approaches (Nuijten, 2011). 
Examples of  this approach are studies on the 
development of  a new rice type with an inter-
specific background (Nuijten et al., 2009) and the 
variation in wide adaptability of  farmer varieties 
(Mokuwa et al., 2012). For a systematic integra-
tion of  the various social and biological research 
methods, including qualitative and quantita-
tive research methods (Fig. 29.1), the methodo-
logy known as technography (Richards, 2001; 
Jansen and Vellema, 2011) can be used as a 
framework. Technography (the description and 
analysis of  technological activity as a systemati-
cally related set of  material and sociological pro-
cesses) assumes the existence of  real (if  deeply 
embedded) causal mechanisms of  both a biological/
material and sociological nature. Social facts are 
real but not necessarily material in constitution. 
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explaining why China was the first country to 
develop hybrid rice (Shen, 2010). In India, 
many NGOs are involved in the promotion of  
new technologies, such as the System of  Rice 
Intensification (SRI) (Glover, 2011). However, 
in sub-Saharan Africa the role of  the state in 
agricultural and rural development has 
declined drastically since the mid-1980s, and 
many countries have undergone wars and civil 
conflicts with dramatic impacts on food secu-
rity, seed security and technological develop-
ment. NGOs in West Africa have taken up 
agricultural development only to a limited 
extent, often only for limited periods of  time, and 
their agendas are influenced by the priorities of  
international donors. This sometimes results in 
contrary efforts, such as in The Gambia where 
some NGOs promoted tree planting in vegetable 
gardens developed earlier by other NGOs 
(Schroeder, 1997). More information is needed 
to better understand the differences in institu-
tions and social contexts between Asia and 
sub-Saharan Africa.

To improve our understanding of  why cer-
tain technologies replace others, to what extent 
and at what speed, the multi-level perspective 
(Geels and Schot, 2007) may be a useful way of  
explaining the importance of  technographic 
methodology to technical scientists. The multi-
level perspective helps to organize the material 
and sociological processes related to techno-
logical activity and, as such, may help open up 
the ‘black box’ of  farming systems. In Fig. 29.2, 

three levels are identified: the socio-technical 
landscape (exogenous context), the socio-
technical regime (the dominant practice) and 
niche innovations (other practices). The socio-
technical regime is shaped by technology, cul-
ture, science, industry, market and policy, and 
adopts innovations developed in niches under 
certain conditions (Geels and Schot, 2007). 
The advantage of  the multi-level perspective is 
that it helps to reveal the elements that consti-
tute socio-technical regimes and how they are 
related to the wider context and to niche inno-
vations. The multi-level perspective may be use-
ful for illuminating strengths and weaknesses 
of  various participatory approaches, and may 
possibly explain the relative lack of  success of  
some of  them. For example, several case studies 
on participatory approaches and farmer field 
school approaches in East Africa show that 
often the old extension approaches were con-
tinued using new labels (Isubikalu, 2007; 
Kamau, 2007). However, a difficulty of  the 
multi-level perspective is where to draw the 
boundaries between the socio-technical regime, 
the wider socio-technical landscape, and the 
niches.

The multi-level perspective agrees with 
the idea that a broad base is needed for tech-
nology development, not only in terms of  
diversity, but also in terms of  technology devel-
opment pathways/networks. Such networks 
between farmers and scientists may be based 
on unsupervised learning, as both practice 

Quantitative
data

A. Theory/candidate
mechanisms

C. Experiments/
advanced statistics

D. Description by measure/
descriptive statistics

B. Description by observation/
(re)construction of understanding

Descriptive
nature

Qualitative
data

Explanatory
nature

Fig. 29.1. Four basic research styles in the natural and social sciences, and humanities. (After Nuijten, 
2011, with permission from Elsevier.)



Interactions of Technology with Environment and Society 363

observation-based learning and thus no fun-
damental incompatibility exists between sci-
ence and farmer innovation (Richards et al., 
2009; Offei et al., 2010). However, scientists 
and farmers use different modes of  communi-
cation. On-farm trials can be platforms for sci-
entists and farmers to appreciate each other’s 
ways of  communication, to share their experi-
ences and to learn from each other, using par-
ticipatory and/or action-research approaches 
(Almekinders et al., 2009; Bentley et al., 2010). 
The trials can have different formats, differing 
in number of  treatments and management, 
and still be suitable for advanced statistical 
analysis (Mutsaers et al., 1997; Witcombe, 
2002). Research has shown that farmers can 
handle large numbers of  treatments (Ceccarelli 
et al., 2001) and have a natural interest in 
experimentation (Richards, 1986; Bentley 
et al., 2010).

The methodological approach we describe 
in this chapter facilitates a better understanding 

of  farmer experimentation, and its outcomes, 
and how it is related to agroecological, socio-
cultural and economic factors (Nuijten et al., 
2009; Mokuwa et al., 2012). With more studies 
of  this kind, the multi-level perspective may 
more clearly illuminate what institutional 
adjustments at the level of  science and policy 
are needed to facilitate more interaction and 
technology exchange between scientists and 
farmers.
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Notes

1 At this stage, the framework cannot be used for sophisticated statistical analysis, but its advantage is 
that it can be used as an analytical framework to better understand how the technical, environmental and 
societal interact.
2 Batterbury (1996) argues that planning and performance play different roles in different farming systems, 
depending on the agroecological and socio-cultural context (including political factors, e.g. conflicts and 
war). This implies that the factor ε may be smaller in the savannah zone (e.g. in Burkina Faso) where the 
rainfall period is short and farmers need to plan their farming activities much more, than in the forest zone 
(e.g. in Sierra Leone) where farmers have the opportunity to adjust their farming activities depending on 
constraints and opportunities offered by the agroecological and socio-cultural context.
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emerging needs and opportunities. ‘Looking over 
the fence’ is common practice. For instance, 
when asked how they decided on what seed to 
use, rice farmers in northern Ghana said they 
always assessed their neighbours’ fields through-
out the growing season. If  a crop outperformed 
their own or had an attribute of  particular inter-
est, farmers would often attempt to acquire some 
of  their successful neighbour’s crop seed to try it 
out the next season. By that time they are 
already fairly familiar with its characteristics 
although they may further test it for yield stabil-
ity, adaptability and processing traits (in the case 
of  a new variety). Observing the variety regu-
larly in the field and the fact that it has worked 
for her or his neighbour has given the farmer 
confidence to test the technology.

Visibility of a technology

Some technologies are easier to observe and 
hence to assess than others. Most villagers will 
know when somebody is trying out a distinct 
new variety, or when a tractor is tilling some-
body’s land with a new type of  plough. Farmers 
are also quick in calculating how many 

Introduction

The complexity of language

‘Who shall we ask as local translator?’ we asked 
ourselves when going on our first field visit to 
central Benin in early 2005. The senior author’s 
local colleagues were not sure. None of  them actu-
ally spoke all the languages of  that region, even 
those who were born there. But they assured him 
that all would be fine. Upon arrival in the first village, 
at least five distinct local languages were spoken and 
farmers seemed often versatile in several of  them. 
One language was generally understood by all 
(although not spoken by all). The anticipated prob-
lem had resolved itself: the community had come up 
with its own local translators to facilitate group dis-
cussion. Still, the challenges seemed daunting. If  a 
country as small as Benin, with only seven million 
people, had as many as 70 local languages, how were 
we to strengthen rural learning for rice across Africa?

Observation adds confidence

More than in any other profession, farmers 
constantly adjust their strategies, responding to 
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work-days can be saved by spraying a field with 
herbicides instead of  manually weeding it. But 
assessing soil fertility and deciding on ways to 
maintain or improve it is more complicated. 
While sophisticated, computerized equipment 
can help Western farmers to fine-tune fertilizer 
application based on the soil fertility in a par-
ticular part of  the field, African farmers have to 
rely on their life-long experience of  working the 
land. Their in-depth knowledge (which often takes 
into account soil-living organisms, smell, colour 
and softness of  the soil) may be further strength-
ened through participatory learning with 
researchers (Defoer, 2002; Ramisch et al., 2006).

Complexity of a technology

The more complex a technology, the more diffi-
cult it becomes to share information about it 
orally. For instance, integrated pest manage-
ment skills learned during farmer field schools 
are not readily passed on to non-participants. 
For the same reason, there is little evidence that 
the information required for low external input 
technology (such as soil-conservation tech-
niques) is transmitted very effectively between 
farmers (Tripp, 2007). Oral communication has 
its limitations in conveying complex issues. As 
sustainable agriculture requires an in-depth 
understanding of  complex relations between 
farming, nature and society, farmers require 
additional support to learn.

Changing contexts

Learning tools and methods also need to consider 
the dynamism in the system and the shelf-life of  
the information provided. For instance, farmers 
may adjust their practices based on a weather fore-
cast (that can be easily communicated through 
mobile phones or radio), or because of  changes 
in climate. Also, the demographic boom in Africa 
has resulted in rural–rural migration and con-
tributed to an increasingly complex mosaic of  
local cultures that may require outside facilita-
tion (Saïdou, 2006). With rural electrification 
being high on the agenda of  many African gov-
ernments, possibilities for wider use of  video and 
television in agricultural development open up.

Lasting impressions

In rural areas with a strong oral culture, unusual 
events are highly debated and leave a lasting 
impression in people’s minds. When Espérance 
Zossou visited villages in central Benin more 
than a year after a video on rice parboiling had 
been publicly screened, women perfectly recalled 
most of  the details of  the video. They had even 
observed secondary details (like the improved 
stoves) and sought out more information about 
them (Zossou et al., 2009a). Although the con-
tent of  the video was merely technical, women 
strongly appreciated the event as rural enter-
tainment (Zossou et al., 2009b). While filming 
with rice farmers in Zianso in southern Mali 
(Fig. 30.1), one of  the elders told Van Mele that 
he was really excited about contributing. It 
reminded him of  his childhood, when outsiders 
came to his village to show a black-and-white 
film on a large screen.

Media and extension revisited

In the 1970s, when the Food and Agriculture 
Organization of  the United Nations (FAO) started 
to use video as a tool to recover, preserve and 
reproduce farmers’ knowledge, the organization 
was criticized for using an over-sophisticated 
medium for a rural setting (Ramírez, 1998). As 
it turned out, the project paved the way for 
the use of  video as a cost-effective tool to sup-
port group training and rural development 

Fig. 30.1. Lasting impressions are passed on from 
generation to generation through storytelling. 
(Photo: P. Van Mele.)
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(Coldevin and FAO, 2001). Rather puzzling is 
that those promoting information and commu-
nications technologies (ICTs) often portray video 
as inappropriate for use in Africa.

Since the 1990s, communication for devel-
opment has become more decentralized and 
gained ground on the agenda of  international 
agencies. This coincided with an explosion in the 
number of  private radio stations across the 
developing world. Projects emphasize closer 
interactions with farmers and strengthening 
research–extension–radio linkages (Hambly 
Odame et al., 2002; Chapman et al., 2003). 
Although numerous projects have tried to wean 
researchers and extension staff  away from the 
linear technology-transfer mind set, most radio 
broadcasters have not yet been exposed to par-
ticipatory approaches.

Since the early 1990s, many international 
agencies have turned their aspirations to new 
ICTs, but results have not met the expectations. 
The need to re-adjust strategies was acknowl-
edged during an international meeting of  media 
professionals in Brussels that concluded that 
‘ICTs are not always the answer to improved 
information and learning in all circumstances’ 
(CTA, 2009). The Research into Use programme 
(Lenné, 2008), and the establishment of  the 
Global Forum for Rural Advisory Services 
(GFRAS) are but two of  the signs that the inter-
national community is waking up to address the 
over-due neglect of  rural learning.

In what follows, we address four key chal-
lenges in rural learning, namely social inclu-
sion, scaling up, collecting farmer feedback and 
assessing impact. Experiences from Africa Rice 
Center (AfricaRice) and partners are presented 
alongside other relevant experiences.

Social Inclusion

Gender inequality in 
natural-resource use

In Africa, gender division in rice production is 
intricately interwoven with land use rights. 
While men often dominate in irrigated rice 
systems, women more often cultivate rainfed 
lowlands. As lowlands are playing an increas-
ingly important role in food security, income 

generation, land regulation and sustainable 
management of  natural resources, researching 
the contexts, mechanisms and outcomes of  
interventions is crucial (Van Mele et al., 2011b).

Interventions that add value to the land 
(e.g. water management structures) often 
result in reallocation of  use rights from 
women to men, as has been the case in The 
Gambia (Carney, 1998). External facilitation 
may prove crucial. For instance, wetland 
improvement schemes in Burkina Faso only 
succeeded when reallocation policies changed 
and women’s initial use rights were respected 
(van Koppen, 2009). Yet, even two decades 
after the promotion of  gender analysis many 
interventions still fail to address this. One of  
the reasons is that such experiences are either 
written up in project reports or in academic 
literature, both of  which are text-based and 
not easily accessible. Having video documen-
taries on these topics could help development 
agencies and communities to anticipate and 
mediate conflicts over resource use before 
actual interventions take place.

Gender inequality in access 
to information

As with any value-adding intervention, differ-
ences in access to information may increase the 
gap between social groups in a community. 
A heavy emphasis on ICTs without giving proper 
attention to power relations and marginalized 
groups is risky and may not be conducive to 
rural development (Gurumurthy, 2006).

In many cases, development interventions 
are male-biased because women farmers are 
restricted by social norms from communicat-
ing with men outside their families (Katungi 
et al., 2008). In Benin, public video screenings 
created an equal chance for all community 
members to learn (Zossou et al., 2009b). They 
strengthened the social capital among women 
and improved the trust between actors in the 
rice value chain, a key weakness of  markets in 
Africa (Fafchamps, 2004). Relations between 
women rice processors, intermediaries and 
input and output markets improved, and 
women changed their information-seeking 
behaviour (Zossou et al., 2010).
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Poverty targeting

Since the early 1990s, farmer training has 
increasingly targeted groups rather than individ-
uals, mainly driven by donor requirements. 
Numerous groups mushroomed, often opportun-
istic and prone to local power plays. Extension 
efforts were rarely based on a good understanding 
of  local contexts or poverty assessments, which 
continue to be considered only in impact assess-
ments (Kassam, 2006).

The demand-side and the supply-side of  ser-
vice provision, as well as the organizations and 
donors supporting this, can benefit from better 
insights into social inclusion issues in rural 
learning, especially when scaling up and out.

Scaling-up and Scaling-out

Participatory learning 
and action-research

Although farmers are experimental by nature 
(Bentley et al., 2010), their opportunities to 
learn about new ideas and trends are often lim-
ited and localized. Few farmers are blessed with 
the regular visit of  an extension agent and even 
fewer meet a sympathetic researcher willing to 
listen to their needs or work alongside them over 
an extended period. The scarce public resources 
attributed to participatory research must indeed 
be well targeted and impact pathways carefully 
assessed from the outset (one of  the positive evo-
lutions in allocations of  research funds since the 
late 2000s).

Since 2000, AfricaRice has developed and 
used participatory learning and action-research 
(PLAR) with groups of  farmers at multiple sites 
across West Africa. PLAR adopted much of  
the philosophy of  participatory rural appraisal 
(PRA) (e.g. respect for local agendas and spend-
ing long periods of  time in villages), as well as 
several of  its tools (e.g. cropping calendars and 
transect walks). PLAR also adopted weekly 
meetings and a seed-to-harvest approach from 
farmer field schools (FFS), but encouraged farm-
ers more to conduct experiments in their own 
fields on whatever topic they thought relevant for 
them. At weekly sessions, extension agents encour-
aged farmers to set up small-scale experiments 

with various technical options, including timing 
of  land preparation, mineral fertilizer doses and 
times of  application, water management, new 
rice varieties, and various ways to control weeds. 
The manual had 28 modules, chapters corre-
sponding to weekly sessions with farmers (Defoer 
et al., 2004).

Although groups were often formed for 
the sake of  the PLAR, at times groups them-
selves articulated demand and adjusted the 
method to suit their needs, as was the case in 
Mali (Box 30.1).

However, no matter how well the intentions 
of  a project are made or how well a training 
manual is written, the attitude of  those outsid-
ers facilitating the sessions strongly influences 
the level of  participation and learning.

Attitude counts

In 2008, an external evaluation of  a project 
funded by the International Fund for 
Agricultural Research (PADS) related differ-
ences in outcomes between Ghana and Mali to 
differences in attitude of  project staff  (Van Mele 
et al., 2011b). In Ghana, the staff  thought of  
PLAR as an extension method for teaching rice 
technologies to farmers; in Mali, the staff  
understood that PLAR was an approach for 
mutual learning and that it was meant to 
develop and test technical and institutional 
innovations with farmers. In Ghana, the staff  
prompted farmers to say they had adopted pro-
ject recommendations without change. In Mali, 
the project staff  were proud of  farmer innova-
tions and asked farmers to describe them to the 
project evaluators.

PLAR did stimulate farmers to experiment 
with new ideas and technologies, especially 
when the facilitators themselves valued these 
local experiments (Fig. 30.2). It is little sur-
prise that a positive attitude towards farmers’ 
knowledge and practices helped to nurture 
mutual learning. It was striking, however, that 
some staff  could go through the entire PLAR 
manual without gaining a respect for farmer 
experiments.

The complexity of  African farming sys-
tems, the costs involved in face-to-face exten-
sion and the differences in attitudes of  service 
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providers further justify the development of  
farmer-oriented videos to stimulate learning 
across organizations and across cultures (Van 
Mele et al., 2010b). The zooming-in zooming-
out (ZIZO) approach provides insights as to how 
to achieve this.

Zooming-in zooming-out

The ZIZO approach (Fig. 30.3) results in videos 
that are of  regional relevance and locally appro-
priate (Van Mele, 2006). ZIZO basically revolves 
around five key steps that are not strictly in 
chronological order. In particular, the first two 
may be reversed, or even integrated, depending 
on the situation.

ZIZO is not a blueprint. No matter how well 
the video production is planned, the content will 
change during filming, because of  interaction 
and feedback from farmers. Flexibility and 
eagerness to learn from people on the ground 
are crucial.

Since the mid-1980s, there has been a 
boom of  FFS (van den Berg and Jiggins, 2007; 
FAO, 2008). Their wealth of  experiences and 
regional insights are a gold mine for the devel-
opment of  videos along the ZIZO approach, 
whereby a number of  selected FFS graduates 
could share their learning in front of  the 
camera.

Box 30.1. A group for women

Like many of Mali’s villages, Zamblara is semi-arid, with rolling hills. During the brief rainy season of 
about 5 months, men grow maize, sorghum, groundnuts and other crops on the higher ground. Women 
grow rice in low-lying, seasonally flooded areas near the villages. During the long dry season, men and 
women grow vegetables in the low areas after harvesting the rice.

Because rice is grown mainly by women in Zamblara, they formed an association of rice produc-
ers in 1997. The women created the association to help themselves develop agricultural practices and 
to increase their income. The name of the group is ‘Kotognogontala’, which means ‘mutual respect’. 
The group aims to exchange knowledge and good agricultural practices within the community, and in 
2002 they requested the participatory learning and action-research (PLAR) training.

From an original group of 27 people, the association has grown to four groups with 115 women 
and two men. In Mali, most women’s groups have at least some men in them. In this one, the village 
chief is the honorary president and another man attends to monitor the women’s activities. The women 
say the group has helped improve relations between men and women. The group gives the women a 
place where they can talk about their problems with men, and give each other advice.

Although the women of Zamblara each have their own small plots of rice land, the group works 
one collective field of 1.5 hectares. They grow rice in the rainy season and vegetables in the dry sea-
son. When the women harvest the rice from this plot they sell some of it and keep the money as a 
group fund. They divide some of the rice among themselves, and keep the rest to use for their meals 
during group activities.

PLAR has helped increase rice production in the village, and many of their neighbours are now 
interested in the new techniques. The four PLAR groups each have a farmer-facilitator. Although the 
PLAR modules were written in French, they have been (verbally) translated into Bambara (the local 
language). The women have adapted the content, by composing songs and poems about the rice-
farming modules.

Source: Wanvoeke et al. (2008). Reproduced with permission from the Centre for Information on Low External Input 
and Sustainable Agriculture (ILEIA).

Fig. 30.2. Learning from farmers requires an 
open, enquiring and positive attitude towards their 
knowledge and practices. (Photo: P. Van Mele.)



372 P. Van Mele et al.

An interesting and recurring question from 
public servants (research or extension) when dis-
seminating the videos to other countries is 
whether they can change some of  the images and 
the music into local ones, as they (erroneously) 
believe that this would make the videos more 
acceptable to their farmers. In fact, civil servants 
are more likely than farmers to complain about 
‘cultural barriers’ in video-mediated learning 
(Van Mele et al., 2010b). Nigerian farmers, for 
instance, never complained about the images of  
Bangladeshi rice farmers or of  the music. After 
all, these same farmers watch Brazilian tele-
novelas and Bollywood movies.

Videos made according to the ZIZO approach 
more easily bridge cultural barriers. Irrespective 
of  the country in which the videos are made, 
African farmers pay attention to the subject cov-
ered. In well-produced videos the pictures tell a 
story, even if  the language is not understood.

Tackling the dissemination bottleneck

Appealing to many organizations, the videos were 
quickly translated into Mandinka. Local language 
versions boosted local dissemination and use of  
the videos. Many NGOs, development agencies, 
farmer organizations, national research and exten-
sion staff, as well as radio journalists and TV 
broadcasters became involved in the translation 
and national dissemination of  the rice videos. By 
2010, the rice videos had been translated into 
38 African languages (Table 30.1).

Using either the English, French or local lan-
guage versions, TV stations started to broadcast 
the rice videos in The Gambia (GRTV), followed by 
Uganda (UBC), Guinea (RTG), Nigeria (the federal 
Nigerian Television Authority as well as the state-
owned Broadcasting Service of  Ekiti State), Burundi 
(Télévision Nationale du Burundi), Niger (Canal3 
in Malanville), the Democratic Republic of  Congo 
(community television of  Kinzau-Mvuete) and 
Central African Republic (Télévision Centrafricaine).

Table 30.1. African languages into which rice 
videos have been translated (2010).

Country Language

Benin Bariba, Dendi, Fon, Mina
Burkina Faso Dioula, Mooré
Central African 

Republic
Sango

Chad Arabic
DR Congo Lingala
Ethiopia Amharec
Ghana Buli, Dagaari, Dagbani, 

Ewe, Gonja, Kusaal, 
Kasem, Sisaala, Twi

Guinea Guerze, Susu, Pular
Kenya Swahili
Madagascar Malagash
Mali Bambara
Nigeria Hausa, Igbo, Yoruba
Senegal Peulh, Wolof
Sierra Leone Creole, Mende
The Gambia Mandinka
Uganda Ateso, Luganda, 

Lugbara, Luo, 
Runyakitara

Identify a generic topic of
     regional relevance

Learn about context diversity
     through participatory research

Develop videos with FFS/PLAR
farmers and field staff

Test videos in various contexts
     and fine-tune them

Scale up and out

Zoom
ing out

Zoom
ing in

Fig. 30.3. The zooming-in, zooming-out approach. (Modified from Van Mele, 2006.)
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By 2010, AfricaRice had distributed the vid-
eos to over 200 organizations, which in turn multi-
plied and shared them with over 800 organizations 
(Table 30.2). Development agencies, networks and 
projects were most active in disseminating the vid-
eos, followed by national research institutes and 
international NGOs. While universities, schools, 
networks, rural radio and TV surely contributed to 
making the videos more widely known, so far we 
have little evidence of  them multiplying and fur-
ther distributing them.

Rural radio stations made good use of  the 
videos to build the capacities of  their own staff, 
and by promoting them to their audience through 
regular announcements, showing them in villages 
or in their station during market days. Others cre-
atively broadcast (parts of) the audio track. Some 
of  the stations sold copies to farmers and some 
were afraid to make additional copies as they 
thought the videos were copyright protected.

AfricaRice works closely with the national 
agricultural research systems (NARS), so most 
of  these received copies direct from AfricaRice. 
However, extension services and farmers’ asso-
ciations received copies mainly via projects and 
NGOs, indicating how effective and attractive 
farmer training materials find their way into the 
system.

Many still believe that videos cannot be 
readily viewed by farmers, an attitude more 
prevalent among senior research staff. However, 
when farmers are asked what they would do if  
they were given a video but not the equipment to 
play it on, most will say that they will ‘find a way’. 

Indeed, from farmers’ feedback we learned that 
once farmers watched the rice videos they were 
eager to obtain a copy and were ready to pay for it. 
As hardly any of  the intermediaries responded 
to this request, AfricaRice decided to adjust its 
strategy to ensure that the videos reached the 
intended audience, namely the farmers.

In 2008, AfricaRice partnered with the 
Canada-based NGO, Farm Radio International 
(FRI). At first, the rice videos were used as a 
resource from which radio scripts were devel-
oped and shared through its network. Also, 
radio broadcasters were provided with contact 
addresses of  people at national research insti-
tutes and NGOs who had copies of  the videos. 
We hoped that by doing so, new linkages would 
be established between rural radio stations and 
agricultural organizations. Again, we struggled 
to collect feedback and, apart from some anec-
dotal evidence, we have no idea whether we suc-
ceeded in linking organizations in this way.

In 2009, we then agreed for FRI to insert in 
their newsletter an English or French DVD of  
Rice Advice (containing the rice video pro-
grammes) for those members working in rice-
growing countries. The network of  more than 
350 radio organizations that FRI has established 
since the early 1980s was a great asset to reach 
(mainly) rural radio stations and local NGOs 
directly. Out of  the 61 respondents to a survey 
sent out by FRI to all its members in 2010, four-
teen said they had never received the DVD, and 
22 said that they had used it to strengthen their 
own capacities. Some radio stations made copies 

Table 30.2. Number of organizations that received the videos through AfricaRice (first level), or indirectly 
through any of the recipient organizations, 2010.

Type of organization First-level distribution Second-level distribution Third-level distribution Total

Development agency 26 25 0 51
International NGO 11 9 0 20
Local NGO 13 73 1 87
Research institute 44 43 1 88
Extension service 29 92 3 124
Farmers’ association 17 151 46 214
Project 19 36 4 59
University & school 17 24 0 41
Training centre 0 9 1 10
Rural radio station 32 253 4 289
TV 4 6 0 10
Network 4 20 1 25
Total 216 741 61 1018
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of  the Rice Advice DVD for farmer groups or 
members of  a cooperative credit union. Others 
used the videos creatively, e.g. by using the audio 
tracks of  the videos, which they had translated 
into their local language.

At the same time, Countrywise Communi-
cation was contracted to establish public–
private partnerships for mass multiplication and 
dissemination of  local language videos, using 
Ghana and Uganda as test cases. This was no 
easy task. Ensuring the quality of  the translated 
programmes was the first step, as there was a 
disconnect between the national scientists and 
the media people doing the translation work, 
i.e. they do not ‘speak’ the same language. Local 
media people expected to be told what to do, 
while scientists did not know the process and 
work needed for a quality product. As local 
media companies tend to go for the cheapest 
option and lowest quality (often not taking agri-
culture seriously), the voice-over recording and 
editing in many cases had to be done again and 
again to improve the standard.

The next issue was getting companies and 
organizations to understand how the DVD would 
look, feel and work. Many did not understand what 
was ‘on offer’ until they saw the finished DVD in 
multiple languages all on one disc (Fig. 30.4) – at 
which point the question was, ‘Do you also have 
this for other crops?’

To support the dissemination, private com-
panies were initially reluctant to contribute 
resources as it was not scheduled in their annual 
budget plan, or because they had no idea what 

the DVD would look like, or because they lacked 
the vision that supporting the dissemination to 
farmers was a route to reach out to potential 
customers. This may change as more and more 
companies realize that farming can be an area 
of  growth for their business.

Most publicly funded organizations (includ-
ing NGOs) and private companies offered to use 
their networks to distribute the DVDs, as they 
could see the economic benefits to their partners – 
once they could see what the end product was.

Integrating media

Exposure to new ideas drives change and farm-
ers rely on multiple sources of  information. 
A recent inventory by the Forum for Agricultural 
Research in Africa (FARA) shows how the 
majority of  the initiatives around rural ICTs in 
agriculture, including the use of  mobile tele-
phony, is donor or at least externally driven. 
Moreover, web and text-based information plat-
forms are often in English. As the African farmer 
is faced with poor infrastructure, low literacy 
and limited colonial language use, such models 
of  information delivery have proved to be largely 
ineffective (Gakuru et al., 2009). Audio-visual 
media can significantly support rural entrepre-
neurship, as shown by the numerous cases of  
successful African seed enterprises (Van Mele 
et al., 2011a), but media is still missing in 
national and regional agricultural policies.

Fig. 30.4. Disseminating learner-centred videos poses specific challenges – many companies and 
organizations did not know what was ‘on offer’ until they saw the finished DVD with all programmes in 
multiple languages all on one disc. (Reproduced with permission from Africa Rice Center.)

(a) (b)
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Farmer Feedback Mechanisms

Monitoring the dissemination and use of  the rice 
videos has been very time-consuming and has 
relied mainly on good will, as many of  the inter-
mediaries are not formal partners of  AfricaRice 
and hence are not accountable to it or required 
to report back (Van Mele et al., 2010a). Some 
donors seem to revert to assessing achievements 
in terms of  numbers of  farmers reached or addi-
tional income generated. These may be easier to 
communicate to the tax payer, but assessing 
impacts of  projects that aim at strengthening 
learning across the system (in which the actors 
are neither predefined nor often identified after 
the event, as a result of  inter-actor linkages) is 
much harder.

Farmer organizations offer some potential 
to provide feedback, but none of  them have actu-
ally been trained in it. And although modern ICT 
applications open new opportunities to collect, 
store and (to some extent) respond to farmers’ 
feedback, problems of  synthesis and interpreta-
tion of  often cryptic messages are likely to limit 
their scope and applicability.

Timely field visits by professionals with a 
readiness to listen and learn from farmers will 
remain crucial to understand, document and, in 
turn, inspire learning-oriented interventions.

Impacts

Household impact assessments of  the rice videos 
are ongoing in Africa, although two studies 
already provide a clear indication. In Bangladesh, 

video-mediated group learning about improv-
ing the quality of  farm-saved seed resulted in 
farmers’ rice yields increasing by an average 
of 15% (Table 30.3; Chowdhury et al., 2011). 
After video exposure, marginal and rice subsist-
ence households decreased by 5% and 19%, 
respectively.

In central Benin, about 69% of  the women 
interviewed were illiterate and nearly all of  the 
women who watched the parboiling video 
improved their techniques, and therefore the 
quality of  their rice (Zossou et al., 2009a), lead-
ing to a 35% increase in price per kg rice sold 
(Table 30.3).

Women in Benin who watched the videos 
became motivated to parboil more and improve 
the quality of  rice. The NGOs, impressed by their 
efforts, helped the women to improve the pack-
aging of  parboiled rice and link them to traders. 
Improved marketing led to increased business. 
Their rice attracted more buyers and fetched a 
higher price, which increased the women’s prof-
its and strengthened their social cohesion 
(Zossou et al., 2010).

The video motivated women to start par-
boiling as a group and to make group-based 
requests for credit and training (Table 30.4). 
However, when local NGOs responded by facili-
tating access to microfinance institutions, 
these were often unwilling to provide credit to 
the groups because of  past bad experiences in 
the cotton sector. Instead, informal credit sup-
pliers proved more responsive. Rice producers 
who attended the open-air video shows 
together with the women rice processors 
became more willing to sell them rice on credit 
(Zossou et al., 2010).

Table 30.3. Changes in rice yield in Bangladesha and price per kg of parboiled rice in 
Beninb after watching different rice videos.

Rice video modules

Video villages Control villages

Before After Before After

Seed management 
and seedling 
productiona

4593 kg/ha 5265 kg/ha 4667 kg/ha 4678 kg/ha
Yield increase of 15% (P < 0.001) Non-significant change

Rice quality and 
parboilingb

US$0.55/kg $0.74/kg $0.63/kg $0.64/kg
Price increase of 35% (P < 0.001) Non-significant change

aData from Chowdhury et al., 2011.
bData from Espérance Zossou, 2009, unpublished.
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Table 30.4. Behavioural and institutional changes triggered by the parboiling video. (From Zossou et al.,
2010, reproduced with permission from Taylor & Francis Ltd, www.informaworld.com.)

Types of change
Description of 
the change Indicator

Factors that 
triggered change

Behavioural change Women had increased 
motivation to 
parboil rice

After viewing video, 72% 
of women became 
highly motivated to 
parboil rice

Women realized after 
watching the video that 
parboiling was a 
widespread technology 
and there was a much 
larger market for it than 
they initially realized

Women developed rice 
parboiling activity for 
profit

88% of women who 
viewed the video parboil 
rice for profit. Viewers 
parboiled 70% more 
rice than those who 
didn’t watch the video

Improved rice quality by 
using improved 
parboiling technologies 
led to an increase in 
consumer demand

Women increasingly 
organized themselves 
in groups to 
parboil rice

81% of women who 
viewed the video 
parboiled rice in groups 
after the video show

In some cases, the gift of 
an improved parboiler for 
a whole village improved 
women grouping around 
rice parboiling

Being organized in groups 
increased trust and 
facilitated access to 
informal credit

Women formulated 
group-based requests 
for new training

188 women were trained 
on the construction and 
use of improved stoves 
(that they discovered in 
the video) and more 
rice parboiling training 
was carried out upon 
women’s requests

The discovery of 
improved stove during 
video shows led to 
women’s interest in 
ecological problems 
during rice parboiling

The increasing interest of 
women led them to 
seek more information 
about parboiling

Behavioural and 
institutional changes

Intermediaries improved 
their training methods

NGOs strengthened their 
role as facilitators

The increasing interest of 
women in rice parboiling

NGOs increasingly used 
pictures in their training 
to capture attention

The increasing demands 
to support rice 
parboiling

NGO facilitators helped 
women to better 
organize themselves

The increasing trust of 
women in NGOs led 
NGOs to improve their 
methods and to help 
women to better 
organize themselves

Institutional changes Collaboration strength-
ened between rural 
women and input and 
output markets

Relations between 
women and credit 
institutions were 
improved

Relations between 
women and private-
sector traders and 
sellers were improved

Trust between various 
actors in the value 
chain is strengthened 
by: video shows; 
women’s interest in rice 
parboiling; and 
increased demand for 
parboiled rice

www.informaworld.com
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Conclusion

The rice videos discussed in this chapter have 
demonstrated their power to trigger livelihood 
changes in multiple countries way beyond 
improved knowledge, yields and incomes. 

As Tripp (2007) says, more robust rural 
institutions are required to help generate and 
share relevant information in ways that are sen-
sitive to farmers’ busy schedules. Agro-dealers, 
information centres, plant clinics and radio sta-
tions that are near rural markets where farmers 
commonly gather may be well-suited as rural 
learning hubs and as places where local lan-
guage videos can be sold to farmers. Allowing 
farmers to watch a video or listen to an audio 
programme at their own convenience helps to 
reduce farmers’ dependency on outside organiza-
tions, and at the same time triggers their interest 
to learn more. Rather than making service pro-
viders superfluous, we believe video-mediated 
rural learning will rather create demand for new 
services and products.

Rural learning will increasingly need to 
enhance farmers’ and intermediaries’ search 
behaviour (both for information and for potential 
partners). Apart from technical aspects, institu-
tional innovations related to collective action in 
natural-resources management, saving and credit 
cooperatives, marketing and value-chain innova-
tions need to be considered. Here as well, video-
mediated learning can pave the way to enhance 
learning across frontiers. Optimal use should be 
made of  available resources and networks, as too 
much audio and video material is being ‘lost’ 
because it is not shared. To address this, the NGO 
Access Agriculture was established and created 
a unique video- and audio-sharing platform.

And finally, more research is needed on 
the relations between context, mechanisms 
and outcomes of  rural learning. Insights gained 
will strengthen socially inclusive mechanisms 
to reach communities with quality audio and 
video programmes. After all, a good programme 
is like a good technology: useless if  it remains 
on the shelf.
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2000, 2001). Similar results were obtained in 
Burkina Faso (Segda et al., 2004, 2005). (See 
also Tollens et al., Chapter 1, this volume.)

Irrigated systems in these areas are rela-
tively uniform, with good infrastructure and 
farmers are reasonably well organized. Under 
these circumstances, relatively ‘fixed’ options 
and recommendations were communicated to 
farmers through training of  extension staff  and 
promotional campaigns (field days, rural radio).

Encouraged by the results in the Sahel, 
AfricaRice moved the work on IRM to rainfed 
lowland systems in Côte d’Ivoire. After one year 
of  testing various soil-fertility and weed man-
agement options at different inland valley sites, 
however, it was realized that the diversity and 
variability in the conditions was too great to 
adopt the same approach as for the Sahelian 
irrigated systems. The variability of  inland val-
leys means that farmers require flexible technol-
ogies that can be adapted to a range of  growth 
conditions. Development of  technologies needs 
to involve farmers at a very early stage; to ensure 
farmer involvement in technology development, 
a participatory learning and action-research 

Introduction

In the late 1990s, the Africa Rice Center 
(AfricaRice), then called the West Africa Rice 
Development Association (WARDA), and part-
ners conducted yield-gap surveys in the Sahel 
region of  four West African countries (Burkina 
Faso, Mali, Mauritania, Senegal) to identify 
agronomic constraints to irrigated rice produc-
tion. On the basis of  these surveys, AfricaRice 
facilitated the formation of  coalitions between 
research, extension, farmers and the private 
sector to develop ‘integrated rice management’ 
(IRM) options for the region (Wopereis and 
Defoer, 2007). Coalitions were technology spe-
cific, with teams working on mechanization, 
soil-fertility management and weed manage-
ment. In this way, a basket of  IRM options was 
gradually developed to address key constraints 
in the rice cropping cycle from land preparation 
to harvest. Implementation of  the IRM options, 
particularly for soil fertility and weed manage-
ment, raised rice yields by an average of  almost 
2 t/ha, and net benefits for participating farmers 
in Senegal and Mauritania by 80% (Häfele et al.,
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(PLAR) approach to IRM in inland valleys 
(PLAR-IRM) was adopted. PLAR was originally 
developed for rainfed agriculture from field to vil-
lage level in Mali (Defoer and Budelman, 2000).

Due to the different experiences in the irri-
gated systems in the Sahel and the rainfed inland 
valley systems in Côte d’Ivoire, AfricaRice con-
cluded that the need to use PLAR-type approaches 
increases when moving from high- to low-
precision systems and from relatively uniform to 
more diverse production systems. In Sahelian
irrigated systems, technology development may 
be more advanced prior to evaluation by farmers, 
and recommendations are relatively ‘fixed’, 
which allows them to be scaled out more easily. 
Farmers in ‘poorly developed’ and variable inland 
valley systems, however, require more flexible 
technologies. Further, these farmers require 
greater insight into the principles of  ‘good agron-
omy’ to allow them to adjust crop management to 
highly variable local settings. Experience in 
Madagascar (discussed below) demonstrates that 
PLAR approaches to IRM can have high pay-offs 
in rainfed inland valley systems.

The objectives of  this chapter are to: (i) 
introduce principles and processes of  PLAR-
IRM; (ii) discuss application of  PLAR-IRM in a 
rainfed lowland rice system in Madagascar; and 
(iii) describe some of  the lessons learned and 
provide perspectives for wider use of  PLAR-IRM 
in Africa.

PLAR-IRM Principles 
and Processes

PLAR is a capacity-building process based on 
collective learning by farmers and other rice 
stakeholders. PLAR starts from local knowledge 
and stimulates farmers to identify, try out and 
learn about alternative management practices. 
Capacity building through adult learning is 
acquired through careful and systematic obser-
vations, and analysis of  the results obtained, 
leading to improved decision making.

The PLAR approach involves groups of  25 
to 35 volunteer farmers who meet on a regular 
basis (once a week, or once every 2 weeks). The 
process is facilitated by staff  from extension 
services, research institutes or NGOs. The facili-
tators facilitate the group learning sessions that 

take place in the field or in some other conveni-
ent location. The sessions generally start before 
the growing season to deal with aspects related 
to the planning of  the cropping season. During 
and after the rice-growing season, PLAR groups 
meet to discuss key crop management decisions, 
including postharvest issues related to storage, 
processing and marketing.

Facilitators play an important role as they 
assist PLAR groups in learning from experiences, 
observing, analysing, developing new ideas, try-
ing out new options, and adapting and integrating 
new ways of  working into current management 
practices. PLAR applied to IRM (PLAR-IRM) 
aims to develop rice management options that 
enhance rice productivity or quality (or both) in a 
sustainable manner and to integrate these step-
by-step into existing cropping calendars. The 
options for change not only relate to technological 
improvements, but also deal with improved organ-
izational and institutional practice and processes.

A PLAR curriculum for IRM was devel-
oped that is composed of  learning modules, 
which form the facilitators’ basic instruments 
to run learning sessions with farmer groups. 
The original PLAR-IRM curriculum (Defoer 
et al., 2004) is composed of  28 modules, but – 
as PLAR is a flexible and evolving approach – 
the modules used with a specific farmer group 
will depend on needs expressed by the farmers 
themselves. The approach is open for the devel-
opment and integration of  new modules. The 
modules are supported by technical and facili-
tators’ manuals (Defoer et al., 2004; Wopereis 
et al., 2009).

At the heart of  the learning modules are 
PLAR-IRM learning tools that include maps, 
diagrams, calendars, and observation and 
monitoring forms. These address crop manage-
ment practices and agroecological principles, 
but also provide basic knowledge of  soils, pests 
and diseases, weeds, fertilizers, water manage-
ment, etc. Many of  these tools provide visuali-
zation of  phenomena to help farmers discover 
and ‘see’ things that were previously ‘invisi-
ble’. Such tools enable farmers to understand 
causal relationships and to identify more 
rational management practices, and ways of  
operating and organizing farming. These 
learning tools also provide knowledge in an 
easily accessible form for farmers, and can be 
used in a flexible way to cater for different 
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situations. This approach stimulates interac-
tive learning among farmers and facilitators.

During PLAR-IRM sessions, participating 
farmers are encouraged to implement new ideas 
and technologies in part of  their fields (‘innova-
tion space’). Farmers discover and learn by 
doing and, if  needed, adapt according to their 
own local conditions. During the next season, 
farmers may apply the technique to a larger 
area, effectively integrating the technology into 
their production system and cropping calendar. 
Some innovations may be difficult to implement 
on only part of  the field, e.g. improved land lev-
elling and water management. Farmers’ ‘inno-
vation spaces’ are visited by other farmers 
during the field observations that are part of  
PLAR-IRM sessions. Such visits, which are fol-
lowed by analysis and identification of  possible 
ways of  improvement, often generate new ideas 
that can be tried out by other farmers. Apart 
from farmers trying out innovations in their 
individual innovation spaces, PLAR-IRM ses-
sions can generate ideas for ‘collective’ innova-
tions, calling for the involvement of  several 
farmers, the whole PLAR-IRM group or even 
the entire village community. This is often the 
case for innovations related to water manage-
ment, or improving the general organization 
among farmers with respect to their position 
within the value chain, attempting to capture 
more added product value through collective 
storage, processing or marketing.

PLAR-IRM can be compared with the 
widely known farmer field school (FFS) 
approach, which arose from the same school of  
thought and paradigm (Braun and Duveskog, 
2008). A major difference with the FFS 
approach is the layout of  so-called ‘best prac-
tices’ in a commonly managed field in the FFS. 
In PLAR-IRM there is no ‘commonly managed 
best-practices field’. Demonstrating ‘best prac-
tice’ may direct farmers’ thinking and innova-
tion in a direction that is being pre-established 
by the facilitator and that is not necessarily 
adapted to the local settings of  the farmer 
because of  the diversity of  growth conditions 
and differences in crop management precision 
in inland valley systems. With PLAR-IRM, pos-
sible options for improvements to the rice pro-
duction practices are discussed and farmers are 
encouraged to identify solutions for their own 
settings.

Madagascar Case Study

Background

In 2005, an integrated rural development pro-
ject in the Sofia region of  northern Madagascar 
(Projet de soutien de la région Sofia pour le 
développement rural intégré, PSSDRI) was 
started by the Aga Khan Foundation (AKF) to 
improve the revenues of  the rural poor by sup-
porting rice producers. The Sofia region is a 
major rice-producing area representing about 
10% (300,000 tonnes) of  the national production 
(Minagri, 2003). With an estimated population 
of  1.5 million inhabitants, the region has large 
potential to export to regions with insufficient 
rice production. The average yield of  1.7 t/ha 
is substantially below the national average of  
2.1 t/ha (FAO, 2001; Bockel, 2003).

Inland valleys represent the largest part of  
the cultivated rice area of  the region, totalling 
more than 80,000 ha, with only 5% under full 
irrigation (which enables double cropping). The 
major rice-growing season, from December to 
May, coincides with the rainy season, called 
Asara. Rice can be grown during the off-season, 
called Jéby, but only where irrigation facilities 
are functional.

Approach

PSSDRI activities began in May 2005 with a 
2-week workshop to introduce the PLAR-IRM 
approach and recruit programme staff  – six 
facilitators, a social organizer, technical supervi-
sor, and programme director. The workshop was 
also attended by staff  from government research 
and extension services and from NGOs from 
within and outside the region.

Field activities started in the 2005 Jéby sea-
son, and covered six PLAR-IRM groups in six vil-
lages in the districts of  Befandriana-Nord and 
Mandritsara. The PLAR-IRM group facilitators 
in each district worked closely together and were 
supported by the programme director and tech-
nical supervisor. This intensive way of  working 
and exchange among programme staff  allowed 
for capacity building and reflection on possible 
adaptations of  the PLAR-IRM approach to 
better fit the local context. In 2007, PSSDRI 
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adapted and republished the PLAR-IRM facilita-
tors’ manual, in collaboration with AfricaRice, 
to make it more relevant to the Sofia region 
(Defoer et al., 2008).

The project’s coverage increased rapidly 
over 4 years (Table 31.1): by the end of  the Asara
2008/09 season, PLAR groups had been estab-
lished in four districts within the Sofia region 
(Mandritsara, Befandriana-Nord, Port Bergé 
and Bealanana).

Technological innovations

Out of  the wide range of  technological and 
managerial options covering all major issues 
related to rice growing discussed in the PLAR-
IRM groups, farmers selected those that were 
most relevant for them. They initially tried out 
these options in their individual innovation 
spaces, adapted them where and when needed, 
and then extended them beyond the initial area 
(Fig. 31.1).

The number of  practices or technologies 
applied in innovation spaces and the rate at 
which these were extended to larger areas 
depended essentially on the nature of  the land 
and other resources available. From the second 
year, farmers declared that they extended the 
innovations ‘to all areas where this would be fea-
sible’ (Rowley and Dugué, 2010). The actual 
area depended upon their access to labour and 
capital, farm/field characteristics and, most 
importantly, water control. Access to water dif-
fered substantially from one field to another: in 
some cases resulting in drought, in other cases 
in flooding. Improving water management often 
required collective action.

The four most important innovations 
according to farmers were (PSSDRI, 2009): land 
preparation, transplanting of  young seedlings, 

transplanting in lines, and weeding using a rotary 
weeder. The IRM options are discussed below.

Improved land preparation

Traditionally farmers let bullocks ‘trample’ the 
field for a number of  hours, creating an uneven 
field that is difficult to level, before flooding for 
one to two days and harrowing with a wooden 
frame. As alternatives, three innovations were 
introduced: 2–3 weeks of  flooding (between 
ploughing and harrowing); harrowing with a 
traditional wooden frame or with a rotary har-
row; and levelling of  the field before transplant-
ing. More than 90% of  the PLAR farmers adopted 
one or more of  these innovations. Flooding for a 
longer period was seen as an important preven-
tive measure to combat weeds and insects, and 
also for making levelling easier. Farmers also 
reinforced field bunds to maintain water in the 
field. The rotary harrow was not adopted on a 
large scale, because it was not available or too 
expensive. However, locally made versions were 
starting to appear on the market in 2010.

New varieties and maintaining 
seed quality

Several new rice varieties were introduced, some 
of  which originated from the national research 
system (FOFIFA), to ‘complement’ farmers’ local 
varieties. PLAR farmers received small quanti-
ties of  seed (200 g) during the first year when 
they joined the PLAR groups. More than 70% of  
the PLAR-IRM farmers tried one or more of  the 
new varieties. Half  of  the farmers adopted vari-
ety ‘Tox V’ because of  its high yield potential, 
resistance to Rice yellow mottle virus (RYMV) and 
adaptability to various water regimes. The adop-
tion of  a new variety did not lead to the old or 
local varieties being abandoned, as farmers 

Table 31.1. Coverage of the PSSDRI project in the Sofia region, 2005–2009.

Jéby 05
Asara
05/06 Jéby 06

Asara
06/07 Jéby 07

Asara
07/08 Jéby 08

Asara
08/09

No. facilitators 6 10 17 19 21 22 22 22
No. villages 6 17 31 38 38 58 – 99
No. PLAR-IRM groups 6 21 31 40 41 63 59 102
No. farming families 148 511 734 1274 1195 2658 1608 3782

–, no data.
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generally preferred growing several different vari-
eties suited to their needs. Farmers also improved 
seed multiplication and conservation practices by 
selecting an area within their field with vigorous 
and homogeneous plants of  the desired variety, 
removing off-types, harvesting separately and 
storing under appropriate conditions.

Nursery preparation

Traditionally, farmers do not pre-germinate seed 
and tend to use large amounts of  seed, which 
results in high plant density in the seedbed and 
thin and fragile seedlings. Farmers also establish 
‘dry’ nurseries, outside the lowland area. Two 
major innovations tested were: (i) pre-germination 
of  seed and (ii) lower seed rates in the nursery 
(2 kg/10 m2). These were adopted by 95% of  the 
PLAR-IRM farmers, which led to enhanced seed-
ling vigour and enabled earlier seedling trans-
planting. Creating ‘moist’ seedbeds in the lowland 
area near a water source was adopted by some 
farmers, but most preferred to keep the nursery 
outside the lowlands due to the risk of  flooding.

Transplanting young seedlings in lines

Usual practice was for farmers to transplant rice 
seedlings that are about 4–6 weeks old, trans-
planting these randomly at about five or more 
seedlings per hill with hills about 10–15 cm 
apart. Innovations introduced comprised: (i) use 

of  younger seedlings, (ii) fewer plants per hill, 
and (iii) row planning and reduced hill density. 
About 80% of  the PLAR-IRM farmers started 
transplanting younger seedlings of  2–3 weeks 
old, which gave improved tillering and increased 
yield. Farmers also reduced the number of  seed-
lings per hill to two or three. More than 95% of  
the farmers moved to transplanting in lines on a 
20 cm grid. Transplanting is often done by hired 
labour and, during the first seasons, transplant-
ing in rows was sometimes hindered by lack of  
labourers’ skill in line transplanting. However, 
farmers became more convinced about this 
option because of  the ease of  weeding and use of  
the rotary weeder. Transplanting young seed-
lings in lines (combined with the rotary weeder) 
spread rapidly beyond the PLAR-IRM farmers 
and in some lowland valleys almost all the rice is 
now being transplanted in lines by groups of  
women specialized in the technique.

Farmers developed an alternative to the use 
of  a rope for marking rows, with the so-called 
baobao (or fomby) made of  a vein of  a raffia leaf  
with small sticks to mark where to transplant. 
On each extremity of  the vein there is a larger 
stick (of  20 cm) placed horizontally to indicate 
the distance between the lines. The baobao ena-
bles transplanting in lines by one person. 
Moreover, the baobao also allows for some addi-
tional levelling.

Weed management

Weed management received much attention 
during the PLAR-IRM sessions as weeds are a 
major constraint and because their manage-
ment is so labour intensive. Most farmers weeded 
only once each season, by hand or using a hoe, 
leading to large yield losses due to weed compe-
tition. As an innovation, most PLAR-IRM farm-
ers started to flood their fields for 1–2 weeks after 
ploughing, allowing weeds to germinate, so they 
could be uprooted by harrowing. Rotary weed-
ers can be manufactured easily by local crafts-
men and were adopted by about 95% of  the 
PLAR-IRM farmers, and by all farmers who 
transplanted in lines.

Soil fertility management

Fertilizer use is very low in Madagascar and par-
ticularly so in the Sofia region. The project was 
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initially advised by some national research and 
extension experts to place major attention on 
soil fertility as it was generally considered that 
low soil fertility was one of  the major factors 
responsible for low yields. PLAR-IRM group 
members received a small quantity of  urea for 
free in the first season. All PLAR-IRM farmers 
applied half  of  the dose (at a rate of  50 kg/ha) 
about one week after transplanting and most of  
them applied a second dose (at a rate of  50 kg/ha) 
at panicle-initiation stage. In subsequent sea-
sons, however, when the urea was no longer pro-
vided for free, almost none of  the PLAR-IRM 
farmers used urea. Although urea was relatively 
easily available, farmers were not willing to 
invest in it, as its benefits appeared negligible 
under farmers’ conditions.

Water management

Measures introduced for field water manage-
ment included field levelling and bunding. 
Collective measures were also taken, such as dig-
ging and maintaining irrigation and drainage 
canals. In several villages, important structural 
improvements to the water distribution system 
were made, including the rehabilitation of  small 
dams, regular cleaning and rehabilitation of  
canals.

Rice yields and financial analysis

Rice yields obtained on farmers’ innovation 
spaces averaged 4.6 t/ha over the six seasons 
between May 2005 and June 2009 – more than 
double the average yields obtained on the rest of  
the field (2 t/ha) and three times the average 
yield obtained by farmers before joining the 
PLAR groups (1.5 t/ha, the average yield for 
Sofia region as a whole). Figure 31.2 illustrates a 
trend of  increasing average rice yields on the 
innovation spaces of  PLAR-IRM farmers from 
Asara 2005/06 to Asara 2008/09, compared to 
the rest of  their field and average yields of  farm-
ers yet to join PLAR groups.

Substantial yield increases were observed 
from the first season onwards. In subsequent 
years, increases were more modest than those of  
the first season (see also Table 31.2).

High yields were maintained in the innova-
tion space and as the total area under innova-
tion substantially increased from year 2 onwards 

(see Fig. 31.1), the total production increased 
likewise. On average, farmers were not able to 
apply the IRM innovations on their entire field 
over the duration of  the project because of  the 
heterogeneous nature of  their fields, which pre-
vented the use of  IRM innovations in some areas.

Table 31.3 presents a financial analysis of  
the most popular PLAR-IRM innovations intro-
duced in the Sofia region taking into account 
additional costs and additional yield obtained as 
compared to traditional rice practices.

The net return (additional benefit/additional 
costs) was 10.2, i.e. for each additional dollar 
invested, farmers gain an average of  US$10.2. 
Taking into account the area under PLAR-IRM 
options from the second year onwards (0.31 ha), 
adoption of  PLAR-IRM innovations resulted in a 
net increase in income of  more than $200 per 
year per farmer.

The following section discusses the method-
ological innovations in the Madagascar PLAR-
IRM case study.

Methodological innovations

Modules

Frequent discussions and reviews among pro-
ject facilitators and with farmers led to a 
number of  important methodological innova-
tions in the PLAR approach. The PLAR cur-
riculum of  the first implementation season 
(Jéby 2005) covered the 28 modules of  the 
original manual (Defoer et al., 2004). In the 
second season (Asara 05/06), this was 
reduced to 22, covering topics that were most 
relevant to the local situation. Some techno-
logical options were more interesting to farm-
ers than others, in particular those related to 
land preparation, water management, varie-
ties and seed, transplanting, and weed man-
agement. Not all farmers and groups had the 
same level of  dedication to participating in 
learning sessions. The PLAR team therefore 
adapted the approach to accommodate a 
high-intensity level, covering the complete 
curriculum in about 25 sessions, and a low-
intensity level with only 11 sessions, cover-
ing topics of  greatest interest to farmers, plus 
the modules on ‘planning’ and ‘making good 
observations’ (Defoer et al., 2008).
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Farmer-facilitators

It is important to continue the group process 
that leads to locally adapted innovations, as 
many more innovations are still to be developed 
and fine-tuned for further increasing yields and 
moving beyond yield to a value-chain approach. 
It is, however, also clear that there is a need to 
disseminate knowledge to larger numbers of  
farmers.

Involvement of  project-appointed facilitators 
in PLAR-IRM groups was, therefore, gradually 
reduced because of  the substantial time commit-
ment and the need to start scaling out the results 
obtained and to reach farmers not directly involved 
in the PLAR-IRM groups (Table 31.4). Continuous 
presence of  project-appointed facilitators at 

PLAR-IRM sessions was limited to three consec-
utive seasons: season 1 covering 11 sessions; 
season 2 covering the same topics and poten-
tially some new ones; and season 3: develop-
ment of  a new learning programme by the 
group.

During season 2, ‘candidate farmer-facilitators’ 
were identified and asked to lead some of  the dis-
cussions. During season 3, the project-appointed 
facilitator handed over some sessions to these 
farmer-facilitators, thereby coaching and pro-
viding support on the job as needed. For the 
fourth and subsequent seasons, the project-
appointed facilitator assisted the group in devel-
oping its own learning programme, but no 
longer participated in the sessions, which were 
ran entirely by the farmer-facilitators, who could 
bring in expertise for certain topics as they saw 
fit. The project-appointed facilitator assisted in 
the closing session to help the group evaluate 
the programme and develop ideas for the sub-
sequent season.

Scaling out

Working with PLAR groups is time consuming 
and intensive and the team therefore developed 
alternative ways of  involving larger numbers of  
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Table 31.2. Average rice yields according to the 
number of years of membership of a PLAR-IRM 
Group, Asara 2008/09.

Location of yield 
measurement

Rice yield (t/ha)

1 year 2 years 3 years

Innovation space 5.26 5.41 5.35
Rest of the field 1.96 2.12 2.03
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Table 31.4. Involvement of facilitators in PLAR-IRM groups.

Season Modules
Role of project-appointed facilitators and 
farmer-facilitators

1 11 ‘fixed’ modules Project-appointed facilitator leads
2 11 ‘fixed’ modules + other modules 

of groups’ choice
Project-appointed facilitator leads and hands over 

every now and then to ‘candidate farmer-facilitators’
3 Group develops own programme Project-appointed facilitator starts

Farmer-facilitators identified
Handing over regularly to farmer-facilitators

4, 5, etc. Group develops own programme Project-appointed facilitator assists in planning and 
evaluating programme and occasionally assists in 
learning sessions

Farmer-facilitators lead

Table 31.3. Financial analysis of performance of PLAR-IRM innovations (per hectare).a

Items Cost or income ($)

A. Additional costs
A1 Seed 13.89
A2 Land preparation

A2.1 Labour (harrowing and levelling) 5.00
A2.2 Depreciation of harrow 22.22

A3 Line transplanting 8.33
A4 Weed management

A4.1 Labour 8.33
A4.2 Depreciation of weeder 11.11

A. Total 68.89
B. Additional produce value

3100 kg (= 4600 – 1500) 775.00
B. Total 775.00
C. Net benefit (B–A) 706.11
D. Net additional benefit/additional cost 10.2

aBasis for calculations: A1: 40 kg of improved seed at $0.83/kg, to be renewed every 5 years ($8.33) + additional cost for 
on-farm seed production ($5.56); A2.1: 3 days labour @ $1.67/day; A2.2: cost of harrow = $222.22, depreciated over 
10 years; A3: 5 extra person days @ $1.67/day; A4.1: 5 extra person days @ $1.67/day; A4.2: cost of weeder $56.56, 
depreciated over 4 years; B: value of additional produce = average yield obtained through farmer innovations over the six 
season/years (4600 kg/ha) minus the average yield of the region under traditional practices (1500 kg/ha) × area under 
innovation (ha) × $0.25/kg ($1 = MGA1800).

farmers. Rice growing is knowledge intensive 
and simple extension methods may not be very 
efficient. The project team opted to develop a 
‘condensed’ training programme for farmers. 
This training programme was organized for 
farmers in villages where no PLAR groups 
existed and where there was no plan to set up 
PLAR groups, including zones with limited 
accessibility during the rainy Asara season, 
because of  floods. The programmes took 4 or 
5 days and brought together about 40 farmers 
from villages neighbouring a village where a 
PLAR group operated. Training was organized 

during the off-season (Jéby), when the project-
appointed facilitators, who led this process, were 
in principle not directly involved with the PLAR 
groups.

This 4–5 day training (called formation-
diffusion, F-D) included interactive workshops 
and fieldwork related to those topics that the 
farmers of  the PLAR groups identified as most 
relevant. The curriculum used during the train-
ing week aligned with the PLAR philosophy in 
terms of  adult experiential learning principles. It 
is important to organize such training weeks in 
villages and sites with neighbouring PLAR 
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groups, as this allows for effective interaction 
between the trainees and the PLAR members. 
Although the project-appointed facilitators took 
the lead during the training week, in practice 
farmer-facilitators from the nearby PLAR group 
contributed to the training sessions. The project 
developed visual aids (animated cartoon-type 
brochures and videos) that helped the farmer-
facilitators in their work, and also served the 
trained farmers when they returned to their 
villages. On returning to their villages, trained 
farmers organized video sessions for their col-
leagues and encouraged them to implement 
some of  the innovations shown. The farmers 
also received a copy of  the brochures for further 
reading. The trained farmers formed a kind of  
relay between the project and the rest of  the vil-
lagers; project-appointed facilitators visited at 
least once a year, together with a member of  the 
monitoring and evaluation (M&E) section of  the 
project to investigate the effectiveness of  the use 
of  the extension materials and its effect in terms 
of  application of  new technologies and of  yield 
increases. The F-D programme started in Jéby
2009 and involved about 4500 farmers. Similar 
numbers were involved in Jéby 2010 and 2011. 
Preliminary results of  a survey indicated that, 
overall, 31% of  F-D trained farmers had adopted 
at least one IRM practice. The adoption rates 
were higher in zones and districts where PLAR 
groups were actively involved during and after 
the training sessions. Highest adoption rates, 
among those farmers who had practised IRM, 
were for a combination of  line transplanting of  
young plants and weed management techniques 
(AKF, 2011).

Conclusions and Perspectives

The Madagascar case study shows that PLAR-
IRM in rainfed rice systems can have a fast and 
lasting impact on rice yields. The innovations 
that farmers eventually adopted required in 
some cases an increase in labour, but this was 
not seen as a major hurdle.

PLAR-IRM is a time-consuming approach, 
but for highly diverse systems with low manage-
ment precision it will deliver concrete results as 
illustrated in this case study. It is important to 
think about scaling out of  results to other farmers 

from an early stage, and to develop ‘condensed’ 
curricula and easy-to-use learning tools for 
farmer trainers who will train their colleagues. 
Video and other tools may be used to scale out 
essential messages (such as in-line transplanting 
and the use of  a rotary weeder) to farmers out-
side the project zone.1

In the fourth year, PLAR-IRM groups 
moved from production issues to postharvest 
and marketing constraints and credit provision, 
while project facilitators handed over to farmer-
facilitators. PLAR groups continue to function 
even several years after being ‘weaned’ (i.e. after 
the project). In most cases, the weaned PLAR 
groups formed part of  an ‘operational centre’. 
These centres are now being organized into for-
mally registered associations that have access to 
credit services for their members and organize 
seed and equipment services for their members.

At project level, the benefits of  the addi-
tional rice produced as a result of  project work 
vastly outweigh the costs of  running the project. 
A simple calculation based on the modest esti-
mation of  $200 net income increase per year 
per farmer and the number of  farmers involved 
in the groups (3780 in Asara 2008/09), pro-
vided a net figure of  $747,400 value added. 
Compared to the local project costs of  about 
$300,000/year (Rowley and Dugué, 2010),2 a 
benefit–cost ratio of  more than 2 is obtained. 
These modest estimations do not include the 
extra rice produced by farmers who were 
involved in the F-D programme and who have 
adopted IRM practices, or the value added 
through activities related to storage and post-
harvest handling of  rice. They also do not take 
into account the considerable enhancement of  
human and social capital in the communities 
involved in the project.

The impressive results that can be obtained, 
as shown in the case study of  Madagascar, clearly 
invites more widespread use and adoption of  
PLAR-IRM. However, there are important condi-
tions for making things happen. PLAR is quite 
demanding in terms of  time and facilitators’ 
investment. Also any advisory service interested 
in implementing PLAR should be dedicated to 
capacity strengthening, above the interest of  pro-
moting any technological option for improve-
ment. As we have outlined, PSSDRI adopted a 
flexible PLAR approach in which farmers them-
selves discovered what was best for them, what 
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areas needed innovation, and how to innovate. 
This way of  working is unique, however, and 
many advisory services might face constraints in 
putting so much effort on strengthening farm-
ers’ capacities, in learning together and having 
confidence in this learning process and in the 
validity of  its outcomes. What is central in PLAR 

is not what the advisory service believes is good 
to be promoted, but what the farmers and their 
groups bring out and innovate. This demands a 
real paradigm shift and to make it happen organ-
izations should be ready to ‘cultivate’ real farmer 
empowerment and refrain from promoting and 
pushing technologies.

Notes

1 A video series of six episodes was made on learning about improved rice management practices in a 
typical PLAR context, where farmers learn from each other and through exchange start putting in place 
innovations: The Rice Growers Dream (http://www.akdn.org/videos_detail.asp?VideoId=103).
2 Note that this figure does not include cost of AKF Geneva staff supporting the project, or the costs of 
ad-hoc consultants.
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the next generation greater opportunities to break 
the remaining shackles of  under-development 
(AfricaRice, 2011).

Africa’s rice sector faces a large number 
of  biophysical and socio-economic constraints. 
These generally translate into low productivity 
of  rice produced in Africa. Research areas to 
address these are numerous and need to be pri-
oritized because resources are scarce – basic eco-
nomics and general knowledge recognize that 
this scarcity of  resources causes many needs to 
remain unsatisfied.

Ex-ante assessment of  the impact of  rice 
research in Africa is important to: (i) adequately 
identify priority research themes and target popu-
lations; (ii) efficiently allocate scarce resources to 
priority research themes; (iii) better target 
research outputs to where they will have the 
maximum impact; (iv) enhance research rele-
vance and positive impact on the livelihoods and 
well-being of  the target population; and (v) 
enhance the efficiency of  public research organi-
zations (Diagne et al., 2009).

Several assessments have been made of  the 
potential benefit of  rice research in Africa. Many 
of  these were conducted by the Africa Rice 
Center (AfricaRice), one of  the 15 members of  
the CGIAR Consortium and an association of  

Introduction

Rice has always been an important staple in 
many African countries. Since the 1960s, it has 
also become the most rapidly growing food source 
across the continent. However, local production is 
largely insufficient to meet consumption needs. 
In 2009, Africa imported 10 million tonnes (Mt) 
of  milled rice, at a cost of  US$5 billion. With high 
food and fuel prices predicted to last well into the 
2010s, relying on imports is no longer a sustain-
able strategy for Africa. Rice-sector development 
can become an engine for economic growth 
across the continent, contribute to eliminating 
extreme poverty and food insecurity within 
Africa, and improve the social well-being of  mil-
lions of  poor people. Development of  the rice sec-
tor and related sectors will have considerable 
impact on the competitiveness of  African econo-
mies and reduce the need to divert valuable for-
eign currency exchange to imports. Enhanced 
local production, processing and marketing will 
also mean that Africa’s cities will have access to 
affordable food. Rice production will create 
employment along the value chain and in related 
sectors, and lead to improved nutritional and 
health status of  the rural agricultural poor. It will 
allow financing of  better education that will give 
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24 African member states. The Center has a long 
tradition of  priority-setting dating back to the 
1990s (see Diagne et al., 2009, for a detailed 
review of  previous priority-setting exercises). The 
Center’s research priority-setting since 1990 has 
involved a broad base of  rice research and devel-
opment stakeholder constituencies at different 
policy- and decision-making levels. Priority-
setting is a continuing process and the methodol-
ogy used has changed over time.

In early 1990, AfricaRice (then the West 
Africa Rice Development Association, WARDA), 
conducted a systematic priority-setting2 exercise 
that served for both the Center’s Strategic Plan 
for the period 1990–2000 and its Medium Term 
Plan 1994–1998 (WARDA, 1993). The exercise 
was implemented through a three-step process. 
The first step consisted of  data-gathering on the 
relative importance of  rice-growing environ-
ments (area, production, etc.), and the relative 
importance of  constraints per environment. The 
second step comprised an analysis of  rice-growing 
environments and main stresses to determine 
the priority environments and stresses that 
needed to be addressed, assessment of  countries’ 
research capacities for each constraint, and 
AfricaRice’s comparative advantages. The third 
and final step consisted of  validation of  the 
methodology used and the major findings by a 
task force.

In 2000, a new priority-setting exercise 
was initiated for the Strategic Plan 2003–2012 
(WARDA, 2004a,b). This exercise was essen-
tially based on the outcomes of  the previous 
priority-setting. The earlier constraints analysis 
was updated through task forces, working 
groups, surveys and at the meetings of  the 
AfricaRice National Experts Committee (NEC).3

On the basis of  the results of  this exercise, revised 
strategic and medium-term plans were drafted 
and validated by the NEC, Board of  Trustees and 
Council of  Ministers4 (WARDA, 2004a,b).

Another priority-setting exercise was con-
ducted for the 2005–2007 Medium-Term Plan 
by a commissioned internal task force (WARDA, 
2004b; Diagne et al., 2009). It included a num-
ber of  innovative features in its methodology – 
namely, a review of  priority-setting methods and 
approaches adopted by other agricultural 
research centres (both those inside and outside 
of  the CGIAR), the sub-regional agricultural 
research organizations (SROs) and national 

agricultural research systems (NARS). It used a 
scoring method based on criteria established by 
the task force, discussed and approved through 
consultation with a wide range of  major 
stakeholders.

This chapter presents the approach used to 
assess the potential impact of  rice research in 
sub-Saharan Africa for 2011–2020 and dis-
cusses the major findings. The priority-setting 
exercise for which this ex-ante analysis was con-
ducted has borrowed much from the previous 
one in terms of  processes.5 But in terms of  
methodology, a number of  innovative features 
were introduced. First, an in-depth farm-house-
hold survey was conducted in 21 countries in 
sub-Saharan Africa to gather data on rice-
growing environments, constraints to rice pro-
duction, and adoption of  improved varieties. 
Second, the research to address the identified 
production constraints were elicited from scien-
tists through consultation during a 2-day work-
shop during the 2010 AfricaRice Science Week. 
Third, econometric models derived from the 
agricultural household conceptual framework 
were used to assess expected productivity, pov-
erty and environmental impacts of  the proposed 
research.

The rest of  the chapter is organized as fol-
lows. We first review the theoretical and con-
ceptual framework that underlies the evaluation 
of  the impact of  agricultural research on farm-
ers. Next, we present the methods used to assess 
the impact on other actors such as proces-
sors, traders and consumers, followed by an 
overview of  the different data sets used for the 
analysis. We then present and discuss the main 
findings of the analyses and their implications 
in terms of  thematic and geographic priorities 
for research on rice-based systems in Africa for 
the period 2011–2020, before concluding the 
chapter.

Estimation of the Impact of Rice
Research on Farmers

This section presents the theoretical and concep-
tual framework that underlies the models used 
to assess the potential impact of  rice research in 
Africa. We describe the general framework and 
then derive the model that explains household 
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decision-making to adopt rice technologies 
and their impact on household outcomes, and 
the model that explains how a change in 
household production environment can affect 
its outcomes.

The agricultural household model

To identify the impact of  rice research on poverty 
and income at the farmer level, we follow the agri-
cultural household framework (see Deaton and 
Muelbauer, 1980; Singh et al., 1986; Taylor and 
Adelman, 2002, for a review of  the literature). 
This framework is summarized in Fig. 32.1.

An agricultural household makes decisions 
to maximize its utility in the face of  some con-
straints. The decision set, represented by the 
variables d * and x* in Fig. 32.1, includes invest-
ment, crop and varietal choices, and resource 
allocation (seed, land, labour, fertilizer and other 
inputs), which the agricultural household 
chooses to maximize the satisfaction it derives 
from the consumption of  food and non-food 
items represented by the variables c in the figure. 
The optimal consumption bundle that maxi-
mizes the household’s satisfaction is determined 
by a utility function that embodies the house-
hold decision-maker’s preferences, beliefs and 
expectations, and by a budget constraint that 
balances income from all sources as represented 

Resource constraints and conditioning environment

Biophysical/consumption
characteristics of

technologies (qc, qa)
Information

Value formation

• Agro-climatic conditions (e)

Investment and agricultural production decisions

Welfare outcomes

Nutrition and health well-being Food security
Satisfaction from consumption of

non-food items 

Resource endowment profile

Perception
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Preference
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Consumption and market participation choices
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Household choice and behavioural outcomes
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Infrastructures (zu)
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Fig. 32.1. Agricultural household framework (symbols explained in text).
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by the variable y in the figure and the cost of  
acquiring the optimal quantities of  the produc-
tion inputs in d * and x* and the non-produced 
consumption items in c. The maximum utility of  
consumption attained by the household depends 
on many factors that are outside of  its control. 
These include the characteristics of  the technol-
ogies chosen as represented by the variable q
in the figure; the agro-climatic conditions (rep-
resented by e in the figure); the household 
socio-demographics and resources endowment 
profile, which include the public and private 
infrastructures and natural resources; the prices 
of  commodities and the information available 
to the household on all these factors (all repre-
sented by zu in Fig. 32.1).

From the graphical illustration of  the agri-
cultural household model in Fig. 32.1 one can 
see how household decisions (adoption of  crop 
or varietal and agronomic technologies) and the 
change in the agro-climatic conditions (reduc-
tion of  yield loss caused by stresses) can affect 
the household outcomes of  interest and permit 
the identification and estimation of  the causal 
effects. Here we limit the analysis to household 
total income and village poverty headcount. 
Note that the impact on income and production 
is assessed at the household level, while the 
impact on poverty and food security is assessed 
at the community level.

Two sets of  technologies are assessed. The 
first relates to adoption of  new varieties and is 
assessed through structural models of  farmer 
demand for varietal characteristics and its rela-
tionship to total household income, production 
or village poverty headcount. The second set 
relates to adoption of  agronomic (including inte-
grated pest management (IPM)) and posthar-
vest technologies assessed through a reduced 
form model of  effect of  reduction in yield loss or 
increase in yield due to farmer adoption of  the 
agronomic or postharvest technologies on total 
household income or production or village pov-
erty headcount.

Impact of adoption of new varieties

Let us start from the general setting of  the 
agricultural household model as illustrated in 
Fig. 32.1 and described in the section above and 

assume that rice-farming households choose 
among J rice varieties (that include traditional 
and improved varieties) to produce rice and 
maximize the utility of  consumption of  food and 
non-food items. Thus, the agricultural house-
hold’s maximization problem can be formally 
written as:

max
x S z

u c

r j jj
J

kk
K

U x z subject to p c

p f x z p x

Î

= == å - å

( )
{ ( , ) : : .

. ( , )1 1 jjkj
J
=å 1 } (32.1)

where c is the consumption vector of  food and 
non-food items, with pc the corresponding price 
vector, xj = (xjk)k=1,. . .,K, with xjk being the quantity 
of  input k used in producing rice with variety j
(one of  the inputs being seed); pk is the price of  
input k; zu is a vector of  household socio-demo-
graphic variables that affect utility; zj is a vector 
of  exogenous technological and environmental 
variables conditioning the production of  rice 
using variety j (variety characteristics, plot soil 
characteristics, weather, etc.); f is a production 
function; and pr is the price of rice. There is no 
loss of  generality by assuming a common pro-
duction function for all varieties because any 
variety-specific technological parameter can be 
included in the zj vector.

There are several rice varieties distinguished 
by their respective contents of  agronomic and 
consumption characteristics. Farmers make 
their choice of  which varieties to grow and con-
sume on the basis of  their preference for these 
characteristics. The agronomic characteristics 
are those that affect the rice yield in the field, dur-
ing harvest and during postharvest grain pro-
cessing. The most important of  these are yield 
potential, levels of  resistance to various biotic 
and abiotic stresses and other characteristics such 
as plant height and tillering ability. The con-
sumption characteristics of  varieties include 
grain quality, shape, colour, aroma, taste, and 
various cooking and eating characteristics (cook-
ing time, swelling capacity, degree of  stickiness, 
storability after cooking, etc.).

Each variety has a fixed constant vector of  
consumption characteristics qj

c = (qjk
c)k=1,…,K, with 

Kc the number of  consumption characteristics, 
and a fixed constant vector of  agronomic charac-
teristics qj

a = (qjk
a)k=1,. . .,K with Ka the number of  

agronomic characteristics. Let also q c = (qj
c)j=1,. . .,J,

q a = (qj
a)j=1,. . .,J, qj = (qj

c, qj
a)j=1,. . .,J and q = (q c, q a). 

Hence, qi is the combined vector of  agronomic 
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and consumption characteristics of  variety j
with dimension K = Ka + Kc and q is the J × S
matrix of  agronomic and consumption charac-
teristics of  all varieties. Varieties are distin-
guished and identified uniquely by their full 
vector of  observed and unobserved charac-
teristics qj and not by their names or labels 
(e.g. WABxx, NERICAxx, IRxx, ‘traditional’, 
‘improved’).

Reformulating the utility function and 
the production function to take into account 
variety characteristics, we have: U(c, zu) = U(c,
q c, zu(q)) and f(xj, zj) = f(xj, q a, zj(q), e). If  the focus 
of  the analysis is on the incidence of  adoption 
(i.e. where there is adoption or not) instead 
of  the intensity of  adoption, then we define 
the variable d I xj

*
*= >é

ë
ù
û0 0  expressing whether the 

farmer chooses to adopt a variety j by using its 
seed. As a direct implication from the model 
described in Fig. 32.1, the farmer optimal 
choice depends on the conditioning variables e,
qj and zu. Taking the expectation conditioning to 
these variables, we have:

P(dj
* = 1 | qj, zu, e) = g(b, qj, zu, e) (32.2)

with P(dj
** = 1 | qj, zu, e) being the probability of  

a randomly selected rice farmer adopting variety 
j when the vector of  characteristics of  the vari-
ety is qj, the farmer socio-economic characteris-
tics are zu, and the vector of  agro-climatic 
conditions is e; b stands for the vector of  param-
eters to be estimated; and g is a function taking 
value in the interval [0, 1].

Farmers in a village are not often univer-
sally exposed to agricultural technologies. 
Equally, therefore, a variety as a technology is 
not often universally exposed to all farmers 
(Diagne and Demont, 2007; Diagne, 2009). This 
introduces an important bias if  one estimates 
adoption rates and adoption determinants by 
using traditional methods (Diagne and Demont, 
2007). Therefore, to consistently estimate the 
village variety adoption rate and its determi-
nants, we follow Diagne and Demont (2007) 
and use the Average Treatment Effect (ATE) esti-
mation framework (see Imbens and Wooldridge, 
2009, for a review).

For each characteristic k, we define 
q qˆ

k j= { }max k , the maximum performance of  
this characteristic across all known varieties. 
The maximum characteristic value represents 
for the farmer the ‘known technological frontier’ 

for the characteristic. Also, let us define 
q qk

a
jk jj

J

J d= ´å =
1

1
* , the average performance of  

characteristic k across all varieties adopted by 
the farmer, with Ja the number of  varieties 
adopted. This is the farmer’s ‘observed demand’ 
of  the characteristic k.

Taking the expectation conditional to e, qj

and zu, we obtain the ‘predicted demand’:

E e z
J

P d z ek u k
a

j j u jkj

J
( | , , ) | , ,*q q q q q= = =( )=å� 1

1
1

(32.3)

Because varieties are uniquely identified by 
their varietal characteristics vectors, the intro-
duction of  a new variety is equivalent to a 
change in the set of  varietal characteristics vec-
tors of  all known varieties and the improvement 
in a varietal characteristic k is equivalent to the 
introduction of  a new variety that pushes the 
farmer’s known frontier for that characteristic 
higher. Equation (32.2) shows how this change 
affects the probability of  adoption of  a village 
variety, and equation (32.3) shows theoretically 
how the demand for characteristic k changes 
taking into account the adoption.

The structural causal relationships among 
varietal characteristics, varietal adoption deci-
sion, varietal demand and outcome of  interest 
are described in Fig. 32.2, which shows how a 
change in a given varietal characteristic due to 
breeding research affects household total 
income and production and village poverty 
headcount through adoption and demand.

Impact of adoption of good 
agricultural practices

The impact of  adoption good agricultural prac-
tices is assessed through changes in the effects 
of  rice production stresses. These stresses in 
some cases affect 100% of  the harvested area 
and cause high yield losses. The magnitude 
and effect of  the stresses could be attenuated 
when the farmer adopts varieties that have the 
attribute of  resistance to the stress. But 
another important way to reduce losses is for 
the farmer to adopt good agricultural prac-
tices. Such practices can help to overcome 
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stresses during the growing season or tackle 
postharvest losses. We have not modelled the 
adoption rate and determinants for this kind 
of ‘agronomic technology’. Using experts’ 
opinions after consultation with AfricaRice 
agronomists and postharvest specialists, we 
assume the adoption of  non-varietal technolo-
gies follows a logistic diffusion curve with a 
35% peak adoption rate. The logistic distribu-
tion is the most common for technology adop-
tion variables.

The structural relation that shows how 
agronomic research has impact on income or 
poverty is described in Fig. 32.3 (the conven-
tions are the same as above). The reader is 
referred to Diagne et al. (Chapter 4, this volume) 
for a formal derivation of  the relationships. 
The channel linking technologies to impact on 
farmer outcomes is straightforward compared 
to adoption of  new varieties. When the farmer 
takes the decision to adopt a good agricultural 
practice, it is expected that the negative effects 
that will be faced when the stress hits will be less 
than if  he or she did not have this, or any other, 
suitable technology.

Specification, identification and 
estimation of the impact model

To be able to project impact of  adoption of  a technol-
ogy derived from research over time, we use an auto-
regressive (AR) model of  the outcomes of  interest. 
The AR model is reasonably realistic in most eco-
nomic settings. Because of  the limited data, we use 
AR model of  order one (AR1). Thus, the general 
impact model equation that will be estimated is:

Yt
h = aYt

h
−1 + bDt

h + gX + et
h (32.4)

where Y is the outcome variable, D stands for the 
proxy for the technology that is assessed and x is a 
vector of  variables other than D and which affect 
Y t. In such regression, the main econometric con-
cern is the possible biases that would be generated 
by the possibility that D may not be exogenous.

Breeding research

For the breeding research impact model, D is the 
demand for a given varietal characteristics k.
The impact models are estimated separately for 
each varietal characteristic. Each equation is 

Fig. 32.2. Causal structural relation for the analysis of the impact of adoption of varieties.
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estimated by the Instrumental Variable method 
(e.g. Wooldridge, 2002). The varietal technology 
demand and the outcome (income, production 
or poverty) can be confounded as shown in the 
structural causal relation presented in Fig. 32.3. 
Thus, D = q~k is endogenous in equation (32.4) 
and Ordinary Least Squares will yield inconsist-
ent parameters. To address this problem, we use 
the Instrumental Variable estimation method 
with known frontier (q̂k) as instrumental varia-
ble for the demand q~k. The validity of  the frontier 
as instrument is tested by weak instrument test 
(see Wooldridge, 2002). The estimated parame-
ter is the total effect of  the demand for varietal 
characteristics on the outcome. Chalak and 
White (2011) show that in such a regression, 
the first-stage regression coefficient need not 
be identified. Each technology is associated 
with a corresponding varietal characteristic 
(see Appendix, Table 32.A.1).

Agronomic research

For the agronomic research impact model, D
is the yield loss caused by a given stress, when 

it is experienced by the farmer. We assume 
that the occurrence of  stresses and the yield 
losses they cause to farm households are exog-
enous to their decisions. Thus, D = e is exoge-
nous in equation (32.4). So, estimation of  the 
AR1 model by Ordinary Least Squares yields 
consistent estimates of  the parameters. The 
other variables included in the model are 
socio-demographic variables, environment 
and country fixed effect to capture the hetero-
geneity among environments and countries of  
stress effect (see Appendix, Table 32.A.1, for 
complete details of  variables used in each 
model).

From research to 
impact: methodology

The two diagrams of  the structural impact 
model (Figs 32.2 and 32.3) show how techno-
logical options are linked to household- and 
village-level models. This section explains 
how the linkage was done. As discussed 
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above, there is a slight difference between 
how technologies derived from breeding 
research and agronomic research are 
assessed. Hence, we distinguish them in the 
linkage procedure.

Breeding research

STEP 1: TRANSLATING THE SCIENTIST’S ESTIMATE OF

PERCENTAGE YIELD GAIN INTO PERCENTAGE INCREASE

IN q̂K. The average expected yield loss reduction 
(%) for each proposed research option was con-
verted into an increase in the performance of  
the characteristic corresponding to the stress 
that the research option addresses (see Appendix, 
Table 32.A.1, for correspondence between stress 
and varietal attribute).6

STEP 2: USING PERCENTAGE INCREASE IN q̂K IN THE

ADOPTION MODEL TO GET THE PERCENTAGE CHANGE IN

VARIETAL DEMAND q̄K. By changing the known 
frontier of  characteristic k, the new technology 
from breeding research (i.e. variety) will induce a 
change in the farmer’s portfolio of  adopted varie-
ties. The change Δq̄k is captured through the adop-
tion model estimated and the demand function 
derived from this model (equation 32.3) by plug-
ging in Δq̂k. This change in demand (as population 
parameter) already accounts for the adoption of  
the technology. To account for the uncertainty, the 
change is multiplied by the probability of  success 
of  the research jk, and the true impact of  the 
research on demand is jkΔq̄k.

STEP 3: PLUGGING jK Δq̄K IN THE IMPACT MODEL TO

GET IMPACT AT STARTING YEAR. The induced 
change in the farmer pool of  adopted varieties 
(demand) is plugged into the impact model cor-
responding to characteristic k. The impact 
D Dy k k= b j q-  is then the average impact on 
farmer income or production or village poverty 
headcount in the starting year of  availability of  
the technology across adopting and non-
adopting farmers.

Agronomic research

An appropriate impact model is estimated for 
each stress. If  the technology is derived from 
agronomic research, we use the yield loss reduc-
tion impact model with the corresponding loss 

due to the stress that the technology addresses as 
explanatory variable. If  the technology is derived 
from postharvest research, we use the impact 
model that has loss caused by postharvest as 
explanatory variable. Where the technology 
does not have a specific nature (and is labelled 
‘other’), we used the impact model that has aver-
age yield loss as explanatory variable.

The linkage of  technologies derived from 
agronomic research to impact models is straight-
forward by plugging the yield loss reduction 
expected (re, %) directly into the impact model and 
multiplying the result by the probability of  success 
(je) to account for uncertainty. Thus, the impact is 
Dy re e= b j  and corresponds to the average impact 
at farmer or village level in the first year of  availa-
bility of  the technology across adopting and non-
adopting farmers.

Projection over time and 
aggregation across technologies

Projection of impact over time

At the end of  the process described above, we 
had the impact for the first year of  availability of  
the technology. This year corresponds to t0 =
2010 + td with td the estimated number of  years 
needed to develop the technology (from 2010) 
as given by scientists. However, we are interested 
in projecting impact over time to 2020.

The AR1 models estimated are enough to 
allow us to forecast the mean impact starting in 
a given year t0 and any subsequent year t0 + r as:
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where Dy  is the impact in the starting year 
(bjkΔq̄k for breeding research and bjere for agro-
nomic research). This formula enables us to fore-
cast the impact at r – period ahead forecasted 
value for the outcome y. Finally, the annual 
nominal income gained was discounted at the 
rate of  5% and cumulated to get gross benefit at 
farmer level.

Aggregation across technologies

The impact parameters calculated, as described 
above, are for each technology that addresses a 
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specific stress or varietal attribute. These tech-
nologies were grouped in major research 
themes (shown in Appendix, Table 32.A.1):

• Alleviate biotic stresses.

• Alleviate soil-related constraints.

• Alleviate climate-related constraints.

• Alleviate postharvest-related constraints.

• Raise the genetic yield potential.

For each major research theme, the impact 
parameters were aggregated across all stresses. 
For the income or production parameters, the 
aggregation function used was the mean 
across technology in a given major research 
theme and was interpreted as the average 
impact of  any technology within that group. 
For poverty parameters, the mean does not 
make sense because one individual cannot be 
lifted out poverty at the same time by two dif-
ferent technologies. Thus, we used a maximum 
across technologies in a given major research 
theme as aggregation function so that the 
result can be interpreted as the minimum 
number of  people that will be lifted out of  pov-
erty by any technology within the particular 
research theme.

Extrapolation from farmer or 
village level to country level

Number of rice farmers 
and rice-farming population

The extrapolation from farmer and village level 
to country level is based on the estimation of  the 
total number of  rice farmers in each country. 
Because of  the lack of  national estimates of  the 
total number of  rice farmers per country, we 
combined household-survey and secondary 
data to provide estimates.7

The total number of  rice-farming house-
holds Nh in each of  the countries included in 
our analysis was estimated by taking the ratio 
of  the country’s total rice harvested area S
(obtained from FAOSTAT, 2010) and the aver-
age rice area per household sh (estimated from 
the farm-household surveys) and projected 
over time assuming constant population 
growth of  g = 2.5% (average rural popula-
tion growth in sub-Saharan Africa from 
the World Development Indicators [World 

Bank, 2010]).8 The formula used is 
N S

s gh
h

= ´ +( )1 r , where r stands for time.

To get the distribution across rice-growing 
environments, we multiplied the proportion of  
rice farmers by environment (estimated from the 
household survey) by the total number of  rice 
farmers in the country (see Diagne et al., Chapter 3, 
this volume, Appendix, for details). This assumes 
that the structure of  the rice farmers by environ-
ment will remain stable over time. The total rice-
farming population size in the country was 
estimated by multiplying the total number of  
rice-farming households (as estimated above) by 
the average household size. Missing values for 
average area and household size were estimated 
by taking the average across neighbours.

From farmer to country level

The potential benefit of  rice research and its 
expected poverty impacts for rice-producing 
farmers in sub-Saharan Africa were assessed 
for 38 rice-producing countries. The house-
hold- and village-level impacts estimated from 
data on 16 countries were used to extrapolate 
impact at national level for the 38 countries. 
The 38 countries included are: Angola, Benin, 
Burkina Faso, Burundi, Cameroon, Central African 
Republic, Chad, Comoros, Congo Republic, Côte 
d’Ivoire, Democratic Republic of  Congo (DRC), 
Ethiopia, Gabon, The Gambia, Ghana, Guinea, 
Guinea-Bissau, Kenya, Liberia, Madagascar, 
Malawi, Mali, Mauritania, Mozambique, Niger, 
Nigeria, Rwanda, Senegal, Sierra Leone, Somalia, 
South Africa, Sudan (including South Sudan), 
Swaziland, Tanzania, Togo, Uganda, Zambia 
and Zimbabwe. The total rice area harvested in 
these countries in 2009 was about 9.9 million 
hectares, which represents 99.3% of  the total 
harvested area of  sub-Saharan Africa. Their 
total paddy rice production for the same year 
was 19.1 Mt (99.1% of  the sub-Saharan 
African total). Thus, the results of  this analy-
sis can be considered to be applicable for all of  
sub-Saharan Africa.

For each country included in the analysis, 
the impact on individual farmers’ income or pro-
duction was extrapolated to country level by 
multiplying the average impact estimates by the 
estimates of  total number of  adopting farmers in 
the country. To see that this provided a consist-
ent estimate of  the total benefit to rice farmers at 
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the national level, we let ȳh be the increase in the 
average household income, N the average popu-
lation size of  rice farmers in the country and 
A the adoption rate, so that the total benefit at 
country level is T = A × N × ȳh. Now, the total 
number of  adopting rice farmers, Na = A × N and 
T = Na × ȳh.

From village to country level

The poverty impact estimated at the village level 
was multiplied by the total rice-farming popula-
tion size in the country. To show that this pro-
vides a consistent estimate of  the reduction in 
the total number of  poor rice farmers at the 
national level, let Pv be the reduction in the aver-
age village poverty headcount and Nv the aver-
age population size of  rice farmers in a village, so 
that the average number of  rice farmers in a vil-
lage lifted out of  poverty is Qv = Nv × Pv. Now, if  Q
is the total number of  people living in rice-
farming households lifted out of  poverty in the 
whole country, N the total number of  people liv-
ing in rice-farming household in the country, Na

the total number of  adopting rice farmers, Ka the 
total number of  rice-farming villages with adop-
ters, Nv

a the average population size of  adopting 
rice farmers in a village, then we have Na = Ka ×
Nv

a, so that Q K Q Q N Pa
v

a

v
a v

a

v
a v v
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= ´ = ´ = ´ ´ .
If A is the adoption rate (assumed to be the same 
at both village and national levels), then we have 
Na = A × N and Nv

a = A × Nv. So that 
Q N P N PN

N

a

v
a v v v= ´ ´ = ´ . This extrapolation to 

country level was done for each proposed 
research options using the calculated estimate of  
individual farmer- or village-level impact.

Aggregation

For each proposed research options all income 
gain and poverty reductions were summed to get 
the gross income benefit and total poverty reduc-
tion for all countries. The income benefit by 
region, rice environment and research disci-
pline was obtained by summing the benefit 
across all proposed research options and restrict-
ing the sum to the level of  disaggregation of  
interest. The poverty levels by region, rice envi-
ronment and research discipline were obtained 
by calculating new parameters at the level of  
interest using a max aggregation function. The 
new parameters were then used to obtain impact 

by country or rice environment and summing 
the result at the disaggregation level of  interest.

Estimation of the Impact of Rice
Research on Rice Processors, 

Traders and Consumers

Rice processors and traders

Rice processing involves several activities. At 
each step significant numbers of  farmers and 
processors experience significant losses (see 
Futakuchi et al., Chapter 25, this volume). 
Postharvest losses in rice can be divided into 
quantitative and qualitative losses due to the 
rudimentary handling methods used in many 
sub-Saharan African countries. It is estimated 
that, on average, quantitative postharvest losses 
of  rice at farm level in Africa are in the order of  
15–20% (AfricaRice, 2010).

In addition, if  rice paddy is not harvested 
and stored on time, or is dried too quickly, the 
proportion of  rice grains that break during the 
milling process is usually high. Suboptimal dry-
ing and storage practices by farmers often result 
in good-quality paddy rice being mixed with 
damaged paddy, weed seeds, insect residues, 
sand and stones. Separation of  broken from 
whole grains and removal of  impurities is possi-
ble, but only with equipment available in large-
scale rice milling operations. Farmers also tend 
to mix paddy from different varieties when har-
vesting, drying or storing rice. But, different rice 
varieties have different milling characteristics.

As a consequence, there is a significant 
quality gap between locally produced and 
imported rice. The locally produced rice that is 
sold on African markets tends to be made up of  a 
mixture of  broken and whole-grain rice of  differ-
ent varieties, sizes and colours. Rice grains are 
also often mixed with weed seeds, stones, sand 
and insect residues (Lançon et al., 2003). Thus, 
qualitative losses, estimated by the price differ-
ential between imported and locally produced 
rice, range from 15% to 50%, with an average of  
30% in many countries.

To address these constraints, scientists 
have proposed a set of  research options that 
would generale technologies of  good harvest 
and postharvest handling and timing practices 
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that will be made available to farmers and pro-
cessors to increase milling performance and the 
overall quality of  locally produced rice. Improved 
handling practices and technologies can signifi-
cantly reduce rice paddy and grain losses due to 
poor harvesting and rice processing technolo-
gies (Wadsworth, 1991; Wang and Luh, 1991; 
Hosokawa, 1995).

We assumed that with adoption of  
improved processing practices and technologies 
by rice processors, the milling rate will signifi-
cantly increase from its current average value of  
60% (Totté, 1995) to almost 67% starting from 
2013. We further assumed that the percentage 
of  head rice after milling will increase from 11% 
to 20% and the percentage of  broken rice will 
significantly decrease from 59% to 50%. These 
estimates are conservative. For the traders, the 
assessment is done by assuming that the quality 
of  local rice will increase. The increase is meas-
ured as the reduction of  the price gap between 
local and imported rice.

In the absence of  survey data on rice pro-
cessors and traders, we made the assumption 
that the percentage of  rice paddy that will be 
processed using the improved technologies pro-
posed by scientists will follow a logistic curve 
with an initial adoption rate of  0.5% in starting 
year 2013 and a peak adoption rate of  35% in 
2020. For each year, we forecast the total paddy 
production and then applied the new technical 
parameters to compute the increase in milled 
rice resulting from the adoption of  these tech-
nologies. The increase in milled rice is valued at 
processor margins to estimate the income ben-
efit for rice processors. The price increase 
attributed to the increase in rice quality is used 
to estimate the benefit for rice traders.

Rice consumers

For rice consumers, it is assumed that the 
expected increase in production and quality of  
local rice through adoption of  the technologies 
generated by the proposed research options will 
be translated into a decrease in rice price com-
pared to the level it may reach in the absence of  
research.

Using an econometric model with the price 
of  milled rice at each village level as dependent 

variable and the proxy for the technologies 
generated by each proposed research option 
and other village characteristics as covariates, 
we estimated the level of  this price effect. This 
price effect combined with poverty data from 
the World Development Indicators (World Bank, 
2010), rice expenditure shares provided by the 
African Development Bank (Koffi Marc Kouakou, 
AfDB, Tunis, Tunisia, 20 August 2010, per-
sonal communication) and estimated popula-
tion of  non-rice farmers in sub-Saharan Africa 
(obtained by subtracting the number of  rice 
farmers estimated above from the total country 
population from World Bank, 2010) projected 
over time, we calculated the expenditure sav-
ings on rice by poor consumers. This aggregated 
expenditure saving has been redistributed to 
estimate the number of  poor consumers that 
will be lifted out of  poverty. Translation into 
additional rice that can be bought enabled us to 
calculate the amount of  additional caloric con-
sumption and the number of  people that could 
be lifted out of  hunger among poor consumers.

Presentation of the Data

The data used for the priority-setting exercise 
come from various sources, both primary and 
secondary: (i) household- and community-level 
surveys conducted in 21 countries in 2009 
(AfricaRice, 2010); (ii) a rice experts survey con-
ducted during the AfricaRice Science Week in 
2010; and (iii) secondary sources such as 
FAOSTAT (2010) and World Development 
Indicators (World Bank, 2010). This section 
describes the data used and the various transfor-
mations made.

Household and community data

Rice data system for sub-Saharan 
Africa: overview

The rice data system for sub-Saharan Africa 
was a project funded by the Government of  
Japan to address the need for better-quality rice 
data, research and development (R&D) priority-
setting and monitoring. Household and commu-
nity surveys were conducted in 21 countries, 
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members of  the Coalition for African Rice 
Development (CARD)9 by AfricaRice in collabo-
ration with NARS and national agricultural 
statistics services. This work aimed to collect 
household- and community-level data on the 
biotic, abiotic and socio-economic constraints 
to rice production. In addition, other data were 
gathered – farmer knowledge of  varieties and 
their adoption, the farmers’ perception of  the 
characteristics of  varieties, household demograph-
ics, access to seed, area harvested and total pro-
duction, assets, access to infrastructure, etc. The 
sample sizes ranged from 370 (The Gambia) to 
10,500 (Nigeria) rice-farming households per 
country in the household surveys.

A wide range of  constraints were identified 
across growth environments. For each con-
straint, farmers were asked whether they knew 
it or not. They were also asked to rate the con-
straint when it occurred in terms of  intensity on 
a three-point scale (high, medium and low). 
After rating all constraints, they identified the 
five major ones and were then asked three ques-
tions: (i) Have you experienced the constraint in 
the past 5 years? (ii) What was the proportion of  
area affected by the constraint in the past 
3 years? (iii) What was the yield loss (%) on a 
whole-field basis when the constraint was expe-
rienced in the past 3 years? (See Diagne et al.,
Chapter 4, this volume, for more details.)

A single list of  known traditional and mod-
ern varieties was compiled for each village via 
focus groups. In a given village, each surveyed 
farmer was asked whether he or she knew each 
village variety; whether he or she had grown it 
during the past 5 years; and, if  grown, what was 
the area allocated, the quantity of  seed used, the 
quantity of  paddy produced, and other pertinent 
questions.

A pool of  varietal attributes was identified 
by AfricaRice scientists. Because of  the relatively 
large number of  traditional varieties known and 
cultivated in many of  the villages surveyed, the 
variety performance was evaluated at commu-
nity level. Measuring the characteristics intrin-
sic to a variety is complex. Instead of  having the 
exact measure, we used a ranking method to 
assess varietal characteristics. Each variety’s 
performance for all attributes identified was 
assessed on a three- or five-point scale by a focus 
group of  rice farmers in the village. The score 
was then used as a proxy for the varietal 

attribute. The scores given by the farmers were 
normalized by dividing by the maximum possi-
ble score (3 or 5) to give an index of  between 
0 and 1. Some of  the grouped varietal charac-
teristics scores (e.g. for diseases, insects) were 
obtained by aggregating the scores of  the indi-
vidual components making up the group using 
geometric mean (see Appendix, Table 32.A.1). 
These scores, from village level, were integrated 
into the household-level file by matching by 
variety and village. Missing values were cor-
rected using averages by country, village, variety 
type and rice environment.

Data were collected for 21 countries, but 
completely processed for only 16 countries.10

Thus, the models are estimated using only 16 
countries’ data. The estimated parameters were 
then used for all the countries included in the 
analysis. The survey questionnaire was almost 
the same for the 21 countries, except a few 
aspects that varied across countries. The data for 
the 16 countries were pooled.

To assess the probability of  adoption of  a 
given variety in a village, we pooled the data as 
an unbalanced panel. One observation is 
defined by a pair (h, j), where h is the index for 
household and j for variety of  the village. Thus, 
the data were balanced at village level in each 
country.

The income variable used in the impact 
model was total household income. The survey 
captured household income from various 
sources and for the previous 3 years. A house-
hold’s income comes from rice production, other 
crop production, livestock production and non-
agricultural activities (handicrafts, commerce, 
work as labourers, formal employment, extrac-
tion, processing, etc.). The total household 
income was obtained as the sum of  income from 
the sources identified for all household mem-
bers.11 For uniformity, the incomes were con-
verted from local currency to US dollars using 
the exchange rate of  each currency (from World 
Bank, 2010). The household total paddy pro-
duction was obtained by summing the house-
hold paddy production across varieties and 
plots. We calculated each village poverty head-
count by using household per-capita income 
and the poverty line used was the $1.25 per day 
poverty line multiplied by each country’s 
purchasing power parity (PPP) value (World 
Bank, 2010).
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Rice data system for 
sub-Saharan Africa: results

A detailed descriptive analysis of  the household 
and community survey data is available in 
AfricaRice (2010). Here we present some of  the 
key descriptive findings related to the farmers’ 
knowledge and adoption of  varieties and the 
demand for varietal characteristics.

VARIETAL ADOPTION. For a given variety in a 
village, about 47% of  farmers knew it and 
29% cultivated it. Among the ‘exposed’ popu-
lation (i.e. those who knew it), the adoption 
rate was estimated at 62.4%. The average 
treatment effect of  adoption of  a village variety 
in the overall population was 61.4%, while it 
was 60.5% in the population of  farmers not 
exposed to the village variety (see Appendix, 
Table 32.A.2). The population selection bias 
was only 1% (see Appendix, Table 32.A.2). 
This low selection bias may be due to the fact 
that we focused on any village variety, not on a 
particular variety. The gap between the poten-
tial probability of  village variety adoption and 
the actual adoption rate was estimated at 
32.3% (Table 32.A.2).

VARIETAL CHARACTERISTICS DEMAND. Because of  
the relatively large number of  varietal attrib-
utes evaluated (27), we grouped some of  them 
using their geometric mean (see Appendix, 
Table 32.A.1). This geometric mean is the most 
suitable aggregation function due to the nature 
of  the varietal characteristics to be grouped, 
the values of  which are in the interval 0–1. For 
all the varietal attributes, the known fron-
tiers, the maximum value of  the attribute for 
the known varieties, are low. The demands, 
measured as the average value for the adopted 
varieties, are on average medium and close 
to the frontier (see Appendix, Table 32.A.3). 
Thus, there is a need to improve the varietal 
characteristics by developing improved varie-
ties with higher performance than the existing 
ones (see also the estimates of  the character-
istics demand elasticities in the Appendix, 
Table 32.A.4).

IMPORTANCE OF MAIN RICE PRODUCTION CON-
STRAINTS. Constraint analysis focused only on 
biophysical constraints. The socio-economic 

constraints are not considered here and will be 
analysed in later work. Some grouping was 
made to reduce the number of  constraints 
assessed (see ‘sub-category’ in Appendix, Table 
32.A.1). The yield loss of  a given group is the 
average across the constraints in that group. 
Also, a farmer experiencing at least one con-
straint in a group is assumed to have experi-
enced this group of  constraints (see Diagne et al.,
Chapter 4, this volume, for more details on the 
methodology and findings).

On average, more than 30% of  the har-
vested area of  farmers who experienced at least 
one major constraint was affected. Soil-related 
constraints, climate-related constraints and 
weeds were the most common, with 37%, 36% 
and 33% of  the area affected, respectively. The 
yield losses caused by the constraints when expe-
rienced were high and depended on the environ-
ment. Climate-related constraints caused on 
average 28% yield loss in irrigated and upland 
environments (see Appendix, Table 32.A.5).

Scientist survey

Priority-setting workshop: overview

A 2-day priority-setting workshop was organ-
ized during the 2010 AfricaRice Science Week. 
During this workshop, a questionnaire-based 
survey developed by the AfricaRice Priority-
setting Task Force was conducted. The survey 
was addressed to AfricaRice experts to elicit 
research options to address rice production con-
straints. Scientists proposed research options by 
rice environment and type of  research. The 
expected impact in terms of  yield loss reduction, 
narrowing of  the yield gap or increase in the 
yield potential under researcher-managed con-
ditions was provided by the experts for each pro-
posed research option. The yield loss reduction 
R given in tonnes per hectare was turned into a 
percentage using the formula:

r R
l

y= ´ ´ -æ
è
ç

ö
ø
÷´100 1

100
1 (32.6)

in which y is the actual on-farm yield, l the 
actual average yield loss as perceived by the 
farmer, r the yield loss reduction (%) expected 
from the technology. This implies that with 
the adoption of  the technology, resulting from 



Impact of Research on Income, Poverty and Food Security 403

the research option the yield loss perceived by 
the farmer will be reduced from l% to (l − r)%.
Experts were also asked to indicate associated 
research costs, probability of  success, and the 
expected year of  delivery of  the technologies 
from the proposed research option.

Priority-setting 
workshop: results

The analysis of  the data from the survey of  rice 
experts revealed a wide variety of  proposed 
research options across research disciplines 
(breeding, agronomy, postharvest) and rice 
environments. The average yield loss reduc-
tions expected from research options mitigating 
the effects of  various biotic and abiotic stresses 
are 0.6 t/ha in irrigated, 0.5 t/ha in rainfed 
lowland and 0.45 t/ha in upland environ-
ments. The average yield potential increases 
for research options raising yield potential are 
1.5 t/ha for irrigated, 1 t/ha for upland and 
1.4 t/ha for rainfed lowland environments. 
Estimates of  yield gains from research options 
refer to conditions in researcher-managed trials. 
The average time to delivery of  the technologies 
from the proposed research was slightly more 
than 4 years and the average probability of  suc-
cess was slightly above 60% (see Appendix, 
Tables 32.A.6 and 32.A.7 for details of  scien-
tists’ estimates).

Patterns of Expected Income 
Benefits and Poverty Reduction

This section presents the main findings of  the 
ex-ante analysis of  the impact of  rice research 
in sub-Saharan Africa. The results focus on 
income, poverty reduction and food security. 
Disaggregation across rice value-chain actors, 
research option, rice environment, research 
nature and region are made. The first sub-section 
focuses on gross income benefit, while the sec-
ond sub-section presents impact on poverty 
reduction and food security. The parameter 
estimates of  the model used to project impact 
are presented in the Appendix, Table 32.A.8. 
The results disaggregated by country are also 
presented in the Appendix for reference 
(Tables 32.A.10 to 32.A.12).

Income benefits

Aggregated income benefits
 by actors and region

The estimation of  the potential impact of  
research targeted to reduce yield loss due to the 
major production constraints identified by 
farmers, to raising the yield potential and to add-
ing quality to rice is a global cumulative 
5%-discounted benefit of  $10.6 billion over the 
7-year period 2014–2020 for the 38 countries 
included in the analysis, with an average annual 
benefit of  $1.8 billion.

The disaggregation of  the income gain 
across the value-chain actors and per region is 
presented in Table 32.1.

The estimated potential impact of  research 
targeted to reduce the yield gap and increase 
grain quality through better crop management 
and postharvest practices, and to raising the 
yield potential through higher-yielding varieties 
is an annual income benefit of  $1.1 billion 
for rice farmers, corresponding to a global 
cumulative 5%-discounted benefit of  $6.9 
billion over the 7-year period 2014–2020.

As a result of  increased rice supply, domes-
tic prices in major rice-producing countries in 
Africa are expected to be on average 7.2% lower 
than the baseline level (i.e. without research). 
Translating this price effect, it is expected that 
annual expenditure on rice by non-rice-farming 
consumers under the $1.25 poverty line will be 
reduced by $650.6 million (PPP) by 2020 (hold-
ing consumption constant), corresponding to a 
global cumulative 5%-discounted benefit of  
$3.3 billion.

By improving rice processing technologies 
and reducing losses, it is expected that the quality 
of  locally produced rice will be increased, generat-
ing more revenue for rice processors and rice trad-
ers. These benefits are estimated at $64.2 million 
annually (cumulative 5%-discounted, $323.7 
million) for rice processors and $30.8 million 
annually (cumulative 5%-discounted, $155.3 
million) for rice traders.

In terms of  regional distribution on income 
gain, West Africa would have the highest impact, 
followed by East Africa, Central Africa and finally 
Southern Africa. This pattern is almost the same 
for all rice value-chain actors. Country-specific 
detail is provided in the Appendix, Table 32.A.9.
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Income benefits for farmers 
by type of research

The impact on farmers’ income by type of  
research grouped into major research themes 
for all sub-Saharan African countries and across 
rice environments is presented in Table 32.2.

For all types of  research and for all sub-
Saharan African farmers, the expected gross dis-
counted benefit on farmer income is estimated at 
$851.7 million in 2014 (starting year of  adop-
tion of  the research-generated technology by 
farmers), reaching $6.9 billion in 2020. These 
benefits correspond to an annual discounted 
benefit of  $1.1 billion from 2014 to 2020. The 
main assumption underlying these figures is 
that the impact of  the types of  research is addi-
tive (as explained in the methodology section). 
Consequently, the gross benefits for all types of  
research were obtained by summing the indi-
vidual benefits for each types of  research.

Disaggregation across types of  research 
shows that the share of  gross discounted 
cumulated benefits attributable to research 

that addresses major biophysical production 
constraints are the most important, with $336.5 
million annually for research that addresses 
major biotic constraints, $320.5 million annu-
ally for research to alleviate climate-related 
constraints, and $220.1 million annually for 
research addressing soil-related constraints 
(Fig. 32.4).

Research that raises genetic yield potential 
is expected to generate an annual income gain 
of  $126.6 million, representing 11.5% of  the 
total gross benefit. Research that alleviates 
postharvest loss at farmer level will generate 
$94.8 million annually, about 8.6% of  the total 
annual income gained due to successful research 
in sub-Saharan Africa till 2020.12

The corresponding gross cumulative dis-
counted benefits in 2020 are $2.2 billion for alle-
viating biotic constraints, $2.0 billion for 
alleviating climate-related constraints, $1.3 billion 
for alleviating soil-related constraints, $0.8 billion 
for raising yield potential and $0.7 billion for 
postharvest loss reduction.

Table 32.1. Benefit of research on value-chain actors’ income by region ($ million discounted at 5%) for 
2014–2020.

Region Farmers Consumers Processors Traders All actors

Gross annual benefit
Central Africa 109.4 66.6 7.7 3.75 187.5
East Africa 274.3 183.1 18.7 8.97 485.0
Southern Africa 2.6 16.8 1.5 0.77 21.7
West Africa 712.1 384.1 36.3 17.34 1,150.0
sub-Saharan Africa 1,098.5 650.6 64.2 30.80 1,844.2

Gross cumulative benefit
Central Africa 697.5 333.0 38.6 18.90 1,088.1
East Africa 1,714.0 915.4 94.3 45.19 2,768.8
Southern Africa 16.5 84.1 7.8 3.86 112.3
West Africa 4,458.5 1,920.7 183.0 87.39 49.6
sub-Saharan Africa 6,886.6 3,253.2 323.7 155.30 10,618.7

Table 32.2. Gross discounted income benefits of research options as grouped by major research theme 
($ million).

Starting year (2014) End year (2020) Annual

Biotic constraints 253.6 2,161.9 336.5
Soil-related constraints 159.9 1,349.8 220.1
Climate-related constraints 260.2 2,004.9 320.5
Postharvest-related constraints 87.9 649.0 94.8
Yield potential 90.0 720.8 126.6
All research options 851.7 6,886.6 1,098.5
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Income benefits for farmers by 
rice environment

In terms of  rice-growing environment, the 
rainfed lowland environment comes in first 
position for all research options with annual 
income benefit of  $497.8 million, upland 
comes in second place with annual benefit of  
$430.1 million, irrigated follows with annual 
benefit of  $145.4 million and then other envi-
ronments with annual benefit of  $24.8 million 
(Fig. 32.5). The high potential impact observed 
in rainfed lowlands is mainly driven by Nigeria, 
where this is the major rice environment (70% 
of  rice farmers) (see also Appendix, Table 
32.A.10).

Gross cumulated discounted benefit in 
2020 will reach $3.0 billion for the rainfed 
lowland environment, $2.8 billion for upland 
environment, $0.9 billion for irrigated environ-
ment and $0.1 billion for the other environ-
ments (Table 32.3).

The impact varies across rice environments 
for each region (Fig. 32.6).

In general, rainfed lowland is the major 
rice environment in West Africa, mainly in 
Nigeria. The annual income benefit for lowland 
in this region represents 49.8% of  the total 
annual income benefit, while the upland envi-
ronment has a share of  42.0%, the irrigated 
environment 6.2% and the other environments 
2.0%. In East Africa, the trend is different, with 
rainfed lowland annual income benefit share 
equal to 47.3%, irrigated second with 30.7%, 
upland third with 18.6% and the other rice 
environments 3.4%. In Central Africa, the 
dominant environment in terms of  annual 

income benefit is upland (71.6%), followed by 
irrigated (15.4%), rainfed lowland (12.0%) and 
the others (1.0%). Southern Africa income ben-
efits come mainly from the upland environment 
(92.0%) and to some extent from the irrigated 
environment (8.0%).

The benefit in terms of  value by region and 
environment is presented in Table 32.4.

Income benefits for farmers 
by research discipline

In terms of  research discipline, breeding 
research comes in first position with annual 
income benefits of  $426.8 million, followed 
by agronomic research with annual income 
benefits of  $303.4 million. Postharvest 
research will have an annual income benefit 
of  $166.0 million, and all other types of  
research are expected to have an annual 
income benefit of  $202.2 million (Fig. 32.7).

Biotic constraints

Soil-related constraints

Climate-related constraints

Postharvest-related constraints

Yield potential

31.0%

20.0%

29.0%

9.0%

11.0%

Fig. 32.4. Share of gross annual benefit attributable to technologies as grouped by major research themes.

Fig. 32.5. Share of gross annual benefit 
attributable to each rice-growing environment.
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Table 32.3. Income benefits ($ million) of research options as grouped by major research themes and 
rice environments.

Irrigated
Rainfall
Lowland Upland Others

All rice 
environments

Impact on income in first year of adoption
Biotic stresses 36.1 114.8 97.3 5.5 253.6
Soil-related constraints 19.7 79.2 56.7 4.3 159.9
Climate-related constraints 36.3 115.0 99.6 9.2 260.2
Postharvest-related constraints 8.3 41.7 36.7 1.3 87.9
Yield potential 11.6 43.8 34.6 0.0 90.0
All research options 112.0 394.5 324.8 20.3 851.7

Aggregate (gross cumulated) discounted impact on income in 2020
Biotic stresses 303.2 958.7 851.0 49.1 2161.9
Soil-related constraints 185.4 609.2 522.2 33.0 1349.8
Climate-related constraints 263.8 860.1 824.9 56.2 2004.9
Postharvest-related constraints 61.7 305.3 272.5 9.5 649.0
Yield potential 112.3 314.2 294.3 0.0 720.8
All research options 926.3 3047.6 2764.9 147.8 6886.6

Annual discounted impact on income in 2020
Biotic stresses 47.6 149.4 131.7 7.7 336.5
Soil-related constraints 28.6 104.3 81.5 5.7 220.1
Climate-related constraints 42.6 140.8 127.1 10.0 320.5
Postharvest-related constraints 9.1 44.6 39.8 1.4 94.8
Yield potential 17.5 58.7 50.5 0.0 126.6
All research options 145.4 497.8 430.5 24.8 1098.5

These annual income gains, aggregated 
over time to 2020, would yield a gross cumula-
tive discounted benefit of  $2.3 billion for breed-
ing research, $2.0 billion for agronomic 
research, $1.2 billion for postharvest research 
and $1.4 billion for other research.

Comparison across major research themes 
shows that the contribution of  breeding to 
research alleviating soil-related constraints will 
be slightly greater than its contribution to 
research alleviating biotic stresses and 
research alleviating climate-related constraints 

Fig. 32.6. Share of gross annual benefit attributable by rice environment and region.
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(Fig. 32.8). Only breeding research can help in 
raising yield potential. Table 32.5 provides more 
details on impact by research theme and 
research discipline.

Poverty reduction and food security

Giving these income gains, corresponding 
(i) poverty reduction in terms of  number of  
people lifted out of  poverty and (ii) improve-
ment in food security in terms of  number of  
people that can afford to reach caloric suffi-
ciency were also estimated (only for rice-farming 

households and non-rice-farming consumers).13

As explained in the methodology, aggregation 
of  poverty reduction across research options 
was done by using ‘max’ as aggregation func-
tion (to count for the fact that being lifted out of  
poverty is a one-time event – excluding the pos-
sibility of  drop back into poverty). So, the 
results presented here are the minimum yearly 
poverty reduction.

Aggregated poverty and food-insecurity 
reduction by actor and region

The results in terms of  poverty reduction and food-
insecurity reduction are presented in Table 32.6 
(see Appendix, Table 32.A.11 for the results disag-
gregated by country).

As a result of  the rice research in sub-
Saharan Africa, at least 4.2 million people in rice-
farming households will be lifted above the $1.25 
poverty line (in 2005 PPP) in 2020. Also the 
expenditure saving realized by non-rice-farming 
consumers will equate to 6.8 million urban and 
rural rice consumers (excluding rice-producing 
farmers) being lifted above the $1.25 poverty line 
in 2020. In total, at least 11 million people in the 
38 sub-Saharan African rice-producing coun-
tries will be lifted out of  poverty in 2020, reduc-
ing the overall number of  poor by 4%.

Table 32.4. Income benefits ($ million) by region and rice environment.

Irrigated
Rainfed 
lowland Upland Others

All rice 
environments

Impact on income in first year of adoption
Central Africa 13.0 10.4 59.1 0.9 83.4
East Africa 64.9 102.8 38.4 7.7 213.8
Southern Africa 0.2 0.0 1.8 0.0 1.9
West Africa 34.0 281.3 225.6 11.7 552.4
sub-Saharan Africa 112.0 394.5 324.8 20.3 851.7

Aggregate (gross cumulated) discounted impact on income in 2020
Central Africa 107.3 80.4 502.9 6.8 697.5
East Africa 536.9 794.3 326.8 56.0 1714.0
Southern Africa 1.3 0.0 15.2 0.0 16.5
West Africa 280.8 2172.9 1919.9 84.9 4458.5
sub-Saharan Africa 926.3 3047.6 2764.9 147.8 6886.6

Annual discounted impact on income in 2020
Central Africa 16.8 13.1 78.3 1.1 109.4
East Africa 84.3 129.7 50.9 9.4 274.3
Southern Africa 0.2 0.0 2.4 0.0 2.6
West Africa 44.1 354.9 299.0 14.2 712.1
sub-Saharan Africa 145.4 497.8 430.5 24.8 1098.5

Fig. 32.7. Share of gross annual benefit 
attributable by research discipline.
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Fig. 32.8. Share of gross annual benefit attributable to research disciplines as grouped per major 
research theme.

Table 32.5. Income benefits ($ million) of research options as grouped by major research themes and 
disciplines.

Agronomy Breeding Postharvest Other All types

Impact on income in first year of adoption
Biotic stresses 93.2 74.1 46.5 39.9 253.6
Soil-related constraints 48.5 73.7 0.0 37.7 159.9
Climate-related

constraints
86.3 74.2 56.4 43.2 260.2

Postharvest-related 
constraints

0.0 0.0 63.7 24.3 87.9

Yield potential 0.0 90.0 0.0 0.0 90.0
All research options 228.0 312.0 166.6 145.0 851.7

Aggregate discounted impact on income in 2020
Biotic stresses 927.1 604.9 308.9 321.0 2161.9
Soil-related constraints 470.5 436.5 0.0 442.8 1349.8
Climate-related constraints 627.3 584.6 388.7 404.4 2004.9
Postharvest-related 

constraints
0.0 0.0 459.3 189.8 649.0

Yield potential 0.0 720.8 0.0 0.0 720.8
All research options 2024.9 2346.7 1156.9 1358.1 6886.6

Annual discounted impact on income in 2020
Biotic stresses 133.6 107.4 44.9 50.5 336.5
Soil-related constraints 67.2 89.6 0.0 63.3 220.1
Climate-related

constraints
102.6 103.2 55.5 59.2 320.5

Postharvest-related 
constraints

0.0 0.0 65.6 29.2 94.8

Yield potential 0.0 126.6 0.0 0.0 126.6
All research options 303.4 426.8 166.0 202.2 1098.5
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It is anticipated that the improved purchas-
ing power generated by the uptake of  improved 
rice technologies will help undernourished peo-
ple in Africa to be able to afford to reach caloric 
sufficiency and more balanced diets. As a result 
of  increased availability and reduced prices, 
5.6 million undernourished people will reach 
caloric sufficiency in Africa, reducing the num-
ber of  food-insecure people by 6%.

In terms of  regional distribution of  poverty 
reduction, it is expected that by 2020 some 
6.8 million people will be lifted out of  poverty 
in West Africa, 2.7 million in East Africa, 
1.0 million in Central Africa and 0.5 million in 
Southern Africa.

In terms of  regional distribution of  reduc-
tion of  undernourished people, it is expected 
that by 2020 some 3.6 million undernourished 
people will be able to afford to reach caloric suf-
ficiency in West Africa, 1.4 million in East Africa, 
0.5 million in Central Africa and 0.1 million in 
Southern Africa (see Appendix, Table 32.A.12 
for the results disaggregated by country).

Poverty reduction for farmers 
by research theme

Analysis for the major research themes shows a 
wide divergence in their impact upon farmer 
poverty (Table 32.7).

Poverty reduction will be greatest for res-
earch that addresses biotic constraints, followed 
by research that addresses climate-related con-
straints, research to alleviate soil-related con-
straints, research to reduce postharvest losses 

and finally research to raise yield potential 
(Table 32.7). Only the most effective research 
theme contributes to the overall value to avoid 
double counting.

Poverty reduction for farmers 
by environment

As noted earlier, the major environment in 
terms of  number of  farmers is rainfed low-
land. It is also in this environment that the 
expected poverty reduction will be highest. 
The general picture in poverty reduction is 
almost the same as the distribution of  farmers 
across major rice-growing environments. The 
number of  people living in rice-farming house-
holds that will annually be lifted out of  poverty 
will be 2.0 million in the rainfed lowland envi-
ronment; 1.4 million for upland, 0.7 million 
for irrigated and 0.1 million for other environ-
ments (Fig. 32.9).

Poverty reduction for farmers 
by research discipline

Agronomic research will yield the highest pov-
erty reduction in the early years (2.5 million 
people), followed by breeding (0.83 million), 
postharvest research (0.31 million) and other 
research (0.24 million). By 2020, this trend will 
change as the starting year and growth of  
impact significantly differs from one research 
discipline to another. Thus, breeding will come 
in first position, followed by agronomy, posthar-
vest and finally other research types (Fig. 32.10).

Table 32.6. Poverty and food-insecurity reduction for rice farmers and consumers 
by region in 2020 (millions of people).

Region Farmers Consumers Total

Number of people lifted above the PPP $1.25 poverty line
Central Africa 0.3 0.7 1.0
East Africa 1.0 1.6 2.7
Southern Africa 0.0 0.5 0.5
West Africa 2.8 4.0 6.8
sub-Saharan Africa 4.2 6.8 11.0

Number of people no longer undernourished
Central Africa 0.1 0.4 0.5
East Africa 0.4 1.0 1.4
Southern Africa 0.0 0.1 0.1
West Africa 0.7 2.9 3.6
sub-Saharan Africa 1.2 4.4 5.6
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As with income impact, there is a signifi-
cant difference among research types when 
one differentiates by major research options. 
Poverty impacts of  research to alleviate major 
stresses (biotic, climate-related, soil-related) 
derive mainly from agronomic research and to 
some significant extent from breeding. On the 
other hand, poverty reduction due to raising 
yield potential derives solely from breeding. 
Impact of  research alleviating postharvest losses 
is due to postharvest research and ‘other’ types 
of  research that could not be clearly classified 
(Table 32.8).

Research, economics and financial 
results and impact on production

This section presents the estimation of  the 
direct and indirect research costs. It also 

describes the methods used to calculate econo-
mic and financial indicators.

Estimation of research costs and 
economic and financial indicators

This research and development (R&D) will be 
conducted mainly within the framework of  the 
Global Rice Science Partnership (GRiSP), a 
CGIAR Research Programme on rice, led glob-
ally by the International Rice Research Institute 
(IRRI) in the Philippines and by AfricaRice for 
the African continent. Research costs include 
the GRiSP budget for Africa for the period 2011–
2015 and a forecasted value for 2016–2020 – a 
total of  about $420 million. They also include 
indirect costs of  dissemination of  the techno-
logies (estimated from various past projects at 
about $1.2 billion).

The benefits and costs were aggregated and 
discounted to derive the rate of  return and the 
benefit–cost ratio indicators. The financial rate 
of  return for all research activities within 
the period 2011–2020 is estimated at 84% 
and the economic rate of  return (assuming 
20% price distortion) is 61%, showing that rice 
research in Africa within GRiSP is financially 
and economically very profitable.

SUMMARY IMPACT ON PRODUCTION AND RELATED

INDICATORS.
Impact on rice production. By 2020, Africa’s 
rice paddy production will have increased 
from 18.4 Mt in 2010 to 46.3 Mt. Without the 
R&D proposed and assessed in this chapter 
and projecting each country’s production on 
the basis of  1980–2010 growth rate, the baseline 
level of  paddy production would be 31.7 Mt 
(20.6 Mt of  milled rice) in 2020. Thus, the 
research and its associated technology dissem-
ination activities will result in a rice production 
increase of  14.6 Mt of  paddy (9.5 Mt of  milled 
rice), corresponding to a 46% increase over the 
baseline scenario.

Impact on rice imports. Simple projection of  
rice consumption under the baseline scenario 
using each country’s rice consumption for the 
period 1980–2010 shows that rice consumption 
will rise from 19.8 Mt in 2010 to 35.0 Mt by 
2020. Under the baseline scenario of  no R&D, 

Table 32.7. Poverty reduction for farmers by major 
research theme (millions of people).

First year 
(2014)

End year 
(2020)

Biotic stresses 2.47 3.51
Soil-related constraints 0.66 3.34
Climate- and water-related 

constraints
1.66 3.85

Postharvest-related 
constraints

0.31 1.43

Yield potential 0.82 4.37
All research themes 2.47 4.37

Fig. 32.9. Share of poverty reduction for farmers 
by rice environment.
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Fig. 32.10. Poverty reduction for farmers (numbers of farmers lifted above the $1.25 PPP poverty line) by 
research discipline by 2020.

Table 32.8. Number of people (millions) lifted out of poverty through adoption of technologies as grouped 
by major research themes and disciplines.

Research theme

Research discipline

Breeding Agronomy Postharvest Others All types

Impact on poverty in first year
Biotic stresses 0.32 2.47 0.20 0.24 2.47
Soil-related constraints 0.38 0.66 0.00 0.20 0.66
Climate-related constraints 0.35 1.66 0.21 0.22 1.66
Postharvest-related 

constraints
0.00 0.00 0.31 0.22 0.31

Yield potential 0.82 0.00 0.00 0.00 0.82
All technologies 0.82 2.47 0.31 0.24 2.47

Impact on poverty in 2020 
Biotic stresses 1.48 3.51 0.86 1.26 3.51
Soil-related constraints 1.63 3.34 0.00 1.35 3.34
Climate-related constraints 1.86 3.85 0.96 1.24 3.85
Postharvest-related 

constraints
0.00 0.00 1.43 1.14 1.43

Yield potential 4.37 0.00 0.00 0.00 4.37
All technologies 4.37 3.85 1.43 1.35 4.37

Africa would have to import about 14.0 Mt of  
milled rice in 2020. But, with this proposed R&D 
and the production increase it will generate, 
imports will no longer reach this level, but rather 
4.9 Mt in 2020 – corresponding to a reduction 
of  67%.

The production increase and the increase in 
quality of  local rice attributed to the technolo-
gies generated by this research should lead to an 
increase in the continental rice self-sufficiency 

ratio from the current level of  60% to at least 
83% in 2020. Under the baseline scenario, this 
ratio would remain close to 60%. In 2011, only 
five countries had a self-sufficiency ratio greater 
than 70% (Tanzania, 90%; Madagascar, 89%; 
Mali, 84%; DRC, 84%; Guinea, 74%); with 
the production increases predicted, at least 
nine more countries should reach this level, and 
all countries will increase their self-sufficiency 
ratios by 2020.
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Contribution to agricultural GDP. The share 
of rice in agricultural gross domestic product 
(GDP) of  sub-Saharan African countries should 
increase from the 2010 level of  3.82% to 5.19% 
in 2020. This corresponds to a 26.5% increase 
from the baseline scenario, which assumes that 
the agricultural GDP will maintain its current 
trend. Thus, R&D on rice in Africa will con-
tribute to achieving the Comprehensive Africa 
Agriculture Development Programme target of  
6% per year agricultural growth.

Conclusion

This chapter presents the AfricaRice research 
priority-setting exercise for 2011–2020. It cov-
ers methodology and presents the projected 
impact on income and poverty reduction from 
2011 to 2020. The methodology used for this 
priority-setting borrows a lot from the method-
ologies used in the past, but also includes a num-
ber of  innovative features.

We used a systematic approach and various 
data and econometric methods. The data on rice-
growing environments, constraints to rice pro-
duction, varietal characteristics and adoption of  
improved varieties were collected from household 
and community surveys. Secondary data were 
also collected from FAOSTAT, the World Bank and 
the African Development Bank. Research-based 
technologies were elicited from scientists, together 
with their expected efficacy (yield loss reduction), 
projected costs, probability of  success and year of  
delivery. Econometric models were developed to 
assess: (i) farmer demand for rice traits and 
impact on adoption; (ii) impact of  varietal tech-
nology demand on household total income and 
village-level poverty headcount; and (iii) impact 
of  reduction of  negative effects of  production 
constraints on household total income and vil-
lage-level poverty headcount. The model param-
eters were used to estimate impact at country 
level and for countries for which survey data were 
not available. Estimations were projected over 
10 years, but taking into account the projected 
year of  delivery and the probability of  success. In 
total, the results of  the exercise covered 38 major 
rice-producing countries, which represent more 
than 99% of  the total sub-Saharan African rice 
area and production.

The priority-setting showed that the total 
cumulative discounted income benefit expected 
for all research and all sub-Saharan African 
countries will be $0.9 billion in 2014 and 
$10.6 billion in 2020, corresponding to an 
annual income gain of  $1.8 billion. As a conse-
quence of  these income gains, 2.3 million 
people will be lifted above the $1.25 PPP pov-
erty line in 2014 and 11.0 million in 2020. 
These figures hide important differences across 
research options and disciplines, regions and 
rice environments.

In terms of  type of  research, the impact of  
research to alleviate major biophysical con-
straints is most important. Thus, the main focus 
should be given to this area of  research. However, 
the significant share of  research that addresses 
postharvest constraints in the total benefit sug-
gests that there is a need to consider this area in 
the future research agenda. Also, research that 
raises yield potential needs to continue to be 
undertaken. In terms of  research discipline, 
breeding is the most important, followed by 
agronomy. Postharvest research, even though 
coming in last position, provides a significant 
share of  the total benefit.

In terms of  geographical area, the main 
rice-producing region in sub-Saharan Africa 
is West Africa, which accordingly will receive 
the highest research benefit. Research efforts 
need to continue to be focused in this region, 
with a specific focus on Nigeria, Guinea, Sierra 
Leone and Côte d’Ivoire. East Africa will be the 
second major beneficiary region and Central 
Africa third.

In general, the rainfed rice-growing envi-
ronments predominate on the continent. This 
understanding was reinforced by the priority-
setting results that showed that the rainfed 
lowlands will receive the greatest benefit from 
research, closely followed by the uplands. 
Irrigated environments, whose importance is 
increasing, will be the third major environ-
ment. The picture is slightly different across the 
regions. Rainfed lowlands and uplands are the 
major rice environments in West Africa and of  
almost equal importance. In East Africa, the 
two major rice environments are rainfed low-
lands and irrigated. In Central Africa, upland 
is the major environment, followed by irrigated 
and rainfed lowlands in almost the same 
proportion.
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Notes

1 An earlier version of this chapter was presented at the International Association of Agricultural Economists 
(IAAE) Triennial Conference, Foz do Iguaçu, Brazil, 18–24 August 2012. The results of this study have also 
been used in the AfricaRice Strategic Plan 2011–2020 (AfricaRice, 2011).
2 See WARDA (1993, 1997, 2001a,b) for more details on priority-setting at WARDA during the 1990s.
3 The National Experts Committee (NEC) is composed of the directors general of the national agricultural 
research systems (NARS) of AfricaRice’s member states; the NEC meets once a year at AfricaRice head-
quarters to discuss research progress and new directions (i.e. strategic decision-making).
4 Like other CGIAR-supported centres, AfricaRice has a Board of Trustees composed of nominees from 
member states and from non-member states. The Council of Ministers (COM), composed of Ministers of 
Agriculture or Scientific Research of member states is the highest governing body of the Center with statu-
tory meetings being held once every 2 years.
5 As in the priority-setting exercises conducted in 1990 and 2000, this one also involved a broad range of 
rice research and development stakeholder constituencies at different policy- and decision-making levels.
6 Example: a breeding research solution addressing weed competitiveness by reducing the losses due to 
weeds by x% will result in an improved variety with a weed-competiveness performance x

100
higher than 

the average weed-competiveness of existing varieties.
7 The extrapolation weight in the rice statistics data that is needed to estimate the total number of rice farm-
ers is available for only a few countries (Guinea, Nigeria, Senegal and Sierra Leone).
8 This assumes that the rice cropping intensity is once per year. Dawe et al. (2010) use the same method 
for some African and Asian countries.
9 The 21 member countries of CARD in which household and community surveys were conducted were: 
Benin, Burkina Faso, Cameroon, Central African Republic, Côte d’Ivoire, DRC, The Gambia, Ghana, 
Guinea, Kenya, Liberia, Madagascar, Mali, Mozambique, Nigeria, Rwanda, Senegal, Sierra Leone, 
Tanzania, Togo and Uganda (see www.riceforafrica.org).
10 Data for Guinea, Liberia and Mozambique were not in the right format and had not been aggregated with 
the others. Data for The Gambia and Tanzania were not completely processed.
11 The survey does not directly measure income at household-member level. During the interviews, the 
enumerators evaluated the income of each member and summed these to get the income of the household.
12 These do not include postharvest-research benefits at processor level.
13 Processors and traders are considered as non-rice-farming consumers.
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Table 32.A.1. Stress grouping and correspondence between stress and varietal characteristics.

Major research theme Sub-category Varietal characteristics Stress

Alleviate biotic stresses Weeds Weed competitiveness Weeds
Insects Resistance Insects (termites, 

African rice gall 
midge, stem borers)

Birds Resistance Birds
Diseases Resistance Diseases (bacterial leaf 

blight, blast, Rice
yellow mottle virus)

Nematodes
Alleviate soil-related 

constraints
Soil and nutrients Resistance Zn deficiency

Salinity/Alkalinity
Deficiency/low use 

efficiency of N, P, K
Iron (Fe) toxicity
Acidity

Alleviate climate- 
related constraints

Climate and water Resistance Drought
Flooding
Heat stress
Cold stress

Alleviate postharvest-
related constraints

Postharvest Threshability, milling 
recovery

Postharvest losses

Raise the genetic 
yield potential

− Yield potential −

Appendix

Table 32.A.2. Village variety exposure and adoption rate.

Parameter SE z-statistic

Mean population potential adoption rate (ATE) 0.644 0.004 185.52***
Potential adoption rate among exposed (ATT) 0.645 0.004 203.48***
Potential adoption rate among exposed (ATU) 0.643 0.004 154.02***
JEA rate 0.399 0.002 203.48***
GAP −0.246 0.001 −154.08***
PSB 0.001 0.001 7.3
Observed

Exposure rate 0.467 0.002 188.98***
Observed adoption rate 0.291 0.002 129.51***
Observed adoption rate among exposed 0.624 0.005 129.51***

ATE, Average Treatment Effect; ATT, average treatment effect on the treated; ATU, average treatment effect on 
the untreated; JEA, joint exposure and adoption; GAP, adoption gap; PSB, population selection bias; SE, 
standard error.
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Table 32.A.4. Varietal characteristics demand elasticities.

Varietal characteristic
Demand elasticities 

(adoption parameter)

Weed competitiveness 0.62
Resistance to birds 0.66
Resistance to insects 0.63
Resistance to diseases 0.60
Resistance to soil stresses 0.58
Resistance to drought 0.61
Threshability, milling recovery 0.57
High yield potential 0.60

Table 32.A.3. Varietal characteristics frontier, demand and relative demand.

Characteristics

Frontier

max
j J jk=1,

{ }
…

q

Demand
1

1J
djs j

j

J

q ´
=

å **

Relative 
demand

q
q
�
s

Weed competitiveness 0.78 0.70 0.91
Resistance to birds 0.71 0.64 0.92
Resistance to insects 0.76 0.69 0.92
Resistance to diseases 0.78 0.71 0.92
Resistance to soil stresses 0.70 0.62 0.90
Resistance to drought 0.73 0.66 0.91
Threshability, milling recovery 0.69 0.62 0.91
High yield potential 0.66 0.58 0.90

Table 32.A.5. Yield loss and area affected by major constraints.

Constraint

Actual yield loss in 2008 (%) Area
affected in  
2008 (%)Irrigated Rainfed lowland Upland Others

Weeds 17.6 22.5 22.6 20.7 33.4
Birds 21 17.6 18.7 13.7 26.4
Insects 19.5 21.3 22.8 16.8 29.4
Diseases 21.4 19.8 20.8 21.7 27.3
Soil and 

nutrient
30.2 28.7 24.9 26.3 36.5

Climate 28.2 25.6 27.6 17.7 35.9
Postharvest 28.8 23.8 13.6 34.0 26.9
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Table 32.A.6. Scientist survey results grouped by major research themes and rice-growing environment.

Research theme Environment

Yield loss 
reduction

(t/ha)

Fixed 
cost ($)

Annual 
cost ($)

Time to 
delivery (years 

from 2010)

Probability of 
success (%)

Alleviate biotic 
stresses

Irrigated 0.53 151,981 171,708 3.95 75
Rainfed lowland 0.38 149,715 179,391 4.12 73
Upland 0.37 112,370 186,000 3.81 76
Others 0.27 53,483 80,225 3.66 69
All environments 0.39 120,889 157,313 3.88 73

Alleviate 
soil-related
constraints

Irrigated 0.55 130,714 151,607 4.10 71
Rainfed lowland 0.55 106,357 133,357 4.81 75
Upland 0.40 114,077 135,857 4.09 75
Others 0.31 37,273 55,273 4.77 72
All environments 0.46 100,231 122,632 4.43 73

Alleviate 
climate-related
constraints

Irrigated 0.61 157,867 203,200 4.77 73
Rainfed lowland 0.47 113,912 120,735 4.45 73
Upland 0.48 162,143 196,643 4.37 72
Others 0.33 58,600 42,500 4.84 75
All environments 0.49 127,866 147,830 4.59 73

Alleviate 
postharvest-
related
constraints

Irrigated 0.33 45,333 88,667 3.43 77
Rainfed lowland 0.41 28,625 62,250 3.61 78
Upland 0.39 32,875 60,000 3.55 78
Others 0.20 25,600 41,000 2.69 84
All environments 0.35 34,267 66,033 3.39 79

Raise the 
genetic yield 
potential

Irrigated 1.32 103,143 97,571 4.12 71
Rainfed lowland 1.23 99,000 124,000 5.68 67
Upland 1.02 83,333 145,000 4.67 72
Others 0.0 0 0 0.0 0
All environments 1.20 155,000 120,722 4.74 70

All options Irrigated 0.60 130,080 156,123 4.11 73
Rainfed lowland 0.51 113,328 136,769 4.4 74
Upland 0.45 110,945 158,621 4.03 75
Others 0.28 47,425 61,793 4.06 72
All environments 0.48 105,556 134,063 4.15 74
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Table 32.A.7. Scientist survey results grouped by major research theme and discipline.

Research to Type
Yield loss 

reduction (t/ha)
Fixed 

cost ($)
Annual 
cost ($)

Time to delivery 
(years from 2010)

Probability of 
success (%)

Alleviate biotic 
stresses

Breeding 0.42 194,550 237,300 4.55 78
Agronomy 0.38 65,367 97,244 2.93 63
Postharvest 0.25 21,000 23,500 3.75 96
Other 0.35 46,100 98,400 4.58 81
All types 0.39 120,889 157,313 3.88 73

Alleviate 
soil-related
constraints

Breeding 0.45 90,929 96,857 5.96 74
Agronomy 0.51 111,083 151,500 2.89 75
Postharvest 0.00 0 0 0.00 0
Other 0.39 0 0 0.00 66
All types 0.46 100,231 122,632 4.43 73

Alleviate 
climate-
related
constraints

Breeding 0.52 212,875 177,083 5.11 68
Agronomy 0.47 82,775 173,500 4.82 74
Postharvest 0.45 43,250 76,750 3.26 74
Other 0.45 27,875 31,438 3.09 85
All types 0.49 127,866 147,830 4.59 73

Alleviate 
postharvest-
related
constraints

Breeding 0.00 0 0 0.00 0
Agronomy 0.00 0 0 0.00 0
Postharvest 0.40 42,150 82,050 2.84 79
Other 0.24 18,500 34,000 4.48 78
All types 0.35 34,267 66,033 3.39 79

Raise the 
genetic yield 
potential

Breeding 1.20 95,389 120,722 4.74 70
Agronomy 0.00 0 0 0.00 0
Postharvest 0.00 0 0 0.00 0
Other 0.00 0 0 0.00 0
All types 1.20 95,389 120,722 4.74 70

All options Breeding 0.58 155,945 169,336 5.06 74
Agronomy 0.44 83,434 131,548 3.37 69
Postharvest 0.38 40,692 76,731 3.03 81
Other 0.35 31,036 56,268 4.08 78
All types 1.20 95,389 120,722 4.74 70



Impact of Research on Income, Poverty and Food Security 419

Table 32.A.8. Parameters for impact models.

Type of research

Impact on income Impact on poverty

β α β α

Birds Agronomy −4.81 0.61 0.72 0.14
Breeding 161.16 0.74 −4.23 0.85
Postharvest −2.01 0.42 0.07 0.77
Other −4.96 0.61 0.21 0.83

Climate-related
constraints

Agronomy −3.17 0.63 0.26 0.72
Breeding 138.54 0.74 −4.13 0.85
Postharvest −2.01 0.42 0.07 0.77
Other −4.96 0.61 0.21 0.83

Diseases Agronomy −4.62 0.63 0.20 0.73
Breeding 143.63 0.73 −3.91 0.85
Postharvest −2.01 0.42 0.07 0.77
Other −4.96 0.61 0.21 0.83

Insects Agronomy −1.03 0.61 0.07 0.73
Breeding 134.80 0.73 −4.49 0.85
Postharvest −2.01 0.42 0.07 0.77
Other −4.96 0.61 0.21 0.83

Postharvest-related 
constraints

Agronomy −2.01 0.42 0.07 0.77
Breeding 135.10 0.74 −4.51 0.85
Postharvest −2.01 0.42 0.07 0.77
Other −4.96 0.61 0.21 0.83

Soil-related constraints Agronomy −1.47 0.61 0.14 0.77
Breeding 132.48 0.73 −4.36 0.85
Postharvest −2.01 0.42 0.07 0.77
Other −4.96 0.61 0.21 0.83

Weeds Agronomy −1.40 0.61 0.20 0.72
Breeding 124.42 0.73 −4.03 0.85
Postharvest −2.01 0.42 0.07 0.77
Other −4.96 0.61 0.21 0.83

Yield potential Agronomy 0.00 0.00 0.00 0.00
Breeding 73.81 0.73 −4.84 0.85
Postharvest 0.00 0.00 0.00 0.00
Other 0.00 0.00 0.00 0.00

β, α, as per Eqn 32.4.
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Table 32.A.9. Annual income benefit by actors and country ($ million).

Country Farmers Consumers Processors Traders Total

Angola 5.3 9.6 0.0 0.0 15.0
Benin 6.1 6.2 0.3 0.1 12.8
Burkina Faso 11.8 32.4 0.6 0.3 45.0
Burundi 4.6 8.6 0.4 0.2 13.7
Cameroon 12.7 3.5 0.3 0.1 16.6
Central African 

Republic
6.0 3.2 0.2 0.1 9.5

Chad 25.6 6.3 0.5 0.2 32.6
Comoros 3.5 0.9 0.3 0.1 4.8
DRC 49.2 28.7 0.9 0.4 79.2
Congo, Republic 0.4 2.6 0.0 0.0 3.0
Côte d’Ivoire 68.8 5.5 2.2 1.1 77.6
Ethiopia 3.1 0.5 0.9 0.4 4.9
Gabon 0.2 0.1 0.0 0.0 0.3
The Gambia 9.1 1.7 0.1 0.0 11.0
Ghana 19.9 10.9 0.9 0.4 32.1
Guinea 80.8 1.2 4.5 2.1 88.6
Guinea-Bissau 16.8 19.2 2.3 1.1 39.4
Kenya 0.7 4.1 0.4 0.2 5.3
Liberia 42.4 4.4 0.9 0.4 48.1
Madagascar 121.6 91.7 8.5 4.0 225.8
Malawi 17.1 0.2 4.0 2.0 23.3
Mali 51.7 15.4 4.5 2.1 73.7
Mauritania 3.4 0.7 2.2 1.1 7.4
Mozambique 11.1 19.8 0.4 0.2 31.5
Niger 4.7 20.6 0.2 0.1 25.6
Nigeria 308.9 247.2 11.3 5.4 572.9
Rwanda 5.4 4.0 5.4 2.7 17.5
Senegal 8.1 16.6 1.2 0.6 26.4
Sierra Leone 75.2 0.5 3.2 1.5 80.4
Somalia 0.0 0.0 0.0 0.0 0.0
South Africa 0.2 9.6 1.2 0.6 11.7
Sudana 0.7 11.3 0.1 0.0 12.1
Swaziland 0.0 0.0 0.0 0.0 0.0
Tanzania 103.5 43.8 3.7 1.7 152.7
Togo 4.6 1.7 1.8 0.9 9.0
Uganda 13.1 10.8 0.5 0.3 24.7
Zambia 2.4 4.2 0.3 0.1 7.0
Zimbabwe 0.0 3.0 0.0 0.0 3.0
All sub-Saharan 

Africa
1098.5 650.6 64.2 30.8 1844.2

aIncluding South Sudan.
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Table 32.A.10. Annual income benefit for farmers by rice-growing environment 
($ million).

Country Irrigated Upland
Rainfed 
lowland Others

Total for 
farmers

Angola 0.7 3.9 0.6 0.1 5.3
Benin 0.1 1.7 3.9 0.4 6.1
Burkina Faso 0.1 2.1 8.8 0.7 11.8
Burundi 2.2 2.0 0.3 0.1 4.6
Cameroon 1.8 8.0 2.9 0.0 12.7
Central African 

Republic
0.0 5.5 0.4 0.1 6.0

Chad 0.3 22.0 3.2 0.0 25.6
Comoros 0.3 0.6 2.6 0.1 3.5
DRC 6.2 36.4 5.7 0.9 49.2
Congo, Republic 0.1 0.3 0.0 0.0 0.4
Côte d’Ivoire 1.6 45.1 21.7 0.4 68.8
Ethiopia 2.5 0.0 0.6 0.0 3.1
Gabon 0.0 0.1 0.0 0.0 0.2
The Gambia 4.1 2.1 2.4 0.4 9.1
Ghana 2.3 1.5 15.9 0.2 19.9
Guinea 2.2 48.9 27.3 2.4 80.8
Guinea-Bissau 7.4 1.8 3.6 3.9 16.8
Kenya 0.3 0.4 0.0 0.0 0.7
Liberia 0.7 28.9 11.6 1.2 42.4
Madagascar 52.1 14.5 46.1 8.8 121.6
Malawi 1.4 15.7 0.0 0.0 17.1
Mali 10.6 8.1 32.6 0.4 51.7
Mauritania 3.4 0.0 0.0 0.0 3.4
Mozambique 3.6 1.4 5.7 0.4 11.1
Niger 0.1 2.2 2.4 0.1 4.7
Nigeria 4.0 95.3 209.7 0.0 308.9
Rwanda 5.4 0.0 0.0 0.0 5.4
Senegal 7.2 0.6 0.0 0.3 8.1
Sierra Leone 0.0 58.8 12.6 3.7 75.2
Somalia 0.0 0.0 0.0 0.0 0.0
South Africa 0.0 0.2 0.0 0.0 0.2
Sudana 0.5 0.1 0.1 0.0 0.7
Swaziland 0.0 0.0 0.0 0.0 0.0
Tanzania 23.7 12.1 67.6 0.1 103.5
Togo 0.3 1.8 2.5 0.0 4.6
Uganda 0.0 6.1 7.0 0.0 13.1
Zambia 0.2 2.2 0.0 0.0 2.4
Zimbabwe 0.0 0.0 0.0 0.0 0.0
All sub-Saharan 

Africa
145.4 430.5 497.8 24.8 1098.5

aIncluding South Sudan.
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Table 32.A.11. Number of people lifted above the PPP $1.25 poverty in 2020 by country.

Country

For farmers by rice environment

Total for 
consumersIrrigated Upland

Rainfed 
lowland Others Total

Angola 2,704.1 10,936.9 1,992.3 329.5 15,962.9 101,180.2
Benin 549.9 5,006.4 13,106.8 1,430.0 20,093.0 85,623.7
Burkina Faso 952.0 9,502.9 45,249.2 3,924.6 59,628.6 391,033.2
Burundi 8,908.8 5,550.7 1,011.2 167.2 15,637.9 55,704.9
Cameroon 7,377.4 22,205.8 9,361.6 0.0 38,944.8 101,715.2
Central African 

Republic
85.1 9,784.7 774.9 147.5 10,792.1 24,240.7

Chad 1,299.6 61,071.0 10,311.0 23.0 72,704.5 62,648.1
Comoros 1,016.8 1,555.4 8,541.0 176.3 11,289.5 9,852.9
DRC 26,165.4 105,828.8 19,278.3 3,188.7 154,461.2 265,059.6
Congo, Republic 206.9 837.0 152.5 25.2 1,221.7 26,462.9
Côte d’Ivoire 7,756.5 155,469.9 87,342.2 1,566.9 252,135.5 216,689.9
Ethiopia 9,914.0 0.0 1,985.9 0.0 11,899.9 11,011.6
Gabon 92.1 277.1 116.8 0.0 485.9 28,681.4
The Gambia 16,573.1 5,882.6 7,787.3 1,465.0 31,708.0 37,734.1
Ghana 2,935.0 1,320.6 16,385.0 240.2 20,881.6 238,026.9
Guinea 8,743.1 135,346.7 88,421.1 7,941.0 240,452.0 20,450.5
Guinea-Bissau 29,468.1 5,077.0 11,769.6 13,081.1 59,395.8 139,768.6
Kenya 1,280.6 1,374.9 50.4 0.0 2,706.0 153,298.3
Liberia 2,791.9 80,051.1 37,465.2 3,970.2 124,278.3 22,784.6
Madagascar 259,396.9 50,044.4 185,358.8 36,518.4 531,318.4 802,251.4
Malawi 5,436.9 43,562.7 0.0 0.0 48,999.6 1,513.9
Mali 100,480.5 52,859.5 249,231.8 3,226.1 405,797.8 190,761.9
Mauritania 13,637.3 0.0 0.0 0.0 13,637.3 57,329.8
Mozambique 14,471.7 3,793.7 18,587.9 1,361.1 38,214.3 150,887.1
Niger 296.5 5,972.0 7,657.8 198.8 14,125.0 172,633.5
Nigeria 19,365.7 319,761.5 821,680.3 0.0 1,160,807.5 2,013,711.1
Rwanda 16,543.2 0.0 0.0 0.0 16,543.2 25,095.4
Senegal 35,693.5 2,038.0 0.0 1,339.0 39,070.4 353,501.4
Sierra Leone 0.0 275,379.6 68,970.6 20,818.1 365,168.3 6,078.8
Somalia 0.0 0.0 0.0 0.0 0.0 0.0
South Africa 60.3 483.1 0.0 0.0 543.4 419,157.8
Sudana 1,809.3 395.4 273.8 0.0 2,478.5 120,607.1
Swaziland 0.0 0.0 0.0 0.0 0.0 0.0
Tanzania 94,945.8 33,512.1 218,582.5 276.1 347,316.5 255,127.7
Togo 1,407.0 6,126.6 10,084.2 0.0 17,617.8 33,947.1
Uganda 67.3 15,989.5 21,525.7 0.0 37,582.6 133,725.5
Zambia 747.9 5,992.6 0.0 0.0 6,740.5 29,225.3
Zimbabwe 10.8 86.3 0.0 0.0 97.0 65,623.6
All sub-Saharan 

Africa
693,191.4 1,433,076.3 1,963,055.8 101,413.9 4,190,737.4 6,823,145.9

aIncluding South Sudan.
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Table 32.A.12. Number of people no longer undernourished in 2020 by country.

Country

Farmers by environment

Total for 
consumersIrrigated Upland

Rainfed 
lowland Others Total

Angola 1,356.4 5,486.1 999.4 165.3 8,007.2 173,945.0
Benin 149.3 1,359.3 3,558.6 388.2 5,455.4 32,009.5
Burkina Faso 95.5 953.6 4,540.7 393.8 5,983.6 151,401.7
Burundi 5,166.1 3,218.8 586.4 97.0 9,068.3 34,480.2
Cameroon 2,764.8 8,321.9 3,508.4 0.0 14,595.1 23,557.3
Central African 

Republic
72.5 8,338.1 660.3 125.7 9,196.6 18,297.8

Chad 667.5 31,369.4 5,296.3 11.8 37,345.0 50,181.1
Comoros 638.0 976.0 5,359.4 110.6 7,084.0 7,145.3
DRC 4,756.8 19,239.3 3,504.7 579.7 28,080.6 38,882.0
Congo, Republic 70.5 285.0 51.9 8.6 415.9 36,412.2
Côte d’Ivoire 1,544.3 30,952.9 17,389.2 312.0 50,198.3 28,394.4
Ethiopia 4,222.6 0.0 845.8 0.0 5,068.4 1,384.6
Gabon 56.8 170.9 72.0 0.0 299.7 2,334.4
The Gambia 4,663.8 1,655.4 2,191.4 412.3 8,922.8 3,429.3
Ghana 1,520.8 684.1 8,487.6 124.4 10,816.8 27,969.5
Guinea 2,166.5 33,537.9 21,910.1 1,967.7 59,582.2 1,768.6
Guinea-Bissau 8,693.1 1,497.7 3,472.0 3,859.0 17,521.8 62,128.4
Kenya 497.3 533.9 19.6 0.0 1,050.7 37,421.7
Liberia 1,061.6 30,437.9 14,245.4 1,509.6 47,254.5 36,021.2
Madagascar 74,257.2 14,326.1 53,062.4 10,454.1 152,099.9 429,113.7
Malawi 2,094.2 16,779.2 0.0 0.0 18,873.4 781.8
Mali 8,964.2 4,715.8 22,234.7 287.8 36,202.4 51,061.8
Mauritania 3,701.1 0.0 0.0 0.0 3,701.1 2,662.0
Mozambique 6,176.1 1,619.0 7,932.8 580.9 16,308.9 96,691.9
Niger 77.2 1,554.9 1,993.9 51.8 3,677.7 66,638.9
Nigeria 5,816.1 96,034.4 246,776.4 0.0 348,627.0 2,314,629.5
Rwanda 7,128.6 0.0 0.0 0.0 7,128.6 12,743.2
Senegal 7,939.9 453.3 0.0 297.8 8,691.1 89,394.6
Sierra Leone 0.0 67,566.8 16,922.5 5,107.9 89,597.2 2,103.8
Somalia 0.0 0.0 0.0 0.0 0.0 0.0
South Africa 9.6 77.2 0.0 0.0 86.8 28,833.5
Sudana 567.1 123.9 85.8 0.0 776.9 58,256.6
Swaziland 0.0 0.0 0.0 0.0 0.0 0.0
Tanzania 44,407.9 15,674.2 102,235.1 129.1 162,446.3 354,425.6
Togo 488.9 2,129.0 3,504.2 0.0 6,122.2 6,769.0
Uganda 26.6 6,315.1 8,501.7 0.0 14,843.4 33,546.6
Zambia 410.8 3,291.3 0.0 0.0 3,702.1 55,139.1
Zimbabwe 4.3 34.5 0.0 0.0 38.8 5,739.2
All sub-Saharan 

Africa
198,305.6 409,969.2 561,583.7 29,012.1 1,198,870.7 4,375,695.1

aIncluding South Sudan.
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There are the producers and manufacturers of  
inputs (seeds, fertilizers, pesticides) and machin-
ery, and the traders who sell these, while on the 
post-production side, there are processors, trad-
ers, wholesalers, retailers and consumers.

This book deals with a diverse range of  top-
ics that are all of  relevance to realizing ‘Africa’s 
rice promise’, defined in the Introduction: ‘Africa 
has sufficient land and water resources to pro-
duce enough rice to feed its own population and, 
in the long term, generate export revenues’. This 
concluding chapter brings together the main 
ideas presented in this book and traces a way for-
ward to develop Africa’s rice sector in a sustain-
able and equitable manner. We will discuss a 
number of  priorities that are grouped in four 
main action areas:

• sustainably increasing rice production and 
rice productivity;

• enhancing rice quality and marketing;

• promoting conducive policies for small-
holder and agribusiness development; and

• strengthening impact-oriented rice research, 
extension and knowledge management.

Many priorities will need to be addressed 
simultaneously to ensure effective and sustainable 
connections among value-chain actors (often 
women, see Agboh-Noameshie et al., Chapter 28, 

Introduction

Rice is the most rapidly growing food source in 
Africa. In 2010–2011, the rice self-sufficiency 
ratio in sub-Saharan Africa was about 60% with 
imports close to 10 million tonnes (Mt) per year 
or about one-third of  that available on the 
world market, and costing almost US$5 billion 
per year. As witnessed during the food crisis of  
2007–2008, this is a risky, expensive and unsus-
tainable situation that may lead to severe food 
insecurity and civil instability in some coun-
tries. Soaring and highly volatile rice prices 
and relatively low levels of  global rice stocks 
are predicted to remain the norm until at least 
2020, and predicted demand for rice remains 
strong. Total rice consumption in sub-Saharan 
Africa is projected to rise from 24.0 Mt in 2012 
to 36.0 Mt by 2020 (Seck et al., Chapter 2, this 
volume).

The critical challenge facing the African rice 
sector is to sustainably enhance production, pro-
cessing and marketing, and to turn this major 
concern into an opportunity as rice becomes a 
preferred staple. Africa’s rice sector has the 
potential to be a powerful engine of  economic 
growth as the huge demand for rice is currently 
filled by imports. Rice production concerns 
millions of  people and not just rice farmers. 
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this volume) – from production to processing to 
marketing – to avoid fragmentation of  efforts, and 
to promote equitable development.

Sustainably Increasing Rice 
Production and Rice Productivity

Enhancing rice production in Africa will neces-
sitate concerted efforts to increase the produc-
tivity of  rice per unit of  land, water, labour and 
nutrients applied, and through the development 
of  new land and water resources in a responsible 
and sustainable manner. Since the rice crisis of  
2007–2008, good progress has been made in 
sub-Saharan Africa. According to USDA data 
(USDA, 2013), rice production in sub-Saharan 
Africa increased by a spectacular 8.4% per year 
over the period 2007–2012 (see Seck et al.,
Chapter 2, this volume). Approximately 71% of  
this production increase can be attributed to 
yield increase, and 29% to harvested area expan-
sion. Despite two relatively bad years, average 
rice yield in sub-Saharan Africa increased over 
that period by 108 kg/ha per year. In compari-
son, rice yield worldwide, driven by the Green 
Revolution in Asia, increased by 52 kg/ha per 
year over the period 1960–2010. Cereal growth 
rates after the Second World War amounted to 
78 kg/ha per year in the UK and to 50 kg/ha per 
year in the USA. The rice yield growth rate in 
sub-Saharan Africa (as a response to renewed 
commitments to boosting Africa’s rice sector 
after the rice crisis of  2007–2008) is, therefore, 
similar to growth rates witnessed on other conti-
nents after the introduction of  technological 
innovation and institutional change. These 
trends are visible in all regions, except Central 
Africa (virtually no change in yield in the period 
2007–2012) and North Africa (decline in aver-
age yield, driven by Egypt). In comparison, rice 
production in Asia over the period 2007–2011 
grew by only 1.6% (Seck et al., 2012). It is essen-
tial that this remarkable production growth rate 
of  8–9% per year is maintained to keep rice 
imports at about 10–12 Mt/year (Seck et al.,
Chapter 2, this volume). In fact, this growth rate 
needs to be even greater (12% per year) to reach 
the ambitious goal of  lifting the rice self-
sufficiency ratio in sub-Saharan Africa to 87% 
by 2020 and reducing rice imports to about 

5 Mt/year, as called for in the newly approved 
2011–2020 strategic plan for rice research for 
development in Africa (AfricaRice, 2011b), which 
is discussed in more detail below.

It is, therefore, paramount that more rice is 
harvested on the African continent and this needs 
to be done in the most effective, efficient and sus-
tainable manner. To achieve this, we distinguish 
five priorities for action:

1. Raising labour productivity through 
mechanization.
2. Establishing effective and efficient seed systems.
3. Closing yield and productivity gaps, and sus-
tainably intensifying and diversifying rice-based 
farming systems.
4. Expanding rice harvested area.
5. Adapting to climate change.

Raising labour productivity 
through mechanization

As shown in this book (e.g. Rickman et al., 
Chapter 27, this volume; Stryker, Chapter 26, 
this volume), lack of  appropriate mechaniza-
tion is one of  the most important bottlenecks 
to the development of  Africa’s rice sector. 
Mechanization is particularly needed for land 
preparation, harvest and postharvest operations, 
which are still mostly manual and are extremely 
time consuming, causing severe delays which 
impact directly on rice yield and rice quality. Rice 
crops in Africa are often not planted on time 
because of  late and poor land preparation as 
farmers wait for rain to soften the soil so that they 
can prepare the land using hand implements. 
This often results in poorly prepared and uneven 
seed beds and weed infestation. Small- to 
medium-scale equipment for land levelling, seed-
ing, transplanting and weeding can make a huge 
difference in the time investment for crop estab-
lishment and free up time for farmers (often 
women) to pursue other activities.

Harvesting and threshing are also serious 
bottlenecks for farmers and these operations 
are also still mostly done manually. Paddy may 
sit in the field for weeks or even months waiting 
to be harvested or threshed, during which time 
its quality deteriorates. The introduction of  
locally adapted small combine-harvesters (as is 
being done in Senegal, Mali, Nigeria and several 
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other countries) should go a long way towards 
enabling timely harvesting and threshing. This 
could provide the incentive for farmers to sell 
their paddy quickly and focus on producing a 
second crop. The early removal of  paddy from 
the farm would not only enable farmers to focus 
on their core farming business (i.e. crop produc-
tion), but would also open up the prospect for 
greater aggregation of  the marketable surplus of  
paddy (AfricaRice, 2011a).

Africa is, however, littered with abandoned 
machines that rust away because they were not 
adapted to the growing environment, there is a 
lack of  spare parts and inadequate local knowl-
edge. Research organizations must be involved 
in the testing of  machines, and massive intro-
duction of  purchased machinery must be 
avoided. Instead, local manufacturing and 
maintenance of  machinery needs to be stimu-
lated and governments need to facilitate the 
import of  machine parts and raw materials. 
Much can be learned from experiences with 
mechanization in Asia and Latin America, and 
active knowledge exchange in the field of  mech-
anization for rice-systems needs to be promoted.

Establishing effective and 
efficient seed systems

Farmers’ access to quality seeds and rice varie-
ties that are adapted to their rice-growing envi-
ronments, is the backbone of  rice-sector 
development in Africa. However, many farmers 
in Africa do not have access to improved rice 
varieties that could make a huge difference to 
their lives. Bèye et al. (Chapter 14, this volume) 
show that the informal sector is the dominant 
source of  seed for African rice farmers. Farmers 
retain seed from their previous harvest or buy, 
exchange or receive seed from other farmers 
within their own village or from neighbouring 
villages. There is no blueprint solution for seed-
system development in Africa, and the best 
possible approaches are likely to be specific to 
rice agroecosystems and the degree of  market 
access. Seed systems will also evolve – for example, 
with emerging formal systems catering to spe-
cific market niches. Governments need to 
strengthen both commercial and development-
oriented rice seed systems. Quality breeder or 

foundation seed must form the basis for seed 
production–supply systems. Governments must 
also support farmer seed systems and strengthen 
farmer knowledge and capacity to select and 
conserve quality seed for the next season. The 
emergence of  a commercial seed sector will 
occur where farmer seed systems are strong, 
where farmers are keenly aware of  what varie-
ties are available, are engaged in seed and infor-
mation exchange, and are knowledgeable 
consumers (Louwaars and De Boef, 2012). The 
introduction of  hybrid rice (see El-Namaky and 
Demont, Chapter 13, this volume) may further 
catalyse rice seed-sector development in Africa.

At the regional level, seed legislation needs 
to be harmonized or complemented by guide-
lines to facilitate efficient seed flows across bor-
ders. Adequate rice seed security stocks must 
also be maintained to respond to emergency sit-
uations. At both national and regional levels, 
there is a need to adopt an integrated rice seed-
sector development approach, aiming to pro-
mote diversified seed systems, meeting the seed 
needs of  all of  Africa’s rice farmers.

Closing yield and productivity gaps and 
sustainably intensifying and diversifying 

rice-based farming systems

As shown by (e.g.) Saito et al. (Chapter 15, this 
volume), yields in farmers’ fields are often below 
what would be possible with improved manage-
ment (‘potential yield’). A good understanding 
of  such ‘yield gaps’ enables us to identify pro-
gress in farmers’ fields and also helps us identify 
the extent to which increased costs can be justi-
fied to raise yields or reduce losses. Identifying the 
yield gaps also enables the major yield-limiting 
factors (e.g. drought, excess water, nutrient 
deficiencies, extreme temperature) and yield-
reducing factors (e.g. pests, diseases) to be identi-
fied. Interventions may solve more than one 
constraint – for example, improving water control 
through building bunds and land levelling in low-
land fields may at the same time improve weed 
management (see Rodenburg and Johnson, 
Chapter 16, this volume). Characterization of  the 
key constraints also raises questions, such as: 
what is the variability in management among 
farmers, what are farmers doing who obtain 
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relatively good yields, and what are others doing 
who obtain relatively poor yields?

Yield gaps occur in low-input systems with 
poor water control and relatively low-input 
management, but often also in high-input sys-
tems with good water control that allows for 
more precise management. The degree of  crop 
management precision that is possible is of  great 
importance to rice productivity. Lowlands in the 
inland valleys with scarce infrastructure to 
retain water or drain excess water do not allow 
precise management (e.g. timing of  rice trans-
planting, weed control or nitrogen application). 
Rice growth and development can be severely 
disrupted by drought or floods. Absence or late 
availability of  critical inputs may also under-
mine farmers’ ability to manage precisely. With 
increasing control over water and other 
resources, improved crop management becomes 
possible. As a result, systems can be intensified 
(greater use of  inputs, higher cropping inten-
sity) or diversified (e.g. a legume crop after rice).

We propose here to identify two types of  
yield gap on the basis of  what is presented in this 
book. The first yield gap (type I) is defined as the 
difference between actual farmers’ yields and 
what would be possible through the introduc-
tion of  technological innovations (e.g. a new 
variety) given the level of  management preci-
sion under which farmers operate. The second 
yield gap (type II) is defined as the difference 
between actual farmers’ yields and what would 
be possible if  the system could be moved to a 
higher level of  crop management precision with 
less production risk (e.g. by introducing bund-
ing, supplementary irrigation or digging a drain-
age canal).

Defoer and Wopereis (Chapter 31, this vol-
ume) illustrate how type I yield gaps can be 
closed by working with farmers in an inland-
valley setting in Madagascar, who all work 
under similar agroecological conditions and 
with similar crop-management precision and 
yet still obtain vastly different yields. The most 
important innovations identified for increasing 
and stabilizing yields were improved land prepa-
ration, transplanting of  young seedlings, trans-
planting in lines, and weeding using a rotary 
weeder. Some rice technologies may work like an 
‘insurance policy’ and help farmers to reduce 
risk. This is the case with varieties that have 
been ‘upgraded’ to include tolerance to certain 

biotic or abiotic stresses. Introduction of  a 
variety with the Sub1 gene in flood-prone areas 
(see Dramé et al., Chapter 11, this volume) helps 
reduce risk for farmers with fields at risk of  
flooding. In years when flooding occurs, farmers 
with Sub1 varieties would have much higher 
yields or be able to harvest much earlier than 
farmers without such varieties, effectively help-
ing to close a type I yield gap.

Investing in bunding in drought-prone 
lowlands may radically change the production 
environment in which farmers operate, reduc-
ing risk and enabling greater farming preci-
sion, this would then open avenues for 
intensification and diversification and lift the 
yield ceiling to another, higher level – resulting 
in a greater (type II) yield gap between actual 
and potential yields that can be exploited. 
Investment in key production infrastructure 
(bunding, levelling, irrigation) and providing 
access to key resources (credit, fertilizer, etc.) 
will allow Africa’s farmers to get out of  high-
risk, low-input, unsustainable agriculture and 
open up new production horizons.

As we have seen in this book, the degree of  
precision that can be applied to crop manage-
ment is important for the type of  technologies 
that can be used by the farmer (Wopereis and 
Defoer, 2007). Technologies suited to well-
defined and precise conditions (e.g. good water 
control, high fertilizer input, and ‘narrow win-
dows’ for field operations) will be of  little use to a 
farmer in an inland valley without any water 
control. In low-precision or ‘fuzzy’ systems, 
farmers need flexible technologies that give rea-
sonable results under a range of  biophysical 
conditions. Especially in such low-precision sys-
tems, farmers can contribute to technology 
development at an early stage, which gives them 
the opportunity to evaluate a range of  prototype 
options. Precision management systems will be 
better served with a smaller range of  well-
defined technological options. Technology devel-
opment for these systems can be done under 
more controlled research conditions with less 
intensive farmer involvement, resulting perhaps 
in a few well-defined final products. In other 
words, the degree of  flexibility of  a technology 
required is related to the degree of  crop manage-
ment precision of  a system. A lower degree of  
crop management precision increases the need 
for flexible technologies with large application 
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domains. To ensure adequate farmer involve-
ment in the technology development, methodo-
logical approaches are needed to strengthen 
farmers’ capacity in technology innovation, 
experimentation, evaluation and adaptation, 
making optimal use of  the available resources 
and best choices of  alternative ways of  manag-
ing resources.

In the past, the introduction of  new tech-
nologies has had limited impact, because atten-
tion was often focused on only one aspect of  the 
cropping calendar (e.g. fertilizer management or 
varietal improvement). As shown in this book 
(e.g. Defoer and Wopereis, Chapter 31, this vol-
ume), much better results are obtained if  a more 
holistic approach is used, where a new techno-
logical option is not so much introduced but 
rather integrated into the prevailing production 
system, taking into account interactions with 
other production factors and management prac-
tices. As shown in irrigated rice-systems in the 
Sahel (Tollens et al., Chapter 1, this volume), a 
new soil-fertility management strategy may 
require new options for weed management. 
Gradually, other technological options may be 
integrated, eventually leading to a range of  tech-
nological options that encompass the entire 
growth cycle, from the initial planning phase to 
harvest and postharvest stages. This process is 
called integrated crop management, indicating 
the step-wise integration of  new technological 
options into production systems with full farmer 
participation, thereby raising production levels 
in a sustainable way. When applied to rice, this 
process ultimately results in ‘baskets of  inte-
grated rice management options’ or ‘baskets of  
good agricultural practices’ for different rice pro-
duction systems. As these systems are dynamic, 
baskets of  options will evolve over time (Wopereis 
and Defoer, 2007).

Expanding rice harvested area

Across the continent, the most fertile and pro-
ductive lands for rice are found in the flood 
plains and inland valleys, and the potential to 
expand rice harvested area in sub-Saharan 
Africa is huge. There is large untapped irrigation 
potential in sub-Saharan Africa, estimated at about 
21 million ha (Zwart, Chapter 21, this volume). 

There is scope to increase the area under irriga-
tion in many countries through expansion or 
rehabilitation of  irrigation structures. This is 
especially important in countries like Mali and 
Senegal, where farm size per household in irri-
gated systems has been declining since the 
1970s because of  population growth and lack of  
new land that has been developed for irrigation 
and is reaching critically low levels (SWAC/
OECD, 2011).

With irrigation, farmers will reduce rice pro-
duction risk and will be able to lift their rice farms 
to a higher production level through intensifica-
tion. It will also open up possibilities to grow two 
or even three rice crops per year depending on the 
prevailing climate. With an estimated land area 
of  130 million ha, inland valleys are common 
landscapes in many parts of  Africa that have tra-
ditionally not been used for agriculture. Only a 
fraction (3–4%) of  these inland-valley lowlands is 
used for rice. This is partly because inland-valley 
lowlands are difficult to manage and are often 
associated with water-borne disease. Moreover, 
inland-valley exploitation is often complicated 
by unfavourable land-tenure arrangements. 
However, inland valleys are increasingly being 
used for rice cultivation in the wet season and for 
other crops, including vegetables, in the dry sea-
son near large urban centres because of  high 
population density and proximity of  markets 
(Rodenburg, Chapter 22, this volume). For upland 
rice, too, there are possibilities for area increase if  
accompanied with appropriate crop manage-
ment practices, such as proper soil-fertility man-
agement, through balanced use of  organic inputs 
and mineral fertilizers. For example, the growth 
of  Uganda’s rice sector in recent years has 
depended mostly on upland rice systems (Ministry 
of  Agriculture, Animal Industry and Fisheries, 
2009). One of  the most striking examples is the 
rapid expansion of  rice cultivated areas in 
Ethiopia, where upland NERICA varieties are 
grown with supplementary irrigation in hydro-
morphic zones (AfricaRice, 2012a). On the other 
hand, experience from Brazil has shown that the 
area under upland rice may eventually decrease 
upon intensification and increased yield per unit 
of  harvested area (Pinheiro et al., 2005).

While the rice harvest area expands, it is 
important to consider the value of  environmental 
services of  land and water resources, and how 
these will be affected by developments in rice-based 
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systems. Inland valleys in particular are impor-
tant for local flood and erosion control, water 
storage, nutrient retention, stabilization of  the 
micro-climate, as well as for recreation and tour-
ism, and as sources of  water, clay and sand for 
crafts and construction. While the main crop is 
often rice, inland valleys and their fringes are 
used to grow a variety of  other crops (e.g. maize, 
vegetables, fruit trees), and are also often used 
for cattle grazing – particularly during the dry 
season when the water table recedes below the 
soil surface of  the valley bottoms, but there is 
sufficient residual moisture to support crop 
growth. Furthermore, these environments pro-
vide important forest, wildlife and fisheries 
resources, and contribute to biological diversity 
as well as local cultural heritage. The water 
resources available in inland valleys are often 
used by rural communities to fulfil a variety of  
daily household needs. Besides the water 
resources, biological diversity of  inland valleys is 
probably among the most important functions for 
the local communities – inland valleys are important 
locations for the collection of  non-agricultural 
plant resources, and local communities have 
considerable knowledge of  the useful plant spe-
cies, their use, abundance and collection places 
(Rodenburg, Chapter 22, this volume).

Such environmental services are often nei-
ther well understood nor quantified. Such 
understanding of  who would potentially benefit 
or lose from land and water developments is, 
however, extremely important, particularly in 
the light of  a changing climate and the growing 
interest in Africa’s natural resources. Policies 
are needed (e.g. on land tenure) to facilitate 
socially acceptable and environmentally sound 
expansion of  rice-producing areas.

Adapting to climate change

Changes in the climate of  Africa are expected to 
include major changes in rainfall distribution, 
increased frequency of  extreme weather events, 
and generally rising temperatures and CO2 levels. 
Farmers have great experience in dealing with cli-
mate risk, but the expected pace of  change may 
mean that local knowledge and technologies 
may be insufficient to cope with new conditions. 
Anticipating likely climate changes will help in 

providing alternatives or measures to enable 
farmers to adapt (e.g. to lower and erratic rainfall, 
changing river discharges). New climate-resilient 
varieties, crop- and resource-management tech-
nologies, and institutional innovations such 
as insurance against crop failure may help farm-
ers adapt to rapidly changing environments. 
Mitigation opportunities are also important. The 
impact of  the predicted enhanced use of  Africa’s 
lowlands for rice, land clearance and burning in 
upland environments, and increased use of  nitro-
gen fertilizer needs more study to develop ways 
to limit additional release of  greenhouse gases 
into the atmosphere. A global effort is needed to 
develop targeted technological options to help 
African farmers to adapt to and mitigate the 
effects of  climate change.

Enhancing Rice Quality 
and Marketing

Locally produced rice needs to find a market, and 
it must be of  sufficient quality to compete with 
imports. Quality of  locally produced rice is often poor 
because of  sub-optimal harvest and postharvest 
practices, leading African rice consumers to pre-
fer imported rice. Further, varieties grown may 
not be to the liking of  urban consumers. Hence, 
to attract Africa’s rice consumers and lift the 
demand for locally produced rice, marketing 
campaigns are required to make African con-
sumers aware of  quality rice produced in Africa. 
In short, locally produced rice must respond to 
the preferences of  Africa’s rice consumers and be 
promoted to find a market. We distinguish three 
priorities in this action area:

1. Promoting investment in improved process-
ing technologies.
2. Enhancing access to appropriate financial 
products for the local rice value chain.
3. Improving market knowledge, branding and 
policy sequencing.

Promoting investment in improved 
processing technologies

Rice processing in Africa is dominated by small-
scale rice millers, the majority of  which produce 
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an end-product that fails to meet the quality 
requirements of  urban consumers. Moreover, 
most operators only provide milling services – 
they do not buy paddy and sell on milled rice. 
This practice contributes to the fragmentation 
of  the market for milled local rice and discour-
ages private-sector investment. The promotion 
of  private-sector investment in efficient rice pro-
cessing technologies, such as ‘mini-rice mills’ 
with built-in capacity for de-stoning, polishing 
and sorting homogeneous high-quality rice, will 
go a long way towards stimulating the local rice 
value chain (see Stryker, Chapter 26, this vol-
ume). Government support of  modern rice pro-
cessing should include mechanisms to provide 
incentives for processors to upgrade their tech-
nologies, such as duty-free imports on process-
ing equipment, tax concessions or access to 
finance. As paddy production expands, there is 
an urgent need to process good-quality milled 
rice that matches the quality benchmark of  
imported rice (see Futakuchi et al., Chapter 25, 
this volume). The objective, however, should not be 
to repeat past misguided policies of  government-
run large-scale industrial rice mills, but rather to 
promote modern processing technologies capa-
ble of  producing high-quality rice. Such mills 
should include medium-scale operations to 
deliver large quantities for urban centres and 
‘mini-rice mills’ for rural locations (see Stryker, 
Chapter 26, this volume).

Enhancing access to appropriate 
financial products for the local 

rice value chain

Access to agricultural finance is critical for all 
rice value-chain actors and to stimulate develop-
ment in the supply and competitiveness of  local 
rice. For instance, limited access to production 
credit to purchase productivity-enhancing 
inputs can counter otherwise profitable produc-
tion decisions. Without access to adequate 
financial products, rice farmers often end up 
selling paddy on credit to traders who may then 
delay payment to farmers because of  their own 
lack of  access to adequate finance.

Failures in credit provision constitute major 
bottlenecks in the development of  a well-
integrated value chain for locally produced rice, 

which adversely affects the overall competitive-
ness of  the chain. Fixed investments in improved 
processing technologies, warehouses and farm 
machinery require long-term financing rather 
than the short-term financing needs of  paddy-
production credit.

In many African countries, little locally 
produced rice is available in urban areas, and 
the development of  storage capacity (ware-
houses) requires appropriate financial products 
to guarantee rice supply. As paddy production 
expands, it will be necessary to promote year-
round availability and marketing of  local rice. 
Greater investments are therefore needed for the 
development of  effective warehouse systems. 
Successful experiences – for example, with 
warehouse-receipt systems – could be promoted. 
Incentives should be given to rice millers to facil-
itate access to finance for investment and work-
ing capital necessary to procure and hold paddy 
and milled rice in storage. Adequate financing 
mechanisms and facilities for the marketing of  
rice could be extended to local rice wholesalers.

Improving market knowledge, branding 
and policy sequencing

Africa Rice Center (AfricaRice) research using 
experimental auctions (Demont and Neven, 
Chapter 24, this volume) has shown that women 
consumers are willing to pay a premium for 
locally produced quality rice compared to 
imported rice of  the same quality. Some con-
sumers, however, prefer the lower price of  local 
mediocre-quality rice. The implication is that 
different market segments exist for different rice 
consumers, and development of  the rice sector 
should take such differences into account. 
Looking at the effect of  branding, Costello et al.
(2013) found that the majority of  rice consum-
ers in Dakar, for instance, preferred ‘local’ 
sounding brands over ‘foreign’ sounding brands. 
Rice value-chain development should, therefore, 
ensure that rice of  different quality remains 
available to cater for consumer preferences and 
differences in purchasing power.

The key lessons from the value-chain work 
conducted in Senegal by AfricaRice and part-
ners are that the availability of  quality local rice 
needs to be promoted among the population, 
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and that production of  quality rice requires 
investment and conducive policies. Several steps 
may be required starting with increasing the 
quality of  local rice to the level of  imported rice, 
thus adding value to the local product, then scal-
ing up local rice production while running pro-
motional programmes to market the surplus, 
with the goal of  eventually replacing imported 
rice in urban markets. A branding exercise in 
Saint-Louis in 2006 failed to impact the market 
because of  lack of  promotion (M. Demont, Saint-
Louis, Senegal, 2012, personal communication). 
Fragmentation of  the local paddy contributed to 
this as producers act alone in processing and 
selling their surplus paddy, which is a major dis-
incentive to private-sector investment in the 
domestic rice value chain.

Promoting Conducive Policies for 
Smallholder and Agri-business 

Development

Development of  Africa’s rice sector will require 
coherent, evidence-based policy making at both 
national and regional levels. There is greatly 
increased awareness of  rice as a strategic com-
modity capable of  fuelling economic growth and 
contributing to hunger and poverty reduction 
across the continent. Many African countries 
have embarked on ambitious programmes to 
boost their rice production capacity as a response 
to the 2007–2008 rice crisis. With the upward 
spikes in food prices, many policy tools have been 
implemented that were out of  vogue following 
the implementation of  market-oriented reforms 
in the 1990s. These include price controls, 
export bans, subsidies on retail prices, the release 
of  food security stock, subsidies on inputs 
such as seed and fertilizer, farm machinery and 
postharvest equipment, and the establishment 
of  a minimum producer price. Some of  the pol-
icy measures taken by African governments to 
alleviate the impact of  soaring staple prices on 
consumer welfare are well founded given the 
strategic importance of  rice. Many untargeted 
subsidies and outlays, however, will make it 
more difficult to balance the public budget. 
Governments should avoid undermining incen-
tives for domestic rice production by misjudged 
policy measures such as price controls and reduced 

import taxes introduced in an unpredictable 
manner – which increases market uncertainty – 
or maintaining these for unnecessarily long 
periods. In short, policy intervention needs to be 
rules-based and predictable so as not to discour-
age investment or undercut the emergence of  a 
dynamic private rice sector (see Seck et al.,
Chapter 2, this volume).

As a result of  the global food crisis in 2008, 
Africa has also become a target for direct foreign 
investment in agriculture. Major companies are 
acquiring large tracts of  land for food produc-
tion and biofuel plantations. It is clear that 
African countries need to move cautiously with 
respect to this new situation because of  the com-
plexity, political sensitivity and context specific-
ity of  the land issue within and across countries. 
They need to ensure that these investments lead 
to win–win situations for all involved, not least 
the resource-poor local farmers (AfricaRice, 
2011a).

Regional economic communities should be 
strengthened to contribute in such areas as har-
monizing seed legislation, import tariffs and 
regulating rice imports, in line with the 
Comprehensive Africa Agriculture Development 
Programme Framework for African Agricultural 
Productivity (FARA, 2006). National govern-
ments need to take the lead in promoting public–
private partnerships across the rice value chain 
for production, storage, processing and distribu-
tion infrastructure for quality rice in the African 
market. To boost Africa’s rice sector, policies 
conducive to developing investment in domestic 
production capacities are required. Further, 
investments to rehabilitate and expand areas 
under irrigation should continue, along with 
support provided to raise the productivity of  
smallholder rice producers through access to 
improved varieties, good-quality seed and ferti-
lizer. We have learned, however, that targeting 
investment efforts uniquely on production can 
create gluts at harvest time because of  insuffi-
cient processing and marketing capacity in the 
value chain. Therefore, it is vital to simultane-
ously invest in the harvesting, processing and 
marketing nodes of  the local rice value chain by 
a combination of  public support to farmers and 
privileging private-sector investment. Also, as 
proposed by the Economic Community of  West 
African States (ECOWAS; CEDEAO, 2012), it is 
important to establish local (regional) rice stocks 
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that are well managed (not necessarily by the 
public sector), to protect local markets from 
short-term price shocks on the global market.

Strengthening Impact-oriented 
Rice Research, Extension and 

Knowledge Management

Rice research and development efforts need to be 
strengthened in Africa and become more inter-
linked and impact-oriented. The following prior-
ities will need to be addressed in this action area:

1. Capacity strengthening among research and 
extension communities and rice value-chain actors.
2. Improving rice knowledge management.
3. Implementing a new Africa-wide rice research 
agenda.

Capacity strengthening among 
research and extension communities 

and rice value-chain actors

Lack of  investment in agriculture in the 1990s 
led to a desperate lack of  capacity at all levels in 
the rice value chain and gross neglect of  Africa’s 
agricultural research and extension capacity, 
which jeopardizes progress in developing 
Africa’s rice sector. A survey conducted among 
AfricaRice’s then 22 member states in 2008 
showed that approximately 250–275 research-
ers (including about 15 women) were involved 
to some extent in rice research. Most of  these 
worked on many other crops and spent only a 
fraction of  their time on rice, and the average 
age of  researchers was 47. Egypt alone took the 
lion’s share of  this research pool, with 50 highly 
qualified researchers working full time on rice, 
including 12 breeders. In comparison, a country 
the size of  Nigeria had only two rice breeders 
(AfricaRice, 2011b).

Extension services in Africa are largely 
understaffed and starved of  access to consistent 
and relevant rice information and improved 
extension tools. Public and private extension 
services often focus on high-value export com-
modities and less on staple food crops such as 
rice. This is seriously hampering rice-sector 
development, which will depend to a large extent 

on the development of  rice technologies adapted 
to local settings and their dissemination to 
actors in the rice value chain. There is a clear 
need for improved accessibility to rice-related 
information and functional infrastructure for 
research and development, and the development 
of  a critical mass of  trained scientists and public, 
NGO and private-sector extension agents. There 
is also a clear lack of  appropriate technology-
delivery and information-exchange mecha-
nisms. There is, therefore, an urgent need to 
rebuild Africa’s research and extension capacity 
for rice. The Second Africa Rice Congress held in 
Mali in 2010 called for a ‘Marshall plan’ by 
African governments and their development 
partners to substantially strengthen the training 
and retention of  new staff, while updating agri-
cultural curricula in vocational training schools 
and universities, ensuring efficient spillover to 
actors in the rice value chain and strengthened 
information exchange. Conducive working envi-
ronments and appropriate budgetary provisions 
are needed to strengthen and retain an effective 
capacity in agricultural research and extension.

Improving rice knowledge 
management

Knowledge management and creating rural 
learning opportunities at the regional, national 
and local levels presents challenges. Public- and 
private-sector agents continually renegotiate 
their roles and build new sets of  skills and exper-
tise, either in-house or by partnering with others. 
New actors in the rice sector, however, often 
work with ‘top-down mindsets’, lacking aware-
ness of  gender, poverty and sustainability issues. 
Strategic partnerships, and learning alliances 
and methods may help to increase awareness 
and increase rice-sector performance in a sus-
tainable and equitable manner. Promising oppor-
tunities to strengthen learning and innovation 
systems include: the establishment of  partner-
ships with NGOs and producer organizations; the 
emergence of  brokers between the supply and 
demand sides of  innovation; the use of  informa-
tion and communications technology (ICT) to 
enhance rural learning and ‘self-diagnosis’ of  
problems and testable solutions; the development 
of  ‘new professionals’ through institutional 
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change in higher education; and new funding 
sources and mechanisms to better address 
resource-poor and women farmers’ needs.

Rapid development of  ICT in sub-Saharan 
Africa (mobile phones, rural radio, internet, etc.) 
offers exciting new opportunities for AfricaRice 
and partners to facilitate exchange of  informa-
tion and learning modalities that are demand-
driven and tailored to specific needs. Given the 
high illiteracy rates in sub-Saharan Africa, there 
is a need for quality audio- and video-based 
learning content, and local capacities for content 
creation and adaptation. This will be of  particu-
lar importance to rural women.

Implementing a new Africa-wide 
rice research agenda

After a series of  workshops and meetings that 
started in 2008, the AfricaRice Council of  
Ministers approved, in September 2011, a new 
Strategic Plan to boost Africa’s rice sector for 
the period 2011–2020 (AfricaRice, 2011b) – 
seven Priority Areas are considered:

1. Conserving rice genetic resources and provid-
ing smallholder farmers with climate-resilient 
rice varieties that are better adapted to produc-
tion environments and consumer preferences.
2. Improving rural livelihoods by closing yield 
gaps and through sustainable intensification 
and diversification of  rice-based systems.
3. Achieving socially acceptable expansion of  
rice-producing areas, while addressing environ-
mental concerns.
4. Creating market opportunities for small-
holder farmers and processors by improving the 
quality and the competitiveness of  locally pro-
duced rice and rice products.
5. Facilitating the development of  the rice value 
chain through improved technology targeting 
and evidence-based policy-making.
6. Mobilizing co-investments and linking with devel-
opment partners and the private sector to stimu-
late uptake of  rice knowledge and technologies.
7. Strengthening the capacities of  national rice 
research and extension agents and rice value-
chain actors.

Priority Areas 1–5 will result in new rice 
technologies that will make a positive, sustainable 

and lasting difference in the livelihoods of  farm-
ers and other rice value-chain actors. Through 
Priority Area 6, links will be established with 
large rice-sector development initiatives and the 
private sector to obtain co-investments to stimu-
late uptake of  appropriate rice knowledge and 
technologies and to obtain feedback on technol-
ogy performance. Priority Area 7 addresses the 
desperate lack of  trained capacity across the rice 
value chain and in rice research and develop-
ment in Africa (discussed above). Across Priority 
Areas, there is a need for working closely with 
women farmers, researchers, extension agents 
and agribusiness women in order to maximize 
efficiency, effectiveness and impact (AfricaRice, 
2011b).

As an Association of  currently 24 African 
member states (January 2013), and recognized 
by the African Union as the Center of  Excellence 
for Rice Research in Africa, AfricaRice is well 
placed to coordinate these rice research-for-
development efforts across the continent over 
the next decade. AfricaRice will act as both a 
developer and broker of  rice knowledge, and will 
tap sources from within and outside the African 
continent, with each partner contributing to the 
rice research-for-development agenda according 
to its comparative advantage.

Links between research and development 
investments from both public and private sector 
are often very weak in Africa. As a result, opportu-
nities for large-scale exposure of  farming and 
agribusiness communities to new rice technolo-
gies and crop and natural-resource management 
principles are often lacking. Rice-sector develop-
ment will require better linkages (feed-forward 
and feedback loops) between research networks 
and development initiatives in the public sector, 
civil society and private sector. This rice research-
for-development agenda will, therefore, be imple-
mented through a range of  partnerships from 
strategic upstream research to linking with devel-
opment partners to achieve impact on the ground, 
with the national agricultural research systems 
(NARS) as the key entry point in each country.

To achieve impact and boost Africa’s rice 
sector, it is essential to: (i) focus efforts; (ii) build 
critical mass; (iii) connect actors in the research 
and development communities; and (iv) com-
municate results. To follow these four principles, 
AfricaRice will implement its Strategic Plan 
through three mechanisms.
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The first mechanism is through 
AfricaRice’s participation in CGIAR Research 
Programmes (CRPs), in particular the Global Rice 
Science Partnership (GRiSP), led globally by the 
International Rice Research Institute (IRRI) (see 
www.cgiar.org/our-research/cgiar-research-
programs/rice-grisp/). AfricaRice is leading the 
implementation of  GRiSP in Africa; it will play a 
broker role to mobilize rice knowledge from out-
side Africa and will also ensure that knowledge 
from Africa will benefit other continents.

The second mechanism consists of  the 
Rice Task Force mechanism: an Africa-wide sys-
tematic collaborative research effort on critical 
thematic areas in the rice sector (e.g. rice breed-
ing, rice agronomy), based on the principles of  
sustainability, build-up of  critical mass, and 
ownership by the NARS. The Task Force mecha-
nism will contribute to the development of  a 
new generation of  rice scientists across the 
continent.

The third mechanism consists of  ‘Rice 
Sector Development Hubs’ – zones where rice 
research products from the CRPs and the 
Task Forces will be integrated across the rice 
value chain to achieve development outcomes 
and impact. These Hubs represent key rice-
growing environments and different market 
opportunities across African countries, and are 
linked to major national and regional rice-
development efforts to facilitate broader uptake 
of  rice knowledge and technologies. The geo-
graphic positioning of  each Hub is determined 
in national workshops, convened by the NARS 
(AfricaRice, 2011b, 2012b).

Activities in the Hubs focus on producing 
sufficient quantities of  the right quality of  rice 
and rice-based products of  interest to the 
national or regional markets in a sustainable 
manner. Hubs are regions strategic for rice devel-
opment, where local innovations and research 
products and services are tested, adapted and 
integrated in ‘baskets of  good agricultural prac-
tices’ (integrated rice management options) 
with feedback provided to researchers on tech-
nology performance. Hubs are built around 
large groups of  farmers and involve other value-
chain actors, such as rice millers, input dealers 
and rice marketers. Change agents from 
research, NGOs and extension agencies work 
with these actors to evaluate technological and 
institutional innovations, facilitate diffusion of  

knowledge and establish linkages along the rice 
value chain. This type of  interaction is stimulated 
through the establishment of  multi-stakeholder 
platforms (Tollens et al., Chapter 1, this volume). 
Care is taken that women and youth are not 
marginalized, but rather strengthened in the 
process of  rice value-chain development. By 
January 2013, there were already 59 Hubs iden-
tified in 20 sub-Saharan African countries; and 
in support of  these, Task Force activities focus on 
the Hubs to avoid dispersion of  activities.

Diagne et al. (Chapter 32, this volume) 
assessed the potential impact of  this Africa-wide 
rice research agenda for 2011–2020. They show 
that the total cumulative discounted income ben-
efit expected for all the research-based technolo-
gies and all sub-Saharan African countries will 
be $0.9 billion in 2014 and $10.6 billion in 
2020, corresponding to an annual income gain 
of  $1.8 billion. As a consequence of  these 
income gains, 2.3 million people will be lifted 
above the $1.25 purchasing power parity (PPP) 
poverty line in 2014 and 11.0 million in 2020. 
In terms of  research, rice breeding is expected to 
yield the greatest benefits, closely followed by 
agronomic research. Postharvest research, even 
though coming in last position, provides a sig-
nificant share of  the total benefit. In terms of  
geographical area, research efforts need to con-
tinue to be focused on West Africa, with a special 
focus on Nigeria, Guinea, Sierra Leone and Côte 
d’Ivoire. East Africa will be the second major 
beneficiary region and Central Africa third. 
Rainfed rice-growing environments predo-
minate on the continent. Priority-setting results 
show that the rainfed lowlands will receive 
the greatest benefit from research, closely fol-
lowed by the uplands. Irrigated systems, whose 
importance is increasing, will be the third major 
environment. These figures hide important differ-
ences across research options, rice environments, 
research types and regions.

Conclusions

Rice is critical for food security and political sta-
bility throughout Africa, and it has great poten-
tial to fuel economic growth. For many decades, 
rice has had the fastest-growing consumption 
rate among the staple crops, in large part driven 

www.cgiar.org/our-research/cgiar-research-programs/rice-grisp/
www.cgiar.org/our-research/cgiar-research-programs/rice-grisp/


Priorities for Action 435

by huge growth in urban demand; however, 
about 40% of  the rice consumed on the conti-
nent is imported. Despite being a global crop, 
only 7% of  world production is traded interna-
tionally. Africa’s reliance on the international 
market is therefore a very risky strategy – any 
rupture in the global market supply would likely 
have major political implications due to the 
numbers of  (especially urban) people who rely 
on rice for their daily food, as seen during the 
2007–2008 rice crisis in Africa.

Research has shown that the potential for 
rice production on the African continent exceeds 
anticipated consumption levels in the distant 
future by far and that domestic rice can be com-
petitive. Even though aggregate yields are lower 
for Africa than for Asia, closer examination of  
yield by growing environment and season sug-
gests that rice yields in Africa are often on a par 
with those in Asia, especially for irrigated sys-
tems (AfricaRice, 2011a). Moreover, Africa has 
huge untapped natural resources in the form of  
land and water – resources that are now scarce 
in other parts of  the world, such as Europe, Asia 
and North America. Although local rice has for 
a long time suffered the stigma of  poor quality, 
its taste is preferred by many consumers over 
imported varieties, and when quality concerns 
are met consumers are prepared to pay a pre-
mium for local varieties.

The critical challenge facing the African rice 
sector is to enhance production, processing and 
marketing to enable a major concern to be turned 
into an opportunity – the growing demand for 
rice as a preferred staple. To respond to this chal-
lenge, Africa will have to become a global power-
house of  rice production, avoiding the trap of  
fragmentation of  production, processing and 
marketing factors, to produce sufficient quanti-
ties of  the right quality of  rice to compete against 
imports on the African markets.

In terms of  enhancing production, we need 
to understand factors limiting and reducing rice 
productivity per unit of  land, water and labour, 
and work together with farmers to develop ‘bas-
kets of  good agricultural practices’ that can 
gradually close the current large yield gaps in 
farmers’ fields. There is also a need to mobilize 
investments to raise the yield ceiling in farmers’ 
fields, reduce risk and enable greater farming 
precision. One way of  achieving the latter is to 
enable greater control over water resources in a 

collective and sustainable manner. For inland 
valleys in Africa, this will often entail the con-
struction of  main and secondary drainage 
channels and the identification, bunding and 
levelling of  individual fields with minimal soil 
disturbance. There is also a need to rehabilitate 
and expand irrigation structures, because rice in 
Africa is still mainly grown under rainfed condi-
tions. Improved access to credit, quality seed of  
improved varieties (tailored to specific growth 
environments and market demands) and min-
eral fertilizer will continue to play a key role in 
boosting rice productivity.

With the prospect of  increased production, 
there is a need for investment in the harvesting, 
processing and marketing described above, so 
that the whole value chain works together to 
ensure more and good-quality local rice reaches 
consumers’ tables. Financial products (e.g. credit) 
need to be adapted to the target borrower – there 
is no ‘one size fits all’ credit mechanism for every-
one involved in the value chain. Moreover, 
access to good storage facilities along the rice 
value chain (including warehouses) should be 
expanded to improve the storage and marketing 
of  quality rice (AfricaRice, 2011a).

Past experiences have shown that encour-
aging farmers to do their own processing is not 
helping in the drive to improve and maintain 
quality. For this reason, we need to move towards 
systems where farmers focus on production, 
using appropriate machinery to maximize their 
output in terms of  both quantity and quality. 
Processing may then be carried out with 
medium- and large-scale machinery owned by 
producer associations or private entrepreneurs. 
These could contract farmers to grow specific 
varieties with quality seed and specified inputs 
and other management practices – some form of  
outgrowers’ scheme. In this way, the processors 
will collect and aggregate rice of  a single variety 
of  a similar quality, which will enable them to 
produce grain of  uniform quality ready for the 
market (AfricaRice, 2011a).

Marketing is another important aspect. 
There is strong evidence that Africans prefer 
local rice varieties and will pay a premium for 
them if  the quality is right. Contractual arrange-
ments for delivery of  quality grain between pro-
cessors and wholesalers, and appropriate 
branding are logical steps to improve the value 
and consumption of  local rice on the continent. 
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Thus, the ‘final’ step in the value chain is that 
wholesalers will buy and brand (package and 
label) quality local rice for onward sale to retail-
ers and thence consumers (AfricaRice, 2011a).

In our vision, Africa’s rice farmers will oper-
ate modernized family farms, most of  which will 
be mechanized and in many cases farmers will 
grow a second crop (either rice or some other 
crop). Farmers, many of  them women, will be well 
informed, using quality rice seed and good agri-
cultural practices that are environmentally sus-
tainable from land preparation to harvest. 
Farmers’ prices will be differentiated to reflect 
quality grain and farmers’ associations or millers 
will aggregate quality paddy; rice will be mainly 
milled by dedicated quality millers using good stor-
age and processing practices; credit will be availa-
ble to all stakeholders in the rice value chain; 

contractual arrangements will be the norm, 
between farmers or farmers’ associations and pro-
cessors, and between processors and wholesalers 
or importers; wholesalers will bulk-buy quality 
rice for branding and onward sale to retailers; and 
the commercial rice product will carry a label indi-
cating not only its origin, but also its quality.

Working together towards that vision will 
allow Africa as whole, and the various sub-
regions, to realize ‘Africa’s rice promise’.
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accreditation 80, 181
see also certification; Truthfully Labelled Seed

action priorities 424–436
Advanced Spaceborn Thermal Emission and 

Reflection Radiometer (ASTER) 
instrument 198–200

AfRGM (African rice gall midge)
biological control 10, 233–234, 237
damage type 230
host plants 236
outbreaks, cropping and fertilizer 

association 233
resistance 71, 174, 176, 232
susceptability 175

African rice 95, 161–162, 356
see also Oryza glaberrima

African rice gall midge see AfRGM
AfricaRice Genebank Information System 

(ARGIS) 94
AfricaRice Strategic Plan 2, 15, 391, 425, 433
agri-business development 431–432
agriculture

conservation 257–258
good practices adoption 394–395
practices 394–395, 436
water use competition 265–266
see also cropping-systems; farmers

agroecological-zones 190–192, 195, 197, 359
agroecosystems 405
agronomy

research
benefit 405, 407, 408, 434
discipline importance 412, 418

impact model parameter 397, 419
poverty reduction 409–410, 411
task force 3, 198

alleles
evaluation need 117, 123
introgression 165–167, 168
marker 122
resistance 72, 153, 162, 168

alternate wetting and drying (AWD) 267,
268–269, 273

amylose content 312–313, 316, 317, 318
analysis

ex-ante 12, 241, 390–413
financial 384, 386
impact 395
molecular diversity 89
spatial 191, 273
structural 135

approaches
ecogeographic 91
genomic 91
methodological 360–361, 363
participatory 150, 346–347
systematic 412
value-chain 11

area
average 383
disaggregated 39
distribution 38, 252
estimated 35–45, 191, 192, 195
expansion 26, 188–200, 433
improved varieties percentage 12
major constraints 416



438 Index

aromatic-rice 174, 299, 312, 317, 321
Asara season 382
ASI thresher-cleaner 339
Asian rice 95, 130, 161–162, 356

see also Oryza sativa
attributes

consumer perspective 297
cooked rice 321
credence attributes 300, 301
defined 297
experience attributes 299–300
search 297, 299, 301
varietal, pool 401
see also characteristics; QTL; traits

auctions 301, 306, 430–431
auto-regressive (AR) model 50, 395
Azolla spp. 256

backcrossing 100–103, 114, 137, 139, 152, 
175, 357

see also breeding; genetics; hybrids
bacterial blight (BB) 162, 215–216, 217–218, 

221–222
bacterial leaf  blight

bacterium responsible 11, 214
importance ranking 55
perception index 47
resistance 70, 71, 112, 174, 221
symptoms 215

bacterium 10, 214, 217
Bamè 282
Bateson-Dobzhansky-Muller (BDM) model 133, 134
Benin-China Cooperation 282
best practices 381, 394–395, 436
biases 49, 63–65, 294, 301, 329
birds 50, 55, 61, 241–247, 357, 358
blast 10, 72, 175, 214–215, 216, 218–220, 319
Blétou valley 281, 287
branding 300, 305, 306, 314, 430–431, 436

see also packaging
breeding

adaptive 121–122
gene pools use 112–114
genomics-assisted 108, 113, 124
goals 71
interspecific 71–72
lines 4, 117
methods 69–76, 152–153, 161
molecular 152
new schemes application 138–139
objective 318
open source collaborative 122
populations 123
programmes 4–5, 79, 150, 154, 174
research 395–396, 397, 434
RYMV resistance use 163–164

strategies 113, 174
streams 114
task forces 69–70, 74–75, 150–151
technology adoption 393–394
see also backcrossing; genetics; genomics

bridge materials 114
broken-rice 297, 318, 321
Bt-rice 232
bunding 8, 209, 259, 280, 281, 289, 427
business models 337–338, 341
business-enabling environment 306

C4 metabolic pathway 154
catalogues 80, 82

see also varieties, lists
cereals 242, 245–246, 425
certification 80, 181, 305, 339
chalkiness 312, 314, 315, 317, 321
characteristics 89–90, 110, 200, 205, 315,

426–427
see also attributes; QTL; traits

chromosomal regions, comparison 133
chromosome segment substitution lines 

(CSSLs) 135–137
climate

change
adapting 70, 96, 211, 425, 429
effects anticipation 153–154, 223
impacts 210
pest movement effect 234–236
threat 278
water stress effect 266, 270, 272
constraints 54, 58, 60, 402
see also rainfall; temperature

cloning, positional 167–168
co-flowering 98–99
co-investment mobilizing 433
CO2 increase 210
cold tolerance 152

see also temperature
collaboration 71–72, 123, 139, 198

see also partnerships
commercialization 186, 308, 346
Common External Tariff  (CET) 31–32
communication 260, 363, 369, 374, 432, 433

see also media; videos
communities 286, 400–402

see also participation
community-based seed system (CBSS) 185–186,

346–347
competitiveness 31, 303–304, 306, 308, 321, 

324–330
compounds, plant-specific, detection 235
conservation 88–89, 257–258
constraints

abiotic 47–49, 50–56, 60, 144, 145
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see also climate; drought; flooding; iron (Fe) 
toxicity; nutrients, deficiencies; salinity; 
soil; temperature; water

agronomic 7
biophysical 56–61, 59, 65–68, 283,

390, 412
see also disease; insect pests; iron (Fe) toxicity; 

nutrients, deficiencies; weeds
biotic 47–49, 50–56, 61, 63–65
see also birds; diseases; insects; rodents; weeds
characterization 236, 426–427
importance 402
indicators 50
perceptions 48, 63–65
production 2, 6, 282–284, 289, 402
ranking 283
real effects 48
research impacts 402
see also climate; soils; stresses; water; weeds

consumer acceptability scores 314
consumers

attributes perspective 297
behaviour, defined 294
bias, imported rice 329
preferences 294–301, 317
quality standards 325–326
research impacts 399–400
value chain tailoring 303–308

consumption
annual evolution 295–296
attributes 294
characteristics 393–394
levels 294
rate 24, 28, 29–30, 324, 325, 434–435

cooked-rice 299, 312–313, 316–317, 318, 321
cooperation 122

see also partnership, Task Force Mechanism, 
Rice Sector Development Hubs

core collection concept 90–91
costs

estimations 31
genotyping 119, 123
imported rice 311
phenotyping 116
projects 387
reduction R&D 15
research 410–412

country-of-origin labelling (COOL) 300
credence 300, 301
credit 299, 340, 375, 436
crisis

food 1, 11–12
price 213, 304, 307
rice 24–33, 179, 213, 425

crop
development 103–104
establishment method 243

growth duration 154
integrated management 428
losses assessment techniques 244
management 6–11, 144, 154, 254, 

258–259, 427
simulation models 7, 196–197, 200
see also cropping-systems

cropping-systems
adoption 209
alternative 257
calendar 7–8, 428
double cropping 198
intensification-induced yield loss 9–10, 256
irrigated rice 7
operation timing 242
rotation 9–10, 200, 208, 209, 257, 259
synchronized 242
upland 209

crosses 4, 102, 166
see also backcrosses; hybrids

CSSL (chromosome segment substitution 
lines) 136–137

cultivars 206–207, 289
see also varieties

cultivated-areas 35–45, 154, 322, 324–325
cultural identity 345–346, 356, 359
cyber-seed concept 185
cytoplasmic male sterile (CMS) lines 

multiplication 173–174

data
management 76
presentation 400–402
sources 37, 39, 40, 47, 80, 104, 197, 412
survey 196, 379, 402–403, 417, 418

databases 25, 72, 88, 92, 161, 162
decision-support 7, 9, 121, 122, 341
deep-water systems 190, 251–252
delay-payment mechanisms 299
DEM (digital elevation model) 198–199
demand

increasing 24
lifting 15, 32, 301
perspective 303
prediction 31, 394, 424
urban 346
varietal characteristics 402, 416

denaturing gradient gel electrophoresis (DGGE) 
technique 236

deregulation, formal seed systems 186
DGGE (denaturing gradient gel electrophoresis) 

technique 236
DIARPA (Diagnostic Appraisal System for Water 

management) 287, 288, 289
digestibility trait 358
digital elevation model (DEM) 198–199
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disease
control 218–222
during grain-filling stage 319
genes, controlling 121
hotspot screening 72
incidence 195–196
incomes impact 58
major 213–216
management 213–223
mapping potential epidemics 195–196
model 195–196
research 58
resistance 111, 175, 176
spatial variability 11
technology 56, 60–61
types 284
water-borne 277

dissemination bottleneck 372–374
distinctness, uniformity and stability (DUS) 

criteria 79, 80, 82, 83
diversification 426–428, 433
diversity

analysis 89, 110–112
biological 284–285, 429
environment 188
farm-produced seed 183–184
gene pool 112–114
genetic 87, 130–131, 135–138, 166
reduction 130
rice and related wild species 87–92

DNA markers 72
domestic resources cost (DRC) estimations 31
domestication 103–104, 111, 130–131, 133–135
donors 72, 137, 151
drainage infrastructure 251
drought

constraints 62, 281, 283
grain effects 318
management 56
research 72
resistance 6
yield gap determinant 196, 200

dryers 336, 338
DUS (distinctness, uniformity and stability) 

criteria 79, 80, 82, 83
DVDs 373–374

see also media; videos

eating qualities 312–313, 316, 317–318
ecology 277–279
econometric methods 412
economy 11, 24–33, 204, 277–279, 359
ecosystems 35, 41, 145, 208, 283, 285–286

see also inland-valleys; irrigated-systems; 
rainfed-systems; upland-systems

elite lines 121–122

elongation rate 316
enemies, natural 237
environment

characterization 35
classification 36–37
diversity 188
division 69
genotype interactions 175, 358, 360–361
research 399, 405–406, 407, 410, 417, 421
services 428–429
technology interactions 355–363
see also lowland-systems; rainfed-systems; 

upland-systems
EPIRICE diseases model 195–196
equality 351

see also gender issues;men; women
Equatorial forest agroecological zone 190, 276
equitable development 424
evapotranspiration 266, 267, 272
Experimental auctions 301, 430–431
extension 340–341, 368–369, 424, 432–434

facilitators 386, 387
fallow-systems 10, 200, 209, 257
farm-household see household
farmer field schools (FFS) 370, 381
farmers

adoption model 67
characteristics 402
confidence 367
decision making 7
facilitators 385
feedback mechanisms 375
female 281
meeting the needs 179–186
modern 436
number estimation 67, 398
perceptions 46–62
practices 253–254, 256, 258
research impacts 391–398, 421
seed involvement 182, 183, 375
varieties 359

FCC (Fertility Capability Classification) system 193,
194, 252

FERRIZ model 255
fertilizer

application 8, 318
management 10, 259
mineral 8, 251–253, 255–256, 258, 

260, 269
needs 260
price reduction policy 11
rates 8
recommendations 255, 256, 259, 260
subsidies 32
timing 154
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use 253
see also nitrogen; nutrients; phosphorus; 

potassium
finance 80, 384, 386, 430
flooding 56, 62, 153, 209, 267, 269
flowering 98–99, 175, 176
food baskets 24, 276–290
food security 173, 303, 304, 307–308, 330, 

390–413
formation-diffusion: F-D training 386–387

gall midge 10, 162, 284
see also African rice gall midge

gametes 131, 133, 134, 135, 151
GEBV (genomic estimated breeding value) 120,

121, 123
gender issues

access 344–345, 346, 369
actors and levels 343–346
analysis 3, 348–349, 351
considerations, project integration 343–352
equity framework 348
implications 280
improved varieties 347
inequality 369
mainstreaming 346–351
see also women

gene-bank, AfricaRice 69, 88
gene-flow 95–104, 210

see also interspecifics
genes

candidate 134–135
characterization 110
identified 71, 72, 136–138, 152
mapping 136–138
pools 103–104, 112–114, 145, 151–152
resistance 71, 137, 162, 164, 168–169, 382
transfer 136–138

genetic improvements 12, 150, 162–169
see also breeding; genetics; genomics; quality

genetics 4–5, 114, 130–131, 135–137, 144–156
see also breeding; genes; genomics

Genome-wide association studies (GWAS) 113, 115, 
116, 117, 118–119

see also QTL, mapping
genomic estimated breeding value (GEBV) 120,

121, 123
genomic selection (GS) 114, 120–121, 122
genomics 5, 108–124

see also breeding; marker-assisted selection
genotype-phenotype relationships 114–122
genotypes 114–122, 175, 358, 360–361
genotyping 115–121, 123, 139
geographic information system (GIS) 91, 116, 

287, 289
see also remote-sensing

germplasm
collection 88–89, 90–91, 156
elite resources 121–122
evaluation 10, 71, 231
exchange 152
multiple streams 114
preservation need 156
resources 112, 118
streams 114
see also breeding; genes; phenotyping; resources, 

genetic; seed
GIS (geographic information system) 91, 116, 287, 289

see also remote-sensing
Giza lines 5, 175
government strategies 339–340

see also policies
grader, mechanical 337
grain

appearance 312, 313–316, 317, 329
breakage 297, 318, 321
characteristics 206–207, 299, 312, 

313–316, 394
quality 13, 74, 121, 176, 206–207, 311–32
hardness 314
sensory evaluation 300, 314–315, 317, 321, 435
taste 435
whiteness 311, 312, 315, 316, 318, 320, 321

grasses 209–210, 284
growing environments 37, 38, 412
GS (genomic selection) 114, 120–121, 122
guidelines

efficient seed flows facilitation 426
manuals 7, 370
partial water control structures 288
see also recommendations

Guinea savannah agroecological zone 190
GWAS (genome-wide association studies) 113, 115, 

116, 117, 118–119
see also QTL, mapping

haplotypes 117, 134
harvested-area

estimates 36, 37
expansion 25, 27, 198–200, 425, 428–429
growth rates 28
under rice 26

harvesters 335, 339, 425–426
harvesting

hand-harvesting problems 334, 356
investment 431
mechanization 322, 334–335, 425–426
practices 399–400
timing 7, 8, 154, 318–319, 399–400

head-rice ratio 312, 315, 318, 319, 321
heat 151, 154

see also temperature
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herbicides 8–9, 206, 208, 209, 210
heterosis 173, 177
homogeneity 80, 301, 303, 304, 306
host plants 221–222, 236
host-pathogen relationships 218
hullers 327
humid forest agroecological zone 197, 276
husking recovery 312
hybridization 135–136, 357
hybrids

breeding strategy 174
development 100–103, 173–177
evaluation 74, 174–175
fertility 72, 95–96, 102, 131–132, 139, 151
sterility 132, 133, 151
technology 173–177
see also breeding; genetics

hydrology 277
see also water-management systems

iBridges development 72, 139, 151
ICT (information and communication 

technology) 369, 374, 375, 432, 433
impact

assessment 350, 375–376
boosting 433
extrapolation 398–399
model parameters 419
parameters 50
projection over time 66–67, 395, 397
research 46–62, 391–413
scientific options 403
structural, model 396–397
studies 12–13

implementation 350, 432, 433–434
imported-rice

attributes 298, 299
consumption preference 294, 297, 298, 301
cost 69, 311, 390
flows increase 308
increase 324
percentage 24, 279, 303, 435
quality 299, 306, 307
reduction 321
regulating 33, 431
reliance on 25, 303
research impact 410–412
surge 30
tariffs 32, 431
tonnes 69, 311, 390

impurities 311, 312, 315, 321
see also quality

incentives 273, 308
see also subsidies

inclusion, social 369–374
income

gain, regional distribution 403
production constraints effect 58–60
projections 31
research benefits 403–407, 420, 434
research impacts 58–60, 67–68, 390, 

398–399, 419
variable, household 401
yield loss impact 68

incompatability
interspecific 134
see also reproductive barrier

information
access 124, 210, 322
gender issues 347, 369
sharing 122
sources 297, 374
see also databases; knowledge; 

learning; training
information and communications technology 

(ICT) 369, 374, 375, 432, 433
infrastructure 184, 251, 281–282, 287
inland valley systems 9, 195, 198, 276–290, 

381, 429
innovations 347–348, 355, 362, 367–377, 

379–388, 427
see also land, preparation; weeders, mechanical

inputs, organic 256–258, 260
see also fertilizer

insect pests
area affected 55
grain-filling stage intervention 319
management 56, 229–237
pre-and postharvest 230–231
research 60
resistance 175, 176
species 200, 284
technology adoption 57
see also integrated pest management

Instrumental Variable method 396
integrated pest management (IPM)

approach 214
challenges 237
field-level 232–233
genetic control component 218
landscape-level 233–234
post-harvest 234
research solutions 393
strategies 236

integrated rice management (IRM) 7, 8, 9, 379–380, 
428, 434

Integrated Transect Method (ITM) 287, 289
integrated-systems 179–186, 381–382, 428
intellectual property rights (IPR) 177
intensification 426–428, 433
International Rice Information System (IRIS) 92
interspecific bridge lines (iBridges) development 72,

139, 151
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interspecifics 3, 96, 101, 104, 236
introgression 136, 138, 151, 162, 168
investment

commercial, seed systems 184
domestic rice value chain upgrade 32, 431
foreign 431
genotyping 123
pay-back time 339
promotion 429–430
rate of  return 12

IPM see integrated pest management
IRM (integrated rice management) 7, 8, 9, 

379–380, 427, 434
iron (Fe) toxicity

avoidance 8, 259
cause 284
distribution 148
effects 9, 258
reducing, nutrients 6
severity 154
tolerance 150, 151

irrigated-systems
area 191, 266
defined 190
description 379
ecosystems 208
evapotranspiration 267
infrastructures 251
large scale 270–272
management 6–8
nutrient uptake 251
performance 270–271
potential 265, 428
research 7, 412, 434
salinity problem 146–147
soil constraints 193
untapped potential 198
water productivity 265–274
yields estimates 39
zones 270

isolines, RYMV-resistant, creation 167
isotopes, stable 235
ITM (Integrated Transect Method) 287, 289

Jéby (off-season) 381–382, 384, 385, 386, 387
knowledge
communication 260
dissemination 347
gaps, crop and weed interactions 211
improved 9
lack 254
management 424, 432–433
plant species 285–286
uptake stimulating 433
see also communication; information; learning; 

training; videos

labelling 186, 300, 305, 436
see also packaging

labour 332, 333, 346, 357, 425
land

issue 431
levelling 259, 289, 333, 334, 338
preparation 8, 333–334, 338, 382
tenure 200, 280
use 286, 287, 289, 428–429

landraces 88
landscapes 194, 277
languages 367, 372

see also videos, translated
learning

audio-based 433
collective 379–388
contexts changing 368
facilitation 308
gender-sensitive 347–348
methods 368
modules 384
participatory 370
requirements 371
rural, enhancement 367–377, 432
tools 7, 368, 380–381, 387
unsupervised 362–363
see also knowledge; media; videos

legumes 9–10, 257, 259
lines 4, 72, 117, 137, 151
livelihoods 277, 356, 377, 392, 433
local-rice

availability 325, 329
characteristics 313–316
comparative advantage 303
competitiveness 13, 31–33, 306, 308, 

324–330
discounted 13, 305
imported rice comparison 313–316
preference 294, 298, 299, 300, 312
price 300, 329
production 11
quality 307, 311–322, 400, 431, 435
research impact 400, 410
unavailability 311
value chain 430, 436
varieties 96, 145

loci 132, 166
losses

areas 416
assessment techniques 244
causes 144, 204, 284
impact 68
parasitic infection 284
postharvest 242–243, 273, 332–333, 395, 399
qualitative 399
quantification 236
reduction 50–56, 57
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lowland-systems
biotic stresses 200
collective learning and innovation 

experience 379–388
fertilizer use 253
intensified 35
irrigated 6–7, 189, 196–197, 253–256
rainfed 8–9, 189–190, 197, 251, 258–259, 

412, 434

MABC (marker-assisted backcrossing) 114, 152
machinery 7, 8, 11, 206, 340

see also mechanization
mangrove systems 251–252
mangrove-swamp production system 190
manure 256, 257

see also fertilizer; nutrients
mapping 117–118, 132–133, 136–138, 167–168
marker-assisted backcrossing (MABC) 114, 152
marker-assisted recurrent selection (MARS) 73, 153
marker-assisted selection (MAS)

approach 115, 122, 318
breeding 2, 72–73, 113, 119, 152
capacity-building 169
iBridges development 139
QTL mapping 118
rice improvement 167

marker-phenotype information 73
markers 72, 121, 138–139, 161

see also marker-assisted selection; 
molecular-markers

market
access importance 9
conditions 357
duality 329
enhancing 424
knowledge improving 430–431
opportunities creating 433
regulation policies 32–33

marketing 13, 15, 174, 429, 431, 435–436
MARS (marker-assisted recurrent selection) 73, 153
mechanization 8, 322, 332–342, 425–426, 436

see also machinery
media 260, 368–369, 374

see also videos
mega-environments 121–122
megagametophytes 134
meiosis 134
Meloidogyne incognita, resistance gene 137–138
MET (multi-environmental testing) 71, 74–77
micro-credit 340
milled-rice 305, 315, 327

see also millers; milling; mills
millers 321, 436
milling

competitiveness factor 324

effects 312, 316, 399
equipment, rice quality impacts 305
harvesting date effects 311
methods 319–320, 336–337
rate 175, 176, 400
recovery 29, 312
rice quality impacts 305

mills 322, 327, 328, 329
mineral deficiencies 154

see also fertilizer; nutrients, deficiencies
molecular-markers 72–73, 89, 90, 161–169, 

235–236
morphology 89–90, 136–137, 276, 278
mulching 10
multi-environmental testing (MET) 71, 74–75
Multi-Lateral Systems 88
multi-stakeholder platforms (MSPs) 14, 287, 

338, 434

national performance trials (NPTs) 83
national research and extension 

agencies 340–341
national varietal release committee (NVRC) 79,

80–81, 83
natural-resources 6–10, 194, 285, 369

see also land; water
NDVI (Normalized Difference Vegetation Index) 271
near-isogenic lines (NILS) 135–137, 152
nematodes 10, 137–138
NERICA rice varieties

adoption 347, 355
amylose content 318
area 13
backcrosses 175
characteristics 290, 315, 394
cooking and eating qualities 316–317, 321
development 3, 5, 162
growing conditions adapted 131
Oryza spp. content 139, 151
preference 316, 321
promotion 4, 11
resistance trait 6
storage duration 320

New Rices for Africa see NERICA rice varieties
Niger River 270
NILs (near-isogenic lines) 135–137, 152
nitrogen (N)

application 8, 259, 269
Azolla replacement 256
deficiencies 194, 258
legumes accumulation 257
levels 284
losses 146
recommended rates 255
recovery rates 197
see also fertilizer; mineral deficiencies; nutrients
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Normalized Difference Vegetation Index (NDVI) 271
nucleotides 115
nursery preparation 383
nutrients

balances 250–251
deficiencies 147–148, 194, 284
inputs 194
iron toxicity reducing 6
management 251, 253–254, 260
recommendations 259
recovery rate improving 197
use 250–260, 289
see also fertilizer; nitrogen

NVRC (national varietal release committee) 79,
80–81, 83

observation 367
Ofada rice 300
off-types 97, 100, 102–103, 104, 135, 139
Office du Niger 268, 270–272, 273, 335, 336
Orseolia oryzivora 10
‘ORYLUX series’ 318
Oryza genus 87
ORYZA model 6–7, 196, 255
Oryza spp.

diversity 110–112
donors 137
genome types 111
O. brachyantha (FF genome) 112
O. eichinngeri CC genome species 112
O. glaberrima
characteristics 89, 161–162
domestication 87, 95, 130–131
genetic diversity 130–131, 135–137
population structure 89
resistance 71, 138
trait identificaton 90
unlocking 130–139
O. longistaminata 111
O. punctata weed 111–112
O. sativa 15, 87, 131–132, 139, 161–162
sequencing 110

Pack-Mutator-like (Pack-MULE) transposable 
element 134–135

packaging 32, 184, 185, 234, 297, 337, 375, 436
see also branding; labelling

parasitoids 10, 174, 233–234, 237
parboiling 299, 320–321, 322, 330, 375, 376
parents 72, 137
participation 281, 282, 286, 287, 289, 290, 434

see also communities
Participatory Learning and Action Research for 

Integrated Rice Management (PLAR-
IRM) 288–289, 347, 379–381, 382

Participatory Learning and Action Research 
(PLAR) 9, 289, 370, 379–380

participatory rural appraisal 370
participatory varietal selection (PVS) 155,

346–347, 355
partnerships 2–4, 431, 432, 433

see also collaboration; Task Force mechanism; 
Rice Sector Development Hubs

paspalum gall midge (PGM) 10
pathogens 10, 214, 216–218

see also blast; rice yellow mottle virus
pests 195–196, 200, 231–232, 234–236, 319

see also birds; insect pests; integrated pest 
management; nematodes; parasitoids; 
rodents

phenotypes 73, 89, 91, 114–122
phenotyping 72, 115–121, 155, 156
phosphorus (P)

deficiency 10, 147–148, 255, 257, 258
deficiency tolerance 72, 152, 154

photoperiod, varietal responses 5
photothermal responses 5
physiology research 5–6
plant material development 167

see also breeding; genetics
planting density, bird damage association 243
PLAR (Participatory Learning and Action 

Research) 9, 289, 370, 379–380
PLAR-IRM (Participatory Learning and 

Action Research for Integrated Rice 
Management) 288–289, 347, 
379–381, 382

policies
agricultural equipment importation 339
conducive, promoting 431–432
dialogue 338
instruments 33
R&D 15
sequencing 430–431
value-chain approach 11–12

Policy Analysis Matrix (PAM) 11
pollination, supplementary, rope use 177
polymorphism analysis 236
population 31, 49, 63–64, 65, 67, 266
post-zygotic barrier 135
postharvest handling and management

facilities 290
see also dryers; milling; storage; threshing; 

transport
insect pests 230–231
integrated pest management 234
losses 242–243, 273, 332–333, 395, 399
practices 7, 8
research 412, 434
timing 399–400

potassium (K) 154, 255, 259
pounding see milling
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poverty
reduction 60–61, 409, 411
research impacts 67, 390, 398–399, 407–409, 

419, 422
targeting 370
yield loss impact 68

pre-breeding activities 71
pre-harvest cultivation practices 318–319
precision management systems 427–428
prediction models 154

see also RIDEV (Rice Development) simulation 
model

preferences 294–301, 317, 321, 358, 359
price

attribute 299
crisis 213, 304, 307
differentiated 436
discount 305, 325–326
local rice 329
rise 326
spikes 12, 25, 307
stabilization 33

priority-setting 391–412, 432, 433, 434
processing

activities 399
enhancement 424, 435
investment 431
practices 315, 436
technologies promotion 429–430

processors, research impacts 399–400
production systems

see irrigated-systems; rainfed-systems; 
deep-water systems

protection 24–25, 328
see also subsidies; taxes

protein content 135, 313
puddling 266, 289
pumps 334, 338
purchase, aggregation 33
purchasing power parity (PPP) poverty line 434
PVS (participatory varietal selection) 155, 346–347, 355

QDS (Quality Declared Seed) 185
QTL (quantitative trait locus)

abiotic stresses identified 156
identifying 115, 136–137
introgressing 113
mapping 108, 116, 117–118
moving across species 114
Pup1 152, 155
traits identification 72, 138
yield component 73

quality
acceptable 183
attributes, physical 321
benchmark 306

characteristics 311
see also amylose content; grain, breakage; grain, 

whiteness; protein content
comparison 314
control 180, 186
demand 305
enhancing 15, 429–431
gap 399
governance 304, 307
improvement 13, 311–322
standards, consumer-set 325–326
upgrading 183–184, 306–307
value chain role 435, 436
see also standards

Quality Declared Seed (QDS) 185
quantitative trait locus see QTL

R&D see research & development
R-BIP (Retrotransposon-based insertion polyorphism) 

markers 135
radio 369, 373

see also media
rainfall

bird damage association 243
distribution knowledge 258
fertilizer application relationship 258
knowledge 259–260
regimes 276, 278
relative yield reduction 196
temperature 153
variability 210
see also climate; rainfed-systems

rainfed-systems
area 37, 191
cultivation 324–325
drought risk 200
herbicides use 209
high-input/commercial systems 190
inland valley 380
low-input systems 191, 200
lowland 8–9, 189–190, 197, 251, 258–259, 

412, 434
subsistence farming 191
upland 190, 197–198, 251, 256–258, 412, 

434
rats 284

see also rodents
reapers 334–335
recombinant inbred line (RIL) 136–137
recommendations 255, 256, 259, 260, 269, 341

see also guidelines
Red-billed Quelea 242, 243, 247
RefSeqs 110, 111
remote-sensing 270–272, 273, 287, 289
reproductive barrier 132, 133, 135, 139

see also S1 locus
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research
agenda 432, 433–435
benefits 144–145, 390–391, 405–407, 408
disciplines 407, 408, 411, 418
gender-responsive components 349
impact-orientated 144, 424, 432–434
impacts 46–62, 65–70, 144, 390–413, 

415–423
priority-setting 391–412, 433
themes 404, 405, 406, 408, 410, 411,

417, 418
see also research & development

research & development (R&D)
agricultural categories 15
costs 409–412
demand-lifting 15, 32, 301
forums, agricultural 341, 374
gender considerations integration 343–352
partnerships 3–4, 7
rate of  returns analysis 13
strategic plan 425
see also research; Task Forces

resistance
alleles 72, 153, 162, 168
biotic stresses 71, 73, 221–222
breeding 73
evaluation 168
genes 137, 162
high 164
hybrids 176
management 218
partial 163–164
sources identification 10
study 162–169
traits 112, 138

resources
access 260, 344–345
genetic 87, 90–92, 433
natural 6–10, 194, 285, 369
see also land; water

restriction fragment length polymorphisms 
(RFLPs) 115

Retrotransposon-based insertion polyorphism (R-BIP) 
markers 135

RFLPs (restriction fragment length 
polymorphisms) 115

Rhamphicarpa fistulosa parasitic weed 284
Rice Advice DVD 373–374
Rice Sector Development Hubs 13–14, 15, 434
rice stripe necrosis virus (RSNV) 137, 138
rice types 297
rice yellow mottle virus (RYMV)

description 215
genetic control 162–169, 220–221
near-isogenic lines 137
perception 51, 52, 55
resistance 90, 137, 163–164, 168–169, 382

resistant and tolerant rice species 71, 73, 112,
221–222, 382

studies 10
susceptibility 175
symptom development delay 163
variability 216–217

rice-sector development 13–14, 15, 390, 434
RICEPEST simulation model 236
RIDEV (Rice Development) simulation model 5, 6–7, 8, 

154, 255–256
rodents 50, 55, 60, 61
roguing 102
round-grain (japonica) rice 297, 298, 299
RYMV see rice yellow mottle virus

S1 locus 132–135, 139, 151
see also reproductive barrier

Sahel 6–8, 175, 190, 197, 273, 379
salinity

climate change effects 153–154
irrigation problem 200
locus 151
modifiers 193, 194
resistant germplasm identified 71
tolerance 6, 71, 146–147, 151, 152, 174

Saltol 73, 151, 152, 155
sawah systems 280, 281, 288
scaling 8, 123, 337, 370–374, 385–387
SEBAL (Surface Energy Balance Algorithm for Land) 

model 271
seed

breeder 182
collection 88
farmer-saved 182, 375
foundation-seed 183
health video 347
hybrid 174, 177
legislation 184, 186
quality 180, 375, 382–383, 436
release systems 180
sources 181, 182
value chain 183, 184–186

seed-systems
access 32, 86, 181
boards 184
commercialization 186, 308, 346
control infrastructures 184
development 80, 186
emerging formal systems 186
enterprises, performance 184–185
establishing 425
informal/farmer 179, 181–182, 183–184
integrated sector 179–186
legislation 11, 426, 431
regulation 79, 184
sector development, key issues 183
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seed-systems (continued)
security stocks 186
transaction involvement, farmers 182

seeding 8, 209, 334
see also sowing

seedlings 89–90, 382, 384
selection

criteria 155
genomics-facilitated 108–109, 114, 

120–121, 122
genotypic 161
marker assisted 72–73, 139
pressures 104
recurrent 73–74
see also breeding; genetics; marker-assisted 

recurrent selection; marker-assisted 
selection

Senegal River valley (SRV) rice 7, 8, 306, 307, 
309, 326

sensory evaluation 300, 314–315, 317, 321, 435
sequencing 109–112, 116
shield bugs, grain damage 319
simple sequence repeat (SSR) markers 89, 90, 115, 

139, 162, 167
single nucleotide polymorphisms (SNPs)

arrays 108, 115–116, 117
chips 155
density 117
genome sites 109–110
markers 113, 114, 116, 138–139

site-specific nutrient management (SSNM) 
research 260

small-scale systems 355–363
smallholders 250, 355–363, 431–432
SNPs see single nucleotide polymorphisms
society, technology interactions 355–363
socio-cultural conditions 359
socio-cultural practices 345–346
socio-economic factors 280, 283, 322, 356, 358, 390
socio-technical landscape 362
soil

classification system 193, 194, 252
constraints 53, 56, 60, 61, 144, 192–195
degradation 250, 273
fertility 7, 193, 194, 258, 278, 284, 383
problem 145, 154, 200
quality 252, 273
resources 251–253
see also iron (Fe) toxicity; salinity

sowing 8, 154, 242
see also seeding

soybean, dual-purpose 257
spatial analysis 43–45, 191, 270, 273

see also remote-sensing
species

cultivated rice 161–162
see also varieties

insect pests 200, 284
pest birds 242
weeds 111–112, 205, 285–286
wild 87, 88, 95, 98–99, 110

SRI (System of  Rice Intensification) 269, 270, 273
SRV (Senegal River valley) rice 7, 8, 306, 307, 

309, 326
SSNM (site-specific nutrient management) 

research 260
SSR (simple sequence repeat) markers 89, 90, 115, 

139, 162, 167
standards 79, 80, 181, 306, 325–326

see also quality
staple food crops contribution 25
starch content 300
sterility

barrier 71–72, 104, 114
interspecific 131–132, 133, 151
restorer lines 175
spikelet 196
see also reproductive barrier

stocks, local, establishment 431–432
storage 32–33, 300, 320, 322, 330, 436
strategies

best-bet 286, 287, 289
food security 307–308
government 339–340
locally adjusted 288–289
non-price 304
supply and demand 307
supply-shifting 32

stresses
abiotic 144–156
biophysical 56–61, 65–68, 283, 390, 412
combinations 155
environmental side-effects 394–395
grouping 415
resistance 72, 112
tolerance 71, 112, 144–156
see also constraints; soil; temperature; water

Striga hermonthica resistance 6
sub-humid agroecological zone 191
submergence tolerance 152–153
subsidies 32, 180–181, 328, 339
Sudan savannah agroecological zone 190
supply and demand 69, 307, 327
supply-shifting 15, 32
supply-side perspective 303
support markets 306
Surface Energy Balance Algorithm for Land (SEBAL) 

model 271
sustainability

action priority 426–428
development 3, 344–345, 424
genomics-assisted breeding potential 123
harvested areas expansion potential 198–200
inland valley strategies 286–289
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integrated pest management role 229
issues 254
management options 229
mechanization 339–341
production/productivity 425

System of  Rice Intensification (SRI) 269, 270, 273

tariffs 31–32, 431
Task Force mechanism 2–3, 69–70, 74–75,

150–151, 198
see also partnerships

taxes 328, 339
technography 361, 362
technologies

access 116, 150
adoption 57, 62, 150, 338–339, 395
complexity 368
development approaches 9, 338
development and dissemination 

models 361–363
flexible 427–428
innovation 382–384
interactions 355–363
uptake 359, 433
visibility 367–368
see also tools; varieties

temperature
extremes 56, 148–150, 154, 196, 200
increases 210
knowledge 259–260
variations 149, 153
varietal responses 5, 151, 154

threshers 8, 338, 339
threshing 290, 319, 322, 335–336, 425–426
tillers, power 288
tolerance

breeding 72, 73, 145, 150, 152, 155–156, 
175–176

differential varieties 72
gene discovery 71
improvement strategies 150–153, 174
mechanisms 154
screening 154–155
traits 112, 150–153, 154
upgraded varieties 427

tools 7, 272–273, 348, 368, 380–381, 387
see also technologies

toposequence 194–196
toxicity see Iron (Fe) toxicity
traceability 186
tractors 333, 334, 338

see also mechanization
traders 399–400
training

facilities 260
institutes, government support 339–340

manual 370
materials 373
populations 123
programme 386
sets 123
videos 8, 387
see also knowledge; learning

traits
adoption rate role 357
composite 116
genes/QTLs localization 71
heritability 116, 117, 145, 161, 218, 318
identified 72, 90, 112
list 83
morphological 89
taste 358
yield, genotype-by-environment (GxE) 

interactions 358–359
see also genetics; genomics

translucency 312, 314, 315, 317, 321
transmission ratio distortion (TRD) 131–132, 133
transplanting 209, 382
transport 290
TRD (transmission ratio distortion) 131–132, 133
Truthfully Labelled Seed 185

undernourishment 423
upland-systems

biotic stresses 200
cropping 9–10, 209
rainfed 190, 197–198, 251, 256–258, 

412, 434
urbanization 24, 294, 301
urea super granules (USGs) technology 255

value for cultivation and use (VCU) requirements for 
varietal release 80, 82, 83

value-chains
analysis 303, 326–327
competitiveness 308, 324–330
defined 304
development 13–14, 15, 307–308, 

324–330, 433
development-orientated 185–186
finance access enhancement 430
income, research benefits 404
systemic constraints 306
tailoring to consumers 303–308
upgrading 32

variation 114–122
varieties

acceptability scores 314
access lack 70
adaptable 355
adoption
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varieties (continued)
cultural and socioeconomic factors 356
curves 359
data collection 412
demand elasticities 416
history 83, 84–85
impact 12
probability 401
rate 394, 415
register 79
research impacts 402, 404, 406, 407,

408, 411
role 357–358
catalogue 80
characteristics 392, 402, 415, 416
choice 8, 243, 359
comparing 359
criteria change 358
development 69, 70, 71, 101, 152–153
duration 357
introducing, testing, disseminating 4–5
lists 5, 401
new 12, 260, 346–347, 382–383
rejection 356
release systems 79–86
selection 317–318, 322
testing and disseminating 4–6
see also breeding; genetics; marker-assisted 

selection
VCU (value for cultivation and use) requirements for 

varietal release 80, 82, 83
vegetables 259

see also legumes
Vickrey second price auctions 306
videos

based learning 348, 433
impact assessment 375
translated 8, 347, 348, 372

viscosity, cooked rice flour 313
visual aids 387

see also videos

water
applied by irrigation 260
availability 145, 278
consumption 271, 272
control 8, 258–259, 287, 427, 435
excess 147
see also flooding
intake reduction 267
problem, farmer perception 56
productivity 265–274
re-use 266
regimes 6, 382
related abiotic constraints 54
see also drought; flooding

resources 284, 285, 428–429
saving 268, 269, 273, 318
scarcity 200, 260, 266, 272–273
see also drought
sources 35
standing, maintaining 208
stress 266
table continuum 36
uptake ratio 313, 316

water-management systems
continuum 36
design 287
facilitation 259
fertilizers/herbicides efficiency 

maximizing 8–9
harvesting 251
improved 144, 288
infrastructures 281–282, 287
measures 384
structures 279–282

watershed 194
weather-forecasting 258
weeders, mechanical 334, 382, 383, 427
weeds

bird-damage association 243
competition 6, 206, 210, 284, 289
control 208, 243, 269–270
herbicide resistance 210
impact 61
importance perception 50, 51, 52, 53–54
management 7, 8, 204–211, 254, 383
parasitic 284
problems 200
species 111–112, 205, 285–286
technology options 60
yield loss factor 57

wetlands 198, 276–277
wild species 87–92, 95, 98–99, 110–112
willingness-to-pay (WTP) 306, 326
wisdoms 345–346
women 281, 343, 344, 345, 371

see also gender issues
WPI (water productivity) 266, 267, 268, 269, 

271, 273

yield
actual 145
attainable 46
average 41
defining factors 46
estimation 35–42, 271, 282
gains 288
gap 188–200, 379, 425, 426–428, 433
growth rate 27, 28
high, breeding for 73–74
increase 15, 25, 26, 27, 33, 254
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integrated management effects 289
limiting factors 46, 189
see also drought; nutrients, deficiencies; 

temperature, extremes; water, excess
potential 46, 72, 73, 145, 188–189, 196–198, 

382
reducing factors 46, 144, 189, 426
see also birds; constraints; disease; insect pests; 

rodents; weed

variability 7, 175
videos impact 375

zinc (Zn) deficiency 61
zones, agroecological 190–192, 195, 197, 

270, 359
zooming-in zooming-out (ZIZO) approach 347–348,

371–372
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