
Sustainable Solutions 
to End Hunger



Ceres2030 is a research project of:

Supported by:

Publishing partner:

ceres2030.org



ACKNOWLEDGEMENTS

This project was made possible through the generous support of 
the Bill and Melinda Gates Foundation, and the German Federal 
Ministry of Economic Cooperation and Development (BMZ). 
The authors are particularly grateful to Ammad Bahalim and 
Neil Watkins from the Bill and Melinda Gates Foundation, and 
to Anna Friedemann-Pfautsch, Heike Henn, Martin Hoppe, and 
Stefan Schmitz from BMZ, for their invaluable contributions to the 
report and their support and guidance throughout the project. 
The authors are extremely grateful for inputs and contributions 
from the following people: Wenceslao Almazan, Sofía Balino, Amy 
Barry, Katherine Clark, Jon Date, Elise Epp, Kiranne Guddoy, David 
Hegwood and Tess Lallement.



CONTENTS

Editorial: To end hunger, science must change its focus............................................................................1

Foreword................................................................................................................................................2

Summary................................................................................................................................................4

Economic Modelling..............................................................................................................................37

SUSTAINABLE SOLUTIONS TO END HUNGER: NATURE PORTFOLIO COLLECTION OF ARTICLES	

Feast and famine in agricultural research...............................................................................................62

Evidence synthesis for sustainability......................................................................................................63

Accelerating evidence-informed decision-making for the Sustainable Development  
Goals using machine learning................................................................................................................64

ON THE FARM
Shedding light on the evidence blind spots confounding the multiple objectives of SDG 2.......................71

A scoping review of feed interventions and livelihoods of small-scale livestock keepers ..........................79

A scoping review of adoption of climate-resilient crops by small-scale producers in  
low- and middle-income countries........................................................................................................87

A scoping review of research funding for small-scale farmers in water scarce regions..............................98

A scoping review on incentives for adoption of sustainable agricultural practices  
and their outcomes.............................................................................................................................107

FOOD ON THE MOVE
A scoping review of market links between value chain actors and small-scale  
producers in developing regions..........................................................................................................119

A scoping review of interventions for crop postharvest loss reduction in sub-Saharan Africa  
and South Asia....................................................................................................................................129

EMPOWERING THE EXCLUDED
A scoping review of the contributions of farmers’ organizations to smallholder agriculture...................144

A systematic review of employment outcomes from youth skills training programmes  
in agriculture in low- and middle-income countries..............................................................................155

Social protection to combat hunger.....................................................................................................170

68   |  Sustainable solutions to end hunger Sustainable solutions to end hunger  |   69

Of some 
570 million 
farms in 
the world, 
more than 
475 million 
are smaller 
than 
2 hectares.”

from the Ceres2030 team’s findings includes the striking 
statement that “most of the included studies only involved 
researchers without any participation from farmers”5.

So why aren’t more researchers answering more prac-
tical questions about ending hunger that are relevant to 
smallholder farmers? Many of the reasons can be traced 
to the changing priorities of agricultural-research funding.

During the past four decades, funding provision for 
this type of research has been shifting towards the private 
sector, with more than half of funding now coming from 
agribusinesses, according to the work of Philip Pardey, who 
researches science and technology policy at the University 
of Minnesota in Saint Paul, and his colleagues6. 

Small is less desirable
At the same time, applied research involving working with 
smallholder farmers and their families doesn’t immedi-
ately boost an academic career. Many researchers — most 
notably those attached to the CGIAR network of agricul-
tural research centres around the world — do work with 
smallholders. But in larger, research-intensive universities, 
small is becoming less desirable. Increasingly, university 
research-strategy teams want their academics to bid for 
larger grants — especially if a national research-evaluation 
system rewards those who bring in more research income. 

Publishers also bear some responsibility. Ceres2030’s 
co-director, Jaron Porciello, a data scientist at Cornell 
University in Ithaca, New York, told Nature that smallhold-
er-farming research might not be considered sufficiently 
original, globally relevant or world-leading for journal pub-
lication. This lack of a sympathetic landing point in journals 
is something that all publishers must consider in the light 
of the Ceres2030 team’s findings.

The Ceres2030 collaboration is to be congratulated for 
highlighting these issues. The group had two funders, the 
Bill & Melinda Gates Foundation in Seattle, Washington, 
and the German Federal Ministry for Economic Coopera-
tion and Development. Both have pledged extra funding 
to the intergovernmental Global Agriculture and Food 
Security Program, which channels money from interna-
tional donors to smallholder farmers. This is important, 
but doesn’t fully address Ceres2030’s overarching finding: 
that most research on hunger is of little practical use in the 
goal to make hunger a thing of the past.  

National research agencies, too, need to listen, because 
they are the major funding source for researchers at uni-
versities. Achieving the SDG to end hunger will require 
an order of magnitude more research engagement with 
smallholders and their families. Their needs — and thus the 
route to ending hunger — have been neglected for too long. 
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To end hunger, 
science must 
change its focus 
Policymakers need research on ways to end 
hunger. But a global literature review finds 
most research has had the wrong priorities.

H
ow can research help to end hunger? One 
way to answer this question is to assess pub-
lished research on hunger, and determine 
which interventions can make a difference 
to the lives of the 690 million people who go  

hungry every day. 
That’s what an international research consortium called 

Ceres2030 has been doing1. And the results of its 3-year 
effort to review more than 100,000 articles are pub-
lished this week across the Nature Research journals2 (see  
go.nature.com/3djmppq). The consortium’s findings — 
coming just days after this year’s Nobel Peace Prize was 
awarded to the World Food Programme — are both reveal-
ing and concerning. 

The team was able to identify ten practical interventions 
that can help donors to tackle hunger, but these were drawn 
from only a tiny fraction of the literature. The Ceres2030 
team members found that the overwhelming majority of 
agricultural-research publications they assessed were 
unable to provide solutions, particularly to the challenges 
faced by smallholder farmers and their families.

The World Food Programme is the United Nations’ 
primary agency in the effort to eliminate hunger, which 
includes the flagship Sustainable Development Goal (SDG) 
to end hunger by 2030. 

The researchers found many studies that conclude that 
smallholders are more likely to adopt new approaches — 
specifically, planting climate-resilient crops — when they 
are supported by technical advice, input and ideas, collec-
tively known as extension services.

Other studies found that these farmers’ incomes increase 
when they belong to cooperatives, self-help groups and 
other organizations that can connect them to markets, 
shared transport or shared spaces where produce can be 
stored3. Farmers also prosper when they can sell their pro-
duce informally to small- and medium-sized firms4. 

There was one finding, however, that surprised and trou-
bled the Ceres2030 team. Two-thirds of people who are 
hungry live in rural areas. Of some 570 million farms in the 
world, more than 475 million are smaller than 2 hectares. 
Rural poverty and food insecurity go hand in hand, and yet 
the Ceres2030 researchers found that the overwhelming 
majority of studies they assessed — more than 95% — were 
not relevant to the needs of smallholders and their families. 
Moreover, few studies included original data. One paper 
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FOREWORD: A WORLD WITHOUT HUNGER IS POSSIBLE
BY DR. AGNES KALIBATA AND DR. GERD MÜLLER

Planet Earth has the potential to feed 10 billion people. No one should have to suffer hunger or 
malnutrition. Worldwide, there is a vast variety of factors causing hunger and malnutrition: war, 
disasters, and diseases have fatal consequences, as does climate change. Today, more than 10 
million hectares of land are already lost to erosion every year. Droughts and heat are reducing 
yields. In the future, water will become a scarce, life-saving resource. 

Too much food also rots in the field, is destroyed by pest damage or thrown away because of 
inadequate storage or cooling facilities, processing or logistics. But hunger is also a problem 
of poverty. Two-thirds of hungry people live in rural areas: they are smallholder families. Every 
day, the global population grows by 250,000 people – 80 million a year, two-thirds of them in 
developing countries. Africa’s population is set to double by 2050. 

The answer to the global hunger problem has many facets and requires different approaches 
– but we know which way to go, we have the knowledge and the technology. What is needed,
above all, is a change in government decision-makers’ way of thinking so they make agricultural
development a priority in each country and combine investment in the food and agriculture
sector with training campaigns, the development of decentralized energy systems, appropriate
mechanization, the further development of animal and plant breeding, and equal access to land
ownership for women and men.

There are many avenues that we jointly have to pursue in order to create a world without hunger. 
Ceres2030: Sustainable Solutions to End Hunger, is a unique research project that provides practical 
recommendations. Scientists from Cornell University, the International Institute for Sustainable 
Development (IISD) and the International Food Policy Research Institute (IFPRI), using the latest 
AI technology, have painstakingly investigated the most effective instruments and actions to 
end hunger by 2030 worldwide and on a lasting basis. They have also calculated the costs of this 
endeavor. In association with Ceres2030, Nature is dedicating a special edition to this issue, telling 
us how we can make a world without hunger – if we act now.

The study comes at a critical time. The dramatic consequences of the COVID-19 crisis are 
exacerbating the suffering of the most vulnerable, especially in the poorest regions of the world. 
For them, the COVID-19 pandemic is also a hunger pandemic. With this in mind, next year the UN 
Food Systems Summit will launch bold new actions, solutions and strategies to deliver progress 
on all 17 Sustainable Development Goals, each of which relies on healthier, more sustainable and 
more equitable food systems. The Summit is already sending a message: do more, do it better – 
and start now!

Here are some figures that highlight the urgency of taking action: 690 million people worldwide 
suffer from hunger daily – as many as the combined populations of our two countries, Rwanda 
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and Germany, plus the populations of the United States and Indonesia. The UN’s Food and 
Agriculture Organization expects this will grow to 840 million by 2030 – instead of reaching zero as 
resolved by the nations of the world in 2015 in their pact on the world’s future. 

In order to eradicate hunger within the ten years that remain, eight Ceres2030 teams of 77 
researchers from 23 countries and 53 organizations collected the most promising solutions. The 
researchers came up with ten key recommendations on the sort of interventions that work, and 
conclude that approximately 330 billion US dollars will be needed in additional funding in the 
period up to 2030 – in other words, 33 billion dollars a year (or 28 billion euros). 

These experts believe that it would be realistic for donor countries to provide an average of 14 
billion US dollars a year, and low- and middle-income countries, 19 billion. After all, the world is 
also able to spend 1,917 billion dollars year after year on military and arms projects! The much 
lower spending needed to eradicate hunger, by contrast, will generate a revitalizing dividend. 
It will save hundreds of millions of people from starving, enabling most of them to lead 
productive lives and provide for their families.

The 330 billion dollars spent over the next decade would go, for example, toward farmers’ alliances, 
enabling smallholders to work together and providing training for young people; the cultivation 
of climate-resilient crops; and appropriate irrigation, storage and processing of crops to prevent 
them from spoiling. 

More thoroughly than ever before, the Ceres2030 researchers have explored which actions are 
effective, where they are effective, how effective they are – and what makes them fail. After all, 
there is no panacea. Governments, the private sector and scientists have to link several agendas. 

Farmers not only have to be able to grow climate-resilient crops. They also have to be able to 
transport and sell their crops. Governments have to combine investments in agriculture with social 
protection programs, so as to ensure that people have an income and access to food even in difficult 
times. And the relevant government departments have to work together more closely: agriculture 
and environment, health and education, economic affairs and development cooperation. 

If all this is in place, sustainable development can succeed – food security, resource-conserving 
productivity, fair trade, education, and protection from the consequences of climate change. This 
is why the Ceres2030 study is so important and its conclusion is truly transformative: a world 
without hunger is possible – it is within reach. So let us take action.

Dr. Agnes Kalibata
UN Special Envoy for 
the 2021 Food Systems 
Summit 

Dr. Gerd Müller
Federal Minister for 
Economic Cooperation and 
Development
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SUMMARY AND RECOMMENDATIONS

1 The three targets of SDG 2 are ending hunger (Target 2.1), doubling the incomes and productivity of small-scale 
producers (Target 2.3), and producing food sustainably and resiliently (Target 2.4). The nutrition target (Target 2.2) was 
not included. This is because there are other global efforts to assess the cost of ending some forms of malnutrition 
(definitions vary) and they use a different model. The scope of malnutrition overlaps but also reaches beyond food 
and agriculture, making a comprehensive costing particularly complex. Biodiversity and preservation of associated 
traditional knowledge (Target 2.5) is also beyond the scope of the project. There is a dearth of data about biodiversity, 
and it remains an important area in which to develop quantification techniques.

Hunger is rising, reversing decades of progress. An estimated 690 million people are hungry, 
an increase of 60 million people over the past five years (Food and Agriculture Organization of 
the United Nations [FAO] et al., 2020). We predict that a further 95 million people will be living 
in extreme poverty and hunger as a result of COVID-19 (Laborde and Smaller, 2020). Perversely, 
the very people whose livelihoods depend on food and agriculture are among the most likely 
to experience hunger. Small-scale food producers and food workers and their families are often 
left out of economic growth, technological change, and political decision making. Globally, 
today’s food systems are not producing affordable healthy diets for all in a sustainable way 
(FAO et al., 2020). The climate crisis poses a mounting threat to food systems (FAO et al., 2018; 
Intergovernmental Panel on Climate Change [IPCC], 2018), while at the same time, the current 
food system is a major driver of climate change (FAO et al., 2020).

This is not how the UN 2030 Agenda for Sustainable Development was meant to unfold. The 
ambition was transformative. Governments acknowledged the central importance of ending 
hunger, but they set themselves a bolder target: they wanted everyone to enjoy an affordable, 
healthy and nutritious diet, and committed to supporting the most vulnerable food producers to 
earn the means to live in dignity. They also made a commitment to sustainable change, vowing 
to preserve biological diversity and to better protect the resources and the ecosystems that our 
children will need to feed themselves into the future. 

Governments have 10 years to take back control of their bold agenda. Ceres2030 was an 
experiment designed to help with the challenge. The project team, employing a complex and 
rigorous economic model and cutting-edge machine-learning tools, made a partnership with 
Nature Portfolio that focused on answers to two linked questions: First, what does the published 
evidence tell us about agricultural interventions that work, in particular to double the incomes of 
small-scale producers and to improve environmental outcomes for agriculture? And second, what 
will it cost governments to end hunger, double the incomes of small-scale producers, and protect 
the climate by 2030? The project focuses on three of the five targets in the second sustainable 
development goal (SDG 2) and looks at the public spending needed in low- and middle-income 
countries, including the contribution from donors through official development assistance (ODA).1 
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Donors must spend an additional USD 14 billion a year on average to end hunger 
sustainably 

FIGURE 1. ADDITIONAL PUBLIC SPENDING AND DONOR CONTRIBUTION

The Ceres2030 and Nature Portfolio collection pushes the frontiers of science to support 
evidence-based decision making. It is the first attempt to analyze the past 20 years of agricultural 
development literature using artificial intelligence to support a rigorous methodology for 
evidence synthesis. The Ceres2030 team worked with researchers to support the integration of the 
findings from that research into the parameters of a general equilibrium model. The modelling is 
one of the most complex modelling exercises ever attempted, applying hundreds of thousands of 
equations to account for complex relationships across different levels of the economy over time. 
The model used data from all levels, from the global to the national, right down to the household.

The research shows that agricultural interventions are more effective with a population that enjoys 
at least a minimum level of income, education, with access to networks and resources such as 
extension services and robust infrastructure. Whether the intervention is climate-resilient crops, 
membership in a farmers’ organization, or reducing crop losses, this minimum threshold matters.

Both the evidence syntheses and the model show it is much more effective to create integrated 
portfolios of interventions rather than seek improvements in isolation. Interventions are also 
more successful if they are designed to meet complex objectives, such as paying attention to 
the marketability of a crop and not just its climate resilience or resistance to pests. The evidence 
from studies of small and medium enterprises (SMEs) working with small-scale producers in the 
informal sector shows significant success with linking producers to markets, particularly in Africa. 
Importantly, a large share of these SMEs provide other, linked services, such as capacity building 
and access to credit. The SMEs are correlated with higher levels of technology adoption and 
productivity among small-scale producers.

Donor share

USD 14 billion

Country share

USD 19 billion

An additional
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Donors must spend an additional USD 14 billion a year on average to end hunger 
sustainably 
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Crucially, the project team and researchers found there is surprisingly little research to support 
the types of questions that donors and governments are interested in answering—less than 2% 
of the available evidence base in our review. There is an urgent need to invest in the development 
of standardized frameworks to improve the quality and relevance of research for policy-makers. 
Evidence-based policy is only as good as the available evidence. 

Ten recommendations emerged from the research on how to increase the effectiveness of public 
spending on agricultural interventions and how much it will cost donors (see Table 1). The topics 
were selected in an iterative process that relied on policy experts, a machine-learning-assisted 
review of the published data on agricultural interventions, and on decision-makers’ experience. The 
costs are based on the results of the model, which optimally allocates financial resources among 
a portfolio of interventions. The modelled interventions are based on existing data sources and a 
number of new parameters from the collection of evidence syntheses published in Nature Portfolio.

TABLE 1. TEN RECOMMENDATIONS AND THE DONOR CONTRIBUTION

The central findings with additional donor costs, from the results of the evidence syntheses in 
Nature Portfolio and the interventions costed in one of the most complex modelling exercises 
ever attempted.

Empower the Excluded
DONOR CONTRIBUTION: USD 3 BILLION PER YEAR

1. Enable participation in 
farmers’ organizations.

2. Invest in vocational 
programs for rural youth 
that offer integrated 
training in multiple skills.

3. Scale up social 
protection programs.

Programs that offer training in 
multiple skills to rural youth 
show promise in increasing 
employment levels and wages.

Vocational training

Membership in a farmers’ 
organization was associated with 
positive effects on income in 
57% of the cases reviewed.

Currently no modellable 
intervention

Social protection programs work 
best when they create a bridge 
to productive employment and 
remove barriers in accessing 
markets, education, and credit.

Income support through food 
subsidy

FINDINGS FROM  
NATURE PORTFOLIO MODEL INTERVENTIONS RECOMMENDATIONS
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On the Farm
DONOR CONTRIBUTION: USD 9 BILLION PER YEAR

5. Agricultural 
interventions to support 
sustainable practices 
must be economically 
viable for farmers.

Market and non-market 
regulations and cross-
compliance incentives that 
include short-term economic 
benefits are more successful 
than measures that only provide 
an ecological service.

Agroforestry subsidy

Capital endowment

Extension services

Investment subsidy

Production subsidy

R&D National Agricultural 
Systems (NARS) & Consultative 
Group on International 
Agricultural Research (CGIAR)

4. Investment in 
extension services, 
particularly for women, 
must accompany 
research and 
development (R&D) 
programs.

The most important 
determinants of adoption of 
climate-resilient crops were the 
availability and effectiveness of 
extension services.  

Extension services

6. Support adoption of 
climate-resilient crops.

Successful adoption is positively 
correlated with inclusive 
extension services, access to 
inputs, and crop varieties that 
are commercially viable.

Extension services combined 
with input, production, and 
investment subsidies

R&D National Agricultural 
Systems (NARS) & CGIAR

7. Increase research on 
water-scarce regions 
to scale up effective 
farm-level interventions 
to assist small-scale 
producers. 

Nearly 80% of small-scale farms in 
developing countries are in water-
scarce regions. Underexplored 
solutions include digital 
applications and adding livestock 
to mixed farming systems.

Capital endowment

Extension services

Rural infrastructure (irrigation)

8. Improve the quantity 
and quality of livestock 
feed, especially for 
small and medium-scale 
commercial farms. 

Obvious and useful options to 
improve the quantity and quality 
feed are being overlooked, such 
as better support for the use of 
crop residues.

Capital endowment

Extension services

Improved forage subsidy

Production subsidy

R&D National Agricultural 
Systems (NARS) & CGIAR

FINDINGS FROM 
NATURE PORTFOLIO MODEL INTERVENTIONS RECOMMENDATIONS
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FINDINGS FROM 
NATURE PORTFOLIO MODEL INTERVENTIONS RECOMMENDATIONS
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Sources: Acevedo et al., 2020; Baltenweck et al., 2020; Bizikova et al., 2020b; Laborde et al., 2020; Liverpool-Tasie et al., 2020; 
Piñeiro et al., 2020; Maiga et al., 2020; Ricciardi et al., 2020; Stathers et al., 2020; Wouterse et al., 2020.

WHAT WILL IT COST?

The results from the model show that donors need to contribute an additional USD 14 billion per 
year on average until 2030 to end hunger and double incomes of small-scale producers in low- 
and middle-income countries. The investment achieves these goals while maintaining greenhouse 
gas emissions for agriculture below the commitments made in the Paris Agreement (see Figure 1). 

Donors currently spend USD 12 billion per year on food security and nutrition and therefore 
need to double their contributions to meet the goals. However, ODA alone will not be enough. 
Additional public spending of USD 19 billion per year on average until 2030 will have to be 
provided by low- and middle-income countries through increased taxation (see Figure 1).

Together, the additional public investment from donors and low- and middle-income countries 
will prevent 490 million people from experiencing hunger, double the incomes of 545 million 
producers and their families on average, and limit greenhouse gas emissions for agriculture to the 

Food on the Move
DONOR CONTRIBUTION: USD 2 BILLION PER YEAR

10. Invest in the 
infrastructure, 
regulations, services 
and technical assistance 
needed to support SMEs 
in the value chain. 

SMEs are successfully serving 
farmers in low and middle-
income countries, particularly in 
Africa, and are correlated with 
technology adoption and higher 
productivity.

Rural infrastructure (roads)

Storage (post-harvest losses)

9. Reduce post-harvest 
losses by expanding the 
focus of interventions 
beyond the storage of 
cereals, to include more 
links in the value chain, 
and more food crops.

Storage interventions 
are effective, but other 
interventions are also needed, 
such as better handling, 
improved packaging, and 
careful timing of the harvest. 

Extension services

Storage (post-harvest losses)

FINDINGS FROM 
NATURE PORTFOLIO MODEL INTERVENTIONS RECOMMENDATIONS
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commitments made in the Paris Agreement.2 Importantly, the additional public spending will, on 
average, spur an extra USD 52 billion in private investment per year.

2 The results from the modelling should be interpreted as an estimate of the scale of resources needed at the big-
picture level. This is useful to inform resource allocation decisions from the global level down to the national level but is 
insufficient to inform strategy, planning, and programming at the subnational level.

1. HUNGER, EXCLUDED SMALL-SCALE PRODUCERS, AND THE CLIMATE 
CRISIS: A TRIPLE BURDEN

Despite remarkable inroads made to reduce hunger worldwide, food insecurity is on the rise, while 
small-scale food producers are excluded from economic opportunities, and the climate crisis poses 
a mounting threat to food production and distribution. The number of people affected by hunger 
has increased by 60 million people over the past five years, and up to 130 million more people are 
at risk as a result of COVID-19 (FAO et al., 2020; Intergovernmental Panel on Climate Change [IPCC], 
2019). Perversely, the very people whose livelihoods depend on food and agriculture are among 
the most likely to experience hunger. Small-scale food producers and workers and their families 
are among those most often left out of economic growth, technological change, and political 
decision making. Globally, food systems are not producing affordable healthy diets accessible 
to all. Instead, some forms of agriculture are important drivers of deteriorating environmental 
conditions. At the same time, agriculture is one of the sectors most at risk because of the climate 
crisis (IPCC, 2019).

The pressures of demographic change and economic growth driving increased future food 
demand are strongest in Africa and South Asia (FAO et al., 2018). Africa in particular is predicted to 
become the continent with the largest share and number of people living in poverty, a problem 
expected to be severely exacerbated by the COVID-19 pandemic. Africa still lags the world in 
terms of farm incomes and productivity, and its agriculture and food systems are characterized by 
the dominant role of small-scale producers. The continent is not on track to afford to achieve the 
transformative changes demanded by the UN 2030 Agenda for Sustainable Development. That 
ambition will require strong support from the global donor community. Indeed, ODA remains 
the first source of external financial resources for Africa south of the Sahara (36% in 2017), above 
remittances and foreign direct investment (OECD, n.d.b) (see Box 1).
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BOX 1. THE IMPORTANCE OF AID FOR AFRICA

ODA is a critical source of finance for developing countries, especially in Africa. It has been 
the largest single source of foreign finance since 2002, consistently providing over 30% of 
the total. In 2017, ODA represented 36% of the foreign finance received by African countries 
south of the Sahara compared to 31% from overseas personal remittances and 23% from 
foreign direct investment (FDI) (OECD, n.d.b). In other regions, ODA is less dominant. 
The main source of foreign finance in South Asia, for example, is personal remittances, 
comprising 55% of foreign finance; in South America, it is FDI, at 68% of the total (OECD, 
n.d.b).3

3 Statistics of foreign financial resources in this section refer to values according to 2016 constant USD.

ECONOMIC PRECARITY AND VULNERABILITY OF SMALL-SCALE PRODUCERS

Small-scale producers in low- and middle-income countries face economic precarity and 
vulnerability. Too many live in poverty, at chronic risk of hunger. At the same time, they are among 
the populations most vulnerable to climate change (Bizikova et al., 2020; Acevedo et al., 2020). Yet 
this population is large and important, both for food security and the environment, which is why 
governments have singled them out for support in SDG 2. Small-scale producers represent over 
80% of the world’s farms (Lowder et al., 2016). Although the evidence base, especially from Africa, 
is far from complete, it is clear that small-scale producers make an essential contribution to the 
food supply. Recent studies using different methods and data have converged broadly around 
estimates that farms under 2 hectares produce 30%–34% of the global food supply and grow a 
greater diversity of crops than larger farms. Farms of less than 5 hectares are estimated to produce 
just over half the world’s food calories (Samberg et al., 2016; Ricciardi et al., 2018). 

Chronic underinvestment in the production systems of small-scale producers in low- and 
middle-income countries, particularly in Africa, has resulted in low productivity and incomes 
(FAO, 2012). This undermines efforts to move out of subsistence livelihoods and to eradicate 
hunger and poverty. Crops spoil due to a lack of good storage systems, insufficient processing 
capacity, or gaps in communications and transportation infrastructure. Livestock productivity 
is low, in part due to the poor quality and low availability of feed. Small-scale producers lack 
bargaining power in their markets, and there is a dearth of sustained vocational training for 
rural youth. Similarly, there is a marked lack of investment in water management and irrigation 
infrastructure, especially on the land farmed by small-scale producers, especially in some of the 
most drought-affected areas.
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ADAPTING TO CHANGING WEATHER AND ECOLOGICAL CONDITIONS, WHILE REDUCING HARM TO 
THE ENVIRONMENT

There is strong evidence that some food and agriculture systems are an important source of 
GHG emissions (IPCC, 2019; Willett et al., 2019). The largest sources of GHG emissions linked 
to agriculture are land expansion, methane emissions from livestock and rice production, and 
nitrous oxide from the heavy use of synthetic fertilizers (IPCC, 2019). In addition to emitting 
GHGs, agriculture has contributed to 70% of biodiversity loss on land (Secretariat of the 
Convention on Biological Diversity, 2014). At the same time, climate change poses significant 
risks to food and agriculture systems. These risks include rising sea levels and coastal inundation, 
changing and less-predictable weather patterns, and an increase in the incidence of extreme 
weather events as well as the spread of new pests and crop diseases as average temperatures 
change. The expected impact of these events depends on their magnitude, as well as the 
capacities of producers, governments, and the private sector to adapt and build resilience. 
Typically, smaller-scale producers in countries facing the highest risks have limited access to risk 
management tools and climate-adapted technologies (Bizikova et al., 2020a; Porter et al., 2014).

The benefits that people derive from ecosystems (known as “ecosystem services”), such as the 
provision of food and clean water, or the control of floods and disease, are in general undervalued 
in markets and overlooked in investment strategies. Instead, many farmers struggle to balance 
their need for an income with the long-term health of their natural resources, including the soil 
and water (Piñeiro et al., 2020). The issue is particularly acute in low- and middle-income countries 
where producers’ lack of access to information, financial services, and land rights create barriers to 
realizing opportunities and using incentives to address the trade-offs between ecosystem health 
and income (Lipper et al., 2020).

THE 2030 AGENDA FOR SUSTAINABLE DEVELOPMENT 

The adoption of the UN 2030 Agenda for Sustainable Development opened the possibility of 
new pathways for solving complex problems. It signalled a willingness from governments to 
embrace a significantly higher level of complexity than they had shown before. The Agenda lists 
17 SDGs, including SDG 2, which is a commitment to eradicate hunger, improve nutrition, double 
the productivity and incomes of small-scale producers, promote sustainable and resilient food 
systems, and protect biodiversity. The goal deliberately sets out the complexity of the challenge 
societies face. 

Ideally, increased investment in SDG 2 will also contribute to climate change mitigation (SDG 
13), reduced inequalities (SDG 10), women’s rights to full and equal participation in economic 
and public life (SDG 5), and to more sustainable patterns of production and consumption (SDG 
12). Done wrong, however, agriculture can do significant harm to these other SDGs. For example, 
too many interventions designed primarily to increase crop yields have failed to pay sufficient 
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attention to soil health and local freshwater supplies. Increasing agricultural productivity is 
associated in some places with significant environmental damage and with undermining 
important ecosystem services that the wider rural community relied upon (Lipper et al., 2020). 
Relying on cereals such as rice and maize has successfully met minimum calorie needs in many 
countries but has discouraged the production of a diversity of cultivated and non-cultivated 
foods, including animal-sourced foods, that provided better nutritional outcomes, as well as 
opportunities for income diversification. Multifaceted commitments pose a puzzle for decision-
makers. Some issues lack data and indicators with which to measure progress, while others are 
awash in data, but analysis of that data offers contradictory evidence (Lipper et al., 2020). It is in 
addressing this puzzle that Ceres2030 makes such an important contribution.

2. THE EVIDENCE BASE: END HUNGER, INCREASE INCOMES, AND REDUCE 
ENVIRONMENTAL HARM 

The Ceres2030 and Nature Portfolio collection is guided by the premise of SDG 2: increasing 
the incomes and productivity of small-scale producers, in a way that supports the transition to 
environmentally sustainable food systems, is the most effective way to end hunger. In the 2030 
Agenda, governments identified increased productivity and incomes for small-scale producers 
and their families as essential to the goal of ending hunger sustainably. Our premise does not 
exclude the importance of supporting larger-scale producers to also make the transition to more 
sustainable practices, but it recognizes that small-scale producers are both caught up in the 
problem we are trying to solve and critical to the answers we seek.

The project was not mandated to work on nutrition specifically, though it is central to both food 
security and to the realization of SDG 2. There were, however, existing costing initiatives focused 
specifically on nutrition underway when the Ceres2030 project was launched in 2018, including 
work by the World Bank, Results for Development, and 1000 Days. Nutrition, moreover, is its own 
complex goal. Costing nutrition goes beyond agriculture and food systems, to include sanitation 
and access to clean water, for example. It also relies on intra-household-level data, which is a level 
of granularity that is not easily integrated with the global projections modelled by the Ceres2030 
cost model. It would have required significantly more time and resources to include nutrition in 
the project. 

The project relies on state-of-the-art economic modelling techniques, artificial intelligence, 
evidence synthesis, and a strong partnership with one of the world’s leading publishers, Nature 
Portfolio, which were the main tools used to build that evidence base (see Box 2). The results 
offer decision-makers a way to cost and assess interventions as a portfolio of complementary 
investments rather than in isolation. The combination of these research tools provides the kind 
of information that decision-makers can use to direct spending, and the confidence that it is 
backed by the highest standards of research.
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BOX 2. THE CERES2030 AND NATURE PORTFOLIO COLLECTION

Ceres2030 includes the Nature Portfolio collection of eight evidence syntheses and two 
front matter pieces published in Nature Portfolio Journals; a report on what it would 
cost to end hunger, increase incomes, and mitigate climate change; and a policy brief 
comparing the CGE modelling approach in Ceres2030 to the marginal abatement cost 
curves (MACC) approach used by the Center for Development Research (ZEF) and FAO. A 
total of 84 researchers—economists, crop breeders, information specialists, and scientists—
from 25 countries worked on the project. They reviewed over 100,000 articles, primarily 
published between 2000–2019. The project was guided by an advisory board of 20 food and 
agriculture experts from over 10 countries. 

The economic modelling team worked with the evidence synthesis teams to see how to 
strengthen the evidence used to inform the economic cost model. Together, they set up a system 
to extract data from the articles the researchers were reviewing that could be used in the model. 
This eventually led to the inclusion of new interventions in the costing and the refinement of some 
of the existing interventions, improving the accuracy of the cost estimate.

The project is a working model of how a donor might use evidence to guide investment decisions. 
Ceres2030 demonstrates how to build an evidence base, assess it, quantify it, and how to use 
the results to answer complex questions for specific populations, grounded in country-specific 
contexts. The 2030 Agenda requires that governments meet multiple targets with their choice 
of interventions. If there are no considerable changes in agricultural management practices, a 
push to increase food production will increase GHG emissions (Mbow et al., 2019). The approach 
taken by Ceres2030 is to look at how interventions can be balanced to take account of trade-offs, 
manage competing goals, and enhance synergies, thereby achieving the multiple targets of SDG 2. 
For example, extension services can improve farmers’ skills, while roads and storage capacity make 
an important contribution to farm income. Together, the benefits of each expand, strengthening 
the resilience beyond what either intervention can offer on its own and creating the possibility 
of greater returns. The economic model accounts for such interactions, using the relationships to 
generate a portfolio of interventions that complement each other and keep costs to a minimum 
while meeting objectives.
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EVIDENCE SYNTHESIS AND NATURE PORTFOLIO

4 Evidence synthesis is a guidelines-based approach to bring primary studies together and draw high-level conclusions. 
It provides a model under which policy and intervention examinations can be made with greater focus, reliability, and 
transparency. These approaches are more commonly known as systematic and scoping reviews, evidence gap maps, 
and meta-analyses.

The evidence synthesis teams searched the databases for agricultural interventions that would 
increase the productivity of small-scale producers while supporting the transition to more 
environmentally sustainable production systems (see Figure 2 for more detail on the selection 
of the eight intervention topics). Specific areas of agricultural intervention were chosen that had 
demonstrated their importance to ending hunger inclusively and sustainably. For each research 
area, the task was to produce a synthesis of the available evidence, such as a systematic or scoping 
review. Evidence synthesis is an umbrella term for the process of drawing scientific findings and 
policy implications from a large database of evidence.4 It uses a predetermined methodology to 
create replicability and to allow others to validate or falsify the results. Evidence synthesis is a still-
evolving adaptation of evidence review methodologies, designed to cope with the heterogeneity 
of disciplines that produce agriculture and food systems research. The project published an open-
source evidence synthesis protocol for agriculture and a machine-learning model, both of which 
make a lasting contribution to the use of evidence synthesis in agriculture and development 
(Young et al., 2019). 

Tools to synthesize evidence are invaluable in the face of the volume of research being produced 
each year: global knowledge production is estimated to double every nine years (Bornmann 
& Mutz, 2015). The sheer volume makes new research tools necessary, including those made 
possible by the advent of artificial intelligence techniques. The team created a machine-learning 
model to provide each author team with a series of shortcuts to streamline the evidence synthesis 
process. The researchers worked with the machine-learning datasets to narrow their dataset in the 
initial title and abstract screening stages. 
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A combination of expert consultation and artificial intelligence model led to the selection 
of the eight topics for Nature Portfolio

FIGURE 2. HOW DID WE SELECT THE EIGHT TOPICS FOR NATURE PORTFOLIO?

The process of selecting the topics involved a hybrid expert consultation and an artificial 
intelligence model that eventually analyzed more than 500,000 articles and identified 77 
researchers from 23 countries.

THE ECONOMIC MODEL 

To answer how much it will cost governments to end hunger, double the incomes of small-scale 
producers, and protect the climate by 2030, Ceres2030 undertook one of the most complex 
equilibrium modelling exercises ever attempted. The modelling process applied hundreds 
of thousands of equations to account for complex relationships across different levels of 
the economy over time. It includes data from the international level all the way down to the 
household level, allowing for the simulation of targeted public investment. The model estimates 
the additional public investment needed to end hunger sustainably, as well as the private 
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investment generated by that additional public investment. The model also calculates the share of 
the total cost that ODA donors need to commit.5

When the International Food Policy Research Institute (IFPRI) and International Institute for 
Sustainable Development (IISD) ran a similar model in 2016, they found that governments were 
not on track to end hunger by 2030 (Laborde et al., 2016). However, the model results showed the 
goal could be achieved if governments invested additional resources, prioritized countries with 
the highest need, and used a better mix of the most effective interventions. With Ceres2030, the 
project team has generated new estimates of the additional public spending needed, factoring 
in estimates of the impacts of the COVID-19 pandemic and the requirements that small-scale 
producer income should double and demands on the environment be minimized.6 The strength 
of the model is that it captures the effects of the interactions among several interventions and 
uses household-level data to target spending to small-scale producers and households affected 
by hunger. It also captures the interactions between countries, considering positive spillovers 
through increased income and demand, as well as competitive effects through international 
trade. This allows decision-makers to optimize resource allocation and minimize their costs in their 
context. The additional public spending needed each year in each country is paid with a mix of 
external and domestic resources. The total costs are the sum of additional donor support required, 
together with the sums needed from domestic public spending in each country.7

In order to simulate the portfolio of interventions, the model uses policy instruments (for example, 
research and development spending in the CGIAR system) to represent the given intervention. 
Overall, 14 policy instruments were modelled based on existing data sources and a number of new 
parameters from the collection of evidence syntheses published in Nature Portfolio. The 14 policy 
instruments are as follows: food subsidies, vocational training, investment subsidies, fertilizer 
subsidies, capital endowments, production subsidies, national R&D, international R&D, extension 
services, irrigation infrastructure, agroforestry, improved forage, storage, and roads. Three of the 

5 The allocation decisions between domestic and external resources are driven by an econometrically estimated co-
funding rule linking the level of ODA contribution to the domestic public spending in relation to the income per capita 
of the recipient country. We found that the richer the country, the less it depends on external resources for its public 
spending. Full dependency on ODA occurs for countries with income per capita below USD 500. At the other end of the 
range, ODA is phased out from the model for countries that have USD 15,000 per capita or more. The model assumes 
domestic taxation is used to make up the difference between the ODA contribution and total public funding needed 
(Laborde et al., 2016).
6 Greenhouse gas emissions from agriculture, including through use of land, energy, and fertilizers, was used as one 
key proxy for environmental sustainability. Economic growth was constrained by the greenhouse gas emissions targets 
for agriculture that countries agreed to in the UNFCCC Paris Agreement of 2015 to avoid dangerous climate change by 
limiting global warming to well below 2°C, aiming for 1.5°C. The projected quantity of water used was also analyzed to 
ensure a sustainable extraction of freshwater resources.
7 The results should be interpreted as an estimate of the scale of resources needed at a big-picture level. This is useful 
to inform resource allocation decisions from the global level down to the national level, but are insufficient to inform 
strategy, planning, and programming at the sub-national level.
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14—vocational training, agroforestry, and improved forage—are interventions based heavily on 
the collaboration with the evidence synthesis teams. Of the 11 based on existing data sources, 
two—extension services and storage—were augmented based on knowledge and parameters 
emerging from collaboration with the evidence synthesis teams.

3. FINDINGS & RECOMMENDATIONS 

EMPOWER THE EXCLUDED

MAIN FINDINGS

• Enable participation in farmers’ organizations. Comparing data in 24 countries, mostly 
from Africa, membership in a farmers’ organization was associated with positive effects 
on income in 57% of the cases reviewed. Other positive effects correlated with farmers’ 
organizations included positive impacts on crop yield (19% of cases), crop quality (20%) 
and the environment (24%) (Bizikova et al., 2020).

• Invest in vocational programs for rural youth that offer integrated training in 
multiple skills. Programs that offer training in multiple skills to rural youth show promise 
in increasing employment levels and wages among the program graduates, creating new 
possibilities for income (Maiga et al., 2020).

• Scale up social protection programs. Social protection works best when the programs 
create a bridge for households living in poverty to find productive employment, removing 
the barriers they face in accessing markets, education, credit and other economic 
opportunities (Wouterse et al., 2020). 

EVIDENCE ON EFFECTIVELY EMPOWERING THE EXCLUDED 

Analyzing the available evidence with a focus on outcomes for small-scale producer income 
and productivity, it is clear that successful agricultural interventions work with a population that 
enjoys a minimum level of income and education, with access to networks and resources such as 
extension services and robust infrastructure. Whether the intervention is climate-resilient crops, 
membership in a farmers’ organization, or reducing crop losses, this minimum threshold matters 
(Acevedo et al., 2020; Bizikova et al., 2020; Stathers et al., 2020).
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For agricultural interventions to work, complementary approaches to overcome barriers to 
inclusion are important, especially for commonly marginalized populations such as small-scale 
producers. Important services that support the inclusion of small-scale producers include 
agricultural extension, market analysis (e.g., price information), and weather forecasts, all of which 
help to manage production risks (Acevedo et al., 2020; Piñeiro et al., 2020). One of the important 
enablers of improved income and productivity for producers is membership in a farmers’ 
organization. However, household poverty is inversely related to the probability of membership 
in a farmers’ organization (Bizikova et al., 2020). This is not only because poor households lack 
the means to pay membership fees and other participation costs, but also because small-scale 
producers are typically less well placed to take advantage of the services that membership in the 
organization confers, such as access to discounted prices on inputs or the opportunity to certify 
production. People living in poverty also have less capacity to participate in the governance of 
membership organizations (Bizikova et al., 2020).

Social safety nets can help to overcome these barriers. These interventions take the form of cash 
transfers, food stamps, or vouchers paid to people affected by hunger. They are expensive for 
public budgets but important. If well designed and given time, they can support the participation 
of poor households in productive economic activities and in supporting institutions such as 
farmers’ organizations. More recently, social protection has become the focus of more ambitious 
program design, in policies that aim to build a bridge to productive employment. These social 
protection interventions are targeted to overcome the barriers people living in poverty face 
in accessing markets, including skills training, access to credit, and guaranteed employment 
(Wouterse et al., 2020). Social protection also plays a critically important role during a crisis. The 
COVID-19 pandemic has been a stark reminder of how quickly the impressive gains in reducing 
the incidence of poverty and hunger in the world could be lost. We predict that a further 95 
million people will be living in extreme poverty and hunger as a result of COVID-19 (Laborde 
& Smaller, 2020). The primary cause will be the loss of income caused by economic measures 
imposed to contain the pandemic (Laborde & Smaller, 2020). 

Reviewing evidence on the effectiveness of incentives to improve sustainable agricultural 
practices on-farm showed that equity and efficiency objectives can sometimes conflict. If 
programs are targeted to regions with higher wealth and environmental degradation, wealthier 
farmers are more likely to take up and use incentive programs. If financial incentives are used 
to encourage uptake, higher uptake by wealthier farmers could deepen inequalities. The review 
showed interventions should be designed to take account of the population and to determine if 
incentives are needed to obtain the improved environmental practice desired (Piñeiro et al., 2020). 

One of the time-tested ways that farmers have overcome their relative lack of bargaining power 
in their markets is by self-organizing. Returns to small-holder investment are determined by both 
efficiency gains (more output for units of land, labour, and purchased inputs) and the extent and 
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nature of market distortions and market failures, both of which will change the profitability of 
an activity. Comparing data in 24 countries (primarily in East, Southern and West Africa, as well 
as India), the researchers found that membership in a farmers’ organization is associated with 
positive effects on income in 57% of the cases reviewed. Other positive effects correlated with 
farmers’ organizations included positive impacts on crop yield (19% of cases), production (20%), 
and on the environment (24%) (Bizikova et al., 2020). The literature shows the single greatest 
benefit farmers’ organizations offer is to strengthen producers’ market power, which increases the 
share of the benefits from agricultural production that producers receive (Bizikova et al., 2020). 
The review of services to small-scale producers provided by SMEs also showed the importance 
of farmers’ organizations as an interface with the market (Liverpool-Tasie et al., 2020). Almost a 
quarter of the farmer’s organizations (22%) in the cases reviewed provided product marketing 
services to their members (Bizikova et al., 2020).

The international development community has recognized the challenge of including youth in 
agricultural development for some time (FAO et al., 2014; IFAD, 2019). Despite this recognition, 
the researchers found almost no studies assessing interventions to provide vocational training to 
rural youth. Promising projects and programs, as well as lessons learned in other sectors, suggest 
the important benefits of investing in programs for rural youth that provide integrated training 
in multiple skills (both vocational and technical, and including information and communication 
technology skills) (Maiga et al., 2020). The findings underlined the importance of education more 
broadly, which was also supported in other evidence syntheses in the series (Acevedo et al., 2020; 
Piñeiro et al., 2020). The finding is another reminder of the indivisible nature of the 2030 Agenda, 
with SDG 4 committing to provide good quality education for all.
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ON THE FARM

MAIN FINDINGS

• Investment in extension services, particularly for women, must accompany R&D 
programs. The most important determinants of adoption of climate-resilient crops 
were the availability and effectiveness of extension services (Acevedo et al., 2020). Small 
and medium-sized enterprises such as cooperatives, processors, traders, and marketing 
platforms frequently couple their provision of inputs and purchase of producer output 
with training or extension services; this was the case for 40% of cooperatives and 19% of 
processors studied (Liverpool-Tasie et al., 2020). 

• Agricultural interventions to support sustainable practices must be economically 
viable for farmers. Market and non-market regulations, regulatory measures and cross-
compliance incentives linked to short-term economic benefits have a higher adoption 
rate and have been more successful when it comes to improving the environment than 
those aimed only at providing an ecological service. In the long term, and regardless of 
the incentive type, one of the strongest motivations to adopt and maintain sustainable 
practices is when farmers perceive positive outcomes of these practices for their farm or 
the environment (Piñeiro et al., 2020). 

• Support adoption of climate-resilient crops. Where they are accessible, small-scale 
producers will use climate-resilient crops to cope with stresses such as drought, heat, 
flooding, salinity, and changes to the growing season. Adoption is markedly improved if 
the crops are supported by inclusive extension services and access to inputs. Higher levels 
of education and socioeconomic status are also positively correlated with the adoption of 
climate-resilient crops, as are crops that are commercially viable (Acevedo et al., 2020). 

• Increase research on water-scarce regions to scale up effective farm-level interventions 
to assist small-scale producers. Nearly 80% of small-scale farms across low- and middle-
income countries are located in water-scarce regions, a number similar to larger-scale farms, 
yet around 35% are irrigated compared to over 40% of larger farms. Promising areas that 
remain underexplored for small-scale producers in water-scarce regions include digital 
solutions and livestock in mixed farming systems (Ricciardi et al., 2020).

• Target improvements in the quantity and quality of livestock feed to small and 
medium-sized commercial farms. Obvious and useful options to improve the quality 
of feed are being overlooked, including better support for the use of crop residues. The 
literature shows a bias toward understanding the technicalities of livestock feeding while not 
paying enough attention to how technologies fit into farm practices (Baltenweck et al., 2020).



22     22

EVIDENCE FOR EFFECTIVE INTERVENTIONS ON THE FARM

Despite the importance of small-scale producers and their contribution to global food systems, 
the evidence teams found that research into how interventions affected small-scale producer 
income and well-being was scarce. Several of the research teams did find that interventions are 
more successful if they meet more than one objective simultaneously (e.g., paying attention to 
the marketability of a crop and not just its climate resilience or resistance to pests) (Acevedo et 
al., 2020; Baltenweck et al., 2020; Piñeiro et al., 2020). To increase their effectiveness, regulatory 
measures are often linked to economic incentives, such as short-term financial support to 
incentivize the participation of farmers. If environmental conditions on the farm improved with 
the intervention, the evidence shows farmers were more likely to persist with the more sustainable 
practices (Piñeiro et al., 2020).

A variety of interventions exist to encourage more sustainable on-farm practices. Market and 
non-market regulations and cross-compliance incentives that are linked to short-term economic 
benefits have been more successful at improving the environment than the interventions that 
focused only on ecological services (Piñeiro et al., 2020). Successful incentive programs are 
correlated with market conditions, farmers’ attitudes to the environmental problems being 
addressed, and the structure of the programs offered. For example, legal regulations have proven 
to be relatively effective for environmental outcomes, but they are a relatively complex and 
inflexible instrument—and unpopular with farmers, especially if the regulations do not make any 
provision for increased on-farm costs (Piñeiro et al., 2020).

Climate variability exposes food systems to greater risk and increases farmers’ costs. These risks 
threaten domestic food production in many low- and middle-income countries and disrupt 
international markets. Significant public investment has gone into successfully developing 
climate-resilient crops and crop varieties; the evidence shows that where they can access them, 
small-scale producers use climate-resilient crops to cope with stresses such as drought, heat, 
flooding, salinity, and changes to the growing season (Acevedo et al., 2020). They also adopt crops 
adapted to cope with the pests associated with changes in weather and climate patterns. Yet the 
evidence shows important barriers to adoption, too. They are best overcome in the presence of 
additional factors: the most important determinants of adoption of climate-resilient crops are 
the availability and effectiveness of extension services and outreach followed by education levels, 
farmers’ access to inputs, and socioeconomic status (see Figure 3). Nearly 50% of the studies on 
climate-resilient crops identify extension services as a factor for successful adoption. The evidence 
also suggests these factors do not work in isolation, but rather are mutually reinforcing. The 
most successful climate-resilient crops are accessible through a variety of distributors, reliable, 
affordable, easy to grow, and produce a crop for which there is market demand (Acevedo et al., 
2020). 
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Nearly 50% of the studies on climate-resilient crops identify extension services as a factor 
for successful adoption

FIGURE 3. IMPORTANCE OF EXTENSION SERVICES FOR CLIMATE-RESILIENT CROPS

Source: Acevedo et al., 2020

Climate change is increasing the incidence of extreme weather events that pose a risk to 
agricultural production and small-scale producer livelihoods, including both droughts and floods 
(IPCC, 2012; 2019). Estimates suggest that over 4.8 billion people worldwide will face at least one 
month of water scarcity each year by 2050 (Ricciardi et al., 2020). The creation of a map of small-
scale farms (less than 5 hectares) overlaid with the availability of irrigation infrastructure showed a 
paucity of interventions where they are most needed. 
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Over a billion people depend on livestock for their livelihoods. Their animals are not just a 
food source for the household or an asset to be sold; the animals also serve vital roles on-farm, 
including draft power for plowing and high-value compost for crops. The demand for animal-
sourced foods is increasing as both populations, and income levels rise. These foods are an 
important source of nutrition and income for the families that care for them and can be especially 
important for small-scale producers with limited access to land. However, dairy yields (litres 
of milk per cow) from livestock in Africa are up to 20 times below what they are in developed 
countries (Baltenweck et al., 2020). Increasing the productivity of livestock through improved 
feed, veterinary services and breeding programs are powerful interventions that support the 
goal of access for all to sufficient healthy food grown more sustainably. Such interventions 
can simultaneously reduce GHG emissions, for example by raising the yield of milk per animal 
(reducing the number of animals needed overall), or by switching to feeds that produce lower 
levels of methane as they are digested, while also increasing access to nutritious food and 
improving livelihoods (Baltenweck et al., 2020). 

The evidence also provides reminders that small-scale producers are not a homogeneous 
population. For example, interventions to improve feed quality that target small-scale, semi-
commercial farmers are particularly effective, as these farmers have the resources and the business 
interest to make better feed a priority. The evidence also shows that the use of crop residues as a 
means of feed improvement remains relatively underexploited. Access to improved crop residues 
could reduce dependence on purchased feed, thereby lowering costs. Making better use of crop 
residues is a good compromise solution for small-scale livestock producers, as they are close at 
hand, cheap, and effective, making them attractive for wider adoption (Baltenweck 2020).
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FOOD ON THE MOVE

8 For the purposes of this paper, the term “SMEs” refers to cooperatives, traders, processors, logistics firms, and other 
value chain actors.

MAIN FINDINGS

• Reduce post-harvest losses by expanding the focus of interventions beyond the 
storage of cereals, to include more links in the value chain and more food crops. The 
evidence base confirmed that several storage interventions, including the use of airtight 
bags and containers, are effective at reducing post-harvest losses for cereals and pulses. 
Other technology interventions were effective at reducing losses of fruits and vegetables: 
these included better handling practices, improved packaging, more careful timing of the 
harvest, and cold storage. There is a need to look at the effect of combining interventions 
and the need for more interventions for users other than farmers, as well as to investigate 
the potential of post-harvest training, finance, marketing, organization, governance, 
policies, and infrastructure interventions (Stathers et al., 2020).

• Invest in the infrastructure, regulations, services and technical assistance needed to 
support SMEs in the value chain. The evidence shows that SMEs8 are successfully serving 
farmers in low- and middle-income countries, particularly in Africa, and are correlated with 
technology adoption and higher productivity. They are typically more accessible to small 
farmers than larger enterprises (such as supermarkets) and small-scale producers value 
the mix of services that SMEs provide (Liverpool-Tasie et al., 2020). 

EVIDENCE FOR EFFECTIVE INTERVENTIONS FOR FOOD ON THE MOVE

Small-scale producer productivity and income depend in part on access to post-harvest 
services such as storage, marketing information, processors, and food retailers. Drivers such as 
urbanization, population growth, and rising incomes in many low- and middle-income countries, 
have transformed both how much and what people eat (FAO, 2017; HLPE, 2017). These trends are 
transforming markets in which small-scale producers, changing what they need to know and the 
risks and opportunities they face. 

The researchers looked at effective interventions to reduce post-harvest losses for 22 food crops 
with a focus on Africa and the low- and middle-income countries of South Asia. Interventions 
that increase the use of airtight containers (including hermetic bags) or admixture of a range of 
protectants are effective at reducing post-harvest losses for cereals and pulses. These measures 
kept quantity losses below 2% for maize, rice and sorghum, and below 5% for wheat during a 
6-month storage period (Stathers et al., 2020). Simple improvements in handling practices such 
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as choosing the right time to harvest combined with good drying and sorting practices reduced 
losses in cereals and pulses. For example, simple improvements in handling practices for cereals 
(excluding rice) and pulses, such as drying, early harvesting, and sorting kept losses at or below 
5%. Without these measures, cereal losses were between 11% and 20%. The use of improved 
handling methods (such as careful and timely harvesting for fruits, or curing for onions), transport 
packaging containers, and evaporatively cooled and cold storage reduced losses in the focal fruits 
and vegetables. Evaporatively cooled, cold, or well-ventilated structures or improved pits kept 
quantity and quality losses of potato below 16% and 9% during storage, respectively (Stathers et 
al., 2020). Harvesting rice at the recommended time kept losses below 1% and damage below 10%, 
while harvesting rice too early or too late led to losses of up to 20% and up to a third of the crop 
sustaining damage (Stathers et al., 2020).

The researchers looking at post-harvest losses found the evidence base to be skewed 
toward cereal crops (particularly maize), as opposed to a wider variety of foods. Other biases 
included a focus on technologies rather than training, finance, policy, infrastructure, or market 
interventions—let alone combinations of these elements. The evidence base is also scarce 
on food losses outside of storage, such as during harvesting, transportation, and processing, 
and on non-farm actors in the food chain. There is almost nothing on the socioeconomic and 
environmental outcomes of post-harvest loss interventions, nor on farmers’ understanding and 
knowledge (Stathers et al., 2020). 

The growth of food systems has created huge market and employment opportunities for farmers 
along supply chain segments, including food processing, wholesale, and retail. The extent to 
which these opportunities are available to small-scale producers has not been well established. 
These segments are often the farmers’ immediate interface with the market, through which they 
sell their products, obtain logistics and intermediation services, and purchase farm inputs. Where 
accessible, they could potentially improve the revenue-generation opportunities for small-
scale producers. Researchers reviewed 202 studies on market interactions between small-scale 
producers and a variety of market channels (including product traders, logistics firms, processors, 
and retailers) through the use of non-formal contractual arrangements. These services were 
primarily offered by SMEs (Liverpool-Tasie et al., 2020).

The evidence shows SMEs are flourishing in rural areas, providing farmers with a host of 
linked services, including the provision of inputs (especially credit and training), buying crops, 
connecting farmers to processors, and offering market information. This economic activity has 
not been well understood to date. Actors in the midstream of crop value chains are sometimes 
mistakenly referred to as the “missing middle” in descriptions of food systems in developing 
countries. In fact, the evidence shows they are very much present—and active and dynamic. They 
are not so much missing as “hidden” in the policy debate (Liverpool-Tasie et al., 2020). Yet the 
coverage SMEs can provide is uneven and usually informal. As a result, economic risk is fairly high 
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for the actors involved, and it is hard to protect the standards that buyers along the value chain 
impose. Tin addition, the evidence suggests government agencies often fail to make the most of 
the services provided by SMEs. For example, they are inclined to set up competing services rather 
than complementing existing activity. The evidence synthesis identified weaknesses in the SME 
sector that governments might address, including limited technical capacity, weak managerial and 
organizational skills, and poor coordination within the sector (Liverpool-Tasie et al., 2020).

Farmers appreciate the complementary services that SMEs provide, which are also correlated 
with technology adoption and higher productivity among farmers (Liverpool-Tasie et al., 2020). 
Services found to be offered together include: providing credit along with transport and 
processing services (the case of 22% of traders and 31% of processors studied); inputs coupled 
with training or extension services (the case of over 40% of cooperatives and 19% of processors); 
logistics service providers also acting as buyers (the case of 44% of logistics service providers) and 
input providers also acting as buyers (the case of 25% of cooperatives) (Liverpool-Tasie et al., 2020).

9 The results from the modelling should be interpreted as an estimate of the scale of resources needed at the big-
picture level. This is useful to inform resource allocation decisions from the global level down to the national level but is 
insufficient to inform strategy, planning, and programming at the subnational level.

WHAT IS THE FUNDING GAP?

The second question the Ceres2030 project sought to answer was, what will it cost governments 
to end hunger, double the incomes of small-scale producers, and protect the climate by 2030? The 
additional cost is distributed across the three categories of interventions: empower the excluded, 
on the farm, and food on the move. 

The results from the model show that donors need to contribute an additional USD 14 billion per 
year on average until 2030 to end hunger and double incomes of small-scale producers in low- 
and middle-income countries. The investment achieves these goals while maintaining greenhouse 
gas emissions for agriculture below the commitments made in the Paris Agreement (see Figure 4).

Donors currently spend USD 12 billion per year on food security and nutrition and therefore 
need to double their contributions to meet the goals. However, ODA alone will not be enough. 
Additional public spending of USD 19 billion per year on average until 2030 will have to be 
provided by low- and middle-income countries through increased taxation. 

Together, the additional public investment from donors and low- and middle-income countries 
will prevent 490 million people from experiencing hunger, double the incomes of 545 million 
producers and their families on average, and limit greenhouse gas emissions for agriculture to the 
commitments made in the Paris Agreement.9 Importantly, the additional public spending will, on 
average, spur an extra USD 52 billion in private investment per year. 
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The current level of donor spending averages USD 12 billion per year, only half of what is 
needed to meet the goal of ending hunger by 2030

FIGURE 4. THE FUNDING GAP OVER TIME AND BY CATEGORY OF INTERVENTION

Source: Author’s calculations.

By far the region with the greatest need for additional resources is in Africa. Figure 5 shows the donor 
contribution needed in Africa compared to other low- and middle-income countries and distributed 
across the three categories of interventions. The need in Africa is particularly high since more than 
half of the global undernourished population will be concentrated on this continent by 2030.

Two thirds of the additional public spending is needed in Africa to achieve the targets

FIGURE 5. FUNDING GAP BY REGION AND BY CATEGORY OF INTERVENTION* 

Source: Authors’ calculations.
* Funding gap for global R&D is not included in the regional breakdown.
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There are two instruments used to generate an estimate of the donor contribution needed for 
empowering the excluded: income support through food subsidies (social protection programs) 
and vocational training programs. The donor contribution for these instruments is an additional 
USD 3 billion per year on average.

To estimate the donor contribution needed for interventions on the farm, the modellers used 
10 policy instruments that directly affect the technologies available for small-scale producers 
and what and how they produce: investment subsidies, fertilizer subsidies, capital endowments, 
production subsidies, national R&D, international R&D, extension services, irrigation infrastructure, 
agroforestry, and improved forage. The donor contribution for this category is an additional USD 
9 billion per year on average. Interestingly, each instrument’s investment follows a different time 
profile to achieve the targets by 2030, with spending on core public goods—especially R&D, which 
has a long lag before payoff but a high return—to be prioritized first.

The modellers used two policy instruments to estimate the donor contribution needed to support 
moving food to market. Both instruments contribute directly to increased income opportunities 
for farmers while reducing overall costs for consumers. The two instruments are increased rural 
infrastructure and storage opportunities, both of which contribute to a reduction in post-harvest 
losses. The donor contribution is an additional USD 2 billion per year on average.

4. CROSS-CUTTING LESSONS

SUCCESSFUL INTERVENTIONS DEPEND ON HUMAN, SOCIAL, FINANCIAL, AND KNOWLEDGE 
CAPITAL 

Effective technology interventions rely on interdependencies among human, social, financial 
and knowledge capital. To protect the 2030 Agenda commitment to leave no one behind, 
governments must underwrite all these forms of capital. The lack of information on complex 
outcomes has to be addressed to build a knowledge base on how to nurture different facets of 
sustainable development (Bizikova et al., 2020; Liverpool-Tasie, 2020; Stathers et al., 2020)

IT IS IMPORTANT TO BUILD AN INTEGRATED PORTFOLIO OF POLICY INTERVENTIONS

The evidence synthesis researchers found that integrated portfolios of policy interventions work 
better than isolated fixes. SMEs, in particular, are providing farmers with a range of services. In 
addition to linking them to markets, SMEs are an important source of credit and capacity building 
on product standards. The research shows these “wraparound” services are one of the things small-
scale producers most appreciate about SMEs (Liverpool-Tasie et al., 2020). The adoption of climate-
resilient crops, too, showed the importance of extension services, education about climate change, 
and the great importance that farmers that attached to ensuring crops also have good sales 
markets (Acevedo et al., 2020). In addition, incentives for sustainable agricultural practices showed 
both the usefulness of meeting farmers’ short-term financial constraints with the incentives 
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schemes, and the importance of farmers’ understanding the environmental benefits to sustain 
participation in the program in the longer term (Piñeiro et al., 2020).

GENDER-DISAGGREGATED STATISTICS FOR AGRICULTURE AND RURAL DEVELOPMENT REMAIN 
SCARCE 

Gender-disaggregated datasets are slowly being built. Researchers and policy-makers know more 
now than they did 10 years ago. However, although they are becoming more available for health 
and nutritional outcomes, gender-disaggregated statistics for agriculture and rural development 
are still sparse (Bizikova, 2020). Among the evidence that synthesis teams counted, just 10% or so 
of the reviewed papers considered gender differences in the outcomes of the interventions. The 
team researching SMEs found that only 12% of the 202 studies they reviewed included a focus on 
gender. However, gender matters—first as a human rights issue and also for the effectiveness of 
interventions. For example, the findings from the papers reviewed for the livestock study found 
two-thirds of livestock keepers in low- and middle-income countries are female (Baltenweck et al., 
2020). Gender and marital status also affect membership in farmers’ organizations, with married 
women less likely to join (Bizikova, 2020). Data collection is necessary to better understand 
social gendered differences between and within households, yet the research teams found little 
evidence of socioeconomic outcomes, including gender-disaggregated outcomes (Acevedo et al., 
2020; Ricciardi et al., 2020; Stathers et al., 2020).

EVIDENCE-BASED POLICY IS ONLY AS GOOD AS THE EVIDENCE BASE AVAILABLE 

The data gaps are not confined to gender. The evidence teams found large gaps in the research to 
support answers to the kinds of questions that donors and governments are asking. Based on our 
studies and a review of 20 other systematic reviews, less than 2% of the available evidence base is 
pertinent for the questions donors typically want to investigate, such as the cost of an intervention 
(Porciello et al., 2020a). Most challenging for calibrating the model with outcomes from the 
evidence, almost none of the published evidence considers the cost of the technology—or who 
should pay. For example, the research on livestock interventions found that very few studies (6 out 
of 73) reported combined evidence of adoption, productivity, and livelihood effects (Baltenweck 
et al., 2020). 

Large areas of the world are invisible in the literature. The researchers found many of the widely 
shared beliefs and assumptions about agricultural development rest on a geographically 
incomplete database. In addition, Decision-makers are increasingly asking for policy prescriptions 
that mix interventions. However, the researchers did not find a lot of evidence that looked at the 
system effects of multiple interventions. Investments in developing standardized frameworks 
and indices for links between livelihoods and the environment, livelihoods, and youth, similar 
to the Women’s Empowerment in Agriculture Index (WEAI), is one approach that can fill critical 
gaps in the evidence base. There is an urgent need to invest in the development of standardized 
frameworks to improve the quality and availability of research over time.

https://weai.ifpri.info/versions/weai/
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For a number of intervention areas reviewed, the evidence shows governments are investing 
in proven technologies. This was true of post-harvest management and loss reduction, for 
example, and climate-resilient crops. Amid the proliferation of published research, however, the 
results showed significant blind spots. There was a lot of evidence on yield effects, but with very 
little consideration of effects on farm income, nutrition, or environmental cost (Liverpool-Tasie 
et al., 2020; Ricciardi et al., 2020; Stathers et al., 2020). There was also a lot of evidence on the 
effectiveness of technologies; for example, on whether and by how much GHG emissions were 
reduced or water quality improved. But broader ecosystem effects were captured much less 
often. Even less evidence has been published on whether a proven technology is actually used on 
the farm, whether it increases incomes, and if it changed on-farm practices or expanded market 
opportunities. 

10 Data extracted from the OECD Development Assistance Committee (DAC) Creditor Reporting System (CRS) database 
(OECD, n.d.a). Spending on agriculture is defined by the DAC codes for agriculture, forestry and fishing total (sector code 
310) and rural development (purpose code 43040). Percentages calculated relative to total ODA, all sectors. Values refer 
to total disbursements in constant 2018 US dollars.

SPENDING MORE AND BETTER IS VITAL

Total ODA for agriculture increased significantly in response to the 2007–2008 international food 
price crisis. New institutions were built, bridging spending to reduce poverty and social exclusion 
with investments in raising agricultural productivity. However, agricultural spending is still a 
relatively small share of the ODA budget (since 2014, G7 donors have each disbursed between 
3% and 7% of their total ODA budget on agriculture10) (Eber-Rose et al., 2020). We estimate 
that spending needs to double to meet the ambition of SDG 2, and yet actual disbursements to 
agriculture are faltering. ODA flows are predicted to decrease because of the global economic 
slowdown associated with the COVID-19 pandemic—the International Monetary Fund (IMF) has 
predicted a global growth decline of 5% that will reduce fiscal space in donor countries, which is 
likely to reduce ODA flows (IMF, 2020). 

Nowhere is ODA playing as central a role as it does in Africa. Total ODA spending is increasingly 
concentrated in Africa and Asia; Africa has been the main recipient of agricultural ODA since 
2011 (Eber-Rose et al., 2020). In 2017, the share of ODA in the foreign finances received by African 
countries south of the Sahara was 36%, compared to 31% from overseas personal remittances and 
23% from FDI (OECD, n.d.b). 
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5. CONCLUSION

Governments have 10 years until 2030. The sooner the investments are made in the 2030 Agenda, 
the less it will cost the public purse and the more sustained the outcomes are likely to prove. 
Building resilient and inclusive economies is a much better basis for ending hunger than providing 
a social safety net; social protection is necessary for the resilience of a society, but it is not 
sufficient in and of itself. There is a further reason for urgency, beyond the rising costs associated 
with inaction: the need to act now to limit irreversible damage to the earth’s ecosystems. For the 
environment, too, waiting means foreclosing options, some of them permanently. 

Ceres2030 was an experiment, an effort to make better use of the available evidence in policy 
decisions. A multidisciplinary team equipped with a variety of research tools and some relatively 
clear—if broad—questions was able to use machine learning, teams of researchers, and a highly 
sophisticated cost model to answer complex questions. The experiment is ripe for reiteration, 
improvement, and new frontiers. 
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1. THREE PROBLEMS, FIVE FINDINGS

1 The three targets of SDG 2 are ending hunger (target 2.1), doubling the incomes and productivity of small-
scale producers (target 2.3), and producing food sustainably and resiliently (target 2.4). Nutrition (target 2.2) and 
biodiversity and preservation of associated traditional knowledge (target 2.5) were not included. See Box 1.

Hunger is rising, reversing decades of progress. Today 690 million people are hungry, an 
increase of 60 million people over the past five years (Food and Agriculture Organization of the 
United Nations [FAO] et al., 2020). We predict that a further 95 million people will be living in 
extreme poverty and hunger as a result of COVID-19 (Laborde & Smaller, 2020). Perversely, the 
very people whose livelihoods depend on food and agriculture are among the most likely to 
experience hunger. Small-scale food producers and food workers and their families are among 
those most often left out of economic growth, technological change, and political decision 
making. Globally, today’s food systems are not producing affordable, healthy, and sustainable 
diets for all (FAO et al., 2020). The climate crisis poses a mounting threat to food systems (FAO et 
al., 2018; Intergovernmental Panel on Climate Change [IPCC], 2018), while at the same time, the 
current food system is a major driver of climate change (FAO et al., 2020).

In response to the global commitment to rid the world of hunger, Ceres2030 partnered with 
Nature Portfolio to answer two linked questions: First, what does the published evidence tell us 
about agricultural interventions that work, in particular to double the incomes of small-scale 
producers and to improve environmental outcomes for agriculture? And second, what will it cost 
governments to end hunger, double the incomes of small-scale producers, and protect the climate 
by 2030? The project focuses on three of the five targets in the second sustainable development 
goal (SDG 2, Zero Hunger) and looks at the public spending needed in low- and middle-income 
countries, including the contribution from donors through official development assistance (ODA) 
(Laborde et al., 2020). 

This report answers the second question. The answer to the first question is published as a special 
collection of Nature Portfolio. This report is published alongside a complementary research 
project by the Centre for Development Research (ZEF) and the FAO that also identifies high-
impact, cost-effective interventions to address the challenges of SDG 2. The use of different 
research approaches and methodologies helps to identify levels of coherence and strengthens 
the credibility of proposed policy actions and investments. The approaches show results that are 
consistent and compatible, confirming that between now and 2030 donors need to double their 
efforts (von Braun et al., 2020).1

The Ceres2030 project was guided by the premise within SDG 2 that increasing the incomes of 
small-scale producers in a way that supports the transition to environmental sustainability is the 
most effective way to end hunger and realize the multifaceted objectives of the 2030 Agenda for 
Sustainable Development. 
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1. THREE PROBLEMS, FIVE FINDINGS

1 The three targets of SDG 2 are ending hunger (target 2.1), doubling the incomes and productivity of small-
scale producers (target 2.3), and producing food sustainably and resiliently (target 2.4). Nutrition (target 2.2) and 
biodiversity and preservation of associated traditional knowledge (target 2.5) were not included. See Box 1.
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THREE PROBLEMS

2 2018 constant USD. All the numbers in this document use this monetary unit.
3 All figures of existing donor spending represent 3-year averages (2016-2018) of ODA from listed public donors, 
extracted from the Organisation for Economic Cooperation and Development (OECD) Development Assistance 
Committee (DAC) Creditor Reporting System (CRS) database (OECD, n.d.a). Spending on food security and nutrition is 
defined by the DAC codes, including but not limited to: basic nutrition (12240), agriculture (311), agro-industries (32161), 
rural development (43040), and non-emergency food aid (52010).

1. Today 690 million people are hungry, and 95 million more people are at risk as a result of 
COVID-19 (FAO et al., 2020; Laborde & Smaller, 2020).

2. The people whose livelihoods depend on food and agriculture are among the most likely 
to experience hunger. The households of small-scale producers, especially those who live 
in Africa, are the people most often left out of economic growth, technological change, and 
political decision making (International Fund for Agricultural Development [IFAD], 2016). 

3. Food systems are a central driver of deteriorating environmental conditions, particularly 
climate change and biodiversity loss, while at the same time being one of the sectors 
put most at risk by the climate crisis. There is an urgent need for food systems to reduce 
greenhouse gas emissions, adapt to deteriorating environmental conditions, and provide 
affordable, healthy diets for all (FAO et al., 2018, 2020; IPCC, 2018). 

FIVE FINDINGS

1. Donors need to contribute an additional USD 14 billion2 per year until 2030 to end hunger 
and double the incomes of small-scale producers. This is achieved while maintaining 
greenhouse gas emissions for agriculture below the commitments made in the Paris 
Agreement. Donors currently spend USD 12 billion per year on food security and nutrition 
and therefore need to double their contributions to meet the goals.3

2. Aid will not be enough. Additional efforts of USD 19 billion per year on average will have to 
be provided by low- and middle-income countries through increased taxation. 

3. The additional public spending will prevent 490 million people from experiencing hunger 
and double the incomes of 545 million small-scale producers on average, while at the 
same time maintaining greenhouse gas emissions for agriculture below the commitments 
made in the Paris Agreement. The additional public spending will also spur an extra USD 
52 billion in private investment per year on average in primary and processed food sectors 
from both small- and large-scale producers.
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Donors must spend an additional USD 14 billion a year on average to end hunger 
sustainably

FIGURE 1. ADDITIONAL PUBLIC SPENDING AND DONOR CONTRIBUTION

Source: Authors’ calculations.

4. Any delay in spending will not only have human costs but will also increase the total 
monetary costs. Early spending, on the other hand, allows investment in interventions that 
take more time—like research and development (R&D)—but have a bigger payoff. It also 
allows downstream (processing) and upstream (farm inputs) investments to be spread over 
time.

5. A portfolio of interventions is needed to achieve the multiple SDG 2 targets. Ceres2030 
estimated the optimal investment using three categories of interventions: (1) empower 
the excluded, (2) on the farm, and (3) food on the move. The interventions in the model 
are balanced by their synergies and trade-offs according to the impact on greenhouse gas 
emissions, economic growth, and the country context. This report offers a starting point for 
considering proper portfolio balance.

2. THE IMPORTANCE OF AID

Aid is a critical source of finance for developing countries, especially in Africa. Analysis of the 
sources of foreign finance for developing countries shows that ODA has been the largest single 
source of foreign finance since 2002, consistently providing over 30% of the total. In 2017, 
ODA represented 36% of the foreign finance received by African countries south of the Sahara, 
compared with 31% from overseas personal remittances and 23% from foreign direct investment 
(FDI) (Organisation for Economic Co-operation and Development [OECD], n.d.b). In other regions, 
ODA is less dominant. The main source of foreign finance in South Asia, for example, is personal 
remittances, comprising 55% of foreign finance; in South America, it is FDI, at 68% of the total 
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(OECD, n.d.b). Despite these differences, and especially in Africa and South Asia, ODA is a crucial 
resource for economic development (Eber-Rose et al., 2020). 

In this context, capturing both the financial constraints faced by low- and middle-income 
countries and the role of donors in alleviating these constraints in the short and long terms is key. 
The model used to estimate the costs integrates these elements and considerations. Details on 
how the donor contribution is calculated can be found in Section 4.

4 The results from the modelling should be interpreted as an estimate of the scale of resources needed at the big-
picture level. This is useful to inform resource allocation decisions at the global level and can be helpful at the national 
level for our focus countries and the sub-regional level (see Box 2), but it is insufficient to inform strategy, planning, and 
programming at the subnational level.

3. WHAT WOULD IT COST?

The results from the model show that donors need to contribute an additional USD 14 billion per 
year on average until 2030 to end hunger and double incomes of small-scale producers in low- 
and middle-income countries. The investment achieves these goals while maintaining greenhouse 
gas emissions for agriculture below the commitments made in the Paris Agreement. 

Donors currently spend USD 12 billion per year on food security and nutrition and therefore 
need to double their contributions to meet the goals. However, ODA alone will not be enough. 
Additional public spending of USD 19 billion per year on average until 2030 will have to be 
provided by low- and middle-income countries through increased taxation. 

Together, the additional public investment from donors and low- and middle-income countries 
will prevent 490 million people from experiencing hunger, double the incomes of 545 million 
producers and their families on average, and limit greenhouse gas emissions for agriculture to the 
commitments made in the Paris Agreement.4

To be effective, the additional public investment needs to be allocated to a balanced portfolio 
of interventions. Ceres2030 modelled a portfolio of interventions using 14 policy instruments 
grouped into three broad categories: (1) empower the excluded, (2) on the farm, and (3) food on 
the move (see Figure 2). 

The first category includes interventions such as social safety nets, targeting the broader 
population and aimed to promote inclusiveness and enhance human capital. The second category 
increases the economic productivity of farmers, allowing them to be more cost efficient and 
address the rising needs of the population. The last category of interventions connects farmers 
to markets, guaranteeing the distribution of surplus production and providing better prices for 
farmers while reducing the cost for consumers.
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The additional investment needs to be distributed across three categories of interventions

FIGURE 2. THREE CATEGORIES OF INTERVENTIONS

The public spending is grouped into three broad categories of interventions, and the model assigns 
costs for policy instruments, such as research and development that each fall into one of these 
categories.

Note: These categories can be mapped to the donor classification system of the Organisation for Economic Co-operation and 
Development (OECD) Development Assistance Committee (DAC) Creditor Reporting System (CRS) database.

Even if not exhaustive, Ceres2030’s holistic modelling approach uses diverse policy instruments 
so that investment in interventions will benefit from synergies, avoid bottlenecks, and balance 
trade-offs. For example, a fertilizer subsidy could be provided to help farmers increase yields, 
but its effectiveness would be hampered if a poor road network makes it too costly for produce 
to reach markets. A production subsidy may boost food production and producer incomes 
but could result in clearing of land and unsustainable agricultural practices. The mix of policy 
instruments used in the model thus includes interventions that account for these interactions 
and complement each other, illustrating with broad strokes an appropriate investment strategy 
to accomplish multiple objectives.

Figure 3 shows the funding gap over time and by category of intervention. It compares actual 
levels of ODA, based on a 3-year average of USD 12 billion, to the additional donor contribution 
needed over the investment period of 2020 to 2030, an average of USD 14 billion per year, with 
detail on how the additional donor contribution is distributed among the three categories of 
interventions.

Empower the 
Excluded

Interventions related 
to social protection, 
institutions such as 
farmers’ organizations, 
and education through 
vocational training. 

On the Farm

Interventions provided 
directly to farmers, 
including farm inputs, 
R&D, improved livestock 
feed, and irrigation 
infrastructure.

Food on the Move

Interventions to reduce 
post-harvest losses, 
including storage, to 
improve returns from sales, 
and to support the mix 
of services provided by 
SMEs, such as cooperatives, 
traders, and processors. 
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The current level of donor spending averages USD 12 billion per year, only half of what is 
needed to meet the goal of ending hunger by 2030

FIGURE 3. THE FUNDING GAP OVER TIME AND BY CATEGORY OF INTERVENTION

Source: Authors’ calculations.

By far the region with the greatest need for additional resources is in Africa. Figure 4 shows the 
donor contribution needed in Africa compared to other low- and middle-income countries and 
distributed across the three categories of interventions. The need in Africa is particularly high, 
since more than half of the global undernourished population will be concentrated on this 
continent by 2030.

Two thirds of the additional public spending is needed in Africa to achieve the targets

FIGURE 4 . FUNDING GAP BY REGION AND BY CATEGORY OF INTERVENTION*

Source: Authors’ calculations.
* Funding gap for global R&D is not included in the regional breakdown.
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Figure 5 shows the funding estimation for the three categories disaggregated into the estimations 
for each of the 14 modelled policy instruments. To generate an estimate of the donor contribution 
needed for empowering the excluded, there are two modelled policy instruments: income 
support through food subsidies (social protection programs) and vocational training programs. 
The donor contribution for these interventions is an additional USD 3 billion on average per year. 
Investments in human capital (vocational training) should start early to generate several years 
of returns for workers, while social safety nets increase over time to make sure that income is 
properly distributed so that the undernourishment goal is achieved by 2030. 

Social protection, financial capital, rural infrastructure, and extension services are among 
the top policy instruments that donors should target as part of their investments

FIGURE 5. FUNDING GAP BY MODELLED POLICY INSTRUMENT 

Source: Authors’ calculations.
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To estimate the donor contribution needed for interventions on the farm, the modellers used 
10 policy instruments that directly affect the technologies available for small-scale producers 
and what and how they produce: investment subsidies, fertilizer subsidies, capital endowments, 
production subsidies, national R&D, international R&D, extension services, irrigation infrastructure, 
agroforestry, and improved forage. The donor contribution for this category is an additional USD 
9 billion per year on average. Interestingly, each instrument’s investment follows a different time 
profile to achieve the targets by 2030, with spending on core public goods—especially R&D, which 
has a long lag before payoff but a high return—to be prioritized first. 

To generate an estimate of the donor contribution needed for interventions to move food 
to market, there are two policy instruments that directly contribute to increased income 
opportunities for farmers while reducing overall costs for consumers. They are increased rural 
infrastructure (roads) and storage opportunities, both of which contribute to a reduction in 
post-harvest losses and an increase in prices for farmers. The donor contribution for this group 
of interventions is an additional USD 2 billion.

The additional public spending will also spur an extra USD 52 billion in private investment per 
year on average in both primary and processed food production activities. This number includes, 
among other investments, increased investments by small-scale producers, made possible by 
higher incomes, and by large-scale producers, due to enhanced agricultural productivity and 
increased food demand.

THE NEED FOR IMPROVED TARGETING

Figure 6 provides a picture of the external financing needs of each country. It shows the donor 
priority levels for countries and regions, based on their degree of dependency on external 
resources (see Appendix 2). Among regions, Africa will need the greatest level of support, 
especially to achieve the ending hunger target. However, other countries, including in Asia, will 
require important attention to increase productivity and incomes of small-scale producers. Some 
countries, such as the Democratic Republic of Congo, South Sudan, and Eritrea, will rely on donor 
support for more than 90% of their public budgets. 
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Africa will need the greatest level of support

5 The mode is adapted from the MIRAGRODEP model. See Laborde et al., 2013.

FIGURE 6. PRIORITY COUNTRIES FOR DONOR INVESTMENT BASED ON THEIR DEPENDENCY ON EXTERNAL 
RESOURCES UNTIL 2030

Note: “High Priority” includes countries that will depend on donors for over 50% of their budgets; “Medium Priority” includes 
countries that will depend on donors for between 30% to 50% of their budgets; “Low Priority” includes countries that will 
depend on donors for less than 30% of their budgets. “On Target” includes countries that will need to retain existing levels of 
donor support but will not need any extra donor support from now until 2030. For a full list of countries, see Appendix 2.

4. HOW DID WE CALCULATE THE COST? 

THE MODEL

The modelling team used a computable general equilibrium (CGE) model to estimate the 
additional public investment needed to end hunger, double the incomes of small-scale producers, 
and protect the environment by 2030. The framework was developed based on three of the five 
targets of SDG 2: ending hunger (Target 2.1), doubling the incomes and economic productivity of 
small-scale producers (Target 2.3), and producing food sustainably and resiliently (Target 2.4).5

High Priority Medium Priority Low Priority On Target Not Included in Assessment
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BOX 1. WHAT ABOUT NUTRITION (TARGET 2.2) AND BIODIVERSITY (TARGET 2.5)?

The project was not mandated to work on nutrition (Target 2.2) specifically because existing 
global efforts, such as those by 1000 Days, R4D, and the World Bank, have estimated the 
cost of ending some forms of malnutrition using a different model (see Shekar et al., 2016). 
Nutrition, moreover, is its own complex goal and would have required significantly more 
time and resources to include in the project. Costing nutrition goes beyond agriculture and 
food systems to include sanitation and access to clean water, for example (Development 
Initiatives, 2018). It also relies on data at the intra-household level, which is a level of 
granularity not yet widely available or comparable across countries. That said, it is important 
to note that doubling small-scale producer income can be expected to have an important 
positive impact on nutrition. Especially at lower income levels, increases in income are 
quickly captured in consumption of more, and more varied, foods.

Biodiversity and preservation of associated traditional knowledge (Target 2.5) is also beyond 
the scope of the project. There is a dearth of data about biodiversity, and it remains an 
important area in which to develop quantification techniques that can be integrated into 
a model. Nevertheless, by limiting greenhouse gas emissions for agriculture, there is a 
reduction in land use changes due to agriculture, which should have a positive impact on 
biodiversity.

The model is a system of hundreds of thousands of equations designed to take into account 
complex relationships across different levels of the economy. It includes data from the 
international level all the way down to the household level, allowing for simulation of targeted 
public investment (see Figure 7). It captures household characteristics,6 regional and sectoral 
interactions, including prices and quantities of goods, services, and factors of production, and 
interactions among countries, considering positive spillovers through increased income and 
demand as well as competitive effects through international trade. Earlier work using the model 
had found that governments are not on track to end hunger by 2030, but that the goal could be 
achieved if governments invested additional resources, prioritized countries with the highest need, 
and used a better mix of the most effective interventions (Laborde et al., 2016). 

6 Consumption and production data for households originated from the World Bank’s Living Standards Measurement 
Study, but additional sources are used to increase the country coverage (for example for China). In addition, the calorie 
consumption pattern is reconciled with the FAO Prevalence of Undernourishment data.
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Our computable general equilibrium model inputted data from the global to the household 
level, simulating markets with hundreds of thousands of equations

FIGURE 7. A COMPLEX MODEL TO END HUNGER, INCREASE INCOMES, AND PROTECT THE CLIMATE

Source: Authors’ diagram.

Traditionally, equilibrium models are used to quantify the impact of a shock from a policy 
or package of policies, such as a reduction of tariffs linked to a new trade agreement or the 
introduction of a biofuels target for a renewable energy policy. The impact is quantified in respect 
to a business-as-usual world where the policy shock does not exist, referred to as the baseline. For 
example, applying the shock of a doubling of corn tariffs, a model can show how other variables 
in the model, such as farm income, will be affected by this change versus baseline conditions. 
Equilibrium models can show the full effect of a policy shock as it is transmitted through all the 
elements of the economic system that are presented in the model (Laborde et al., 2019).
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In contrast to traditional equilibrium modelling, the approach used in Ceres2030 simulates a series 
of targets (the targets set out in SDGs 2.1, 2.3, and 2.4). The model minimizes the total public costs 
of achieving the targets by optimally allocating financial resources among the portfolio of 14 
policy instruments. Resources are targeted through the instruments to households where they are 
most needed, but the model intentionally does not assume perfect targeting. For example, a food 
subsidy program is allocated based on income status, not hunger status, since the latter is not as 
easily observable. Each country has its own profile in the baseline of the model, so the balance of 
the portfolio of instruments and the trajectory of progress toward the targets are country specific.

Each of the 14 policy instruments has a cost, paid either by the public or private sector, and a 
direct impact, such as an increase in labour productivity, that will contribute to at least one of 
the three final outcomes—more calories available per household, greater net incomes for small-
scale producer households, and limited greenhouse gas emissions. For example, the research 
and development spending on the Consultative Group on International Agricultural Research 
[CGIAR] is a fixed cost paid by the public sector for research services that increase agricultural 
productivity over time, with larger productivity benefits for low- and middle-income countries. 
Fertilizer subsidies, another instrument, are paid by the public sector for each unit of fertilizer, 
reducing the cost paid by the farmers receiving it on a recurrent basis. The parameters used for 
modelling instruments are based on existing data sources and a number of new parameters from 
the collection of evidence syntheses published in Nature Portfolio (See Appendix 1 for a full list of 
policy instruments). Because the model accounts for a complex web of economic relationships, it 
captures not only the direct effect but also indirect and interactive effects of the interventions.

The portfolio of interventions relies on the interdependence of many kinds of capital: human, 
social, financial, and knowledge. While the evidence shows a significant lack of detailed 
information on complex outcomes, especially those involving such capital (Bizikova et al., 2020; 
Liverpool-Tasie, 2020; Stathers et al., 2020), the modelling approach captures some of the 
interlinkages between access to different forms of capital at the household level and its impact on 
the broader economy.

7 Based on the medium scenario of the Population Division of the United Nation Department of Economic and Social 
Affairs.
8 Based on FAO (2018).

THE BASELINE AND THE SCENARIOS

The cost is calculated by comparing the baseline, in this case representing a business-as-usual 
trajectory of the world where existing spending patterns are maintained, to a scenario where 
the three targets of SDG 2 are reached. The core assumptions in the business-as-usual trajectory 
were based on: demographic growth,7 yield projections, including climate change effects,8 
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and economic growth.9 Importantly, the climate targets as defined by the 2016 UNFCCC Paris 
Agreement were also included as a baseline assumption. 

Combining these assumptions leads to a new baseline for the numbers of small-scale producers 
and people affected by hunger. In 2018, there were 680 million people affected by hunger (FAO et 
al., 2020). In the baseline used for our central estimate, taking into account current population and 
economic growth projections and constant donor contributions, we estimated that there would 
be 660 million people affected by hunger in 2030 (see Figure 8).

9 Based on the mid-term macroeconomic projections of the IMF World Economic Outlook (October 2019, i.e., pre-
COVID-19). The macroeconomic impact of the COVID-19 pandemic for the period 2020–2023 is included, based on 
Laborde & Smaller (2020), but we do not assume a long-term impact on productivity as a result of COVID-19.

An additional USD 14 billion from donors and 19 billion from countries can prevent hunger 
for 490 million. If no additional effort is made, 660 million will still suffer in 2030

FIGURE 8. POPULATION AFFECTED BY HUNGER IN 2018 AND 2030

Source: Authors’ calculation.

SDGs 2.1, 2.3, and 2.4 are each interpreted in the model as targets to be achieved, under some 
constraints. Corresponding to Target 2.1, the model simulates removal of households from the 
status of hunger, as defined by the FAO’s Prevalence of Undernutrition (PoU). For Target 2.3, then 
net incomes of small-scale producers double on average between 2015 and 2030. For Target 2.4, 
greenhouse gas emissions for agriculture conform to the commitments made in the nationally 
determined contributions (NDCs) from the 2016 UNFCCC Paris Agreement. The NDCs are 
integrated into both the baseline and the scenario where SDG 2 is achieved. Each country has a 
carbon budget for its agriculture; land use emissions and production emissions from energy and 
fertilizer use are included in this budget. The model maintains the budget through a domestically 
determined carbon tax.
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Figure 9 illustrates conceptually the relationship between achieving a target, Target 2.1 in this case, 
and estimating the additional donor spending required. The model calculates the donor spending 
in the baseline and the donor spending incurred in the scenario where the targets are achieved. 
The additional cost to donors is the difference between the two. 

The additional cost to donors is the difference between the baseline and the scenario where 
the targets are achieved

FIGURE 9. FROM TARGET TO COST ESTIMATE

Source: Adapted from Laborde et al., 2019.

Figure 10 shows the additional public costs, including the donor contribution, using three 
scenarios. In the central scenario, the PoU is set so that hunger decreases to 3% or less in each 
country, net incomes of small-scale producers double on average, and greenhouse gas emissions 
conform to the NDCs. 

The second scenario includes trade policy reform in the baseline assumptions and maintains the 
same targets as the central scenario. Specifically, it assumes that the negotiations at the World 
Trade Organization (WTO) to reduce domestic support and tariffs in the agricultural sector are 
concluded and that the African Continental Free Trade Area (AfCFTA) is implemented. 

The third scenario reduces the PoU to 0% by 2030, in line with the principle of leaving no one 
behind. While this scenario is more coherent with SDG 2, it is not used in the central scenario for a 
few reasons. First, there is limited data on the population under the 3% PoU threshold, making it 
difficult both to measure the actual calorie deficit the affected households face and to identify a 
proper set of interventions to support this segment of the population. In this context, we assume 
that interventions needed for this segment of the population go beyond agricultural interventions 
and will be limited to safety nets with a fixed per capita payment determined at the country level.
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Three scenarios to estimate the additional public cost to end hunger, double the incomes of 
small-scale producers, and ensure greenhouse gas emissions from agriculture conform to 
the Paris Agreement by 2030

FIGURE 10. ESTIMATING THE ADDITIONAL PUBLIC COSTS USING THREE SCENARIOS, INCLUDING THE DONOR 
CONTRIBUTION

CALCULATING THE DONOR CONTRIBUTION

In the model, we define the allocation between domestic and external resources based on 
an econometrically estimated co-funding rule that links the level of ODA contribution to a 
country’s domestic public spending in relation to its income per capita. We found that the richer 
the country, the less it depends on external resources for its public spending. Full dependency 
on ODA occurs for countries with per capita income below USD 500. At the other end of the 
range, ODA is phased out from the model for countries that have per capita income of USD 
15,000 or more. The model determines the total additional public expenditures required for 
each country annually and the split between the country and the donor (Laborde et al., 2016). 
The model assumes domestic taxation is used to make up the difference between the ODA 
contribution and total public funding needed. We have one exception to this rule: the spending 
on CGIAR R&D is paid in full by external donors.
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BOX 2. ILLUSTRATING HETEROGENEITY THROUGH A FOCUS ON 11 COUNTRIES 

In order to develop a global estimate, the model was applied at different levels and in 
different countries. The household-level analysis was conducted on 68 low- and middle-
income countries. The detailed modelling across instruments and over time was done for 
11 countries, mostly in Africa: Bangladesh, Ethiopia, Ghana, Guatemala, Malawi, Nigeria, 
Rwanda, Senegal, Tanzania, Uganda, and Zambia. A sub-regional aggregate (for example, 
Central Africa) was done for the remaining low- and middle-income countries. This means 
that the remaining countries have portfolios of interventions optimized at the sub-regional 
level instead of the country level. Population data, hunger levels, and economic growth 
projections remain country specific. The 11 countries were selected because of the levels of 
hunger, the availability and reliability of data, the diversity of socioeconomic and agricultural 
situations, and the relevance to donors. This sample gave us sufficient data to confidently 
extrapolate the cost of ending hunger and the donor contributions at a global scale. 

The relative donor contribution varies greatly among the 11 countries. For example, Malawi 
is expected to still have a low per capita GDP in 2030; therefore, we calculate that the 
country will still depend on donors to cover 90% of its public budget. Nigeria, on the other 
hand, is expected to have a higher per capita GDP in 2030; as a result, we calculate that it will 
depend on donors for less than 10% of its public budget.

5. CONCLUSION

To achieve the global commitment to end hunger sustainably between now and 2030, donors 
need to double their current level of spending. That means an additional USD 14 billion per year is 
needed on top of current spending, which stands at USD 12 billion per year. Most of the additional 
resources need to be targeted to countries in Africa where there will be the highest concentration 
of hunger and the highest dependency on external resources in the next decade. But ODA will 
not be enough. Additional efforts of USD 19 billion per year on average will have to be committed 
by low- and middle-income countries. The additional public spending will prevent 490 million 
people from experiencing hunger and double the incomes of 545 million small-scale producers 
on average, while maintaining greenhouse gas emissions for agriculture below the commitments 
made in the Paris Agreement. Such an outcome would be truly historic.
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APPENDIX 1. LIST OF POLICY INSTRUMENTS MODELLED TO SIMULATE THE 
PORTFOLIO OF INTERVENTIONS

POLICY 
INSTRUMENTS TARGETING / COVERAGE STRUCTURAL EFFECTS

NATURE OF 
EXPENDITURE

EMPOWER THE EXCLUDED

Food subsidy Food items for households 
with income below the 
poverty line (USD 1.95 
purchasing power parity 
[PPP])

Food cost reduction 
per capita through an 
endogenous, homogenous 
subsidy rate at the household 
level

Cost of the public 
subsidies

Vocational 
training

Allows people to move 
between rural and urban 
employment more easily

Cost of the public 
subsidies

ON THE FARM

Investment 
subsidy 

All agricultural sectors, all 
producers

Ad volumen subsidy to 
domestic investments

Cost of the public 
subsidies

Fertilizer subsidy Crop sectors, all producers Ad valorem subsidy on 
chemical inputs used by 
agricultural sectors and yield 
effects capturing changes in 
the production function

Cost of the public 
subsidies

Capital 
endowment

All agricultural sectors, only 
small-scale producers

Allocation of physical capital 
(e.g. machinery, livestock) 
given to targeted households

Investment goods 
bought by public 
expenditures

Production 
subsidy

All staple crop sectors, all 
producers

Ad valorem production 
subsidy applied to the farm 
gate price

Cost of the public 
subsidies

R&D National 
Agricultural 
Systems (NARS)

All agricultural sectors, all 
producers

Agricultural total factor 
productivity (TFP) is 
increased based on the stock 
evolution of NARS R&D

Additional NARS 
expenditures 
spent on public 
services

R&D CGIAR All agricultural sectors, all 
producers

Agricultural TFP is increased 
based on the stock evolution 
of CGIAR R&D

Additional CGIAR 
expenditures 
spent on public 
services
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Cost of the public 
subsidies

Fertilizer subsidy Crop sectors, all producers Ad valorem subsidy on 
chemical inputs used by 
agricultural sectors and yield 
effects capturing changes in 
the production function

Cost of the public 
subsidies

Capital 
endowment

All agricultural sectors, only 
small-scale producers

Allocation of physical capital 
(e.g. machinery, livestock) 
given to targeted households

Investment goods 
bought by public 
expenditures

Production 
subsidy

All staple crop sectors, all 
producers

Ad valorem production 
subsidy applied to the farm 
gate price

Cost of the public 
subsidies

R&D National 
Agricultural 
Systems (NARS)

All agricultural sectors, all 
producers

Agricultural total factor 
productivity (TFP) is 
increased based on the stock 
evolution of NARS R&D

Additional NARS 
expenditures 
spent on public 
services

R&D CGIAR All agricultural sectors, all 
producers

Agricultural TFP is increased 
based on the stock evolution 
of CGIAR R&D

Additional CGIAR 
expenditures 
spent on public 
services

57

POLICY 
INSTRUMENTS TARGETING / COVERAGE STRUCTURAL EFFECTS

NATURE OF 
EXPENDITURE

Extension 
services

All agricultural sectors, small-
scale producers

Efficiency of production 
factors, i.e. difference 
between physical and 
efficient units, for small-scale 
producers

Public services 
expenditures

Rural 
Infrastructure 
(irrigation)

Crop sectors, all producers Agricultural TFP is increased 
based on the growth of 
irrigated area

Aggregated 
capital goods 
for expenditures 
based on unit 
costs by type of 
investments

Livestock 
subsidy 
(agroforestry) 

Dairy sector, small-scale 
producers

Ad volumen subsidy to year 
1 fixed costs (extension 
and shrubs). Ad volumen 
reduction in GHG emissions.

Cost of the public 
subsidies

Livestock 
subsidy 
(improved 
forage)

Ruminant sector, small-scale 
producers

Ad volumen subsidy to year 1 
fixed costs (extension, seed, 
and inputs)

Cost of the public 
subsidies

FOOD ON THE MOVE

Post-harvest 
losses (storage)

Crop sectors, small-scale 
producers

Efficiency of production 
factors for small-scale 
producers and reduction 
of an initial shadow tax on 
factors of production

Aggregated 
capital goods 
for expenditures 
based on unit 
costs by type of 
investment

Rural 
Infrastructure 
(roads)

All agricultural sectors, all 
producers

Agricultural TFP is increased 
based on the growth of road 
infrastructure
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APPENDIX 2. LIST OF COUNTRIES AND THEIR PRIORITY LEVEL

COUNTRY NAME PRIORITY LEVEL

Afghanistan Low Priority

Angola Low Priority

Albania On Target

Algeria Low Priority

Andorra On Target

Argentina On Target

Armenia On Target

Antigua and Barbuda On Target

Azerbaijan On Target

Burundi High Priority

Benin Low Priority

Burkina Faso Medium Priority

Bangladesh Low Priority

Bahamas On Target

Bosnia and Herzegovina On Target

Belarus On Target

Belize Low Priority

Bermuda On Target

Bolivia Low Priority

Brazil Low Priority

Barbados On Target

Bhutan On Target

Botswana Low Priority

Cabo Verde Medium Priority

COUNTRY NAME PRIORITY LEVEL

Central African Republic High Priority

Chile On Target

China On Target

Cote d'Ivoire Medium Priority

Cambodia Low Priority

Cameroon Low Priority

Chad High Priority

Congo Medium Priority

Colombia Low Priority

Comoros Medium Priority

Costa Rica On Target

Cuba On Target

Democratic Republic of 
Congo

High Priority

Djibouti On Target

Dominica Low Priority

Dominican Republic Low Priority

Ecuador Low Priority

Egypt Low Priority

Eswatini Medium Priority

Ethiopia Medium Priority

Fiji On Target

Gabon Low Priority

Georgia On Target
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COUNTRY NAME PRIORITY LEVEL

Ghana Low Priority

Gibraltar On Target

Guinea Medium Priority

Gambia Medium Priority

Guinea-Bissau High Priority

Equatorial Guinea On Target

Guatemala Low Priority

Guyana Low Priority

Honduras Low Priority

Haiti High Priority

Indonesia Low Priority

India Low Priority

Iran Low Priority

Iraq Low Priority

Jamaica Low Priority

Jordan Low Priority

Kazakhstan On Target

Kenya Medium Priority

Kyrgyz Republic On Target

Kiribati On Target

St. Kitts and Nevis On Target

Lao PDR On Target

Lebanon Low Priority

Liberia High Priority

Libya Not included in 
assessment

COUNTRY NAME PRIORITY LEVEL

St. Lucia On Target

Sri Lanka Low Priority

Lesotho High Priority

Morocco Low Priority

Moldova Low Priority

Madagascar High Priority

Maldives On Target

Mexico Low Priority

Mali Low Priority

Myanmar Low Priority

Mongolia Low Priority

Mozambique High Priority

Mauritania Medium Priority

Mauritius Low Priority

Malawi Medium Priority

Malaysia On Target

Namibia Low Priority

Niger Medium Priority

Nigeria Medium Priority

Nicaragua Medium Priority

Nepal On Target

Nauru On Target

Oman On Target

Pakistan Low Priority

Panama On Target

Peru Low Priority
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COUNTRY NAME PRIORITY LEVEL

Philippines Low Priority

Palau On Target

Papua New Guinea Low Priority

Puerto Rico On Target

Paraguay Low Priority

West Bank and Gaza On Target

Rwanda Medium Priority

Sudan Medium Priority

Senegal Low Priority

Solomon Islands Low Priority

Sierra Leone Medium Priority

El Salvador Low Priority

San Marino On Target

Sao Tome and Principe Low Priority

Serbia On Target

Somalia High Priority

South Sudan High Priority

Seychelles On Target

St. Vincent and the 
Grenadines

Low Priority

Suriname Low Priority

Syrian Arab Republic Not included in 
assessment

Turks and Caicos Islands On Target

Togo Medium Priority

Thailand Low Priority

COUNTRY NAME PRIORITY LEVEL

Tajikistan On Target

Turkmenistan On Target

Timor-Leste Low Priority

Tonga On Target

Trinidad and Tobago On Target

Tunisia Low Priority

Turkey On Target

Tuvalu On Target

Tanzania Medium Priority

Uganda Medium Priority

Uruguay On Target

Uzbekistan On Target

Venezuela Medium Priority

Vietnam On Target

Vanuatu Low Priority

Samoa On Target

Yemen High Priority

South Africa Low Priority

Zambia High Priority

Zimbabwe High Priority
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editorial

Feast and famine in agricultural research
Ending hunger is a major objective of the United Nations’ Sustainable Development Goals. A cross-journal 
collection of articles takes a systematic look at what we might already know about achieving it.

The global health emergency is both 
overshadowing and exacerbating 
chronic problems that existed well 

before this time last year. World Food Day, 
which falls on 16 October 2020, would have 
been important enough had its focus only 
been the United Nations’ second Sustainable 
Development Goal to abolish hunger by 
2030. But according to the World Food 
Program’s 2020 Global Report on Food 
Crises1, the last year has seen at least 130 
million more people at risk of hunger as 
a result of COVID-19. Countless others 
have discovered that food security is not 
permanent, and that the fall from food 
abundance to food scarcity can occur in a 
matter of weeks when one’s access to income 
is upended2. One credible estimate of the 
additional investment needed to prevent 
millions more people from becoming  
food insecure as a result of COVID-19  
is US$10 billion3.

This month, a collection (https://www.
nature.com/collections/dhiggjeagd) of 
articles published across a number of Nature 
Research journals (Nature Food, Nature 
Machine Intelligence, Nature Plants and 
Nature Sustainability) attempts to tackle 
this problem head on. In so doing it starkly 
highlights that the scarcity and abundance 
endemic in our actual food systems is 
mirrored in the body of research about 
agriculture and food systems. Despite a 
systematic scouring of the literature aided by 
sophisticated machine-learning approaches, 
scant research can be found concentrating 
on one of the largest populations of hungry 
people: small-scale farmers.

These studies emerge from the 
Ceres2030: Sustainable Solutions to End 
Hunger project, which brought together 
more than 75 global experts from 23 
countries. These researchers looked at a 
diverse set of issues in their evaluation of 
more than 100,000 articles in agricultural 
research. Using detailed protocols registered 
on the Open Science Framework (https://
osf.io/adxek/) before the work commenced, 
they identified all articles capable of 
contributing to their scientific assessment. 
A surprisingly consistent result was that 
only around 2% of published agricultural 

and agronomic research has original and 
high-quality data about solutions for 
small-scale producers4.

However, their scientific assessment 
should be a clear reminder that 2% of an 
evidence base is not zero. Despite the patchy 
nature of the evidence base, the teams have 
identified many robust and significant 
effects.

• Farmers are increasingly under pres-
sure to switch to new, climate-resilient
crops due to uncertain and constantly
changing weather patterns. Higher rates
of crop adoption by farmers are linked to
training and advisory services.

• In low- and middle-income countries,
76.7% of small-scale farms are located
in water-scarce regions, and fewer than
37.2% of these have irrigation systems.
These water needs must be addressed,
and the use of livestock and digital tech-
nologies are under-assessed alternatives
to irrigation.

• Farmers’ organizations are particularly
helpful to smallholder farmers.
Membership was associated with
positive effects on income in 57% of the
cases reviewed, and on crop yield, on
production and on the environment in
20–25% of studies.

There are also uncomfortable data on
the degree to which women — representing 
nearly 50% of the agricultural workforce 
in the countries studied5 — are overlooked 
when assessing the efficacy of aid initiatives, 
with only around one in ten studies 
considering the outcomes for different 
genders. The costing of interventions is 
another factor frequently not included 
despite this being a vital piece of 
information to support policymaking.

Two Perspectives in the collection point 
out that the questions asked by policymakers 
and by researchers are different, and each is 
frustrated by the other’s time scales4,6. But 
two things both parties agree on are a lack 
of evidence in the evidence base, and that 
researchers are forced to waste an inordinate 
amount of time due to inefficiencies in the 
research process7.

Sustainable Development Goal 2 is a 
constant reminder that we need to transform 
food systems to deliver affordable, nutritious 
and sustainable diets for all. Even before 
the COVID-19 pandemic the clock was 
ticking, and millions of people were going 
hungry every day8. When faced with a 
highly variable body of research capable of 
guiding our responses to such threats, it is 
imperative to employ every possible byte of 
data. Yet in most disciplines — agriculture 
included — the methodological processes 
and standards needed to help analyse the 
results of thousands of heterogeneous 
studies are still in their infancy9.

Agriculture is faced with a very broad 
array of information sources and study 
designs, hampering the effectiveness of 
many evidence synthesis approaches10. The 
researchers of the Ceres2030 project must be 
applauded for demonstrating to the full the 
powers of evidence syntheses — especially 
the frequently undervalued Scoping Review 
— to mine even the messiest of evidence 
bases.

The ability to engage in informed, 
systematic and rational decision making will 
be essential in tackling hunger and poverty 
in general. This is not only necessary and 
urgent but, as Ceres2030 has demonstrated, 
also achievable. ❐

Published online: 13 October 2020 
https://doi.org/10.1038/s41477-020-00795-9
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editorial

Evidence synthesis for sustainability
The volume of work contributing substantial understanding and new evidence about sustainability challenges is 
growing. Making the most of it is imperative for interventions to be really effective.

Sustainability scholarship, practice 
and policy encompass a huge variety 
of needs, skills and experiences. 

Sustainability challenges are varied and 
complex as we all know. They are also 
pressing and increasingly so. This in turn 
means that growing knowledge and evidence 
are being produced and disseminated 
through various channels including academic 
journals and grey literature documents 
among others. Keeping abreast of such 
a growing amount of research can be 
daunting. In addition, some of these valuable 
documents often including the outcomes of 
policy evaluations are shelved, once complete, 
and remain unread. In one way or another, 
available knowledge risks not having the 
impact it should — producing syntheses of 
such knowledge and evidence does enhance 
taking stock and moving forward. Ultimately, 
it does make a real difference in how research 
money is invested and interventions and 
policies designed. Robust syntheses can help 
understand multifaceted problems such as, 
for example, improving sanitation conditions 
and achieving food security in developing 
regions. It helps in identifying critical 
knowledge gaps, and, when it comes to 
interventions and policies it allows learning 
lessons about what worked and what didn’t. 
Ultimately, society stands to gain from all 
this. So, there is no doubt, robust evidence 
synthesis should be promoted.

There is a long tradition of evidence 
synthesis in the medical sciences which is 
where robust tools and methods have been 
developed and are now well established. 
The output of evidence syntheses can take 
various forms, including systematic reviews, 
meta-analyses, scoping reviews, rapid 
evidence assessments, systematic maps and a 
lot more. Among the many types of evidence 
synthesis, systematic reviews have been the 
most widely used so far and are well known 
for rigour, breadth and impact. Systematic 
reviews as defined by the Cochrane 
Collaboration address clearly defined 
research questions and follow systematic 
and explicit methods to select the relevant 
literature, and collect and analyse data from 
the studies selected. In order to ensure 
a robust and replicable approach, these 
synthesis articles follow strict reporting 
guidelines, such as those set out by the 
PRISMA statement. In short, these syntheses 
represent original research efforts developed 

following structured protocols preregistered 
and publicly available before the actual 
synthesis articles are developed.

Though quite popular approaches to 
evidence synthesis, systematic reviews carry 
some costs. In particular, they are extremely 
resource demanding. In addition, they 
might not work in domains where data are 
not consistently and continuously collected 
or when interventions vary substantially 
in design, as is the case for example in the 
context of sustainable development. Other 
types of evidence synthesis can be more 
suitable. One emerging article is the scoping 
review — useful to scope a body of published 
work in order to identify gaps or to clarify 
concepts, or even confirm the importance 
of potential questions, among other things. 
In this issue, Nature Sustainability publishes 
four such examples contributing knowledge 
synthesis to various dimensions of Sustainable 
Development Goal 2, zero hunger. An article 
by Liverpool-Tasie et al. sheds light on 
whether interactions not formalized through 
contracts between small farmers and both 
small- and large-scale value chain actors 
have impacts on small farmers’ livelihoods. 
Another article by Piñeiro and colleagues 
analyses whether or not incentive-based 
programmes lead to the adoption of 
sustainable practices and what the effects are 
on environmental, economic and productivity 
outcomes. Stathers and co-authors focus on 
analysing the kind of interventions designed 

to reduce postharvest losses of food crops in 
sub-Saharan Africa and South Asia. Finally, 
Ricciardi and colleagues map the existing 
literature about on-farm interventions that 
improve the incomes or yields of small-scale 
farmers in water scarce regions. These scoping 
reviews, included in a collection (https://
www.nature.com/collections/end-hunger) 
jointly with Nature Food and Nature Plants, 
are the outcome of an innovative and broad 
effort, including the work of more than 70 
researchers from 25 countries, to evaluate 
agricultural interventions that have potential 
to sustainably improve the living conditions of 
among the poorer farmers around the world.

Increasing the use of evidence synthesis 
for, and adapting methods and types of 
syntheses to, sustainability-relevant research 
questions, including about biodiversity 
conservation programmes, climate change 
policies and natural resource management 
strategies, will further knowledge about 
the complexity of human–nature interfaces 
and improve the design and effectiveness of 
interventions. A lot is already happening, 
but more work is needed. We hope that 
going forward more resources and scholarly 
interest will support the development of 
worthwhile evidence synthesis efforts that 
contribute to change practices in view of 
achieving a better future for all. ❐
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The United Nations’ 17 Sustainable Development Goals (SDGs) 
are guideposts for an international community that aspires to 
achieve a better life for all people. For example, SDG 2 seeks to 

achieve zero hunger by 2030. This requires ensuring that the world 
is food secure while at the same time preserving the environment 
for future use far beyond 2030.

Solutions to development problems are rooted in domain-specific 
knowledge such as agriculture and livelihoods, environment and 
natural resource management, nutrition and health, human capital 
and education. Policy and funding organizations need a synthesis 
of scientific information to inform their decision-making1–3. But it 
is difficult to synthesize the world’s accumulated scientific knowl-
edge for complex issues like food security, because these solutions 
are spread across millions of individual studies, and the breadth and 
depth of human research is estimated to double every nine years4.

Moreover, the questions of policy actors are substantially dif-
ferent from the questions that researchers are trained to answer. 
Evidence-informed decision-making rose as a means to fill the gaps 
between research and policy5,6. Systematic and scoping reviews, evi-
dence gap maps, and meta-analyses all fall under the broad umbrella 
of evidence synthesis and provide a model under which policy and 
intervention examinations can be made with greater focus, reli-
ability and transparency6. In recent years researchers in education, 
international development, economics and ecology have adapted 
these methodologies—originally designed by the health and medi-
cal communities to evaluate claims presented in clinical trials—in 
order to introduce more standardized approaches to examine their 
own growing evidence bases7,8.

Producing evidence syntheses are time-consuming. A single evi-
dence synthesis takes a research team anywhere from 18 months 
to three years and involves an initial analysis of thousands of 
search results to determine which are capable of supporting evalu-
ation of the original research question9,10. This frustrates policy’s 
demand-driven cycle, wherein answers are needed now in order to 
make decisions about resource allocation.

Machine learning models (MLMs) can support evidence  
synthesis11. Recommender systems, which learn from a user’s 
behaviour to determine real-time prioritization, are embed-
ded within some screening softwares12. One of the best-known 
groups of evidence syntheses for health and medical sciences, 
the Cochrane Collaboration, regularly uses MLMs to identify 
random-control trial (RCT) experiments from within larger 
datasets. In addition, the SWIFT-Review is a workbench of tools 
that can conduct topic modelling, study categorization and prior-
ity ranking for relevance of literature in the health sciences, and 
the tool RobotReviewer performs data extraction on RCTs to aid  
in systematic reviews13,14.

These approaches have been designed around the specific needs 
of the health sciences community. Other solutions are needed to 
support synthesis across other evidence bases, especially if the 
SDGs are to retain their commitment to make decisions based 
on evidence-informed policy15. Achieving this will require invest-
ments to transform the information discovery and retrieval 
landscape to clear one of the lowest thresholds in the research 
process: quick sense-making of thousands of scientific articles 
that result from keyword-based searches. We need sophisticated 
tools and approaches to evaluate text-based domains. Investment 
at scale to produce tools and approaches that can work across all 
domains has the potential to place evidence rapidly in the hands 
of policy-makers.

In this article, we present a use case of a sponsored-research 
project. First, we describe the development of Persephone, a MLM 
that has been designed to analyse, classify, label and perform data 
extraction on 500,000 unstructured summaries from prominent 
sources for agricultural research in order to support a global net-
work of researchers who were performing evidence synthesis. We 
then describe some findings from the model as they pertain to the 
use of MLMs in supporting evidence synthesis before concluding 
with thoughts about the role of AI and machine-learning to design 
systems and tools that are relevant for real-world use cases.

Accelerating evidence-informed decision-making 
for the Sustainable Development Goals using 
machine learning
Jaron Porciello   1 ✉, Maryia Ivanina   2,3, Maidul Islam4, Stefan Einarson1 and Haym Hirsh4

The United Nations Sustainable Development Goal 2 (SDG 2) is to achieve zero hunger by 2030. We have designed Persephone, 
a machine learning model, to support a diverse volunteer network of 77 researchers from 23 countries engaged in creat-
ing interdisciplinary evidence syntheses in support of SDG 2. Such evidence syntheses, whatever the specific topic, assess 
original studies to determine the effectiveness of interventions. By gathering and summarizing current evidence and provid-
ing objective recommendations they can be valuable aids to decision-makers. However, they are time-consuming; estimates 
range from 18 months to three years to produce a single review. Persephone analysed 500,000 unstructured text summaries 
from prominent sources of agricultural research, determining with 90% accuracy the subset of studies that would eventually 
be selected by expert researchers. We demonstrate that machine learning models can be invaluable in placing evidence into 
the hands of policymakers.
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Background
Ceres2030: Sustainable Solutions to End Hunger is a three-year 
project led by Cornell University, the International Food Policy 
Research Institute (IFPRI) and the International Institute for 
Sustainable Development (IISD) and funded by the Federal 
Ministry for Economic Cooperation of Germany (BMZ) and the 
Bill and Melinda Gates Foundation (BMGF). In collaboration 
with 77 researchers spanning 23 countries, the project’s goal was 
to identify the most promising solutions to building sustainable 
food systems and to tell donors how much it would cost to end 
hunger by 2030.

Persephone is composed of open-source algorithms including 
Bidirectional Encoder Representations from Transformers (BERT 
and Sci-BERT), Support Vector Machines (SVM)-k-nearest neigh-
bour (KNN)-Stochastic Gradient Boosting Machines, Word2Vec 
with applied Hearst patterns, and Latent semantic analysis (LSA). 
The development and training of the model took place from 
January–June 2019, analysing more than 400,000 summaries before 
processing an additional 110,000 summaries within one week in 
May 2019 for eight evidence synthesis teams. We refer to these as 
‘research teams’ throughout this paper. Each research team was 
focused on a different research question relating to SDG 2 and thus 
were working from different datasets, but all of the datasets were 
looking for solutions across agriculture that could help small-scale 
producers increase their livelihoods in ways that would not increase 
harm to the environment.

Persephone surfaces relevant details, such as study population, 
type of intervention and presence of numerical data, from unstruc-
tured text. By surfacing and labelling these details per study, we cre-
ated a uniform way for the research teams to explore large text datasets 
of thousands of citations and summaries for likeness and difference. 
By isolating and focusing on certain variables, we attempt to treat 
the review of text data more like numerical data. The approach has 
the added advantage of calling out when no relevant data is detected, 
making it possible to detect for both presence and absence of data. 
For example, if the population of interest is small-scale farmer, and 
small-scale farmer and/or one of its many possible synonyms was 
not detected, then ‘Population’ would be left blank for that citation 
though other fields where data was detected would still be filled in.

In accordance with the guidelines of internationally recognized 
PRISMA-P, each study is to be evaluated using a  priori inclusion 
and exclusion criteria guidelines16. Figure 1 depicts some of these 
and the MLM processes. The research teams’ datasets ranged from 
5,600-22,000 citations. Each team received their own datasets and 
machine-labelled data as a comma-separated value file (.csv). More 
than 30% of our researchers reported low-bandwidth constraints, and 
.csv files were a workable even if not optimal solution. A standalone 
application was developed to convert .csv files to research informa-
tion systems (.ris) files so that the machine-labelled data could also be 
uploaded into the systematic review subscription software, Covidence.

The model description and results presented here describe the 
simultaneous development and application of the model to support 
a real-world project. Because ours was a rapidly developed model, 
there are instances where alternative algorithms could have been 
tested and may have performed better. What we present is an excel-
lent model for the task—though not necessarily a perfect mix of 
algorithms, nor is it perfectly optimized for this endeavour—and so 
we note possible alternatives when appropriate. Finally, it must be 
acknowledged that when semantic models are used to extract insight 
from text, they present accurate reflections of historic biases17. This 
type of model is useful to support human decision-making instead 
of autonomous decisions.

Research aggregation
An evidence synthesis begins with a comprehensive and  
inclusive search for solutions to policy-relevant questions.  

The comprehensive nature of the search effectively removes 
sector and disciplinary boundaries, exposing the reviewers to 
research with which they may be unfamiliar. With the support 
of skilled librarians, most scientific journal articles will be dis-
coverable through indexing databases such as Thomson Reuters 
Web of Knowledge18. However, research produced by organiza-
tions outside of the control of commercial publishers, such as the 
World Bank or the Food and Agricultural Organization of the 
United Nations (so called grey literature), is not routinely cap-
tured by indexing databases19, and yet this grey literature is often 
preferred by policymakers2. The grey literature includes contex-
tual information about political and organizational dynamics that 
are important for making decisions and considering trade-offs20. 
In addition, when grey literature content is included as part of 
an evidence synthesis, an intervention’s effectiveness is reported 
more accurately21.

Despite its importance, inclusion of grey literature in evidence 
synthesis requires substantial effort, planning and resources. 
Combining the outputs of citation download reports from jour-
nal databases and a Python code to scrape agency websites—most 
lack even basic features to select and download multiple citations, 
even those with robust publication libraries—we eventually brought 
together more than 500,000 summaries from disparate sources of 
agricultural research into one environment for analysis, with 25% 
coming from the grey literature.

Finding interventions
Policymakers and funding organizations turn to scientific research 
in the hopes of learning about successful approaches that could 
be reintroduced in another context and with similarly success-
ful results. They often use the word ‘interventions’ to describe the 
type of solutions they are looking for. We found that scientists and 
researchers in agriculture do not use intervention in a systematic 
way. In fact, they rarely use the term at all: the word intervention 
was found through normal keyword searching in less than 5%  
of our dataset.

A manual expert review of the literature indicated that there was 
relevant intervention literature beyond what keyword searches had 
captured—but importantly, the exact word intervention was not 
used. To increase the number of relevant results, we searched for 
synonyms of intervention using Word2Vec because of its more than 
decade-long history for natural-language processing (NLP) tasks 
to find syntactic and semantic similarities of words. Word2Vec’s 
shallow language model is appropriate for small and relatively het-
erogeneous datasets such as ours, and it has low computational 
costs, taking less than one day to learn high-quality word vectors 
from a 1.6-billion-word dataset22,23. Similar models, such as GloVe 
Global Vectors, could be used in conjunction or replace Word2Vec 
with similar results, though training time might slightly increase24. 
Using pre-trained Google news and Wikipedia Word2Vec models, 
we identified similar concepts to interventions for the agricultural 
domain, including ‘program or programme’, ‘strategy’ and ‘gov-
ernment initiative’. This approach identified an additional 55% of 
‘intervention’ literature.

This rule-based Hearst patterns identified a proxy to inform how 
to approach an unstructured text corpus25. To surface all potential 
and specific interventions, we incorporated a semi-unsupervised 
model-based approach via coreference resolution models25. 
Coreference resolution models support NLP tasks by linking noun 
phrases with entities in the text. SVM-KNN-Stochastic gradi-
ent boosting approach was used for classifying specific interven-
tions26–28. A diagram of the features of this model and a confusion 
matrix is provided in the Supplementary Information. The SVM is 
a supervised classification algorithm that learns by example to dis-
criminate among two or more given classes of data, and they work 
well with high-dimensional data29.
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We created a training dataset of 2,000 examples of broad con-
cepts that resembled how interventions are described in agriculture 
and food systems: as technological, socioeconomic or ecosys-
tem interventions, and more specifics of storage, mechanization. 
Non-interventions were also captured. Next, we sought to surface 
and cluster specific interventions, such as drip-irrigation systems, 
for each broad class. The dataset was separated into hyperplanes in 
a 600-dimensional space using SVM with radially based functions 
and KNN to predict multiple narrow classes within each broad class 
for new points by majority of k neighbour votes, where five neigh-
bours gave sufficient results.

KNN helps to find local connections between concepts that can 
be lost using SVM. One limitation of this model is it gives good 
results with frequent words, and less reliable results with rare 
words. To address this, rare words FastText word embeddings were 
trained on our domain materials30. In addition, boosting helped 

to unite different models, connect the results and improve overall 
quality. Boosting algorithms repeatedly apply a changing distribu-
tion of data to a ‘weak learner’ to combine the learned models into 
a final model whose performance vastly exceeds the ability of the 
original learner31.

BERT is a fine-tuning based representation model which can find 
relationships not only within a sentence, but also in a small piece 
of text32. It is designed for sentence-level and token-level tasks and 
can be applied to the unstructured text. Due to our small training 
dataset and small amounts of information captured with a narrow 
concept, the use of BERT did not achieve better results compared 
with SVM-KNN-Shocastic gradient boosting. This could be in part 
because our word embeddings are from the same domain, whereas 
pre-trained BERT models are useful for more general domains. We 
describe the use of BERT and Sci-BERT for other tasks. Many evi-
dence syntheses are conducted because policymakers are interested 
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Plant and animal types
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Population

Identity the issue and
determine the question
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Fig. 1 | Evidence synthesis and machine learning analytics. This is an overview of two processes. On the left are steps taken by researchers to complete an 
evidence synthesis and on the right under ‘Machine-learning analytics’ are the outputs produced by Persephone. Some of these machine-labelled analytics 
are interventions, geographies, plant and animal names, outcomes, population, topics, study design type and measurements detected per intervention.
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in sector-level research for a particular region, such as developing 
world countries. Figure  2  shows our model’s capacity to detect and 
quantify how much and what types of intervention literature from 
our three categories are available across Kenya at the level of a prov-
ince, thus offering some reasonable assessments about where we 
might expect to find gaps in the evidence-base.

     NLP
  Many of the details important to evidence synthesis, such as study 
population and geography, can be discovered using NLP and 
named-entity libraries such as sPacy. There is an active community of 
researchers dedicated to NLP, data-mining and information retrieval, 
and new discoveries in the field are presented at conferences such as 
the Workshop on Mining Scientific Publications and the Conference 
on Research and Development in Information Retrieval.

  The ability to discover these granular details—identification of 
specific plant types from scientific text, for instance—rely on join-
ing MLM models with existing controlled dictionaries and taxono-
mies such as AGROVOC produced by the Food and Agricultural 
Organization of the United Nations. We used AGROVOC to iden-
tify plant names (non-scientific) and animal products; others have 
been used this resource to inform ontology development  33  ,  34  .

  When no controlled dictionary is available, Word2Vec’s capacity 
to identify synonyms within a dataset can save researchers substan-
tial time in search strategy development and dataset evaluation by 
first making apparent all of the ways that researchers describe ‘cli-
mate change’ and find all of the studies that use the synonyms that 
are of interest. We created an open-to-use and standalone Synonyms 
Search tool for agricultural data using   Word2Vec    .

    Surfacing indicators of quality
  Scientific comprehension is based on years of training to under-
stand methodologies, statistical significance and a general ability to 

place the knowledge in context of the broader field. It comes from 
the evaluation of thousands of scientific studies (and often, this 
knowledge is so specialized that it is non-transferable between dis-
ciplines). In this respect, scientific articles are artefacts that embody 
norms that have been nurtured as part of closed, expert systems. The 
goal for the model is to detect some of these norms and make them 
apparent to the researcher. Evidence syntheses rely on studies with 
original data connected to a specific intervention. We trained the 
model to detect when measurement data was presented and could 
be connected to a specific intervention. For instance, the statement 
‘the farmer used five polyethylene bags’ includes an intervention 
(polyethylene bags for storage) with a corresponding measurement 
(the number five), whereas the statement ‘it took us five months to 
get used to plastic bags for crop storage’ contains numerical data 
that does not correspond to an intervention or crop, because ‘five’ is 
related to a time period but does not describe measurements for the 
intervention, ‘plastic bags’.

  We trained BERT to detect when numerical data had a relation-
ship to narrow classes from the intervention ontology and to label a 
citation with ‘measurements for intervention’. The training dataset 
and test dataset consisted of 5,100 and 250 examples, respectively. 
A single example consists of a sentence, an intervention from the 
ontology and/or plant, animal product from the AGROVOC dic-
tionary and numerical data from the sentence. When the model 
detects whether a numeric datum is connected with a particular 
concept in the context of a sentence, it labels the citation as contain-
ing a ‘measurement with intervention’ (Fig.  1 ).

  Lastly, we trained the model to identify study design types. 
Agriculture has very few random-control trial studies and lacks a 
standard taxonomy about its other types of studies, such as labora-
tory study or controlled field experiment. We used SciBERT, which 
has been pre-trained on scientific articles, to identify and label 
study design types  35  . The  Supplementary Information  contains a 
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consolidated table of all F1 measures and confusion matrices for the 
machine learning tasks. Figure 3 shows how all of the process pieces 
came together, from aggregation of data to algorithms and creation 
of labels, to create Persephone.

The Ceres2030 research teams reported that labelling the cita-
tions with population, geographies, topics, and plant and animal 
types were the most useful labels to cull their datasets during title 
and abstract screening (Fig. 4). Six teams achieved rapid progress of 
screening during an in-person workshop: a 50% reduction of cita-
tions in just three days. Two teams used alternative processes and are 
not noted here as part of the results. Five of the six teams requested 
additional processing, such as coding their results for environ-
mental outcomes or gender, and submitted their manuscripts for 
peer review 90–120 days ahead of those that did not use the MLM 
approach. In the end, there is no obvious correlation between the 
extent of MLM involvement and quality of the evidence syntheses. 
These are available from refs. 36–43.

Findings
We conducted an ex-post comparison of the studies selected 
by expert researchers to support their evidence synthesis to  
the model’s capacity to select the same studies. We found 
using just two of the variables—population and measurements  
with intervention labels—capture a relevant dataset that includes 
the titles eventually selected by the expert researchers with  
90% accuracy and at the same time reduce the original dataset  
by 40% (Fig. 5).

For similarly heterogeneous datasets, we anticipate that a simi-
larly trained intervention ontology would produce similar patterns 
thus saving researchers’ time and effort prior to any human screen-
ing taking place.

We were interested in the rate of attrition between the initial 
Ceres2030 dataset containing nearly 110,000 studies to the final 
dataset of less than 2,500 studies. We conducted a review of 20 other 
evidence synthesis in agriculture published between 2011 and 2018. 
For any evidence synthesis, about 2% of published, accessible lit-
erature is selected to support the original question. This trend is 
consistent independent of the size of the original dataset. While it 
might be tempting to sensationalize this kind of figure, we urge cau-
tion. The evidence base is composed of millions of articles, and 2% 
of this base is still thousands of high-quality articles.

For us, the more practical response is not to look at the haystacks 
of research before us and conclude ‘there are no needles’, but rather to 
focus on developing the tools we need to make short work of the hay 
and present a stack of needles. We need tools to quickly get us to this 
2%. There are few approaches other than human expertise that can 
as yet determine high-quality from low-quality studies. While there 
is certainly a need for more investment in high-powered studies of 
the right populations that can generate cross-comparable results in 
agriculture, there is also a need for more automated approaches to 
evaluate the evidence base that we have before us44.

Computational approaches to support policy-driven research 
are lagging behind the questions that need to be answered. Without 
additional investments to spur transformative change in this sector,  
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we will continue to waste millions of research hours and dol-
lars on the same set of repeatable screening steps in the pursuit of 
high-quality evidence.

There are many criticisms of evidence synthesis to 
acknowledge10,45. Evidence synthesis can over-promote 
smaller-than-statistically significant findings, and their recom-
mendations may be difficult to implement1. They typically exclude 
undocumented information, and exclusion of grey literature has 
been linked to exaggerated estimates of intervention effectiveness21. 
This is of particular concern in agriculture, where unpublished 
findings from stakeholders are an important source of evidence46.

The value of evidence synthesis as a diagnostic to reduce  
confirmation bias—the tendency of people to interpret new infor-
mation that supports existing beliefs or theories, consequently 
ignoring or disregarding information that may contradict previous  
knowledge and experiences—extends beyond the conclusions of 
the synthesis itself47. Selecting information that reinforces exist-
ing preferences is heightened when we are presented with enor-
mous amounts of information48. At the same time, a double-blind 
evaluation of thousands of documents with inclusion and exclusion 
criteria documented as part of an a priori protocol reduces the like-
lihood of cherry-picking research that does not support the original 
study aims.

MLMs are effective in reducing the vast amounts of human 
effort ordinarily expended in the creation of an evidence synthe-
sis. Investment in new tools does not always require cutting-edge  
technology, or untested novelties. Computer algorithms already 
exist to handle classification tasks with speed and accuracy49.  
Simple analytics, applied intelligently using the available data, can 
be highly effective.
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The targets of Sustainable Development Goal (SDG) 2 call upon 
the global community to eradicate hunger and malnutrition, 
and to double the productivity and incomes of small-scale 

agricultural producers while achieving sustainable agriculture and 
maintaining agricultural genetic diversity by 2030 (ref. 1). Reaching 
these ambitious goals requires increased and more effectively tar-
geted investments, which demands the right kind of evidence and 
the capacity and means to use it.

A complex evidence base
The complexity of SDG 2, which incorporates vastly different, 
but closely interacting objectives, makes realizing its goals chal-
lenging (Box 1; ref. 1). SDG 2 calls for a fundamental reshaping 
of food systems and gives a major role to small-scale agricultural 
producers. Food systems are characterized by multiple interactions 
between food production, processing, distribution and consump-
tion. Interventions in one part of the food system are linked directly 
or indirectly to other parts2. For example, interventions to increase 
the productivity and incomes of small-scale food producers (SDG 
2.3) will also affect the sustainability of the production, the food 
consumption patterns and the ability to achieve SDGs 2.2 and 2.4.

To fulfil the multiple targets of SDG 2, we must consider both 
the positive and negative interactions that may occur between dif-
ferent segments of the food system. There exists a broad consensus 
on the value of using evidence to guide investments, as well as the 
need to take a systematic view of the food system in making inter-
ventions, but the evidence base we currently have consists mostly of 
analyses considering only one or perhaps two dimensions of food 
system impact. We may find evidence of how effective the introduc-
tion of improved crop varieties has been at increasing productivity 
of small-scale food producers, but there is no consideration of how 
the adoption of these new varieties affected the food consumption 
patterns and nutritional status of these producers. How to effec-
tively use unidimensional pieces of evidence to guide investments 
in a multidimensional system is thus a key issue.

Evidence-guided intervention within the complexity of the 
food system requires an understanding of how the food system is 
conceptualized and of the assumptions that underpin data analy-
ses. Such analyses cannot be separated from the narratives which 
frame the perceived problems and their possible solutions3. If 
failing to feed the growing global population is seen as the main 
threat then closing yield gaps will be the priority, with a strong 
focus on agricultural interventions to raise yields. But if the main 
threat is the inability of the current system to deliver nutritious 
food for healthy diets, closing the nutrition gap by focusing atten-
tion on making nutritious sources of food widely accessible should 
be the priority. There has also been much discussion about the 
urgency of reducing agriculture’s threat to the environment and its 
contribution to climate change, which then prioritizes land- and 
resource-use efficiency4,5.

The numerous targets of SDG 2 testify to the multiple  
narratives and assumptions that have led to their develop-
ment. Whilst representing the inputs, views and priorities of a  
broad group of stakeholders, it makes using evidence in this  
context problematic.

Take the case of SDG 2.3. Underlying this target is the assump-
tion that increasing the productivity of the most marginalized agri-
cultural groups by increasing their access to means of production 
and markets is key to increasing their incomes and reducing ineq-
uity. This differs from narratives focusing on the need to close yield 
gaps to maintain global food supplies, where the means of increas-
ing productivity do not necessarily involve small-scale producers. 
Using evidence based on the yield-gap narrative to inform strategies 
for achieving SDG 2.3 requires interpretation of its relevance and 
feasibility for small-scale producers.

The effective use of evidence to support SDG 2 requires consid-
eration of sources based on varying narratives and their interac-
tions. Colliding assumptions can create evidence ‘blind spots’ which 
will lead to very poor decision making. In these situations, tools to 
improve the use of evidence are needed.

Shedding light on the evidence blind spots 
confounding the multiple objectives of SDG 2
Leslie Lipper   1 ✉, Ruth DeFries2 and Livia Bizikova3

Sustainable Development Goal (SDG) 2 consists of five targets ranging from the eradication of hunger and malnutrition to dou-
bling productivity of small-scale farmers and ensuring sustainable and resilient food production systems. Trade-offs and syner-
gies arise between strategies to achieve any one of these targets, which complicates the use of evidence to guide policies and 
investments since most analyses focus solely on one objective. This gives rise to ‘blind spots’ in the evidence base, where acting 
to achieve one objective can have strong impacts on achieving others, hampering attempts to establish a systematic approach 
to attaining the multiple objectives of SDG 2. Here, we focus on three key blind spots that arise from potential interactions 
between increasing agricultural productivity and enhancing the sustainability of food production systems, eradicating hunger 
and malnutrition, and increasing the resilience of food production systems to climate change. Incorporating the consideration 
of synergies and trade-offs into policy-making is also essential; however, there is relatively little evidence of this occurring in 
national policies to date.
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Agricultural productivity growth often conflicts with 
sustainability
Perhaps the most contentious blind spot forms at the intersection of 
environmental outcomes and increases in productivity. Agricultural 
productivity increases have frequently entailed environmental dam-
age, and so using evidence on productivity increases requires some 
interpretation of the implications for “ensuring sustainable food 
production systems...” (SDG 2.4; ref. 1).

Historically, increasing agricultural productivity has often had 
significant negative impacts on ecosystems and the services they 
provide to farmers and broader communities. In simple terms, the 
negative environmental impacts can be largely attributed to the 
overuse of agricultural inputs such as nitrogen fertilizer and pesti-
cides, production practices that deplete and degrade soil and water, 
a move towards homogenization of production systems with an 
associated loss of biodiversity within and around agriculture, and 
land-use changes to facilitate agricultural expansion4,6–9.

All of these factors have also been associated with increases in 
agricultural productivity—albeit in differing configurations and 
with varying environmental and productivity impacts depending 
on the region from which the data were collected7–9. The complexity 
of interactions between productivity increases and environmental 
implications can create many situations where no relevant evidence 
exists to prioritize actions for increasing agricultural productivity 
while enhancing agricultural sustainability (that is, simultaneously 
achieving SDGs 2.3 and 2.4). This hardly means we should ignore 
our entire evidence base on agricultural productivity increases, but 
rather it requires some active interpretation of what the evidence 
shows—and what it does not.

One key indicator of productivity and environmental impact 
is the efficiency with which inputs are applied in agricultural sys-
tems (that is, the relationship between input use and agricultural 
output). This relationship is commonly measured by total factor 

productivity (TFP) and gives an indication of the degree to which 
inputs reach their intended target and generate productivity growth, 
rather than being lost to the environment and causing ecosystem 
damage. Productivity growth driven by increases in TFP can result 
in a reduction of agricultural input use while maintaining and aug-
menting output growth. While standard measures of TFP growth 
in agriculture do not explicitly include environmental impacts, it 
is considered to be associated with better environmental outcomes 
compared with other potential sources of productivity growth, such 
as the expansion of land area or increased input use10–12.

The good news is that since 1990, TFP has been the major driver 
of agricultural productivity growth globally; there has recently 
been rapid growth in this measure in some developing countries, 
although the levels are considerably lower than developed coun-
tries13. The growth in TFP is attributed to investments in agricul-
tural research and development, policy reforms that reduced market 
distortions, and innovations developed and disseminated by inter-
national agricultural research centres13.

An example of relevant evidence comes from Cui et al.14, who 
describe a project aimed at increasing the efficiency of agricul-
tural input use involving 20.9 million smallholder producers in 
China, where inputs are often overused. The project was built 
upon detailed analyses of how factors such as irrigation, plant 
density and sowing depth affected agricultural productivity across 
different localities, using the information to guide and spread best 
practices across several regions. They achieved major increases 
in input-use efficiency while also enhancing productivity: maize, 
rice and wheat output grew by 11% over that decade, whereas the 
use of damaging and expensive fertilizers decreased by 15–18% 
depending on the crop14.

In addition to technology, the role of ecosystem services is 
becoming increasingly recognized as an important factor in pro-
ductivity growth and in TFP in particular. Coomes et al.10 assessed 
the possible interactions between TFP growth, agricultural sus-
tainability and resilience of the agricultural system, and found that 
while most frequently there were synergies between the two fac-
tors, there were also possible trade-offs depending on local circum-
stances. They also noted that data to measure these interactions are 
generally lacking.

Evidence on the relationship between ecosystem services and 
agricultural productivity has recently received greater atten-
tion, and the analyses provide new insights into the interactions 
between productivity growth and the sustainability and resilience 
of agriculture15. Tilman16 summarizes the body of work resulting 
from the efforts of hundreds of ecologists worldwide, concluding 
that biodiversity is a surprisingly strong determinant of productiv-
ity and agriculture and ecosystem functioning. Greater plant bio-
diversity was associated with higher levels of ecosystem stability, 
agricultural productivity, more complete use of limiting resources, 
lower disease incidence, less invasion by exotic and competing 
species, and thus low densities of herbivorous insects16. Renard 
and Tilman17 reported robust—albeit correlational—support for 
the hypothesis that greater effective national crop diversity leads 
to greater year-to-year stability of national yields. Power summa-
rizes the literature on ecosystem services that support agricultural 
functions, including biological pest control, pollination, soil fertil-
ity and water quality and quantity18. The presence or lack of any of 
these services can be expected to affect productivity. For example, 
the loss of soil fertility through land degradation is estimated to 
have led to a 0.43% decline in agricultural productivity annually in 
the European Union19.

Evidence on productivity gains must be interpreted in the con-
text of the source of growth and potential environmental impacts, 
while evidence on the sustainability and resilience of food produc-
tion systems should be considered within the context of interactions 
with productivity growth.

Box 1 | SDG 2: Zero hunger

Targets:
2.1: By 2030, end hunger and ensure access by all people, in 

particular the poor and people in vulnerable situations, including 
infants, to safe, nutritious and sufficient food all year round.

2.2: By 2030, end all forms of malnutrition, including 
achieving, by 2025, the internationally agreed targets on stunting 
and wasting in children under 5 years of age, and address the 
nutritional needs of adolescent girls, pregnant and lactating 
women and older persons.

2.3: By 2030, double the agricultural productivity and incomes 
of small-scale food producers, in particular women, indigenous 
peoples, family farmers, pastoralists and fishers, including 
through secure and equal access to land, other productive 
resources and inputs, knowledge, financial services, markets and 
opportunities for value addition and non-farm employment.

2.4: By 2030, ensure sustainable food production systems 
and implement resilient agricultural practices that increase 
productivity and production, that help maintain ecosystems, 
that strengthen capacity for adaptation to climate change, 
extreme weather, drought, flooding and other disasters and that 
progressively improve land and soil quality.

2.5: By 2020, maintain the genetic diversity of seeds, cultivated 
plants and farmed and domesticated animals and their related 
wild species, including through soundly managed and diversified 
seed and plant banks at the national, regional and international 
levels, and promote access to and fair and equitable sharing of 
benefits arising from the utilization of genetic resources and 
associated traditional knowledge, as internationally agreed.
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Increasing calories does not mean better nutrition. Global calorie 
production is currently more than sufficient for the world popu-
lation, yet people in places such as sub-Saharan Africa (SSA) and 
South Asia still have a deficit. The Green Revolution resulted in 
significant increases in the yields of three major cereal crops (rice, 
wheat and maize) through the introduction of improved crop vari-
eties together with the complementary agricultural inputs of irriga-
tion, fertilizers and agricultural chemicals20. A major impact of the 
productivity increase was a decrease in the price of staple foods20,21. 
The growth of the supply and accessibility of staples resulted in a 
substantial increase in calorie consumption. It was also an impor-
tant factor in reducing poverty since a large proportion of the 
income of the poor is spent on food20.

However, the impacts on a full range of nutritional outcomes—
including micronutrients (minerals and vitamins)—is a more 
nuanced story. An often-cited statistic is that two billion people in 
the world suffer from deficiencies of micronutrients—a so-called 
‘hidden hunger’ because its effects are less visible than chronic hun-
ger, although accurate assessments are frustrated by the multiple 
types of deficiencies and lack of indicators. Taking hidden hunger 
into account, the nutritional gains associated with productivity 
increases stimulated by the Green Revolution have been uneven. In 
some areas and for some people (most often the poor), an over-
all gain in calorie consumption was offset by a decline in dietary 
diversity and micronutrient consumption. One reason was the sub-
stitution of nutrient-dense traditional foods with high-productivity 
staple crops20,22,23.

In low- and low-middle-income countries, cereals provide at 
least half the energy in the national food supply, more than 40% 
of protein and zinc, and 30% of iron. This indicates the impor-
tant role of cereals in nutrition for people in low-income countries 
compared to high-income countries (Table 1). In terms of other 
micronutrients, cereals supply up to 13% and 27% of their calcium 
and folate intake, respectively, and essentially no vitamin B12,  
vitamin A or vitamin D.

The nutritional content of cereals in low-income countries thus 
takes on particular importance in seeking to achieve SDGs 2.1 and 
2.2. With the dominance of Green Revolution cereals, the nutrient 
density of the cereal supply has declined24,25. To the extent that coun-
tries produce rather than import cereals for domestic consumption, 
the nutritional content of cereals domestically produced could play 
a substantial role in combatting hidden hunger (Table 2).

The nutritional characteristics of the global food supply have 
even broader health implications through the impacts on obesity 
and non-communicable diseases linked to poor diet. Benton and 
Bailey26 state that productivity increases in energy-dense staples has 
vastly expanded the global calorie supply, which in turn has con-
tributed to the growth in obesogenic processed foods as food manu-
facturers have formulated products derived from these abundant, 
low-cost, high-calorie commodities. The same point is made in the 
2019 EAT–Lancet report27.

A potential blind spot is created regarding the evidence 
on achieving productivity gains, as nutritional aspects are not  

necessarily considered. Evidence on productivity gains need to be 
interpreted in light of the potential negative and positive impacts on 
nutrition, while evidence on how to improve nutritional outcomes 
should be evaluated in the context of potential impacts on agricul-
tural productivity increases.

Increasing productivity can reduce resilience to climate 
change
Climate change is already having considerable impacts on produc-
tivity, albeit with variability across crops and locations. Ray et al.28 
estimate that for SSA, maize and sugarcane yields decreased by 5.8% 
and 3.9%, respectively, from 1974–2008. In contrast, they find that 
recent climate change caused yields to increase in the more heat- 
and drought-tolerant sorghum (a 0.7% increase) and cassava (a 
1.7% increase). Globally, climate change is already reducing global 
grain yields of some cereals although overall production continues 
to increase5.

Climate change affects cereal production through multiple 
pathways: heat stress through increases in temperature; increased 
frequency of extreme weather events such as droughts and floods; 
reduced precipitation in some places and increases in others; 
changes in the length of the growing season; an increased spread of 
pests and disease with high temperatures; and fertilization effects 
from increasing atmospheric carbon dioxide5. At a very general 
level, results from integrated assessment models indicate strong 
negative effects of climate change for major cereals. Higher levels 
of warming are reported to affect cereal growth at all latitudes, but 
cereals grown at lower latitudes are particularly susceptible28. In 
contrast, coarse cereals have characteristics associated with higher 
resilience to climate change (Table 3).

The degree of uncertainty on future impacts of climate change 
is high, suggesting that prudent decisions about prioritization for 
breeding and dissemination of cereal crops need to be supported 
with evidence on both the potential productivity increases and 
the adaptability and resilience of crops to varying conditions29,30. 
Existing genetic variability across cereals provides an opportunity 
to develop adaptable cultivars (see Reynolds et al.31 for important 
traits of different cereals and cultivars).

Tools and approaches to interpret evidence
The key to achieving SDG 2 lies in intelligent and informed use of 
all available evidence. One way of dealing with potential blind spots 
like those we have discussed is to summarize relevant evidence 
from different sources and diverse narratives to obtain a picture of 
positive and negative interactions between the targets of SDG 2. For 
example, Table 3 summarizes evidence relating to the productivity, 
resilience and nutritional characteristics of Green Revolution cere-
als versus coarse cereals.

Tools to support decision making that use information gleaned 
from reviews and evidence syntheses are an important means of 
interpreting underlying interactions. Models are widely used to 
support decision making and there are already a number available 
that incorporate a large range of different scales, parameters and 
assumptions. Economic models, and specifically models that gen-
erate information about costs and benefits of interventions across 
different objectives, are an important class of model to use when 
looking at trade-offs32,33.

Ceres2030 is developing a model to measure the costs of achiev-
ing the multiple targets of SDG 2 and incorporate some relevant key 
trade-offs. This model captures the impacts on key dimensions of 
environmental sustainability necessary to achieve SDG 2.4, together 
with indicators of economic and social sustainability that relate to 
achieving the targets of SDGs 2.1 and 2.3. The model can generate 
estimates of potential trade-offs that arise in specific interventions 
between increasing productivity and farm incomes, and environ-
mental impacts on water use and greenhouse gas emissions. The 

Table 1 | Average proportion of macro and micro nutrients from 
cereals in the total food supply of countries by income category

Income category Number of 
countries

Energy Protein Iron Zinc

Low 36 0.55 0.50 0.36 0.53

Lower-middle 46 0.49 0.43 0.30 0.42

Upper-middle 40 0.40 0.32 0.23 0.30

High 45 0.31 0.22 0.18 0.18

Estimates are based on calculations following methods in Wood et al.41.
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model provides one route to combining results from evidence 
reviews across a range of objectives and allows for the analysis of how 
they may interact under varying types of interventions and scenarios.

Of course, models have their own shortcomings and assump-
tions that must be considered when interpreting their results. The 
fairly wide range of models available differ in terms of their main 
focus, the types of interactions they allow and those they assume 
to be constant, and the degree to which they build upon existing 
evidence. For example, Sridaran et al.34 summarized the scale and 
nature of interactions between agriculture, climate, energy, land and 
water use across a set of 30 integrated assessment models, indicating 
considerable differences in the interactions they cover. Models esti-
mating the costs of ending hunger have shown a wide range of val-
ues: from US$11 billion additional resources per year to end hunger 
by 2030 (ref. 35) to over US$265 billion by 2025 aiming to achieve 
both SDG1 and SDG 2 (refs. 36,37). These models vary in the factors 
they include and the interactions they can capture.

Another way to shed light onto blind spots is to develop and use 
metrics that embody information about synergies and trade-offs 

across multiple dimensions. For example, a ‘nutritional yield’ metric 
can provide information about the nutritional impacts of increases 
in cereal productivity25. Nutritional yield combines the nutritional 
content of each nutrient (such as iron and zinc) and computes yields 
in terms of nutrients per hectare and weight according to the daily 
recommended dietary intake, to allow for comparisons across nutri-
ents. The nutrient yield for iron, for example, provides a measure 
of the number of adults who could receive a sufficient amount of 
iron from production on a hectare of land24. Another example is the 
proposal to improve TFP metrics by including the effects of eco-
system services and the evidence base on sources of productivity 
growth10,38. The development and use of such metrics may be most 
useful in setting priorities at a national level.

National and local priorities
Ultimately, the success or failure of investments depends on the 
willingness and capacity of the countries and the people involved 
to participate and make changes in their behaviour. In the context 
of SDG 2 this ranges from the consumers of food to the producers,  

Table 2 | Nutrient content of two macronutrients, two micronutrients and the antinutrient phytate

Green Revolution cereals Coarse cereals

Brown rice Milled rice Whole 
wheat

Refined 
wheat

Maize Sorghum Pearl milleta Finger 
milletb

Content (per 100 g 
dry weight)

Energy (kcal) 354–357 356–370 320–332 352–364 334–365 329–334 348 320

Protein (g) 7.14–7.81 6.81–7.94 9.61–10.57 10.33–10.36 8.80–9.42 9.97–10.62 10.96 7.16

Iron (mg) 1.02–1.71 0.65–1.60 3.71–4.10 1.17–1.77 2.49–2.71 2.26–3.95 6.42 4.62

Zinc (mg) 1.682 1.20–1.21 2.85–2.96 0.70–0.88 2.21–2.27 1.67–1.96 2.76 2.53

Phytate (mg)b 742 266 632 123 646 549 485 306

Phytate/iron 
molar ratioc

45.99 20.02 13.69 7.08 21.02 12.71 6.39 5.60

Phytate/zinc molar 
ratioc

43.75 21.87 21.55 15.42 28.57 29.96 17.41 11.98

aThe USDA database does not distinguish between different millets. The values given for ‘millets’ are 378, 11.02, 3.01 and 1.68 for energy, protein, iron and zinc, respectively. Values in Table 2 are from 
Longvah et al.42. bPhytate for all cereals and zinc for brown rice are not reported in the USDA database. The values in the table are from Longvah et al.42. cMolar ratio is the molar weight of phytate divided 
my molar weight of iron or zinc. Molar masses of phytate, iron and zinc are 660.04, 55.85 and 65.39 g mol−1 respectively. Values used for iron and zinc are midpoints of the range in estimates. The critical 
thresholds are 1 and 15 for the phytate/iron and phytate/zinc ratios, respectively. The range is taken from two sources for nutrient content42,43.

Table 3 | Relative benefits of cereals in multiple dimensions of production, nutrient content and climate resilience

Green Revolution cereals Coarse cereals

Milled rice Whole-wheat Maize Sorghum Millets

Production

Yield High High High Low Low

Biomass increase from CO2 increase High High Low Low Low

Nutrient content

Energy Mid Mid Mid Mid Mid

Protein Mid Mid Mid Mid Mid

Iron Low Mid Mid Mid High

Zinc Low High High Mid High

Phytatea Low High High Mid Mid

Sensitivity of nutrient loss from CO2 increasea High High Low Low Low

Climate resilience

Water-use efficiency Low Low High High High

Yield stability ? ? ? ? ?

See Wood41 for background on this assessment. Mid, middle. a‘Low’ is beneficial; ‘high’ is harmful.
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distributors and sellers. Top-down planning based on the best evi-
dence available is not likely to be effective without explicit con-
sideration of local priorities and plans as well as the capacity to 
implement them. At the same time, identifying gaps in understand-
ing of the potential linkages across SDG 2 targets is important for 
potentially improving policy and investment processes, and for indi-
cating where the evidence base needs strengthening. Understanding 
how to better use evidence to achieve the various targets of SDG 2 
requires consideration of the context of national and sub-national 
priorities and implementation efforts. Here, we take a close look at 
the priorities that countries have expressed in their strategies for 
achieving SDG 2, and the implications for effective use of evidence. 
We analyse the information provided by countries in their voluntary 
national reviews (VNRs) of SDG implementation to gain insights 
into national-level views of the potential interactions between SDG 
2 targets and how to manage them. As of July 2019, 206 VNRs have 
been submitted.

We have reviewed 24 countries with high numbers of small-scale 
agricultural producers, including 15 countries in SSA and 9 in 

South-East Asia (SEA), to identify the extent to which the targets 
of SDGs 2.1–2.4 are captured in the VNRs (Table 4). These coun-
tries were selected to provide a distribution over the range of low-, 
lower-middle and upper-middle-income economies using the 
World Bank classification.

Fifteen countries in SSA and four countries in SEA adopted a 
national framework and/or strategy for implementing SDGs, such 
as Kenya’s Vision 2040, the National Development Plan of Niger or 
the Philippines Development Framework. In their SDG strategy, 
most countries separate actions and policies related to achieving 
food security and nutritional goals (SDGs 2.1 and 2.2) from those 
aimed at agricultural productivity growth and sustainability (SDGs 
2.3 and 2.4). This clearly indicates some challenges in developing 
an integrated food system that spans nutrition, food security and 
sustainable agricultural productivity increases at the national level.

Overall, the VNRs indicate that countries had stronger focus 
and clearer implementation strategies for SDGs 2.1 and 2.2 com-
pared to those for SDGs 2.3 and 2.4. Twenty of the twenty-four 
VNRs present data showing the extent of food insecurity and 

Table 4 | Analysis of inclusion of indicators related to SDG 2 targets in selected countries’ NDCs

Food security Nutrition Smallholder agriculture Agricultural productivity Sustainable agriculture

Sub-Saharan Africa

Low income

Ethiopia Yes Yes

Rwanda

Sierra Leone Yes Yes

Tanzania Yes Yes Yes

Uganda

Middle income

Ghana Yes

Nigeria Yes Yes

Kenya Yes

Senegal Yes Yes

Zimbabwe Yes Yes Yes

Upper-middle income

Botswana Yes

Guinea Yes Yes

Namibia Yes Yes Yes

Mauritius Yes Yes

South Africa Yes Yes Yes

Asia

Low income

Nepal

Middle income

Lao Yes Yes

Philippines Yes Yes

Bangladesh Yes Yes Yes

Cambodia Yes

Vietnam Yes Yes

Upper-middle income

Malaysia Yes Yes

Thailand Yes Yes

Sri Lanka Yes Yes Yes Yes

The table includes an analysis of the NDCs of the same set of countries analysed for VNRs.
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prevalence of undernourishment in the country, and demon-
strate a strong understanding of the key aspects of malnutrition 
in terms of wasting, stunting and being underweight, especially 
in children. In contrast, very few countries had any indicators 
or data on SDGs 2.3 and 2.4. A set of three indicators are still 
under development for these two targets (Tier II)39. Countries 
could present indicators and data in their VNRs indicating their 
interpretation of the targets, but most did not. The ones that did 
included: production of main food crops (Ethiopia); production 
of cereals and other food crops (Zimbabwe); percentage of small-
holder producers in total producers (Senegal and Namibia); and 
labour productivity in agriculture (Laos and Malaysia). None 
of the countries presented data on the smallholder producers’ 
productivity and their incomes. For SDG 2.4, only five coun-
tries listed potential indicators such as areas under conservation 
management (Tanzania and Ethiopia), amount of land under  
sustainable use (Nigeria and Senegal) and land under organic  
certification (Mauritius).

The degree of evidence in the VNRs about potential evidence 
blind spots caused by interactions between SDG 2 targets varies 
depending on which blind spot is considered.

Productivity increase versus sustainability and resilience
The analysis of VNRs indicates that national policies on achieving 
SDGs 2.3 and 2.4 are still quite underdeveloped and that the poten-
tial for interaction between the two is not evident in the strategies 
presented. Only three countries in SSA and three countries in SEA 
developed and/or updated their strategies on agriculture to address 
SDGs 2.3 and 2.4. Approaches focused on agriculture productivity 
were generally of a shorter term, concluding in 2019 or 2020. Only 
two (Thailand and Rwanda) have strategies that explicitly include 
aspects of environmental management.

Priorities listed by countries to achieve SDG 2.3 included 
increasing crop productivity—with some countries focusing more 
specifically on increasing the access of small-scale producers to 
agricultural inputs and extension—and agricultural land consoli-
dation. Most countries emphasize the importance of increasing the 
engagement of the private sector in value chains, in investments 
to reduce post-harvest loss, in agricultural development and in 
promoting agribusiness to sustain agriculture growth in the next 
years (Zimbabwe, Rwanda, Senegal and Kenya). Most did not list 
priorities for SDG 2.4, with the only examples including improving 
irrigation and erosion control (Ethiopia, Nepal and Tanzania) and 
promoting organic agriculture (Mauritius).

This rudimentary analysis indicates that the potential interac-
tions between sustainability and productivity objectives are not well 
recognized at the national policy level, which presents an important 
opportunity to work with countries in building an understanding 
and capacity for identifying potential interactions between produc-
tivity growth in the small-scale agricultural sector and the sustain-
ability and resilience of agricultural production systems in their 
specific national context.

Nutrition versus productivity
Most VNRs have indicators for SDGs 2.1 and 2.2 which are related 
to nutrition, but these are not linked to the indicators or strategies 
for SDG 2.3 on productivity. Eradicating hunger and malnutrition 
seem completely divorced from issues of agricultural productivity 
increases, but poor farmers and farm-dependent populations fre-
quently suffer from food insecurity and poor nutrition.

The analysis of the VNRs indicates a lack of understanding  
of the potential linkages between diversity in agricultural  
production and dietary diversity and nutritional outcomes. This 
implies that countries are missing the potential for capturing syn-
ergies between productivity and nutritional outcomes in their 
policy frameworks.

Productivity increase versus resilience
Interaction with climate change objectives, including both adap-
tation and mitigation, feature very prominently in the countries’ 
VNRs. Twenty-two countries reported that impacts of climate 
change that manifest in the form of droughts, agricultural pest 
incidence and extreme weather can all affect the achievement of 
SDGs 2.3 and 2.4. Fourteen countries stated that climate change will 
impact their abilities to achieve SDGs 2.1 and 2.2 through impacts 
on the agriculture and on other economic sectors in both rural and 
urban areas, such as coastal communities.

Analysis of another national strategy document—the Nationally 
Determined Contribution (NDC) to the Paris Agreement under 
the United Nations Framework Convention on Climate Change 
(available from the NDC registry40)—gives an even clearer pic-
ture of the strong interaction countries perceive between climate 
change and achieving the targets of SDG 2 (particularly SDGs 2.3 
and 2.4). In their NDCs, more than 60% of the countries call for 
using climate-smart agricultural practices to increase productiv-
ity. There is also a high level of awareness of the environmental 
impacts of agricultural practices. Over 50% of the countries men-
tion the importance of promoting sustainable and resilient agricul-
tural practices that support environmental conservation. The NDCs 
report that 54% of the countries mention the role of food security 
in responding to climate change, which mostly focusses on the 
need for avoiding negative impacts on food security in the design 
of mitigation and adaptation measures. However, explicit linkages 
between climate change and nutrition were not considered impor-
tant, with only two countries mentioning it. Small-scale producers 
were not prominent in the NDCs and were also only mentioned  
by two countries.

The analysis indicates a fairly broad awareness of the interac-
tions between climate change and productivity growth, as well as 
sustainable agriculture. That such an awareness exists in this case, 
but not in the previous two, may be related to our analysis of man-
aging interactions using modelling and indicators. There has been 
a huge effort to model climate change impacts on agricultural pro-
ductivity and (more recently) on resilience of agricultural systems, 
which may be one reason for enhanced awareness. Also, indica-
tors of agricultural productivity are closely linked to one mea-
sure of the resilience of agricultural systems—that is, the level of 
productivity over time and in the wake of extreme events. Finally, 
the greater awareness of climate change impacts on agricultural 
productivity and sustainability may simply be due to the fact that 
these effects are already being experienced and are highly visible, 
which is not the case with other blind spots where the sustainabil-
ity and nutritional impacts of agricultural productivity increases 
are less immediately obvious.

Conclusion
Achieving the multiple targets of SDG 2 by 2030 is a huge chal-
lenge that requires robust and effective investments. Synthesizing 
and utilizing evidence to help guide investment strategies is a key 
tool in this endeavour. However, intelligent use of this evidence base 
requires careful consideration of the assumptions the evidence is 
built upon and the possible blind spots these create. The potential 
for positive or negative interactions between strategies to achieve 
any one of the SDG 2 targets is a fundamental source of uncertainty. 
Since most of the evidence we have focusses on strategies to achieve 
only one objective, it is easy to overlook the full implications across 
all SDG 2 targets.

We have identified three major blind spots in the evidence base 
relevant to achieving the multiple targets of SDG 2. The first is in 
the interaction between productivity growth (SDG 2.3) and achiev-
ing sustainable food production systems (SDG 2.4). Overcoming 
this requires interpretation of the evidence base, focusing on the 
source and nature of productivity growth and the possible impact 
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on the environment and natural resources. The potential effect of 
ecosystem services in productivity growth is also important. Here, 
the emerging evidence indicates tremendous potential to achieve 
synergies between SDGs 2.3 and 2.4 by increasing the efficiency of 
input use and better utilizing ecosystem services in agriculture.

Increasing productivity and incomes for smallholders does not 
directly and positively correlate with eradicating hunger and mal-
nutrition, and in fact could have negative impacts. Overcoming 
this blind spot requires consideration of the diversity and nutrient 
density of the food targeted for productivity increases. Our analysis 
makes a strong and urgent case for investing in a nutrient-rich agri-
cultural supply chain to capture synergies between achieving SDGs 
2.1–2.3. This in turn has implications for prioritizing specific types 
of food products for productivity-increasing investments.

Thirdly, there is the interaction between productivity increases 
and resilience to climate change impacts. Here, as in the case with 
nutrition, the characteristics of agricultural crops and products and 
their vulnerability to the types of climate change impacts likely to 
occur in specific locations are important to consider when assessing 
the evidence base on productivity increases.

Consideration of priorities and capacities at a local level is neces-
sary for the effective use of evidence to design investment strategies. 
The VNRs to achieving the SDGs indicate that awareness of inter-
actions between productivity growth and sustainability are lacking 
and that there is little recognition of potential interactions between 
strategies for eradicating hunger and malnutrition and those of 
increasing agricultural productivity. There is, however, consider-
able awareness of the potential interactions with climate change, 
particularly in the areas of agricultural productivity growth and 
sustainable agriculture. Capacity building at a national level could 
help achieve better articulation across all the objectives of SDG 2, 
and move towards strategies that enhance synergies and reduce 
trade-offs. The lack of both understanding and analysis of linkages 
between reducing hunger and malnutrition, and achieving produc-
tivity growth and sustainability in agricultural systems, indicates a 
clear need for concentrated and urgent efforts to improve the evi-
dence base and the capacity to use it amongst a wide range of factors 
in the food system.
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One billion poor people in Low- and Middle-Income 
Countries (LMICs) derive part of their livelihood from 
livestock1. As well as providing income and financial 

security for the rural poor, livestock products are a vital source of 
protein and micronutrients in regions where their regular supply 
could reduce the currently high prevalence of childhood stunting2. 
Unlike in the Global North, in LMICs, urbanization and growth in 
incomes and populations are fuelling strong growth in the demand 
for livestock products. A key challenge therefore is to identify and 
promote solutions to increase livestock production and produc-
tivity. Currently, livestock productivity is much lower in LMICs 
than in high-income countries3. For example, the average cow 
milk yields in Western Europe are 20 times higher than in Eastern 
Africa4. Moreover, increasing per-animal productivity is essential 
for environmental sustainability as systems intensify. For example, 
sub-Saharan Africa is a livestock greenhouse gas emissions intensity 
hotspot mainly because yields are low5. Poor productivity is caused 
by many factors including unimproved genetic stock, inadequate 
veterinary provision and a general scarcity of high-quality inputs. 
Although access to enough high-quality feed is generally agreed to 
be the main constraint on better productivity6,7, the livestock feed 
challenge has proved to be intractable despite considerable research 
and development effort over the past three decades. This effort has 
included many programmes aimed at delivering high-quality feed 
options to smallholder livestock keepers, but the evidence for their 
effectiveness is sparse8. The research field is characterized by anec-
dotes with very little rigorous and systematic analysis of success and 
the factors underlying success9.

Feeding practices are varied and comprise the mix of differ-
ent feeds offered to livestock (planted forages, crop residues such 
as straw, supplementation with commercial feeds and so on) and 
the amounts offered to different animals in different seasons. Feed 
improvement interventions among LMIC smallholders include the 
introduction of improved grasses and legumes10, the use of mul-
tipurpose trees11, methods of increasing intake and the nutritive  

value of crop residues by physical or chemical treatment12, and 
methods of preserving fresh feed to fill seasonal feed gaps13 (Box 1).  
Although ‘improved’ feed options have been researched and pro-
moted widely in many systems by many stakeholders over many 
years14, less research has addressed the uptake of these options by 
farmers, their effects on ruminant productivity and ultimately their 
impact on farmer livelihoods, possibly due to overall underinvest-
ment in impact assessment studies9. The objective of this scoping 
review is to assess the availability and quality of evidence for the 
uptake of improved livestock feed options by small-scale producers, 
the effects of this uptake on ruminant livestock productivity and 
the degree to which this improves smallholder farmer livelihoods 
(Box 2). The overarching aim is to identify promising strategies to 
improve livestock feeding for improved productivity and ultimately 
farmer livelihoods, on the basis of the analysis of the reviewed 
evidence.

Results
As shown in Tables 1 and 2, there has been increased attention to 
and documentation of feed intervention adoption processes over 
time: in our final set of 73 included papers, 9 were published before 
the year 2000, 28 between 2000 and 2010, and 36 between 2011 
and 2019. This increase in the adoption literature complements the 
more common technically oriented papers (mainly feeding trials) 
that dominated the earlier literature.

In terms of geographical representation, almost half of the 
papers (35) analysed sites in East Africa or in the Horn of Africa. 
Southeast Asia was the second most represented region (12 papers). 
The dominance of papers from these two regions is probably due 
to relevant development and research projects that have been 
implemented there, including those by centres of CGIAR. The two 
regions are also over-represented in the scoping review because 
unlike South America, they are dominated by small-scale livestock 
systems, which was an inclusion criterion. The relatively few papers 
from West Africa, despite our inclusion of papers in French, may 
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be explained by the dominance of pastoral systems in West Africa, 
where feed interventions are more challenging. Indeed, in such sys-
tems (see Box 1 for a description of livestock systems) where live-
stock are kept with limited external inputs and husbandry is based 
on transhumance and extensive grazing, there are limited incentives 
for producers to invest in an improved technology that requires 
more resources (such as labour and finance) with uncertain effects 
on productivity and livelihoods, given the climatic and market risks.

Most of the papers (43) used quantitative analysis only, 19 used 
mixed methods and 9 papers followed qualitative research meth-
ods. The duration of the experiment was measured as the time lapse 
between the year the feed technology was introduced and the year 
the analysis was conducted. This was reported in slightly more than 
half of the reviewed papers (36 papers). Twenty-two papers reported 
a duration between 1 and 5 years, eight papers reported a duration 
between 6 and 10 years, and the remaining seven papers analysed 
cases longer than 11 years. The effects of technology adoption on 
ruminant productivity and the resulting impacts on households’ 
livelihoods can be observed only after some time, given that years 
are needed for the feed intervention to be implemented (for exam-
ple, a new forage to grow and be harvested and fed) and for livestock 
productivity to increase, especially in the case of large ruminants.

In terms of agro-ecological zones and livestock systems (Box 1),  
53 papers covered mixed systems, and only 13 analysed pastoral 
and agro-pastoral systems, an expected result given the difficulty of 
introducing new feed interventions in these systems, as explained 
above. Livestock exclosures (areas of land that are protected from 
grazing animals) and fodder banks (areas reserved to grow fod-
der to be used during the dry season, usually trees, shrubs and 
fodder legumes) were the main interventions in pastoral/agro- 
pastoral systems.

Types of feed interventions and impact pathway. The majority of 
papers (53) dealt with planted fodder, while agroforestry was the 
topic of 26 papers and crop residues 7 papers (Table 1). Most papers 

assessed one type of feed intervention (30 papers on planted fod-
der only, and 13 and 4 for agroforestry and crop residues, respec-
tively). There seemed to be a mismatch between the research effort 
on feed intervention types and the importance of the technologies 
in overall livestock feeding. Crop residues constitute a large part of 
feed resources in small-scale ruminant systems, and they have great 
potential to be even more productive. Yet less than one in ten articles 
dealt with crop residues. Crop residues have no dedicated discipline 
and low visibility in terms of impacts despite their ubiquity across 
tropical livestock systems. After harvest, crop residues are bulky and 
may be complex to manage, in terms of storage, labour demand and 
seasonal availability. In contrast, about a third of the papers covered 
agroforestry interventions, a relatively less prominent feed option in 
these systems. This may be explained by the fact that agroforestry 
is used for feed as well as soil fertility, among other purposes. There 
could also be greater charisma associated with trees than with straw.

This scoping review analysed the impact pathway between adop-
tion, livestock productivity and household livelihoods (Table 2), 
considering three main outcomes. The first was about the uptake, or 
adoption, of feed technologies (58 papers). We considered studies of 
livestock keepers using new feed interventions as part of their usual 
management practices independent of incentives-based research 
or development projects. Second, we were interested in studies on 
livestock productivity increases including milk production, weight 
gain, better body condition or herd growth that resulted from a feed 
intervention (19 papers). The final outcome of interest was house-
hold livelihood indicators associated with the uptake of a new feed 
option and consequently improvements in livestock productivity 
(22 papers). Such livelihood changes included increased income 
from livestock and reduced workload. Of the 73 papers, only 6 ana-
lysed the entire pathway, reporting evidence of adoption, the effect 
on productivity and consequent livelihood changes.

Adoption is the first step along the livelihood pathway, and it 
was anticipated to feature in most papers, given that it is relatively 
easy to measure either as a yes/no decision or as the extent of 

Box 1 | Feed interventions and livestock production systems

A livestock feed intervention aims at changing practices to provide 
more or better feed, increasing livestock productivity. The feed in-
terventions considered in this scoping review are of three types:
 1. Improved grasses and legumes—ruminant animals naturally

consume grass, forbs or shrubby vegetation. Natural pastures,
while of moderate quality, are an important feed source in
low-income countries. ‘Improved’ species include naturally
high-yielding tropical grasses such as Brachiaria or Penni-
setum species as well as high-quality legume species such as
vetches or Desmodium. If well managed, introduced grasses
can greatly increase feed yields, while introduced high-protein 
legumes can complement basal feeds such as straws and natu-
ral pasture.

 2. Multipurpose trees—trees are important in mixed crop–
livestock systems, providing multiple benefits to small-scale
farmers, including livestock feed. Various (mainly legumi-
nous) trees have been popularized in tropical regions over
recent decades. If well managed, these can provide a highly
digestible and high-protein livestock feed and are reasonably
resilient to dry spells.

 3. Increasing the intake and nutritive value of crop residues—
crop residues make up a large part of ruminant livestock
feed across the tropics, particularly in semi-intensive crop–
livestock systems. Residues include straws of cereals such as
wheat, barley and rice; stems or leaves of cereals such as maize 

and sorghum; and legume straws or haulms. Crop residues 
are generally characterized by low nutrient density, especially 
cereal straws. Methods such as physical and chemical treat-
ments as well as the selection of superior varieties have been 
developed to improve nutrient availability.

Other feed interventions include preserving fresh feed, filling 
seasonal gaps and feeding with high-quality supplements.

To describe global livestock production, various categorization 
approaches have been suggested. The most widely known was 
developed by Seré and Steinfeld25 and further operationalized 
by Thornton et al.26. It is based on major climate and land-use 
categories for which data are available globally and that determine 
the livestock feed base: permanent grasslands support pastoral 
systems, which often involve seasonal movement of livestock 
and are focused on ruminants; land areas that are used for both 
cropping and grazing are home to agro-pastoral and smallholder 
mixed crop–livestock systems, with or without irrigation; and 
landless systems rely solely on purchased feeds and are typically 
dominated by monogastric species, such as chickens and pigs, 
although landless urban dairy systems and feedlot beef systems 
also exist. More recently, researchers have suggested expanding this 
categorization to also consider the potential for the intensification 
of production, because of its considerable implications for 
development, using the evolution from subsistence to market 
orientation as a proxy27,28.
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adoption. We found 15 papers that did not explicitly report or 
analyse that first step but only reported a change in productiv-
ity and/or livelihood indicators among adopters. More frequently, 
papers reported livelihood changes compared to productivity 
changes. This may be explained by a focus on development goals, 
such as producers’ livelihoods, and by the technical challenges of 
measuring livestock productivity. Livelihood indicators such as 
income and diet are relatively well established, and tools are avail-
able to systematically report them. In contrast, livestock produc-
tivity indicators vary across species (such as milk yield, weight 
gain, herd size and fertility indicators), require demanding mea-
surement protocols and are calculated using different periods 
(such as lactation, reproductive cycle, season and year), making 
comparisons difficult.

Across the three outcome sets, there were no specific differences 
in types of publication or years of publication. Studies in mixed 
systems dominated across all outcomes, with few papers covering 
agro-pastoral or pastoral systems. For regions, papers from East 
Africa were most common for adoption studies, while for liveli-
hood outcomes, there was a relatively large number of papers from 
Southeast Asia (8 out of 22 papers), possibly driven by research 
in development projects implemented in that region. In terms 
of research methods, the general observation that studies were 
mainly quantitative applied to all three outcomes. There were more 
mixed-methods approaches for adoption studies, possibly reflecting 
the importance of not only analysing the decision-making processes 
quantitatively but also assessing the ‘why’ and the ‘how’ that are bet-
ter captured using qualitative approaches. There was no qualitative 
study measuring productivity indicators.

Analysis of the results reported by the studies. The outcome indi-
cator results reported in the studies are shown in Table 3. Although 
43 studies reported the adoption of forages, only 32 included data 
that could be used to estimate adoption. The same pattern applied to 
the adoption of agroforestry practices and crop residues. Analysing 
the results as reported in these studies, we found that the ranges of 
livestock keepers adopting the technology varied widely, from 0 to 
90% for forages, 8 to 87% for agroforestry and 20 to 86% for crop 
residues.

Productivity indicators included increase in milk yields, animal 
weight gain, improved body condition and growth in flock/herd 
size. The number of papers with sufficient data was very low, with 
only nine papers across the three feed interventions. Changes in 
productivity ranged from 7 to 61%, with only one paper reporting 
productivity change related to crop residues.

Finally, for livelihood indicators, the scoping review identi-
fied 22 papers with sufficient data across the three feed types, 
with 14 papers quantifying the impact. Household income change  
(8 papers) ranged from 6 to 285%, gross margins (3 papers) 
increased by 58 to 519% and labour or workload change (5 papers) 
from −24 to −70%.

Drivers of adoption. To better understand the reported changes, 
25 papers were identified that explicitly examined the reasons for 
adoption. These were further examined for underlying drivers or 
constraints to adoption. Of the adoption drivers, the following were 
mentioned most often. Farmer experience or level of education was 
mentioned in ten papers; these variables are commonly collected as 
part of the household characterization in adoption studies and tend 

Box 2 | Summary of methods

 1. A comprehensive literature search for CAB Abstracts was cre-
ated (see the search strategy at https://osf.io/5ec9k/).

 2. The CAB Abstracts search strategy was translated to 22 addi-
tional bibliographic databases and grey literature sources (see
the list of sources searched at https://osf.io/kghtc/).

 3. To ensure accountability and reduce bias, a protocol was reg-
istered before data collection at https://osf.io/6ywht/.

 4. After all bibliographic databases and sources were searched,
the results were combined, duplicates were removed and
22,981 unique records were identified.

 5. Using inclusion and exclusion criteria specified in the proto-
col, the records were screened blindly by two authors at each
step, with a third author as a tie-breaker. The screening com-
prised three steps:

a. A machine learning process that used metadata to identify
populations, geographies, interventions and outcomes of
interest was applied. This process generated Excel files that
could be quickly sorted and screened; 12,195 records were
excluded, leaving 10,786 records.

b. The titles and abstracts of the remaining records were
screened; 10,243 records were excluded, leaving 543
records.

c. The full texts of the remaining records were retrieved and
screened; 470 records were excluded, leaving 73 records
that were included in this scoping review.

After the full-text screening, 73 papers were identified that met 
our PRIMSA-P a priori inclusion criteria and were included in 
the analysis, as shown in Tables 1, 2 and 3. Data were extracted 
to document all themes of interest including types of feed 
interventions, type of analysis, outcome variables and reported 
effects.

The inclusion criteria for this scoping review were:
 1. The study focus includes a population of small-scale and

agro-pastoral keepers of large and small ruminants.
 2. The study is primary empirical research.
 3. The explicit population focus is small-scale and agro-pastoral

ruminant livestock keepers.
 4. The study describes the adoption of ‘improved feed options’

and/or their effect on productivity, livelihoods or both.
 5. The study area or focus includes target populations in LMICs.
 6. The study is in English, French, Spanish or German.

High proportion of excluded articles: the highly inclusive search 
process returned many false positives. Thousands of irrelevant 
records were excluded at the title and abstract screening phase. 
Of the 470 articles excluded at the full-text screening, 257 did not 
include analysis of farmers’ adoption and/or the effect of the feed 
intervention on livestock productivity or livelihoods, and instead 
addressed feed trials and experiments.

Quality control: a subjective quality assessment was employed 
to categorize each study. Three criteria were used: the quality of 
the study methodology, the justification of the study methodology 
and an overall subjective quality. Table 4 summarizes these results.

Decision to use the scoping review methodology: scoping 
reviews are useful for incorporating a heterogeneous range of study 
designs typically found in agriculture. Unlike traditional narrative 
reviews, scoping reviews aim to consider all evidence on a topic 
and to reduce author, publication, confirmation and other forms 
of bias. Other evidence syntheses, such as meta-analyses (which 
aggregate quantitative results) and systematic reviews (which rely 
on homogeneous study methodologies and address intervention 
and outcome scenarios), did not fit the exploratory nature of this 
scoping review and the available evidence base.
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to be associated with higher rates of adoption. Expected increased 
productivity or income from the livestock enterprise was men-
tioned in eight papers. This is of course among the primary reasons 
to promote improved feed technologies, so this factor is expected 
to be prominent. However, most of the papers did not indicate it. 
Eight papers mentioned access to extension or training. Many feed 
technologies require considerable technical skill to be successful or 
effective. These are often described as ‘knowledge-intensive’ tech-
nologies, such as forage seeds that require treatment or scoring to 
germinate and then need to be grown from seedlings. Extension 
and training may therefore be important to facilitate their successful 
implementation. Seven papers mentioned labour availability. Most 
improved feed technologies require the use of additional and regu-
lar labour, such as cutting and carrying planted forages to confined 
ruminants. Family labour may be supplemented in some seasons by 
casual wage labour or even full-time labour in more market-oriented 
enterprises. Six papers mentioned good market access; again, this 

factor is generally associated with higher rates of adoption and may 
be associated with higher livestock product prices or easier access to 
feed technologies such as germplasm. Other contributing factors, in 
descending order, were access to credit or off-farm income, market 
orientation of the enterprise, group membership or social pressure, 
and land scarcity. Only two studies indicated soil improvement as 
an adoption objective, although this is one of the main reasons that 
nitrogen-fixing leguminous forages are promoted.

Of the factors that were indicated as constraining the adop-
tion of improved feed technologies, the following were mentioned 
most frequently. Increased labour requirement was mentioned in 
six papers; just as labour availability was indicated as an important 
driver of adoption, the labour requirement can be a constraining 
factor when that labour is not easily available. Little perception of 
net benefit was mentioned in four papers. Feeds are an interme-
diate output towards livestock production, and the final benefit 
may not be easily perceived immediately, particularly for fattening  

Table 1 | Numbers of studies in different categories by type of feed intervention

Categories Items in category Total Planted forages Agroforestry Crop residues

Publication type Peer-reviewed journal article 51 35 17 4

Book chapter 1 1 1

Conference proceeding 8 6 3 1

Report 6 6 2 1

Working paper 7 5 3 1

Year of publication 2016–2019 15 13 3

2011–2015 21 15 3 4

2001–2010 28 18 14 3

Before 2001 9 7 6

Agro-ecological zone Mixed systems 53 35 21 6

Agro-pastoral systems 10 8 3

Pastoral systems 3 3

Multiple systems 1 1 1 1

Other 2 2

(Blank) 4 4 1

Region Horn of Africa 12 11 3

East Africa 23 16 9 3

Central Africa 1 1

West Africa 7 4 2 1

Southern Africa 5 1 3 1

South Asia 6 4 2 2

Southeast Asia 12 11 3

East Asia 2 2 1

Latin America 5 3 3

Type of methods Quantitative 45 31 18 5

Qualitative 9 6 4

Quantitative/qualitative 19 15 4 2

Duration of the experiment >20 years 3 1 2

11–20 years 4 2 2 1

1–5 years 22 17 8 1

6–10 years 8 7 3

NA 36 26 11 5

Total 73 53 26 7

NA, not applicable.
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enterprises where nutritional benefits accrue over longer periods. 
Four papers mentioned difficult access to the technology or inputs. 
For some forage species, there may be limited systematic supply of 
seeds or planting material, and this is often a limit to sustained use 
after the withdrawal of project support. Many LMICs lack function-
ing forage seed systems. Four papers mentioned the complexity of 
the technology; as indicated, some feed technologies may require 
specific techniques, the training in which may not be available. 
Finally, competition with other land uses was mentioned in four 
papers. In land-scarce settings, priority may be given to food crops 
or to short-term cash crops such as seasonal vegetables, since these 
may represent a more profitable use of land. Likewise, some alterna-
tive land uses may be affected by subsidies and price control and 
may influence the relative returns from some feeding options.

Quality assessment. The research quality assessment was con-
ducted using three indicators for all 73 papers (Table 4). In terms 
of study methodology, 17 papers scored high, and almost half of the 
papers (32) scored low. The quality assessment on the justification  

of the study methodology was slightly better, with 31 papers being 
scored high. The scores for the overall quality were relatively evenly 
distributed, with 17 papers having the highest scores and 15 the low-
est ones. Overall, the quality of the papers was judged to be average 
to low. Both the number and quality of studies that were included in 
this analysis are rather disappointing, given the role that improved 
feed options can and should play in enhancing livestock productiv-
ity and household livelihoods.

Discussion
First, it is worth noting that the scoping review identified very 
few studies that answer our research question on the comparative 
impacts of various ruminant feed interventions on the livelihoods of 
livestock keepers. Indeed, the exercise yielded only 73 papers from 
a starting population of 23,018. We found many papers that stud-
ied the technical aspects of feed supply for ruminant livestock but 
were excluded because they did not assess the interventions’ uptake 
by or usefulness to farmers. This points to a strong bias among  
the scientific community towards understanding the technical  

Table 2 | Numbers of studies in different categories by level along the impact pathway

Categories Items in category Total Adoption Productivity Livelihoods

Publication type Peer-reviewed journal article 51 42 10 12

Book chapter 1 1 1 1

Conference proceeding 8 6 3 2

Report 6 6 4 3

Working paper 7 3 1 4

Year of publication 2016–2019 15 10 3 7

2011–2015 21 19 7 6

2001–2010 28 24 6 8

Before 2001 9 5 3 1

Agro-ecological zone Mixed systems 53 41 12 15

Agro-pastoral systems 10 9 2 2

Pastoral systems 3 1 2 1

Multiple systems 1 1 1 1

Other 2 2 1

(Blank) 4 4 2 2

Regions Horn of Africa 12 11 2 3

East Africa 23 19 5 6

Central Africa 1 1

West Africa 7 5 2 1

Southern Africa 5 5 2 1

South Asia 6 4 1 2

Southeast Asia 12 7 3 8

East Asia 2 2 2 1

Latin America 5 4 2

Type of methods Quantitative 45 40 14 13

Qualitative 9 5 2

Quantitative/qualitative 19 13 5 7

Duration of the experiment >20 years 3 1 1 2

11–20 years 4 4 1 1

1–5 years 22 16 6 8

6–10 years 8 6 3 5

NA 36 31 8 6

Total 73 58 19 22
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intricacies of ruminant feeding without paying sufficient attention 
to how such technologies fit into general farming practices or farmer 
objectives. Additionally, a number of studies were dropped as per 
the exclusion criteria because they focused on large-scale livestock 
production. Several studies from Latin America fell in this category, 
which is consistent with the fact that farms in Latin America and the 
Caribbean are generally larger than farms in other regions, includ-
ing sub-Saharan Africa and Asia15.

Second, among the few papers included in the final analysis, 
the majority only analysed the adoption of feed interventions, and 
only six studies additionally documented the productivity and live-
lihood impact pathways of the feed interventions. The funding of 
research to generate rigorous and relevant evidence of feed inno-
vation outcomes and impacts has been restricted mainly to those 
development projects introducing such innovations. However, such 
development-project-linked research may not be able to analyse 
the whole pathway from adoption to animal and household impact 
given the limited lifespans of such projects, particularly since pro-
ductivity gains may only translate to sustained herd growth over 
time, and project termination may lead to the withdrawal of needed 
farmer support services.

Third, the literature was found to be skewed towards forages 
and agroforestry, yet crop residues are among the largest sources of 
basal feed for ruminant livestock across tropical regions (in addition 
to natural pasture). This apparent mismatch may result from the 
fact that forages and multipurpose trees can offer a step change in  

productivity, compared with the more incremental productivity 
benefits from the improved use of crop residues. Forages and trees 
also have a disciplinary home, with whole research institutes devoted 
to their study. Crop residues are generally seen as by-products of 
human food production despite the fact that the market value of 
straw can in some cases approach that of grain for human food16. 
The focus on human food production by cereal breeding research 
institutes leaves the residues as an ‘orphan crop’. Our scoping review 
points to the need to focus more research effort on improving crop 
residue yields and quality characteristics such as through orienting 
crop breeding towards improving the feed quality of underutilized 
residues17. Practices involving improving crop residue quality and 
yield may have a strong likelihood of adoption, since few changes 
to farming practices are required in contrast to planted forages and 
forage trees.

Fourth, no clear conclusion emerged from comparing the effects 
of various feed-oriented interventions. Indeed, the ranges of change 
indicators presented are so large that meaningful comparisons are 
difficult. Several factors seem to have contributed to this. First, the 
intervention categories (that is, planted forages, agroforestry and 
crop residues) contain a wide variety of individual interventions 
with very different potentials for inducing change. For instance, 
introducing a new forage crop into a system without any prior for-
age cultivation can yield substantial improvements in productivity18  
compared with the incremental effects of introducing a new vari-
ety of an established forage species19. Second, the approaches to 
determine intervention impacts differ considerably between stud-
ies. Where a development project is focused on development 
impact (for instance, by creating an enabling environment for 
farmers to adopt or by targeting mainly high-potential benefi-
ciaries), outcomes are likely to be greater than in an independent 
study aiming to determine how farmers benefit from a variety of 
interventions. An example of the former is presented by Roothaert 
and Kerridge20, reporting a gross margin increase of 239% among 
project participants, whereas a study on various fodder shrubs in 
central Kenya was able to detect an income improvement of only 
10% (ref. 21). Third, the time horizon considered by the reviewed 
studies varies greatly (Table 2). Most studies report changes only 
for the entire study period rather than average annual changes. 
Also, the rate of change brought about by feed interventions 
might not be constant. It is probable that a single intervention 
would generate change along an S-curve with only little evidence 
of change initially, followed by a period of considerable change, 
after which the rate would decrease. The reported rates may refer 
to very different periods within the change processes. Finally, the 
success of land-based interventions, such as those targeting feeds, 
is generally very site-specific, depending on biophysical features 
(such as rainfall or temperature) as well as on social characteristics 
(such as land prices or market access). The reviewed studies cover 
a wide range of such features and characteristics, from densely 
populated and humid Philippines and Vietnam22 to mountainous 
Nepal23, showing increases in household income of 285% and 11%, 
respectively.

Finally, this scoping review has identified various factors driv-
ing or constraining the adoption of feed interventions, which can 
be grouped into three broad and inter-related categories. The first 
category refers to managing a sometimes-challenging technol-
ogy, requiring certain skills on the part of the farmer as well as 
access to the technology, to extension and to training in its use. 
Second, the benefits of using a technology and its alignment 
with the farmer’s objectives must be perceived and valued by the 
farmer for adoption to occur. This is often an issue because feed 
is an intermediate technology in the livestock value chain, and 
the link between better feeding and financial benefits may not be 
easily perceived. Furthermore, livestock may be kept for a range 
of reasons other than the production of milk and meat, and the 

Table 3 | Descriptive statistics of the results reported in 
the included studies, by level (adoption, productivity and 
livelihoods) and type of feed intervention

Indicators Planted forages Agroforestry Crop 
residues

Adoption
 N (total) 43 19 6
 N (studies with usable data) 32 11 3
 Adoption range 0–90% 8–87% 20–86%
Productivity
 N (total) 18 6 38
 N (studies with usable data) 2 1 6
 Productivity change range 10–30% 0% 7–61%
Livelihoods
 N (total) 18 7 1
 Household income change 
range (N)

6–285% (5) 10–80% (3) NA (0)

 Gross margin change  
range (N)

58–519% (3) 239% (1) NA (0)

 Labour use change range (N) −70 to −24% (5) NA (0) NA (0)

Table 4 | Summary statistics for quality assessment

Quality levels Quality of study 
methodology

Study 
methodology 
justification

Overall 
subjective 
quality

High 17 31 17

High-medium 0 6 12

Medium 24 14 19

Medium-low 0 8 10

Low 32 14 15

Total 73 73 73
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farmers’ primary objective may not be immediately obvious to 
well-meaning development agents. Third, the availability of the 
key resources of land and labour, and the trade-offs between them 
that the feed technology may impose, will limit or facilitate adop-
tion, with adequate availability of both (particularly labour) gen-
erally having a positive effect. The trade-offs in certain contexts 
may mean that farmers can derive greater benefit from allocating 
land and labour to non-livestock activities, and this needs careful 
consideration when considering feed interventions.

The consideration of these adoption drivers and constraints is 
helpful for considering future approaches to enhancing livestock 
feed supply among poor livestock keepers. Too often, technologies 
have been promoted without systematically considering barriers to 
their uptake, whether target farmers have sufficient resources (both 
financial and human) to successfully implement them and whether 
the technologies make economic sense given the market conditions 
and the competing opportunities for the use of land and labour in 
target communities. Box 3 presents recommendations for research-
ers and development practitioners.

Methods
Evidence synthesis methodology and protocol preregistration. This scoping 
review was conducted following the PRISMA-ScR (Preferred Reporting for 
Items for Scoping Reviews) checklist. A protocol was registered in Open Science 
Framework on 5 June 2019 at https://osf.io/6ywht/.

Information sources, searches and citation management. A comprehensive 
search strategy was developed (by E.L. and E.E.) to identify all available research 
pertaining to the livelihoods of small-scale and agro-pastoral livestock keepers 
in LMICs in Africa, Asia and Latin America, in relation to the improvement 
of ruminant feed interventions. The search terms included variations of the 
key concepts in the research question: improvement or conservation of crops; 
small-scale producers or pastoralists; LMICs in Africa, Asia or Latin America; and 
innovation or adoption indicators. The comprehensiveness of the search strategy 
was ensured by including all known search-term synonyms and appropriate subject 
term searches, conducting a peer review of search strategy by expert librarians 
familiar with the discipline, and confirming the inclusion of eight seminal studies 
in the results set. See Supplementary Appendix A for the search strategy used for 
CAB Abstracts (accessed via the Clarivate Analytics platform).

On 5 June 2019, four bibliographic databases were searched. These included 
CAB Abstracts (Clarivate Analytics, 1910–present), Web of Science Core 
Collection (Clarivate Analytics, 1900–present), Scopus (Elsevier, 1970–present) 
and Dissertations and Theses Global (ProQuest, 1743–present). On the same day, 
20 grey literature sources were searched, including Africa Theses and Dissertations, 
AgEcon Search, AGRIS, Campbell Collaboration, Cochrane Collaboration, 
Collaboration for Environmental Evidence, Commonwealth Scientific and 
Industrial Research Organization, Brazilian Agricultural Research Corporation 
(Embrapa), French Agricultural Research Centre for International Development, 
GARDIAN, International Fund for Agricultural Development, International 
Institute for Environment and Development, JPAL/ATAI Impact Evaluations, 
Overseas Development Institute, UK Department for Internal Development, 
United Nations Environment Programme, World Food Programme, World Health 
Organization, World Bank, and Cgspace.

The search results were deduplicated to remove citations identified in multiple 
databases. The titles, abstracts and keywords of all citations were exported as  
RIS files.

Study selection and eligibility criteria. To accelerate the identification of 
potential articles for exclusion at the title stage, a machine learning process that 
used metadata to identify populations, geographies, interventions and outcomes 
of interest was applied. This process generated Excel files that could be quickly 
sorted and screened. The majority of the records (N = 20,173) were screened via 
this method, blindly, by author pairs (including I.B., E.J.R., E.E., E.L., R.L., A.D. 
and D.C.), and citations that both authors excluded did not progress to the title and 
abstract screening phase. The remaining studies were imported into Covidence, 
a systematic review screening software, and were screened blindly via title and 
abstract by two authors with a third as a tie-breaker (I.B., S.S., E.J.R., N.T., R.L., 
A.D. and D.C.). Studies that were not excluded by title and abstract screening 
were considered at the full-text level. These were screened blindly using the same 
inclusion and exclusion criteria, and conflicts were resolved by a third author as 
a tie-breaker (I.B., S.S., E.J.R., N.T., R.L., A.D. and D.C.). Individual reasons for 
exclusion were recorded at the full-text screening stage (Extended Data Fig. 1).

During all stages of screening (title, title and abstract, and full text), studies 
were excluded if they did not meet all of the following inclusion criteria: (1) the 
study focus includes a population of small-scale and agro-pastoral keepers of large 
and small ruminants; (2) the study is primary empirical research; (3) the explicit 
population focus is small-scale and agro-pastoral ruminant livestock keepers; (4) 
the study describes the adoption of ‘improved feed options’ and/or their effect 
on productivity, livelihoods or both; (5) the study area or focus includes target 
populations in LMICs; and (6) the study is in English, French, Spanish or German.

In addition, studies were excluded if they met one or more of the following 
exclusion criteria: (1) the study is a review or a case study; (2) the study does not 
include small-scale or agro-pastoral as the target population; (3) the study does 
not take place in LMICs in Latin America, Africa or Asia; (4) the study does not 
consider improved feed options (introduced by an external entity or the farmer’s 
own experimentation); (5) the study considers only industrial by-products and/or 
concentrates; (6) the study is in a language other than English, French, Spanish or 
German; and (7) the study considers only fish, pigs, poultry, camels, wild buffaloes, 
yaks, alpacas, guinea pigs (or cavies), bees, equines, rabbits or any wild animal.

Data extraction and analysis. A data extraction template was created on the 
basis of Barrett et al.24 and adapted to the scoping review requirements. The 
data extracted included the author(s), year of publication, type of paper, study 
location, intervention type, comparator (if any), duration of the intervention, study 
population and methodology; the outcome measures differentiated by adoption, 
effects on livestock productivity and effects on livelihoods; and important results in 
terms of drivers of adoption and potential for scaling. The template was tested by 
I.B. and A.D. before being finalized. Google forms were used to extract the data by 
I.B., A.D., N.T., D.C., E.J.R., S.S. and R.L. Conflicts were resolved by a third author 
as a tie-breaker. The data analysis tables were created and data processed by N.T., 
I.B. and E.J.R. Data were extracted on 51 peer-reviewed journal articles, 8 papers 
published in conference proceedings, 7 working papers, 6 reports and 1 book 
chapter. The quality assessment was conducted on the 73 included papers using 
three criteria. The first one considered the quality of the study methodology (low 
versus high), the second assessed the justification of the methodology (low versus 

Box 3 | Recommendations

This scoping review has shown that besides technical feed effi-
ciency characteristics, various other factors enhance or constrain 
the adoption of improved feeds. On the basis of our analysis, we 
recommend the following:

• For ‘knowledge-intensive’ technologies, the capacity of local
livestock keepers and the strength of the extension advice
environment to support ongoing implementation should be
considered. If these are limited, some re-evaluation of the
technology options or a parallel effort to enhance the neces-
sary capacity among local livestock keepers is needed.

• In planning development efforts for livestock feeding, the
focus needs to be on small-scale, semicommercial farmers
who have both the resources and the incentive to make the
investments needed for feed technologies to succeed. Live-
stock keepers whose primary objectives for keeping livestock 
are not to produce milk and meat for the market need a dif-
ferent kind of support and are much less likely to invest in
new feed technologies.

• The resource requirements for livestock feed options need
careful consideration. If other uses for land and labour are
more lucrative, livestock keepers are unlikely to invest in new 
feed options. This requires the whole farming system to be
considered, as well as how livestock fit into overall livelihood 
strategies. In addition, unlike food crops, forage seed systems 
are underdeveloped in many regions (especially sub-Saharan 
Africa), with unclear demand and limited supply from the
private sector. Public–private partnerships and investment
may be needed to develop these supply chains and can be
linked to local seed-producing entrepreneurs and collective
groups.

• Decision makers and development agents should consider
these factors and constraints in deciding when and where to
target investments promoting these technologies. The con-
ditions that favour feed technology adoption go far beyond
biophysical suitability, extending to the social, economic and
knowledge domains.
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high) and the third criterion was an overall quality assessment with three levels 
(low, medium and high). Each paper was scored by two persons (D.C., A.D., I.B. 
and R.L.). The levels were first transformed into scores (high, 1; medium, 2; low, 3) 
and then averaged.

To better understand some of the underlying drivers of adoption of improved 
feed technologies, a subset of the final papers was selected for more detailed 
examination if they mentioned analysis of factors that either facilitated adoption or 
constrained adoption. Of the 73 papers in the full set, 25 met this criterion. Each of 
these papers was then re-examined by one researcher, and a set of adoption drivers 
and constraints was identified; the papers were scored on whether they mentioned 
each adoption driver or constraint. Twelve different adoption drivers emerged, 
such as increased productivity and good access to markets. Nine constraining 
factors were also indicated across this set of papers, such as low perceived benefit 
of the technology and competition with other land uses.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.
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Agriculture and food production are highly vulnerable to 
climate change. Extreme weather events such as droughts, 
heat waves and flooding have far-reaching implications for 

food security and poverty reduction, especially in rural communi-
ties with high populations of small-scale producers who are highly 
dependent on rain-fed agriculture for their livelihoods and food. 
Climate change is expected to reduce yields of staple crops by up to 
30% due to lower productivity and crop failure1. Moreover, the pro-
jected global population growth and changes in diets toward higher 
demand for meat and dairy products in developing economies will 
stretch natural resources even further, increasing demands on food 
production and food insecurity2. To cope with climate change, farm-
ers need to modify production and farm management practices, 
such as adjusting planting time, supplementing irrigation (when 
possible), intercropping, adopting conservation agriculture, access-
ing short- and long-term crop and seed storage infrastructure, and 
changing crops or planting more climate-resilient crop varieties.

This scoping review examines the conditions that have led to the 
adoption of climate-resilient crops over the past 30 yr in lower- and 
middle-income countries. For all countries, but especially those that 
rely on domestic agriculture production for food security, one of 
the most critical and proactive measures that can be taken to cope 
with food insecurity caused by unpredictable weather patterns is 
for farmers to adopt climate-resilient crops. Climate-resilient crops 
and crop varieties have enhanced tolerance to biotic and abiotic 
stresses3 (Box 1). They are intended to maintain or increase crop 
yields under stress conditions and thereby provide a means of 
adapting to diminishing crop yields in the face of droughts, higher 

average temperatures and other climatic conditions4. Adoption of 
climate-resilient crops, such as early-maturing cereal crop variet-
ies, heat-tolerant varieties, drought-tolerant legumes or tuber crops, 
crops or varieties with enhanced salinity tolerance, or rice with sub-
mergence tolerance, can help farmers to better cope with climate 
shocks. Climate-resilient crops and crop varieties increase farmers’ 
resilience to climate change, but despite their benefits, adoption 
rates by small-scale producers are not as high as expected in some 
cropping systems4–6. In this study, we focus on scoping (review-
ing and synthesizing) the published evidence on the adoption of 
climate-resilient crops and crop varieties from climate-vulnerable 
countries and countries that have experienced climate-related 
impacts as determined by 45 indicators established by the Notre 
Dame Global Adaptation Initiative.

Overall, we find that the most important determinants of adop-
tion of climate-resilient crops are the availability and effective-
ness of extension services and outreach, education level of heads 
of households, including some awareness of climate change and 
adaptation measures, and farmers’ access to inputs, especially seeds 
and fertilizers. On the basis of the collected evidence, this scop-
ing review presents a series of pathways and interventions that can 
contribute to higher adoption rates of climate-resilient crops and 
reduce dis-adoption (Box 2).

Results
A scoping review aims to explore the key concepts underpinning a 
research area and the main sources and types of evidence available7. 
Established scoping review methods provide an evidence-based 
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Climate-resilient crops and crop varieties have been recommended as a way for farmers to cope with or adapt to climate 
change, but despite the apparent benefits, rates of adoption by smallholder farmers are highly variable. Here we present a 
scoping review, using PRISMA-P (Preferred Reporting Items for Systematic review and Meta-Analysis Protocols), examin-
ing the conditions that have led to the adoption of climate-resilient crops over the past 30 years in lower- and middle-income 
countries. The descriptive analysis performed on 202 papers shows that small-scale producers adopted climate-resilient crops 
and varieties to cope with abiotic stresses such as drought, heat, flooding and salinity. The most prevalent trait in our dataset 
was drought tolerance, followed by water-use efficiency. Our analysis found that the most important determinants of adop-
tion of climate-resilient crops were the availability and effectiveness of extension services and outreach, followed by educa-
tion levels of heads of households, farmers’ access to inputs—especially seeds and fertilizers—and socio-economic status of 
farming families. About 53% of studies reported that social differences such as sex, age, marital status and ethnicity affected 
the adoption of varieties or crops as climate change-adaptation strategies. On the basis of the collected evidence, this study 
presents a series of pathways and interventions that could contribute to higher adoption rates of climate-resilient crops and 
reduce dis-adoption.
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framework for systematically searching and thematically character-
izing the extent, range and nature of existing evidence. A PRISMA-P 
protocol for this scoping review8 was registered on 4 June 2019 on 
the Open Science Framework. We performed double-blind title 
and abstract screening of 5,649 citations, selecting 568 papers for 
full-text screening using a  priori inclusion and exclusion criteria; 
202 papers met the inclusion criteria for data extraction. The inclu-
sion and exclusion criteria are available in the protocol (Methods 
and Supplementary Information), and the data-extraction proce-
dure and the PRISMA flow diagram of included and excluded stud-
ies are presented in the Supplementary Information.

Of the 202 papers included, 89% were published in peer-reviewed 
journals and 11% were published in the grey literature. Eighty-seven 
studies used mixed methods, 82 used quantitative methods and 33 
studies used qualitative methods.

Evidence of adoption of climate-resilient crops. Of the 29 evaluated 
potential social and economic factors related to adoption, interven-
tions related to the availability, effectiveness and access to agricul-
tural extension services were the most prominent determinants of 
the adoption of climate-resilient crops in low- and middle-income 
countries. Nearly 50% of the studies identified extension services 
and awareness outreach as important factors for the effective adop-
tion of climate-resilient crops in low- and middle-income countries 
(Fig. 1). The individual figures per characteristic are presented in 

detailed summary graphs in Extended Data Figs. 1–5. The deter-
minants are plotted in bar charts to provide additional context and 
visualization. The unit of analysis is per study, and a single study can 
report on multiple determinants.

The principal factors determining adoption of climate-resilient 
crops or crop varieties were largely consistent across the three 
regions with robust numbers of publications: sub-Saharan Africa, 
South Asia and East Asia. The most important determinants across 
these regions were, in order of importance: (1) access to extension 
services or information about options, (2) education level of head 
of household, (3) access to needed farm inputs, (4) experience and 
skills of farmer, (5) social status, and (6) access to climate informa-
tion (Fig. 2). Access to extension services and information about 
options, and education level of head of household were among the 
top five determinants for adoption for all three regions. Access to 
farm inputs was the first and second most important determinants 
for adoption in South Asia and sub-Saharan Africa, respectively, 
but was only sixth most important for East Asia. Experience and 
skills of farmers were first and third most important determinants 
for adoption in East Asia and sub-Saharan Africa, respectively, 
and sixth most important in South Asia. Social status was highly 
important in South Asia and sub-Saharan Africa, but only moder-
ately important for determining adoption of technologies in East 
Asia. Although there were few papers and thus limited information  
for Latin America and Middle East and North Africa regions, the 

Box 1 | Definitions and assumptions

• Small-scale food producers. Definitions of small-scale food
producers in the literature are mostly based on four criteria:
land size, labour input (especially of family members), mar-
ket orientation and economic size2. Land size is the most
commonly used criterion. The clear majority of definitions
of small-scale food producers are based on the acreage of the
farm and/or a headcount of the livestock raised. Sometimes an 
arbitrary size is created (commonly 2 hectares or less), but oth-
erwise a relative measure is used, which considers the average
size of landholdings in the country, as well as a poverty meas-
ure (farms that generate 40% or less of the median income).
A second important criterion of small-scale producer is the
source of the labour used on the farm (whether it is provided
by the household that runs the farm or workers who are paid a 
wage). A third criterion is the extent to which the farm output
is sold to market rather than consumed by the farm household 
or bartered with neighbours (some authors caution that this is
also contextual and many small-scale producers are engaged in 
commercial markets). A fourth criterion is economic size (the
value of the farm’s production)56.

• Climate-vulnerable countries are countries that are con-
sidered to be vulnerable to climate change. The ND-GAIN
index presents a list of countries ranked by vulnerability to
climate change and readiness to respond (https://gain.nd.edu/
our-work/country-index/rankings/).

• Climate resiliency is the capacity for a socio-ecological system 
to absorb stresses and maintain function in the face of external 
stresses imposed on it by climate change, and adapt, reorgan-
ize and evolve into more desirable configurations that improve 
the sustainability of the system, leaving it better prepared for
future climate change impacts.

• Climate change adaptation includes planned or autonomous
actions that seek to lower the risks posed by climatic changes,
either by reducing exposure and sensitivity to climate hazards
or by reducing vulnerabilities and enhancing capacities to

respond to them. Adaptation also includes exploiting any ben-
eficial opportunities presented by changing climates.

•	 Climate-resilient crops are crops and crop varieties that have
enhanced tolerance to biotic and abiotic stresses. They are
intended to maintain or increase crop yields under stress con-
ditions such as drought, flooding (submergence), heat, chilling,
freezing and salinity, and thereby provide a means of adapting to 
diminishing crop yields in the face of droughts, higher and lower 
than seasonal temperatures, and other climatic conditions3,57.

• Climate-smart agriculture is an approach or set of practices
aimed at increasing agricultural productivity and incomes
sustainably, while building resilience and adapting to climate
change conditions and reducing and/or removing greenhouse
gas emissions where possible6.

• Conservation agriculture is a farming system that promotes
minimum soil disturbance (that is, no tillage), maintenance of
a permanent soil cover, and diversification of plant species; for
instance, through crop rotation58.

• Adoption is the stage at which technology has been selected
and is being used over a sustained period by an individual or
an organization. Adoption is more than acceptance; it is inclu-
sion of a product or innovation among the common practices
of the adopter.

• Gender refers to the social relations between men and women, 
boys and girls, and how this is socially constructed. Gender
roles are dynamic and change over time.

• Agricultural extension is a form of outreach that shares
research-based knowledge with farmers and communities in
order to improve agricultural practices and productivity. The
approach to delivering these services varies in terms of farmer
participation and engagement. This range includes technol-
ogy transfer, advisory, experiential and iterative learning,
farmer-led extension services (such as farmer field schools),
and facilitation, in which farmers define their own problems
and develop their own solutions.
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education level of the head of household was cited as the most 
important determinant for adoption in both regions.

The climate-resilient crops are included in this scoping review 
on the basis of data found in the included papers (Fig. 3). We clas-
sified them as cereals (maize, rice, grain (general), wheat, millet, 
sorghum barley and teff), legumes (soybean, chickpeas, cowpea, 
common beans, mung beans and groundnut), vegetables and fruits 
(tomato, eggplant, pepper, cocoa, mango, clover, garlic, mustard, 
pea, onion, saffron, green grams and cola nut) and roots, tubers and 
bananas (banana, plantain, yam, sweet potato, cassava and potato). 
Thirty-three per cent of the studies did not report on a specific 
crop or variety in their research; of the studies that did report on 
a specific crop or variety, 67% reported on cereals only. Despite 
their importance for food security and nutrition, less than 1% of the 
studies reported on legumes only and 25% reported on a combina-
tion of cereals and legumes, roots, tubers, bananas, vegetables and 
fruits. We also assessed the 202 papers to determine the purpose of  

the crops as primarily for human consumption (44%), for human 
consumption and animal feed (26%) or not clearly stated (30%).

Climate-resilient crops and crop varieties were adopted to cope 
with abiotic stresses such as drought, heat, flooding, salinity and 
shorter growing season (early-maturing crops), as well as pests 
associated with changes in weather or climate patterns (disease and 
pest resistance) (Fig. 4). Climate-resilient crops and crop varieties 
were also adopted to address general challenges associated with 
climate change and crop system sustainability, such as to improve 
moisture retention in soil, improve soil quality, and reduce erosion 
(planting of cover crops and legumes and to reduce vulnerability to 
food insecurity). The most studied trait in the dataset was drought 
tolerance, followed by water-use efficiency and earlier maturity. 
Adoption of early-maturing crops enables farmers to cope with cli-
mate change-induced weather variability by allowing them to adjust 
planting dates when rains are delayed and reducing the chances of 
yield losses caused by drought or heat waves late in the growing sea-
son. Changing of planting dates was identified in 32% of the papers 
as a strategy to cope with climate change.

In general, the evidence suggests that farmers do not adopt a 
new crop or crop variety without changing other practices. A total 
of 136 papers (67%) describe that farmers adopt climate-resilient 
crops in conjunction with other climate-resilient technologies such 
as climate-smart agriculture (CSA) schemes and conservation agri-
culture (CA). Other climate-resilient technologies included: plant-
ing of trees and shrubs, reduced or increased investment in livestock 
and modified planting dates and irrigation (Table 1).

Seed and adoption of climate-resilient crops. Seventy-three 
papers mentioned the topic of seed. The major themes associated 
with seed that emerged with direct evidence drawn from the papers 
are summarized in Table 2. Access to and availability of seed were 
the most prevalent themes, with 60% of papers mentioning these as 
issues in the adoption of climate-resilient strategies. Social networks 
such as farmers’ organizations or co-operatives, as well as access to 
information, were also reported as facilitators of adoption. These 
themes refer to different social groups and ways in which farmers 
can exchange seed or get information about seed.

Social differences and adoption of climate-resilient crops. About 
53% of studies reported that social differences (such as sex, educa-
tion and age of household head) influence adoption of varieties or 
crops as mitigation strategies against the effects of climate change, 
whereas 30% of studies did not report any effect of social difference. 
Fifteen per cent of studies did not include data on social differences. 
Of the studies that identified social differences as influencing adop-
tion of climate-resilient crops and crop varieties, education (22%), 
sex (28 %), age (24%) and family size (14%) emerged as the most 
important factors. Income (6%), access to information (5%), marital 
status (2%) and experience (2%) were also mentioned, but much less 
frequently. We examined the papers for sex disaggregation of data, 
in which sex of household heads was considered. Forty-five per cent 
of studies reported on the sex of respondents, with 39% reporting 
on both male and female household heads, 5% including men only, 
and only 1% of studies including only female respondents. Most of 
the studies explored social differences only superficially, by includ-
ing variables in surveys, but few substantiated these findings with 
follow-up qualitative research to understand the social dynamics 
driving the observed adoption decisions.

The studies largely concur that socio-economic status of farmers 
plays a large part in their adoption of climate-resilient technologies. 
Thirty-one per cent of the studies highlighted the socio-economic 
status of farmers. Various studies indicated that a nuanced under-
standing of the socio-economic status of farmers is vital for the tar-
geting of climate-resilient crop technology interventions and their 
adoption and sustainability in practice. Thirteen studies reported a 

Box 2 | Summary methods

• A double-blind title and abstract screening was performed
on 5,650 articles that were identified through a compre-
hensive search of multiple databases and grey literature
sources and then uploaded to the systematic review soft-
ware Covidence. The full search protocol is described in
the Supplementary Information.

• The resulting 886 articles were subjected to a second round
of full-text screening, and 684 articles that did not meet the
inclusion criteria were excluded, leaving 202 articles that
were read in full and included in the qualitative synthesis.

• We performed data extraction on each of the 202 included
studies. A data-extraction template (available in the Sup-
plementary Information) was developed to document
the data, study type and context of each citation and all
themes of interest.

• The extracted data were qualitatively summarized on the
basis of emerging themes and with the aim of providing rec-
ommendations to donors and policy makers.

• Among the 684 articles that were excluded at the full-text
screening phase, 230 were excluded because they did not
include an explicit analysis of factors for climate-resilient
crop adoption and 204 were excluded because there was
no explicit focus on crops, varieties, seed, planting materials
or germplasm.

The inclusion criteria for this study were:
 (1) The study focus includes population of small-scale food pro-

ducers, as defined in the protocol
 (2) The study was published after 1990 (1990 was the year the

Intergovernmental Panel on Climate Change (IPCC) pro-
duced its first report on climate change).

 (3) The study includes original research (qualitative and quan-
titative reports) and/or a review of existing research, includ-
ing grey literature.

 (4) An explicit focus or clear relevance on climate change
resilience or climate change adaptation, as defined in
the protocol.

 (5) An explicit focus on crops, varieties, seed, planting materials 
or germplasm.

 (6) The study mentions factors for adoption, as defined in
the protocol.

 (7) The area of focus of the study includes target populations
in lower- and middle-income countries, as defined by the
World Bank.
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positive effect of farmer income on adoption. Farmers with access 
to finance, such as risk transfers (for example, insurance or remit-
tances) and credit (for example, bank loans or community loans), 
were more likely to adopt climate-resilient crop technologies. 
Farmers who reported constrained credit were less likely to grow 
modern crops and more likely to cultivate local varieties9. This is 
partly because the lack of cash or credit may prevent farmers from 
using purchased inputs10.

Evidence on the dis-adoption of climate-resilient crops. 
Dis-adoption of climate-resilient crops and crop varieties was dis-
cussed in 12 of the 202 papers included in our evidence synthesis. 
The major reasons for dis-adoption included technology not meeting 
expectations due to poor performance or quality of the technology 

or variety (8 papers), government policies (3 papers), technical con-
straints (2 papers), labour shortages (1 paper) or financial constraints 
(1 paper). Eight of the twelve studies indicated that dis-adoption was 
specifically due to the performance of a crop variety, and four of these 
eight studies indicated that the varieties’ performance under stress 
conditions did not meet farmers’ expectations10–13.

Discussion
The primary goal of this scoping review was to identify factors in 
adoption of climate-resilient crops in climate-vulnerable countries. 
Insights into these factors may inform the design of interventions 
aimed at equipping farmers to adopt climate-resilient technolo-
gies before experiencing devastating impacts of climate change and 
encourage adoption best practices14,15.
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Fig. 1 | Summary of determinants of adoption of climate-resilient crops and crop varieties by farmers. The inner ring outlines the five broad categories to 
which the 29 social and economic factors are mapped. The outer ring shows the factors within each broad category that were most frequently mentioned 
across the included studies. The relative area occupied by categories indicates their relevance. Charts with the full data and frequencies for each category 
are presented in the Supplementary Information. For illustrative purposes, factors mentioned in less than 20% of studies as determinants of adoption were 
excluded from this figure.
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We show that there is a predominance of cereals in reported 
studies on adoption of climate-resilient crops (67%). Only 1% of the 
studies report on legumes only; otherwise, they are considered only 
in combination with other crops. This may reflect the dominance of 
cereals in staple foods across the world and biases towards the study 
of such crops and in the development of improved climate-resilient 
crop varieties. However, this is a concerning trend given that some 
legumes, roots and tuber crops (for example, cassava, bambara 
groundnuts and beans) that are largely neglected in the studies have 
known climate resilience, are sources of high-quality nutrition and 
provide more well-established environmental benefits than cereals, 
such as soil enrichment.

About 50% of the studies included in this scoping review iden-
tified agricultural extension and awareness outreach as the most 
relevant factor for adoption of climate-resilient technologies in low- 
and middle-income countries. Agricultural extension links farmers 
with the latest research and engages in a translational practice to 
make complex information more accessible to farmers. It has been 
shown that farmers who have access to early-warning systems such 
as weather forecast systems can better cope and adapt to a chang-
ing climate16. Farmers plan better for farming activities, including 
choice of crop varieties to plant, after having had access to weather 
forecast information (for example, from a community-managed 
weather station). Emerging digital technologies provide an opportu-
nity to use information and communications technology-enhanced 

extension and climate services that can provide timely informa-
tion that farmers can use for decision making and to adapt their 
farming practices. These could also improve efficiencies of exten-
sion services while also reducing their cost. Poor funding for 
extension services in the developing world have limited farmers’ 
access to training and expert guidance on emerging technologies17. 
Partnerships with other emerging players in information exchange, 
such as telecommunications companies and non-governmental 
organizations, will be key.

Farmers generally tend to be risk averse, which leads to lim-
ited investment and adoption of improved agricultural production 
technology18. Experienced farmers use precautionary strategies to 
protect against the possibility of catastrophic loss in the event of a 
climatic shock and thus optimize management for average or likely 
conditions, but not for unfavourable conditions. These ex ante, pre-
cautionary strategies include selection of crops and cultivars and 
improved production technology18.

In general, there is widespread agreement that aside from the 
useful experience that farmers gain from the time they have spent 
in farming, their experience with climatic shocks is key to their 
adoption of climate-resilient technologies. Many studies showed 
that farming experience is influential in adoption and utiliza-
tion, and previous experiences with environmental shocks such 
as drought can influence adoption of climate-resilient crops and 
crop varieties. The more experience farmers have with climatic 
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shocks, the more likely they are to be receptive to the adoption of 
related climate-resilient technologies. For example, experience with 
drought shock in the agro-ecological zone of Brong Ahafo, Ghana, 
increased the probability of adoption of drought-tolerant varieties 
by 15%, and farmers reported that drought shock was the primary 
reason for adoption of drought-tolerant varieties19.

It has been widely acknowledged that education levels of farm-
ers have a positive correlation with technology adoption, and our 
synthesis demonstrates that this is also relevant for the adoption of 
climate-resilient crops16,20–22. Highly educated heads of households 

are more likely to readily accept and access information about new 
technologies in a shorter period of time than less educated heads of 
households; education was measured as educational attainment and 
reported in 49% of the studies. A study based in Zimbabwe showed 
a 52% decrease in production of traditional sorghum varieties in 
favour of new varieties better suited to drier conditions for every 
additional year of schooling, and a 5% increase in growing new 
early-maturing varieties23.

Changing crop varieties is one of the most frequently cited 
climate-resiliency strategies for both men and women farmers, but 
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women are more likely to adopt such strategies when they are aware 
of climate-adaptation options24. Other intersectional variables such 
as marital status, education and age, in combination with gender, 
influenced whether improved seed was grown by households25. A 
major shortcoming of the reviewed literature is that most studies 
included women only when they were household heads. Definitions 
of household headship are variable, and when women are only 
included as household heads, their views do not necessarily repre-
sent the views of women who live in male-headed households26. A 
large majority of women live in male-headed households, and their 
views are rendered invisible through this practice27. For example, 
young, poor women who were household heads were the least likely 
to adopt drought-tolerant maize in Uganda, whereas spouses of 
male household heads influenced adoption decisions on their hus-
bands’ fields9. Only a few studies paid attention to intra-household 
dynamics, gender roles and relations, and how these shape adapta-
tion decisions9,28. This limited attention on intra-household gender 
dynamics and decision making around climate-resilient seed adop-
tion skews the conclusions and recommendations, as the literature 
does not equally represent the challenges and views of women.

Seed policies in many countries focus on strengthening formal, 
national seed systems that rely on variety-release mechanisms, seed 
certification policies and seed companies for distribution. These 
types of seed systems remain difficult to access for many farmers, 
and evidence from the papers in this scoping review suggests that 
strengthening local seed systems is essential. Local seed systems rely 
on social networks to ensure multiple options to access seed of a 
range of climate-resilient crops and varieties, including local land-
races and improved seed. Thus, context specificity is important for 
seed systems, as it is for almost all factors influencing adoption of 
climate-resilient crops and varieties.

The determinants of adoption that we identified are, in many 
cases, context-specific and therefore implementation of specific 

interventions is most successful when they are tailored to their 
environment and the cropping system. Seemingly contradictory 
or opposing (positive and negative) effects of each determinant 
of adoption were commonly reported among—and sometimes 
within—studies. Sex, age, education, years of farming experi-
ence and indicators of socio-economic status or wealth (assets) 
all affected decisions to adopt climate-resilient technologies in 
context-specific and sometimes opposite ways, depending on inter-
acting environmental, policy and household factors. For example, 
equal and sizable numbers of studies (13 each) identify positive and 
negative effects of age on adoption. Whereas some studies identi-
fied older farmers to be more reluctant to adopt new technologies, 
other studies found that the earned experience, broad social net-
works and accumulation of wealth associated with older farmers 
may explain a positive effect on adoption. Extension and access 
to information about climate-resilient technologies and weather 
might be exceptions to this trend, as these determinants seem to 
transcend context-specific implementation. The resulting conclu-
sion is that there is no ‘one size fits all’ recommendation to ensure 
adoption of climate-resilient crops and crop varieties, and interven-
tions are unlikely to uniformly benefit all climate-vulnerable farm-
ers (Table 3). This is consistent with the large number of papers in 
this study that reported farmers adopting climate-resilient crops as 
part of broader climate-resilient strategies.

Climate resiliency at farm level is essential to achieve food secu-
rity and improve livelihoods of rural communities, especially in 
countries and communities that depend on local agricultural pro-
duction to ensure household income and achieve daily adequate 
caloric intake and balanced nutrition. Understanding the factors 
contributing to adoption and dis-adoption of climate-resilient 
crops provides opportunities to increase adoption and reduce 
the impact of climate change on rural communities in develop-
ing countries. The most important determinants of adoption of 
climate-resilient crops based on our analysis are the availability 
and effectiveness of extension services and outreach, followed by 
education levels of heads of households, farmers’ access to inputs, 
especially seeds and fertilizers, and socio-economic status of 
farming families. Building resilience to climate change requires a 
cropping-systems, and more often a farming-systems approach. 
The results from this scoping review show that the adoption of 
climate-resilient crops and varieties, in most cases, happens as part 
of whole-farm and climate-smart agriculture strategies to cope 
with changing climate. Farmers adopting multiple complementary 
strategies under climate-smart agriculture help to build highly 
resilient and sustainable agriculture systems that can respond 
to shocks associated with climate change and other agricultural 
challenges29–31. Single component intervention programmes or 
projects are therefore less likely to realize widespread adoption 
and improvement of resource-poor farmers’ resilience to climate 
change compared with more holistic, multifaceted approaches that 
take into consideration the physical, human and socio-economic 
circumstances of the targeted farmer or farming community. 
Specific policy recommendations are presented in Box 3.

Methods
Unlike a typical narrative review, a scoping review strives to capture all the 
literature on a given topic and reduce authorial bias. Scoping reviews offer a unique 
opportunity to explore the evidence in agricultural fields to address questions 
relating to what is known about a topic, what can be synthesized from existing 
studies to develop policy or practice recommendations, and what aspects of a topic 
have yet to be addressed by researchers.

Evidence synthesis methodology and protocol pre-registration. This 
scoping review was prepared following guidelines from the PRISMA extension 
for scoping reviews (PRISMA-ScR)32. This framework comprises five steps: 
identifying the research question; identifying relevant studies; study selection; 
extracting and charting the data; and collating, summarizing, and reporting 
the results33. The protocol for this scoping review was registered on the Open 

Table 1 | Adoption of climate-resilient crops as part of broader 
climate-resilience strategies

Type of response to 
climate change

Percentage of 
papers that list 
the responsea

Examples of specific activities 
associated with each response 
to climate change

New variety planted 24% Introduction of a new variety of 
an existing crop to the farmer

Modified planting 
activities

32% Change in planting date, crop 
diversification, crop rotation 
and intercropping

Irrigation and water 
management

32% Water conservation strategies, 
irrigation, micro-irrigation, 
water harvesting and improving 
drainage

Seeking off-farm 
work or migration

5% Outmigration, seeking off-farm 
employment and diversification 
of activities beyond the farm

Storage and 
infrastructure 
development

5% Crop storage development 
and improvement, community 
sharing and road building

Use of fertilizers 
and pesticides

16% Use of fertilizers, including 
manure and pesticides, and 
change in use of fertilizers, 
compost manure and green 
manure

Planting trees 12% Planting shade trees and 
agroforestry

aMost papers listed multiple types of response to climate change; thus, the total is above 100%.
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Science Framework before study selection8. The full protocol is available in the 
Supplementary Information.

Research question. The guiding question for this scoping review was, ‘what are 
determinants that lead small-scale producers in low-and middle-income countries 
to adopt climate-resilient crops and crop varieties?’.

Information sources, search methods and citation management. An exhaustive 
search strategy was developed to identify all available research pertaining to 
facilitators that lead small-scale producers in low- and middle-income countries to 
adopt climate-resilient crop varieties. Search terms included variations of the key 
concepts in the research question: small-scale producers, germplasm and climate 
resilience. The search algorithms were formatted for compatibility with each 
database so that they may be reproduced in their entirety, and they can be accessed 
at https://osf.io/sfzcm/. Searches were performed in the following electronic 
databases by K.G.K.: CAB Abstracts and Global Health (accessed via Web of 
Science), Web of Science Core Collection (accessed via Web of Science) and Scopus 
(accessed via Elsevier). A comprehensive search of grey literature sources was 
also conducted. Search results were de-duplicated to remove redundant citations 
identified from multiple sources. To facilitate acceleration of the screening process, 
machine-derived metadata were added to individual citations, for example, 
identifying populations, geographies, interventions and outcomes of interest.  
This enabled accelerated identification of potential articles for exclusion at the  
title- or abstract-screening stage.

Eligibility criteria and study selection. Studies were included for data extraction 
and analysis if (1) their focus included a population of small-scale food producers; 

(2) they were published between 1990 and the start of the search (1990 is when 
the IPCC first met and produced their first report on climate change); (3) they 
presented original research (qualitative and quantitative reports) and/or reviewed 
existing research, including grey literature; (4) they explicitly focused on or were 
clearly relevant to climate change resiliency or climate change adaptation; (5) 
they explicitly focused on crops, varieties, seed, planting materials or germplasm; 
(6) they mentioned factors for adoption; (7) they included target populations in 
countries classified as lower and middle-income by the World Bank. Studies that 
did not meet all of the aforementioned inclusion criteria were excluded.

Study selection was performed in two stages. In a first step, articles were 
uploaded to the systematic review software Covidence, and title and abstract 
screening was performed by all authors to exclude articles that did not meet all 
inclusion criteria. Each article was reviewed by two independent authors, and 
discrepancies were resolved by a third independent author. Full-text screening was 
then performed by M.A., K.C., S.M., N.Z., H.T., K.P., L.B. and K.I., and inclusion 
decisions were made by a single reviewer. Studies included in full-text screening 
were those that met all inclusion criteria or those whose eligibility could not be 
established during title and abstract screening. The PRIMSA flow diagram in the 
Supplementary Information presents the study selection process and indicates the 
number of articles excluded at each phase of screening.

Data extraction and analysis. A data-extraction template (available in the 
Supplementary Information) was developed to document the data and study type 
and context of each citation and all themes of interest. The data extraction first 
collected data on the paper quality, study location, population socio-economic 
data of the population and crop and cropping system characteristics. Second, the 
data-extraction template was used to collect information about the determinants 

Table 2 | Seed factors associated with adoption of climate-resilient crops and crop varieties

Emergent themes 
about seed

Summary of the evidence

Access Access to seed or the ability to afford seed was a principal barrier for small-scale farmers’ adoption of climate-resilient varieties. 
Several papers mentioned that cost was even more challenging for women and farmers with fewer assets, smaller parcels of land or 
lower economic status. At least four papers suggested seed subsidies as a strategy to improve access to seed35–38.

Availability Availability, or the ability to acquire seed on time, in the quantity needed and within reasonable proximity, was a determinant of 
adoption related to seed. Community seed banks also enhanced availability of seed.

Social networks Participation in social networks that enable the exchange of seed was a climate-resilient strategy for farmers. Participation in social 
networks, which included community-based seed banks, seed organizations, farmer groups and intra-village or neighbour networks 
improved the adoption of seed (or new varieties for climate resilience), and these social networks also increased the spread of 
seed that was distributed as part of development projects. Conversely, one paper reported that seed did not spread beyond the 
immediate beneficiaries of the project39. Another report stressed the importance of reciprocity within strong social networks 
as important for maintaining access to seed40, and several others recommended supporting social networks to strengthen seed 
systems40–44. According to three papers, community seed banks strengthened social networks for exchange, provided landraces for 
participatory crop improvement, and increased the availability of seed44–46. Integration of informal and formal seed system elements 
is important because most of the seeds planted by small farmers are uncertified and sourced through informal seed system 
channels or social networks47. Social networks also have an important role in enhancing farmers’ access to information.

Information Farmers lacked information about varieties, adaptation and attributes, or did not know where to acquire seed. Extension services, 
seed companies, seed suppliers and seed traders were a source of information about seed, and in some cases increased use of seed 
and other management practices. In a few cases, there was evidence that access to extension services positively influenced the 
use of certified seed, and in another, the authors suggested that extension services could help farmers become aware of different 
adaptive strategies and help in the distribution of seed of improved varieties.

Gender Few papers explicitly linked gender and seed. Improved seed was more difficult to acquire for female-headed households and 
women were less likely to use improved seed or have access to extension services; small, affordable seed packs were suggested as a 
potential solution.

Strategy Improved or hybrid seed and exchanging seed with other villages were considered to be climate-resilience strategies for farmers.

Policy A few papers discussed agricultural policies related to seed, arguing that policies should enable the seed sector to provide suitable 
varieties and aim to increase the availability of funds for seed distribution research and access to improved seed, and one paper 
indicated that government policies restrict farmers options for obtaining their preferred seed48–50.

Experience One paper indicated that farmers’ experience had a positive effect on adoption of new seed, whereas another indicated the 
opposite9,51.

Seed or variety 
attributes

Four papers reported on concerns related to the attributes of the hybrid seed varieties and their adaptation to the environment, 
suitability for storage, flour to grain ratio, and other processing issues52–54. One study found that farmers favour composite varieties 
and local landraces under conditions of abiotic stress55.

Seed sovereignty One paper discussed issues related to seed sovereignty, reporting that farmers wanted a say in where seed comes from and were 
resistant to the use of transgenic crops. They expressed a belief that seed industries are appropriating a resource that belongs 
to humanity. Autonomy is highly valued by these communities, and local varieties are valued in part for their contribution to 
maintaining independence from commercial hybrid seed sources40.
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of adoption and associated socio-economic factors influencing the adoption or 
dis-adoption of the climate-resilient crops. In total, 29 factors and determinants 
were selected. Additional rater observations and comments were included to 
increase analysis depth. Finally, raters also recorded policy and programmatic 
information and recommendations mentioned in the papers to support the 
adoption of climate-resilient crops. The data-extraction template was tested by the 
review team before use and data were extracted by the authors. The extracted data 
were qualitatively summarized on the basis of emerging themes and with the aim 
of providing recommendations to donors and policy makers. An assessment of 
study quality is not typically carried out as part of a scoping review7,34.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.

Received: 4 March 2020; Accepted: 8 September 2020; 
Published online: 12 October 2020

References
 1. Jain, M., Naeem, S., Orlove, B., Modi, V. & DeFries, R. S. Understanding the

causes and consequences of differential decision-making in adaptation
research: adapting to a delayed monsoon onset in Gujarat, India. Glob. 
Environ. Change 31, 98–109 (2015).

 2. Smith, S. M. Food Crisis in the Horn of Africa: Progress Report, July 2011–July
2012 (Oxfam International, 2012).

 3. Dhankher, O. P. & Foyer, C. H. Climate resilient crops for improving global
food security and safety. Plant Cell Environ. 41, 877–884 (2018).

 4. Gollin, D., Morris, M. & Byerlee, D. Technology adoption in intensive
post-green revolution systems. Am. J. Agric. Econ. 87, 1310–1316 (2005).

 5. Lin, B. B. Resilience in agriculture through crop diversification: adaptive
management for environmental change. BioScience 61, 183–193 (2011).

 6. Lipper, L. et al. Climate-smart agriculture for food security. Nat. Clim.
Change 4, 1068–1072 (2014).

 7. Levac, D., Colquhoun, H. & O’Brien, K. K. Scoping studies: advancing the
methodology. Implement. Sci. 5, 69 (2010).

 8. Acevedo, M. et al. What are determinants that lead small-scale
producers in low-and middle-income countries to adopt climate resilient
crops and crop-varieties? A scoping review protocol (Ceres 2030, 2019);
https://osf.io/j7b6p/

 9. Fisher, M. & Carr, E. R. The influence of gendered roles and responsibilities
on the adoption of technologies that mitigate drought risk: the case of
drought-tolerant maize seed in eastern Uganda. Glob. Environ. Change 35, 
82–92 (2015).

 10. Kabote, S. J. et al. Rain-fed farming system at a crossroads in semi-arid areas
of Tanzania: what roles do climate variability and change play? J. Environ.
Earth Sci. 4, 85–101 (2014).

 11. Ward, P. S., Makhija, S. & Spielman, D. J. Drought‐tolerant rice, weather
index insurance, and comprehensive risk management for smallholders:
evidence from a multi‐year field experiment in India. Aust. J. Agric. Resour.
Econ. 64, 421–454 (2020).

 12. Yamano, T., Rajendran, S. & Malabayabas, M. L. Farmers’ self-perception toward
agricultural technology adoption: evidence on adoption of submergence-tolerant
rice in Eastern India. J. Soc. Econ. Dev. 17, 260–274 (2015).

 13. Fisher, M. & Snapp, S. Smallholder farmers’ perceptions of drought risk
and adoption of modern maize in southern Malawi. Exp. Agric. 50, 
533–548 (2014).
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• Access and availability of climate-resilient crops seeds must
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about how to respond to climate change. This research will 
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and reasons for dis-adoption of climate-resilient crops and 
related technologies, and promote a more diverse group of 
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Providing access to fertilizer, pesticides and other 
inputs

20 (8.3%)

Awareness raising about climate change, weather 
and impacts

19 (7.9%)
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poverty-reduction efforts

6 (2.5%)

aMultiple potential activities were occasionally listed together.
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The 2015 Sustainable Development Goals (SDGs) have moti-
vated the development community to focus on improving 
the livelihoods and climate resilience of small-scale farms. To 

focus research, programmatic efforts and donor funding towards 
supporting small-scale farmers, SDG 2.3 aims to "double the agri-
cultural productivity and incomes of small-scale food producers [by 
2030]"1. Critical to achieving SDG 2.3 is to sustain farmers’ produc-
tion and incomes through climate shocks and stressors. As climate 
projections indicate that drier regions will become drier and that 
droughts are likely to increase2, small-scale farmers in already water 
scarce regions will require additional support3.

Tackling water scarcity in small-scale farming systems remains 
a top priority for development organizations, researchers and 
donors4,5. As precipitation patterns change with climate change, the 
livelihoods of small-scale farmers who lack access to water and tech-
nologies will become even more marginalized6,7. Small-scale farm-
ers represent >80% of the world’s farms8 and are major contributors 
to the food system9–11; farms of <5 ha produce nearly 50% of the 
global food supply11. Finding options for this large and diverse set 
of farmers to adapt to increasing water scarcity is a growing central 
tenet to alleviate poverty and to ensure a resilient food system4,5.

A key question for donors is which interventions have proven 
impacts. For instance, improved water access and water-use effi-
ciency have been shown to increase yields and farmer incomes 
but interventions that are successful in one region do not neces-
sarily work elsewhere. Many interventions (such as water har-
vesting, soil improvement strategies, drought-resistant crops and 
livestock breed selection) are heterogeneous and their impacts can 
vary across physical, social and political dimensions12. This creates 

a challenge for donors seeking to focus their investments around 
the goals of increasing food production, improving livelihoods and 
reducing climate vulnerability for small-scale farmers. Despite the 
large volume of evidence produced every year in peer-reviewed 
journals, grey literature and monitoring and evaluation reports, 
it is difficult to track which interventions have adequate research 
support. For instance, in water scarce regions it remains unknown 
if general research trends have kept up to date with policy trends 
that have shifted from the focus of the Green Revolution era on 
improving yields to modern development initiatives (for example, 
SDGs) that include livelihoods, commitment to reducing environ-
mental impacts and gender. To date, the evidence base addressing 
interventions to improve the livelihoods of small-scale farmers in 
water scarce regions is limited. Structured evidence syntheses such 
as systematic reviews and meta-analyses do exist13–20, as do more 
traditional literature reviews21,22, but all tend to focus on subtopics 
such as conservation agriculture, irrigation or policy frameworks.

This scoping review collates many different types of interven-
tions aimed at small-scale farmers in water scarce regions across 
low- and middle-income countries (LMICs) to understand the 
breadth of evidence for available on-farm interventions. Our effort 
seeks to help donors identify future research funding, to focus the 
efforts of researchers towards filling knowledge gaps and to build 
a repository of studies on a broad swath of interventions that may 
improve the yields and incomes of small-scale farmers.

We focus our evidence synthesis on water scarce, small-scale 
farms across LMICs to assess whether research effort is being con-
ducted in the locations that need it most. Our research identifies 
countries that have limited research for adaptation solutions, yet 
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Water scarcity is a global issue that disproportionately affects small-scale farmers in low- and middle-income countries 
(LMICs). Through geospatial analysis, we estimated that less than 37% of small-scale farms probably have irrigation in water 
scarce regions across LMICs, compared with 42% of non-small-scale farms. Through a literature synthesis assisted by machine 
learning, we then systematically mapped the existing research for on-farm interventions that improve the incomes or yields of 
small-scale farmers in water scarce regions. We mapped over 888 on-farm interventions used to combat water scarcity from 
560 publications and showed a research bias towards yields rather than livelihoods. We found gaps in evidence for many com-
monly proposed solutions, including livestock management, digital technology and solutions to protect natural resources at the 
farm-level, such as buffer strips. Our findings can be used to set a funding agenda for research on the geographies that are most 
at risk of water scarcity and the interventions that most lack evidence.
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high numbers of small-scale farmers in water scarce regions. On 
the basis of the available evidence, we systematically map research 
effort onto intervention types to identify which interventions  
lack research (Box 1). We also assess whether studies examined 
environmental trade-offs or gender effects to ensure that there 
is evidence for integrated solutions that reflect the relationship 
between SDG 2.3 and other development goals. Our scoping review 
provides a rapid way to identify the breadth of evidence represented 
in the literature to assist the adaptation of small-scale farmers to 
water scarcity.

Results
Research needs versus research effort. We found that 76.7% of 
small-scale farms and 72.4% of small-scale farm area across all 
LMICs were probably located in water scarce regions. We also found 
that existing technological penetration of basic irrigation infra-
structure for these farms was low. For example, we estimated that 
fewer than 37.2% of small-scale farms in water scarce regions across 
all LMICs were irrigated, compared to 43.2% of non-small-scale 
farms (Fig. 1 and Supplementary Fig. 1). The largest disparities in 
irrigation coverage between non-small-scale farms and small-scale 
farms were in Latin America and the Caribbean, South Asia and 
Sub-Saharan Africa. Yet, in East Asia and the Pacific and in the 
Middle East and North Africa regions, small-scale farms had greater 
irrigation coverage than non-small-scale farms.

We also found a large variation across countries of the number 
of studies of interventions for farmers living in water scarce regions 

(Fig. 2). When comparing where research on interventions was 
conducted with where high numbers of water scarce, small-scale 
farms were located, we observed considerable gaps for countries 
where few studies met our criteria, such as Nigeria, Mali, Uganda, 
Chad and Ivory Coast (Fig. 3 shows that these countries had 12, 10, 
7, 1 and 0 studies, respectively). There were also hotspots of water 
scarce, small-scale farms with more moderate research effort, which 
included India, Ethiopia, Kenya, Tanzania and Ghana (Fig. 3 shows 
that these countries had 74, 54, 48, 33 and 28 studies, respectively). 
These differences in the amount of studies are quite large when con-
sidering that the included studies ranged from 1962 to 2019.

A promising finding was that 55% of studies tested interventions 
in controlled field trials and 18% were modelling studies both of 
which focus on the causal relationships between the interventions 
and yield and/or incomes. In addition, 28% of studies were from 
household surveys to determine if interventions designed for water 
scarce, small-scale farms worked in farmers’ local contexts accord-
ing to farmers’ responses on yield and livelihood outcomes. Studies 
in high-income countries were excluded unless they were relevant 
to LMICs (for example, studies that used experiments and mod-
elling to mimic water scarce conditions) and those accounted for  
2% of the studies we analysed. We found eight meta-analyses and  
six systematic reviews in our literature search. Five of the meta- 
analyses found that seed priming, soil management and water 
management contributed to increased yields in water scarce con-
texts; the three meta-analyses that examined conservation agricul-
ture showed mixed results in its effects on yield for water scarce  
contexts (Table 1).

Research focus on yields versus livelihoods. We found that most 
articles assessed outcomes associated with yield (91% of articles) as 
compared to livelihoods (21% of articles examined incomes and/
or expenditures) (Fig. 4). Despite shifts from Green Revolution 
rhetoric in the 1950s–1970s to language used in the Millennium 
Development Goals that launched in 2000 and the subsequent 2015 
SDGs, research continues to focus on yields compared to liveli-
hoods (Supplementary Fig. 2).

We checked this research bias towards yields compared to live-
lihoods by assessing meta-analyses that synthesized the literature 
on interventions for small-scale farmers in water scarce regions. We 
found that all eight meta-analyses focused on yield (Table 1). This 
shows that not only is the focus on yield prevalent in the primary 
literature but it is also the sole focus of existing research syntheses 
that quantifies the relationships between interventions and outcome 
for small-scale farmers in water scarce regions to date.

In addition to outcomes, the coverage and evidence for differ-
ent kinds of interventions is also diverse. Farm-level interventions 
represent a toolbox of actions that farmers can take to tackle water 
scarcity directly, which include drip irrigation, soil improvement 
strategies, integrated pest management, crop rotation and so on 
(Fig. 4). While we found higher coverage for interventions around 
irrigation, tillage, soil amendments, cropping systems, crop varieties 
and pest management (145–210 articles), we found little work on 
key interventions of interest, including livestock interventions (43 
articles), solutions that protect natural resources at the farm scale, 
such as buffer strips and contouring (15 articles) and digital tech-
nology interventions (three articles) (see Supplementary Table 1 for 
full definitions of interventions). Changes in the number of stud-
ies increased for all interventions over time but the relative share 
of studies per intervention remained stagnant since the early 1990s 
(Supplementary Fig. 3).

Research on environmental impacts and effects on gender. We 
found relatively high coverage of research that examined environ-
mental impacts of the intervention assessed (68.9% of interven-
tions and 50.4% of articles; Fig. 5a). Most of these studies assessed 

Box 1 | Method summary

Spatial analysis
To calculate how many small-scale farmers live in water 

scarce regions, we overlaid spatial datasets of farm size and water 
scarcity. We then estimated the disparity that small-scale farmers 
face in accessing irrigation, a critical on-farm resource in water 
scarce regions. While this was a coarse method that relied on 
spatial overlays, it enabled us to take a high-level view on where 
water scarce areas and small-scale farmers are colocated and 
estimate the number of these farms that probably have access to 
irrigation.
Evidence synthesis

To identify research trends and gaps, we synthesized academic 
and grey literature from 26 databases. We focused on studies that 
tested the effects of on-farm interventions on small-scale farmers’ 
incomes or yields in water scarce regions across LMICs. We used 
a ‘systematic mapping’ method51 assisted by machine learning to 
quantify the number of studies per type of intervention and to 
identify countries that had few studies.

The inclusion criteria for our scoping review were that:
 (1) studies explicitly addressed small-scale farmers
 (2) studies examined on-farm production management tech-

niques or technologies that explicitly addressed water scar-
city, drought adaptation or water efficiency adaptation

 (3) studies examined the effect on yield or incomes of an
on-farm intervention

 (4) study assessments needed to include either a control case
for comparison (temporal or spatial) for identifying the
outcomes in the absence of the intervention (this can be
from a randomized control trial, pre–post design, post–
post design and so on) or a comparison between alternative
interventions

Full description available in Methods. Evidence synthesis 
protocol available in the Supplementary Information.

Nature SuStaiNability | VOL 3 | OctOber 2020 | 836–844 | www.nature.com/natsustain 837



100   |  Sustainable solutions to end hunger

ARTICLE S  NATURE SUSTAINABILITY 

win–wins between farmers and the environment in the context of 
water scarcity, such as improving water efficiency, increasing water 
availability (for example, through rainwater harvesting) and manag-
ing soil for greater water retention. A smaller share of research (7% 
of interventions and 6.3% of articles; Fig.  5b ) addressed the nega-
tive environmental effects of interventions, such as greenhouse gas 
emissions, biodiversity loss and land conversion/degradation.

   We found few studies that considered gender aspects of the effects 
of interventions on yields and incomes. Only 9.6% of interventions 
(and 9.6% of articles; Fig.  5a ) either assessed gender differences in 
the outcomes measured or framed their research with a gender lens, 
with most of these studies examining if the intervention could reduce 
the time burden many female farmers face. This limited number of 
studies was uncovered even though we used broad inclusion crite-
ria to include studies not only if they directly addressed gender out-
comes but also if they were framed in terms of gender issues.

     Discussion
  This scoping review quantified the global irrigation gap of 
small-scale farms and found that water scarce regions needed equi-
table irrigation infrastructure the most. While our results generally 
found that small-scale farmers face unequal access to one critical 
resource in adapting to water scarcity across LMICs, local politi-
cal, economic and environmental realities may determine irriga-
tion access. These realities may explain the variation in irrigation 
coverage between small-scale and non-small-scale farmers across 
regions. Hence, donors and researchers should focus on water scarce 
regions with the largest disparities in access to critical resources (for 
example, irrigation or other) and the lowest amount of evidence for 
the efficacy of on-farm interventions on yields and livelihoods. A 
limitation to these findings is that our research highlights only one 
type of disparity that small-scale farmers face (irrigation coverage) 
but future studies can build on our methods to examine other types 
of marginalization (for example, poor soil quality, distance to mar-
kets, climate exposure, land use, land tenure/governance and so on) 
to help prioritize research funding towards evidence-backed inter-
ventions for disadvantaged small-scale farmers.

  We found that the shift in funding priorities for small-scale 
farmers from improving yields during the Green Revolution to 
including livelihoods, environmental trade-offs and gender impacts 
in the SDGs was not always reflected in the research. Yields have 
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  Fig. 1   |      Irrigation coverage for small-scale farms in water scarce regions.     The percentage of small-scale and non-small-scale farms under irrigation 
(as opposed to rainfed) by region and across all LMICs. The left plot shows the relationships in water scarce regions, while the right plot shows the 
relationships in non-water scarce regions.       
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  Fig. 2   |      Number of studies per country included in literature synthesis.   
  A map showing the number of studies that measured the impact of an 
intervention on the incomes and/or yields of small-scale farmers in water 
scarce regions. Countries in grey indicate that no studies met our inclusion 
criteria. High-income countries were only included if they tested an 
intervention relevant to small-scale farmers in water scarce regions of LMICs.       
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Fig. 3 | Number of small-scale farms in water scarce regions compared to research coverage. Each point represents the number of small-scale farms in 
a country that are in water scarce regions. The size of the points corresponds to the number of studies that measured the impact of an intervention on the 
incomes and/or yields of small-scale farmers in water scarce regions. The colours indicate the economic grouping of the countries as low, lower-middle or 
upper-middle income.

Table 1 | Results from the eight meta-analyses included in our evidence synthesis

Refs. Intervention Outcome Effect Number of 
studies

Quality score 
(out of 4)

Regions

Ref. 13 Water harvesting Yields Increase 29 2.13 Semi-arid Africa and Asia

Ref. 14 On-farm seed priming Yields Increase 44 2.31 Global

Ref. 15 Agricultural water management 
technology

Yields Increase 1,430 2.25 Southern Africa

Ref. 16 Combined cattle manure and inorganic 
fertilizer

Yields Increase 46 2.19 Global

Ref. 17 Nutrient management Yields Increase 29 2.25 Africa

Ref. 18 Conservation agriculture Yields Decreasea 610 1.88 Global

Ref. 19 Conservation agriculture Yields Decrease 41 2.00 Sub-Saharan Africa

Ref. 20 Conservation agriculture Yields Increase 27 1.94 Southern Africa

Results are from the eight meta-analyses our scoping review identified to synthesize interventions for small-scale farmers to adapt to water scarcity. Each meta-analysis synthesized the effect of the 
intervention on small-scale farms’ yields. The ‘number of studies’ refers to the number of studies the meta-analysis included in their synthesis. The ‘quality score’ was the average score we rated each 
meta-analysis by using CEESAT55. aIncrease occurred only in certain conditions.
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remained the main focus in this research literature since the 1960s 
(Supplementary Fig. 2). Yet, yields only provide a partial farm pro-
ductivity measure based on output per unit of land cultivated. They 
cannot proxy for productivity measures that incorporate more 
production factors (for example, total factor productivity), for eco-
nomic measures (for example, farm profitability or farm household 
welfare measures based on income, consumption or asset holdings) 
or for dynamic measures that address the probability that the wel-
fare of a farm household falls below some threshold in a given year 
(for example, vulnerability or resilience). All of these outcomes can 
be difficult to measure and even yields, which are relatively straight-
forward to measure, are subject to bias when self-reported23. One 
cannot conclude whether an intervention has been successful for 
small-scale farmers without incorporating economic measures that 
properly account for self-provisioned inputs such as family labour 
and capture aspects of farmers’ livelihoods24.

Critical environmental trade-offs of interventions need to be 
tested to ensure that funded projects do not have deleterious effects 
on local natural resources and, in turn, on small-scale farmers’ future 
livelihoods. While clear environmental and productivity win–wins 
were prevalent in the literature, such as water-use efficiency25–27, it 
was concerning that so few studies jointly addressed cost-cutting 
solutions to both environmental degradation and productivity, 
which include, sustainable intensification, minimizing biodiversity 
loss and solutions across the food–energy–water nexus28–30. Future 
research should help identify where and when win–win interven-
tions exist or when environmental trade-offs are inevitable.

Similarly, there was a large research gap on gender dimensions of 
interventions. Donors should focus funding research that assesses 
interventions specifically designed to improve women’s outcomes, 
for example by addressing their large time burden. In addition, 
existing interventions need to be tested to ensure avoidance of  

unintended consequences on women. We were concerned to 
find that gender themes were so rarely addressed, even though 
women comprise 43% of the agricultural labour force, account for 
two-thirds of livestock keepers in LMICs and are often responsible 
for very large shares of agricultural tasks (for example, 90% of hand 
weeding across Sub-Saharan Africa), while consistently farming 
plots that are smaller than male farmers’ plots31. Studies examining 
the gender effects of on-farm interventions in water scarce regions 
should focus on gender-specific interventions, such as reducing 
unpaid labour requirements of women32, to free up women’s time 
towards the most productive activities. Improving the gender bal-
ance of female extension agents or agricultural researchers—for 
instance, only 24% of African agricultural researchers are female31—
may help to better align research priorities towards the needs of 
female small-scale farmers.

Given the importance of livestock for adaptation in water 
scarce conditions, climate solutions that protect farm-level natu-
ral resources, and the benefits of climate services and digital tech-
nology for in-season recommendations and responses, the lack of 
evidence we found suggests a need for more research addressing 
these three types of interventions. While the dearth of research in 
digital technology is probably due to its relatively recent emergence, 
the low interest in livestock and interventions that protect natural 
resources have been persistently low throughout the last several 
decades (Supplementary Fig. 3). The lack of research on livestock 
interventions to improve productivity or incomes in water scarce 
regions was particularly concerning considering an estimated 23% 
of farmers own cattle33. Our findings compliment the notion that 
pastoral systems in LMICs have tended to receive less investment 
from the international research community and other institutions, 
compared to livestock systems in high-income countries and crop-
ping systems more broadly34. While interest in livestock systems 
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Fig. 4 | Number of studies per outcome by intervention. The number of studies classified by intervention type, outcome and methodology. The left 
plot classifies studies that examined the effects of interventions on farmer incomes or expenditures, while the right plot classifies studies examining 
the effects of interventions on yields. Different colours correspond with different methodological approaches (for example, experimental plots, 
observational household or plot surveys, statistical modelling, meta-analysis or systematic review). Interventions are grouped into eight broad classes 
(see Supplementary Table 1 for full definitions). Water refers to direct water interventions (for example, irrigation or water harvesting). Soil includes direct 
soil-based interventions (for example, fertilizer or liming). Crop and pest include crop species and crop variety-based interventions and pest management 
as these can consist of overlapping interventions. Tillage includes all variants of tillage. Cropping system includes crop rotation, intercropping, fallow, 
monocropping and so on. Livestock refers to any intervention directly related to livestock (for example, species feed or vaccinations). Natural resource 
protection includes protection of farm natural resources (for example, via erosion control or buffer strips). Digital technology refers to any digital 
intervention (for example, weather advisories or precision agriculture).
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has, however, been growing in recent years, driven by increasing 
concerns about food security, land competition, the vulnerability 
of remote communities and the environment as well as by a rais-
ing awareness regarding the contribution of livestock systems to 
all these aspects35,36, we did not see relative increases in the num-
ber of studies examining these systems over time (Supplementary 
Fig. 3). Climate resilience strategies for livestock keepers require 
increased institutional support through policies that address the 
issues of land tenure, fragmentation and degradation35. The evi-
dence gap we found pertaining to natural resource protection may 
reflect the focus of this particular literature on different outcome 
metrics, such as contouring to prevent soil erosion or using buffer 
strips to improve biodiversity instead of the focused outcomes of 
improving yields and livelihoods of the SDG 2.3. However, as eco-
system services are an important dimension of a farm’s resilience to 
climate stressors and shocks37, natural resource protecting interven-
tions require more evidence for their effects on farmer livelihoods 
in water scarce regions.

Digital solutions for water scarce, small-scale farms is an emerg-
ing field but funders should prioritize research grants to test the 
livelihood impacts of these solutions. There are more applications 
for small-scale farmers generally38 but there is limited evidence 
to apply these interventions even outside of water scarce regions. 
For example, a meta-analysis carried out in 2019 only found five 
studies with nine observations that examined digital solutions that 
improved small-scale farmers’ yields (researchers found a 0–8% 
increase) and the odds of adopting a recommended agricultural 
input (researchers found a 13–31% increase)38. While the goal 
of our systematic map was not to identify studies suitable for a 
meta-analysis, we found seven studies that examined digital solu-
tions for farmers in water scarce regions. These studies focused on 
providing farmers with tools to improve the water-use efficiency of 
their irrigation systems39, climate information to farmers40 and to 
aid decisions in nutrient, water and weed management to reduce 
production risks41. Despite the promise of digital solutions in 

water scarce environments, we suggest that there needs to be better 
proof of digital technologies that are tested in low-bandwidth set-
tings since many small-scale farmers live outside of 3G and higher 

Box 2 | Recommendations

These recommendations address research funding priorities to 
bolster outcomes for small-scale farmers in water scarce regions.
 (1) Geographic focus. Donors should increase their focus on

water scarce regions, especially in countries with many
small-scale farmers and little research available, when evalu-
ating the impacts of on-farm interventions to improve out-
comes for small-scale farmers.

 (2) Sustainability focus. By requiring funded research to meas-
ure key environmental outcomes associated with interven-
tions in water scarce regions, donors can reduce the gap in
evidence that quantifies trade-offs between on-farm inter-
ventions and deleterious environmental effects, whether
they are experienced off-farm, thus harming other farmers,
or on-farm, thus harming future livelihoods opportunities.

 (3) Gender focus. Donors should address the dearth of evidence 
seeking to improve outcomes for women in water scarce re-
gions by requiring funded research to explicitly address gen-
der themes.

 (4) Intervention focus. Donors can earmark research funds for
addressing digital solutions and livestock interventions, two
intervention types that have been neglected by research-
ers focusing on on-farm interventions to assist small-scale
farmers in water scarce regions. Digital solutions comprise
an emerging field that holds promise for improving farm
management in water scarce regions. Interventions to en-
hance livestock productivity in mixed farming systems also
offer an important opportunity to enhance the productivity
of small-scale farmers in water scarce regions.
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mobile coverage areas42. Research in these geographies, metrics and 
outcomes will bring us closer to meeting the needs of water scarce, 
small-scale farms on the ground.

To achieve the SDG 2.3 goal of bolstering small-scale farmers’ 
yield and livelihoods, a greater research focus is needed in water 
scarce regions of LMICS. Future research needs to test the effects of 
on-farm interventions not only on yields but also on more outcomes 
that are relevant for farmer livelihoods, such as farm profitability, 
farmer income and resilience. Trade-offs between interventions 
and the environment need to continue to become part of research  
designs and donor requirements to ensure that unintended  
environmental impacts can be avoided, especially in regions with 
limited water resources and for populations that are systemati-
cally disadvantaged from accessing critical on-farm infrastructure. 
Similarly, gender dimensions of interventions require a tremen-
dous amount of support in research funding since these remain 
under-researched despite being an SDG cross-cutting theme. We 
suggest that funders incorporate these outcomes into their impact 
assessment frameworks for research grants. For specific policy  
recommendations see Box 2.

Methods
Spatial analysis. To contextualize the disparity small-scale farmers face in 
accessing critical resources, we quantified the number of small-scale farms 
with irrigation in water scarce regions in LMICs. We created a spatial layer of 
small-scale farms and overlaid it with available water scarcity and irrigation spatial 
layers. Our analysis provided estimates aggregated to the country level. While 
this was a coarse method that relied on spatial overlays, it enabled us to take a 
high-level view on where water scarce small-scale farmers live and how many of 
these farms have access to irrigation.

To create the small-scale farms layer, we implemented the SDG 2.3 definition 
of small-scale farms through spatial proxies at 10 km2 resolution. SDG 2.3 defines 
small-scale farms as the smallest 40% of farms in a country and farms with the 
lowest 40% of agricultural revenue in a country43. We used an available farm size 
map at 10 km2 resolution with a global spatial extent42. It was created by using a 
crowd-sourced field size map44 to downscale the national farm size distributions of 
the World Census of Agriculture8. Each grid cell contains the most common farm 
size using World Census of Agriculture categories: 0–1 ha, 1–2 ha, 2–5 ha, 5–10, ha, 
10–20 ha, 20-50 ha, 50–100 ha, 100–200 ha, 200–500 ha, 500–1,000 ha and farms 
>1,000 ha. We computed the smallest 40% of farms in a country on the basis of this 
map. Since there are no comparable spatial data on agricultural revenue, we used 
a proxy for agricultural revenue. We used a downscaled gross domestic product 
(GDP) per capita dataset available at 110 km2 resolution45, which we subsetted 
to cropland area46. We computed the lowest 40% of GDP per capita per country 
using this data. We aggregated the farm size map to the same spatial resolution 
as the GDP per capita map and overlaid these two layers to find pixels that were 
both the smallest 40% of farms in each country and in agricultural areas with the 
lowest 40% of GDP per capita in each country. We estimated the number of farms 
in each pixel by dividing the agricultural area by the predominant farm size of that 
pixel. This approach allowed us to identify the poorest agricultural areas with the 
smallest farms in each country.

We created the water scarcity layer by combining two different measures 
of water scarcity at 10 km2 resolution. Each grid cell needed to be either green 
(rainwater stored in the soil) or blue (fresh surface water and groundwater) water 
scarce. We defined green water scarcity according to the IPCC definitions of a 
semi-arid region, which is an area with <250 mm of rainfall in a year47. We used the 
Global Precipitation Climatology Centre rainfall dataset (full v.2018)48 to calculate 
the median rainfall per grid cell from 1996 to 2005. We relied on Mekonnen and 
Hoekstra’s blue water scarcity dataset to identify grid cells that had on average at 
least one month of blue water scarcity a year from 1996 to 200549. Through using 
subnational and intra-annual green and blue water scarcity data, we implemented a 
more detailed view on water scarcity than commonly reported country-level water 
scarcity metrics reported at annual intervals.

To determine the irrigation area for small-scale farms compared to 
non-small-scale farms, we used the global rainfed and irrigated croplands (GRIPC) 
layer, which is a global irrigation map at 500 m2 resolution50. The irrigation map 
was created through remote sensing and calibrated to nationally reported irrigation 
coverage statistics to represent circa 2005 values. This irrigation map provided 
the percentage of agricultural area in a grid cell covered by irrigated cultivation, 
rice paddy or rainfed cultivation. For our analysis, we only used the irrigated 
and rainfed categories. We excluded paddy cropland (and the corresponding 
farming populations) from our analysis because GRIPC does not further classify 
paddy fields as irrigated or rainfed in their pixel level dataset but they do offer 
that irrigated paddy accounts for 66 Mha of global cropland and non-irrigated 
paddy accounts for 63 Mha of global cropland in their manuscript; put another 

way, this near 50/50 split should not have a major effect on our estimates of the 
share of water scarce areas that are irrigated but future studies would benefit from 
better spatial data that splits irrigated and non-irrigated paddy. To provide the full 
range of values, our scoping review did not include paddy and found that 37.22% 
of crop area farmed by small-scale farmers in water scarce regions is irrigated 
(versus 43.19% farmed by not small-scale farmers). If we assume all paddy fields 
are rainfed, then 26.48% of crop area farmed by small-scale farmers in water 
scarce regions is irrigated (versus 37.24% farmed by not small-scale farmers). 
If we assume all paddy fields are irrigated, then 55.07% of crop area farmed by 
small-scale farmers in water scarce regions is irrigated (versus 52.82% farmed by 
not small-scale farmers).

We overlaid the small-scale farm layer, the water scarcity layer and the 
irrigation layer to calculate the number of farms with and without irrigation. We 
repeated this analysis for non-small-scale farms and non-water scarce regions. 
Results were aggregated to the country level and summed across all LMICs and per 
world region.

Evidence synthesis. We used a ‘systematic map’ assisted by machine learning and 
natural language processing (NLP) to perform our evidence review. Systematic 
maps (also referred to as ‘evidence maps’ and ‘gap maps’) are an emerging type of 
systematic review that attempt to identify patterns of research, to identify gaps in 
a field and future priorities for research51. A systematic map is not like traditional 
expert-based or narrative reviews in that it attempts to capture all of the research 
on a given topic and reduce the authors’ biases51. Systematic maps can capture 
the full-breadth of interventions relevant to a population, such as our scoping 
review that asks: What is the spectrum of farm-level interventions that have been 
tested to increase small-scale farmers’ incomes, yields and productivity in water 
scarce regions?

Our systematic map method had six steps: (1) forming the research question; 
(2) querying academic and grey literature databases for relevant studies; (3) 
screening titles and abstracts to determine if a study should be included in our 
synthesis; (4) screening the full text of studies that passed step 3 to determine if a 
study should be included in our synthesis; (5) extracting relevant data from each 
included study; and (6) summarizing and reporting the results. The protocol for 
this scoping review was registered on the Open Science Framework (https://osf.io/
c6n4k/) before study selection, which can also be accessed in our Supplementary 
Information.

The guiding question for this systematic map was: ‘What spectrum of 
farm-level interventions to alleviate water scarcity has been tested to increase 
small-scale farmers’ incomes, yields and productivity?’

An exhaustive search strategy was developed and applied to 26 academic and 
grey literature databases to identify all available research pertaining to on-farm 
interventions that have been tested to increase small-scale farmers’ incomes 
and yields in water scarce regions in low- and middle-income countries. 
Search terms included variations of the key concepts in the research question: 
small-scale farmers, water scarcity, and income, yield and productivity. Searches 
were performed in the following bibliographic databases: CAB Abstracts 
and Global Health (access via CAB Direct), Web of Science Core Collection 
(access via Web of Science), Scopus (access via Elsevier), Agricola (access via 
EBSCOhost), EconLit (access via EBSCOhost) and ProQuest Dissertations & 
Theses Global (access via ProQuest). A search of grey literature sources (20 
specialist organizations and online databases) was also conducted. Full search 
strategies for each database, including grey literature, can be accessed in their 
entirety in our protocol available in our Supplementary Information or at 
https://osf.io/c6n4k/. Search results were de-duplicated to remove redundant 
citations identified from multiple sources, resulting in 18,365 unique  
publication records.

We screened the 18,365 titles and abstracts to include or exclude from our 
scoping review. Two independent reviewers assessed each title and abstract. 
If there was disagreement between reviewers on whether the study was to be 
included, a third independent reviewer decided. Articles needed to meet the 
following eligibility criteria for inclusion in our systematic map. (1) Studies needed 
to address small-scale farms explicitly. For inclusion in the evidence synthesis, 
we defined a small-scale farm to meet two of four dimensions: land size, labour 
input (especially of family members), market orientation and economic size. (2) 
Studies examining on-farm production management techniques or technologies 
explicitly addressing water scarcity, drought adaptation or water efficiency 
adaptation. For the systematic map, we erred on the side of inclusivity and used 
a general definition of water scarcity to include a broad range of studies and 
interventions across a spectrum of agricultural regions as well as the concept of 
water stress. We considered water scarcity as when there is not enough water to 
be used by a farmer for agricultural purposes, which includes blue and green 
water. We considered water stress to be an additional subset of water scarcity 
where certain farmers are economically disadvantaged due to poor access to water 
resources. (3) Studies examining the effect of an on-farm intervention on yields 
or incomes. While interventions that improve small-scale farmers welfare can 
range across plot-level technologies, farm-level management, collective action, 
government infrastructure projects and bi/multilateral trade agreements, we 
only focused on-farm-level interventions to represent a toolbox of actions that 
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farmers can take to tackle water scarcity directly. (4) Studies including either a 
control case for comparison (temporal or spatial) for identifying counterfactual 
outcomes in the intervention’s absence (for example, by using randomized control 
trials, pre–post designs, random block designs, modelling and so on) or studies 
comparing alternative interventions. We included reviews if they were systematic 
reviews or meta-analyses. The most common reason an article was excluded was 
because it characterized a farming practice, rather than measuring the effects of 
the farming practice on yields or livelihoods. Other common reasons that studies 
were excluded were because the interventions were not explicitly linked to water 
scarcity, water savings or improving adaptation to drought. Several studies were not 
in English, which was a limitation of our research.

To assist the time-consuming task of sorting the 18,365 titles and abstracts 
that we identified in the academic and grey literature databases, we used a 
machine learning approach. Using NLP and machine learning for this stage of 
systematic reviews is an emerging method52. While studies have used Naive Bayes 
and Support Vector Machines (SVM) models52,53 the Google Development Team 
released the Bidirectional Encoder Representations from Transformers (BERT) 
model on Tensorhub in 2019 and it has outperformed other NLP models in a 
variety of tasks54. BERT is a deep learning language representation model that is 
context aware, in which the word in context of the sentence and the sentence in the 
context of the paragraph are embedded in the structure of the model. The BERT 
comes pretrained, which speeds up processing time since the end user only needs 
to fine-tune the model. Our scoping review tests the BERT model against other 
classification models to assist a systematic review.

Our team manually classified 1,500 titles and abstracts to include or exclude 
from our scoping review. We split the manually classified titles and abstracts into 
training and test data to build and validate several machine learning classifiers. 
We tested the accuracy of Naive Bayes and SVM, where we used a bag-of-words 
model with term-frequency times inverse document-frequency (TFIDF) to 
construct the features of the model. We conducted cross-validated grid searches 
to identify optimal sets of hyperparameters, which included removing stop 
words (common words in the English language) and stemming (converting 
the word to the root word); all hyperparameters assessed can be found in the 
supplemental code provided. We compared these scores to a BERT model that 
we fine-tuned to minimize binary cross entropy loss in a classification layer. We 
used the multilanguage base version of BERT (12-layer, 768-hidden, 12-heads, 
110 M parameters), which was trained on the top 102 languages with the largest 
Wikipedias. Our supplemental code details all parameterization (https://github.
com/vinnyricciardi/Ricciardi_etal_2020_ceres). For all models, we calculated 
accuracy, precision, recall and F1 scores through k-fold cross validation (k = 10) 
(Supplementary Table 3). The goal was for the model to perform better than the 
level of agreement our team achieved during the manual classification of titles and 
abstracts. During the manual classification, two random reviewers (out of a team of 
ten reviewers) classified each title and abstract. If there was disagreement, a third 
reviewer broke the tie. Reviewers agreed on the classification 82% of the time. Each 
of the NLP models performed better than 82%. BERT was the best-performing 
model with an 88% accuracy (Supplementary Table 3). We applied this final model 
to the 18,365 titles and abstracts to classify each study to be included or excluded 
from our scoping review. The model included 1,423 studies in our scoping review 
for full-text review, of which we were able to find and download 1,355 texts.

In the next phase of our assessment, we downloaded the 1,355 full-texts and 
manually checked if they were to be included or excluded from our scoping review. 
In the fourth stage of our assessment, for each of the 560 articles included, we 
manually extracted the location each study was conducted, the type of method, 
the type of farming system (crop, livestock or mixed), the intervention assessed 
(see Supplementary Table 1 for full list), the outcome assessed (yield or income) 
and whether the study measured a cross-cutting theme (gender effects or 
environmental impacts). This final stage consisted of one reviewer extracting the 
information from each text, with communication between reviewers to ensure 
consistency. Supplementary Fig. 4 shows the number of publications included 
and excluded at each stage. Our final analysis consisted of cross-tabulations and 
descriptive statistics.

Through our evidence synthesis, we identified eight meta-analyses. We 
extracted the intervention and outcome assessed, the location(s) that the 
meta-analysis included, also the number of studies the meta-analysis included. 
We recorded the main finding of the meta-analysis to understand the impact 
of the intervention on the outcome (for example, did water harvesting increase, 
decrease or have no effects on yields of water scarce, small-scale farms). To assess 
the quality of each meta-analysis, we relied on Collaboration for Environmental 
Evidence Synthesis Assessment Tool (CEESAT)55, which provides a score sheet of 
16 questions to appraise the rigour, transparency and limitations of the systematic 
review or meta-analysis. For each question, the meta-analysis can receive a red 
score for the lowest score, an amber score, a green score or a gold score for the 
highest rating. We converted these scores from one to four, averaged the scores and 
presented them in Table 1. Our Supplementary Information provides our scoring 
for the CEESAT score sheet.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
For reproducibility, updatability and future research to further develop our 
methods, the data that support the findings of this scoping review are available in 
figshare: https://doi.org/10.6084/m9.figshare.12867038

Code availability
For reproducibility, updatability and future research to further develop our 
methods, all analysis codes are available in the public GitHub repository: https://
github.com/vinnyricciardi/Ricciardi_etal_2020_ceres
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The pressure on agricultural production systems to achieve 
global food security, in the context of growing demands and the 
degradation of natural resources, makes it necessary to rethink 

current production systems towards more sustainable models.
In agriculture, environmental sustainability means good stew-

ardship of the natural systems and resources that farms rely on. 
Among other things, this involves rotating crops and embracing 
diversity, planting cover crops, no-till systems (or reduced till), 
integrated pest management, integration between livestock and 
crops, agroforestry practices and precision farming. The general 
aim of sustainable agricultural policies is that they ensure envi-
ronmental sustainability while enhancing, or at least maintaining, 
farm productivity.

At present, competing uses for land and water resources con-
tribute to the degradation of natural resource capital, a situation  
that may exacerbate present-day and intergenerational con-
sequences for farmers, other users and the wider population. 
Sustainable agricultural practices protect the ecosystem through 
the more efficient use of natural resources and strengthened  
capacity for adaptation to climate change and climate variability1. 
Therefore, their adoption may have significant benefits for the envi-
ronment. Moreover, the adoption of sustainable practices is likely 
to help achieve more resilient and productive food systems and  
enable sustainable production, which would serve to reduce pov-
erty and advance food security2,3. Sustainable agriculture therefore 
has the potential to directly contribute to several of the United  
Nations Sustainable Development Goals (SDGs) for 2030,  

including those relating to poverty (SDG 1), hunger (SDG 2), 
decent work and economic growth (SDG 8), reducing inequali-
ties (SDG 9), responsible consumption and production (SDG 12), 
climate action (SDG 13), life below water (SDG 14) and life on 
land (SDG 15).

The adoption of these sustainable practices usually requires 
concrete incentives, significant effort from farmers and the sup-
port of governments and public–private partnerships at national 
and local levels. However, the decision to adopt sustainable agricul-
tural practices in response to incentive programmes is not a binary 
process. Adoption depends on many factors: the conditions of the 
programme and the incentives offered, as well as the farmers’ envi-
ronmental preferences, economics and cultural characteristics4,5. 
Agricultural market trends also affect producers’ decisions6.

This scoping review is thus motivated by the need to systemati-
cally evaluate the evidence base 6 the effects of incentives offered to 
farmers to adopt sustainable agricultural practices. To this end, this 
scoping review examines nearly 18,000 papers on the various incen-
tives that are offered to farmers by governments, non-governmental 
organizations, international organizations, development banks and 
other market actors such as consumers and enterprises.

Three kinds of incentives (market and non-market, regula-
tions and cross-compliance, Box 1), as well as their compulsory 
or voluntary nature, are assessed to determine whether the type 
of the incentive affects farmers’ willingness to adopt. This scoping 
review also examines the relationship between farmer’s adoption of 
sustainable practices and three types of outcomes: environmental,  
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The increasing pressure on agricultural production systems to achieve global food security and prevent environmental degra-
dation necessitates a transition towards more sustainable practices. The purpose of this scoping review is to understand how 
the incentives offered to farmers motivate the adoption of sustainable agricultural practices and, ultimately, how and whether 
they result in measurable outcomes. To this end, this scoping review examines the evidence of nearly 18,000 papers on whether 
incentive-based programmes lead to the adoption of sustainable practices and their effect on environmental, economic and pro-
ductivity outcomes. We find that independent of the incentive type, programmes linked to short-term economic benefit have a 
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for farmers to adopt sustainable practices is perceived benefits for either their farms, the environment or both. Beyond this, the 
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productivity and economic. Finally, the scoping review draws 
conclusions on the effectiveness of incentives and the adoption 
of sustainable farming practices to achieve the desired outcomes. 
These incentive–adoption–outcome pillars, and the links between 
them, offer a consistent logic by which to evaluate best practices in  
sustainable agricultural policy.

This scoping review also considers the broader demographic, 
social, environmental and economic factors that may drive the 
observed linkages between incentive, adoption and outcome.

This scoping review finds that regardless of the incentive type, 
linking programmes to economic benefits (productivity or prof-
itability) is essential for farmers to adopt sustainable agriculture 
practices in the short term6,7. In the long term, one of the strongest 
motivations for farmers to adopt and maintain sustainable prac-
tices is perceived positive outcomes of adoption for their farm or 
the environment8–11. Beyond this, there are important analysis gaps 
in the existing literature, particularly regarding the interrelation-
ships between the selected incentives, the adoption of best agricul-
tural practices and outcomes. Some suggestions on the next lines of 
research are included in the analysis.

Results
The purpose of this scoping review is to understand how incentives 
motivate the adoption of sustainable agricultural practices and, ulti-
mately, how and whether they result in measurable outcomes. This 
scoping review looked at the overall landscape of evidence of these 
instruments and their effectiveness in achieving the key outcomes. 
As in any scoping review, article screening against the inclusion and 
exclusion criteria took place in three phases: title screening, abstract 
screening and full-text screening (Box 2).

This resulted in 577 articles that were evaluated for relevance 
in terms of connecting either incentives to adoption, adoption to  

measurable outcomes or both sets of links. A machine 
learning-based approach helped to identify and cluster common 
terms and topics covered by the three incentive types (Fig. 1). 
Programmes fell into three broad categories related to ecosystem 
and environmental interventions, socioeconomic interventions 
and technological solutions. Articles typically showcased multiple 
interventions, with 36% of the total programmes falling under the 
technical category, and 32% each falling under the ecosystem and 
socioeconomic categories.

To better understand the links between incentive, adoption and 
outcome, a stratified random sample of 99 citations were selected 
from the 577 articles for additional review and data extraction. Of 
these, six articles were excluded as they were published in a lan-
guage not spoken by any of the authors of this research or because 
full-text versions could not be located.

The subset of 93 articles facilitated more in-depth review of the 
incentive types. Each article contained a link between either incen-
tives and adoption or adoption and outcomes, or both. For each 
article, the incentive types were identified, farmers’ adoption behav-
iours as described in the articles were recorded and the correspond-
ing outcomes were noted as a function of the incentives. We found 
that market and non-market incentives tend to be the most preva-
lent mechanism (Fig. 2), whereas all three incentive categories are 
used more or less uniformly to achieve environmental outcomes. 
Furthermore, profitability-related outcomes tend to require bal-
anced incentive structures, whereas productivity-related outcomes 
tend to be more market and non-market-oriented (Fig. 2).

Given the importance of understanding when and how incen-
tives drive farmers’ adoption behaviours and how the adoption of 

Box 1 | Incentives, definitions and categories

Incentives are instruments used by the public and private sectors 
to encourage farmers to protect or enhance ecosystem services 
beneficial to them and others (for example, water quality, soil 
care, forestry), while simultaneously improving the productivity 
(yields, labour per hectare and so on) and the competitiveness 
(such as cost per hectare, profitability, farm incomes) of the agri-
cultural sector. These were classified into three categories.

Market-based incentives encourage behavioural change 
by providing economic incentives through market signals. 
Examples of these include prices of input and output, subsidy, 
compensation, income transfer and other incentives in cash or 
in kind to agricultural producers. Non-market incentives are a 
broad basket. The parties of the Paris Agreement expressed that 
a non-market-based mechanism can be anything, provided it is 
not market-based51. This includes technical support, technology 
transfer and fiscal measures, such as putting a price on carbon or 
applying taxes to improve environmental sustainability.

Regulatory measures are general rules or specific actions 
imposed by government agencies or private entities to enhance 
environmental and economic outcomes through improved 
practices. Examples include certifications and environmental 
laws and standards. In general, they are mandatory.

Cross-compliance incentives link direct payments to 
farmers’ compliance with basic standards concerning the 
environment. They also require farmers to maintain land 
in good agricultural and environmental condition. In this 
case, they are mostly voluntary. Examples of these include 
government subsidies that are conditional on farmers adhering 
to certain environmental practices.

Box 2 | Abridged methods

A double-blind title and abstract screening was performed on 
17,936 articles using the following inclusion and exclusion criteria:
 1. Studies published in 1994 or later.
 2. Studies with an explicit focus on incentives for sustainable

environmental agricultural practices.
 3. Studies with an explicit focus on adoption of sustainable en-

vironmental agricultural practices.
 4. Studies that explicitly connect the adoption of agricultural

practices to sustainability outcomes.
 5. Studies with an explicit analysis of the impact of incentives

on income, production, productivity, profits and/or envi-
ronmental sustainability.

 6. Original research (qualitative and quantitative reports) and/
or review of existing research including grey literature.

The resulting 1,792 articles were subjected to a second round 
of rapid review by abstract. This resulted in 577 articles that met 
the a priori inclusion criteria. A stratified random sample of 99 of 
these articles were selected for the next step,: full-text screening.

We performed data extraction on 93 of the studies (6 excluded 
for issues of availability or language). A data extraction template 
(available in the Supplementary Information) was developed to 
document the data, study type and context of each citation and 
all themes of interest.

Why is this method so important?
Unlike a typical narrative review, a scoping review strives to 
capture all of the literature on a given topic and reduce authorial 
bias. Scoping reviews offer a unique opportunity to explore 
the evidence in agricultural fields to address questions relating 
to what is known about a topic; what can be synthesized from 
existing studies to develop policy or practice recommendations; 
and what aspects of a topic are yet to be addressed by researchers.
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specific practices leads to the desired outcomes, additional analysis 
was needed. We further limited the subset of papers to only those 
that had a complete set of links between the incentive–adoption–
outcome pillars (44 papers) (Supplementary Annex 1). The results 
of this exercise illustrate how many of the papers with the full logic 
actually addressed multiple incentive categories and outcomes  
(Fig. 3). This is an important finding, as it bolsters the earlier obser-
vation that multipronged, integrated development interventions, 
both in terms of incentive structure and expected outcomes, are 
relatively commonplace. It is also important to note that although 
environmental and profitability outcomes are more or less equally 
supported by all three incentives, profitability outcomes are more 
supported by market or non-market incentives.

There is a clear general association between market and 
non-market incentives and environmental outcomes (Fig. 3). 
Nearly half of the interventions seen in the full-text review are 
considering market or non-market incentives and, simultane-
ously, just over 40% of the outcomes had an explicit environmental 
focus (Fig. 4). In general terms, this illustrates that, given appro-
priate design, market/non-market incentives can be successfully 

paired with environmental outcomes. Similarly important, it is 
clear that regulatory-based incentives are either less adequately 
documented or generally less prevalent in the development com-
munity’s menu of incentive-based approaches (left side of Fig. 4). 
Combined with the previous figures linking incentives to multiple 
outcome types (Figs. 2 and 3), there is support for the idea that 
development interventions tend to be moving away from simple 
productivity-enhancing approaches towards a more holistic style 
of engagement (Fig. 4 right side).

Assessment of the evidence base. For this study, the incentive–
adoption–outcome logic is only valid if evidence is present in the 
full-text review that backs up the claims regarding the outcomes. 
Although an assessment of evidence is not typically carried out as 
part of a scoping review12,13, we opted to undertake one to under-
stand when and how evidence was used to support assertions 
regarding inventive–adoption–outcome logic. The review team 
undertook a subjective assessment to label each study according  
to the strength of the evidence presented and the quality of the 
methodology used.
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Fig. 1 | Summary of the predominant programme types treated in the literature. All programmes that appeared in more than 20 of the 577 articles are 
included. Note that the machine learning approach used to tag the articles by topic distinguished terms as used in the articles.
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Assessments of the quality of the methodology are based on 
the clarity of the research question, justification of the research 
approach given the question of the study, clear description of the 
methodology used and robustness of the chosen methodology. Each 
article was scored on a scale of 1 to 5, 1 being the lowest. The find-
ings were summarized by intervention type and outcome (Fig. 5). 
From the 44 articles, 23% received the highest score, followed by 
32% with a quality index of 4 and 39% with a score of 3. Less than 
10% of the papers were assigned a number lower than 3, which is 
why there is no yellow border line in the figure. It is important to 
notice that one article may be included in more than one cell, as it 
may include more than one incentive and/or outcome.

Relatively speaking, there was a general lack of clear measure-
ment of outcomes, with only 50% of the reviewed papers present-
ing strong evidence (that is, evidence backed by robust analysis and 
clearly articulated support). Furthermore, evidence for incentive–
outcome relationships is unequally distributed, in terms of the qual-
ity and quantity of available evidence, across both the incentive and 
outcome types (Fig. 5).

This evidence analysis suggests that there is a robust evidence 
base for environmental outcomes associated with cross-compliance 
incentives. Likewise, there is strong evidence linking market/
non-market incentives and profitability-related outcomes. Both 
of these observations are generally consistent with the broader lit-
erature. This illustrates the need to substantiate measurement and 
reporting of evidence, especially in relation to the regulatory-based 

approaches. The current analysis suggests that understanding of 
regulatory approaches is generally less present in the literature, 
even though the methodologies were deemed relatively strong. 
Regulatory interventions tend to target environmental outcomes, 
but not exclusively, and are often associated with profitability and 
productivity-enhancing outcomes (Figs. 2 and 3). Given the general 
emphasis on cross-compliance and market/non-market approaches, 
perhaps more attention is needed to examine the scope and efficacy 
of regulatory approaches.

The available evidence allows us to make some standardized 
conclusions about the effectiveness of incentives for the adoption 
of sustainable agricultural practices, and the associated productivity 
and economic outcomes. However, there is little or no evidence on 
environmental outcomes, as most of the evidence on this respect 
is qualitative. Most papers only made an approximation of changes 
towards improvements in agricultural practices and environmental 
outcomes through qualitative assessment of farmer’s perceptions.

Additional evidence on the effectiveness of incentives in promot-
ing the adoption of sustainable agricultural practices and the associ-
ated outcomes is required to move beyond qualitative assessment of 
farmer’s perceptions. In selected papers where there are reliable data 
and easy monitoring of implemented sustainable systems, there is no 
systematic follow-up of the environmental impacts. The results are 
only measurable through the improvements in the productivity and 
profitability of producers9. For measuring potential environmental 
outcomes, some papers compare adoption rates of farmers receiving 
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Fig. 2 | Recorded links between incentives, adoption and outcomes. The links are from the subset of 93 articles, colour-coded by outcome.
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incentives versus non-receiving farmers8,9,12,14 or relate socioeconomic 
characteristics of participants versus non-participants8,15.

Most papers simply state the participation rates in terms of the 
percentage of potential beneficiaries and explain them using influ-
encing factors. Some papers model the adoption according to dif-
ferent incentive levels (such as different tax or levels of payments for 

environmental services (PES))10,16–19. In those articles, no complete 
evidence was found connecting incentives with adoption and out-
comes. Stronger identification strategies are also needed to uncover 
the causal effect of the chain of incentives, adoption and outcomes. 
We found no randomized controlled trial studies in the selected 
papers, which constitutes an important gap in the literature as these 
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Fig. 3 | Associations between categories of outcomes and the type of incentive used. The 44 full-text reviews are included (read from left to right).  
See Supplementary Annex 1 for the associated list of papers.
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kinds of experiments are key to more accurately testing the effec-
tiveness of policy interventions, technologies and practices, taking 
into account socioeconomic, geographical and environmental influ-
ential factors. This scoping review reveals important research gaps: 
methods to detect causal pathways and to quantify the connections.

Type of incentive. However, despite weaknesses and limitations in 
the evidence base, the evidence provided by previous programmes 
on what has worked and what needs to be improved is important to 
consider when designing future incentive programmes. Looking at 
the articles reviewed in this scoping review, some interesting aspects 
for each of the three incentive categories can be highlighted (Fig. 6).

Market and non-market-based incentives. One of the general 
strengths of market-based incentives is that they offer flexible 
adoption to promote specific behaviour changes. Examples of this 
include altering market prices, setting a cap or altering quantities 
of a particular good, improving the way a market works, or creating 
a market where none previously existed (for example, water trad-
ing)20. However, one of the weaknesses of market-based incentives 
and their flexibility is that they can lead to negative social, environ-
mental and economic changes that were unplanned or not in line 
with the intended strategic direction10. For example, subsidies may 
increase the adoption of intercropping and residue mulching, but 
these practices may crowd out adoption of zero tillage21.

However, a lack of flexibility has been linked to low adoption 
levels as farmers’ previous experiences of using a particular agri-
cultural practice may significantly influence the types of policy 
instrument they will apply5. For example, promoting the use of 

specific crops for the incorporation of nutrients into the soil is 
more likely to be adopted by farmers who already practice crop 
rotation21–23. This is particularly pertinent for non-market incen-
tives, for which it is important to understand the interaction 
between a particular practice and the policy instruments designed 
to achieve its uptake.

Regulatory incentives. Some studies show that instruments per-
ceived as inflexible or too complex, such as legal regulations, were 
the least preferred by farmers5. Indeed, for regulatory measures, 
such as forest laws or watershed management programmes, the 
adoption of practices depends on the effectiveness of law enforce-
ment, supervision and monitoring. For this reason, the adoption 
of regulatory measures is often linked to accompanying measures 
such as information sharing, capacity building, technical assistance, 
training support for the local population and farmer-to-farmer 
communication networks that build trust and enhance understand-
ing of the potential benefits of conservation practices24. Agricultural 
extension services, both public and private, have been shown to 
have a positive impact on adoption rates5,7,12,15,23,25–28. Connecting 
these programmes with national extension systems can result in a 
significant change in agricultural sustainability.

To increase their effectiveness, regulatory measures are often 
linked to economic incentives including forest trade quotas, cer-
tification, access to rural credits or benefits in insurance markets. 
For example, voluntary community-based programmes are often 
coupled with short-term financial support to incentivize partici-
pation25,29. To improve efficiency in the adoption of the promoted 
practices, flexible payments may be preferred as participation costs 
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and expected benefits differ depending on individual farmers and 
geographical location16.

Cross-compliance incentives. Cross-compliance incentives help over-
come the barriers that make the adoption of sustainable practices 
unattractive, such as large up-front adoption costs, lack of capital, 
restricted access to financial markets and the need to provide for 
the household’s short-term economic needs. They are based on the 
hypothesis that incentives should at least compensate for the income 
loss or additional costs of adopting sustainable practices; and that 
there should be clear monitoring processes that ensure compliance 
with the conditionality (the adoption of the sustainable practice).

The main cross-compliance incentives are PES or 
agri-environment payments. These are incentives offered to farm-
ers, or landowners, in exchange for managing their land to provide 
some type of ecological service, including water quality, forestry, soil 
erosion and air pollution. In the case of resource conservation in 
the Ecuadorian Andes, it was shown that when conservation tech-
nologies were offered in conjunction with measures that enhance  
the short-term profitability of agriculture (such as new crops, bio-
logical barriers and improved agricultural production), the adop-
tion of conservation practices increased significantly8. Similar 
results were found in the Nepal Knowledge Based Integrated 
Sustainable Agriculture and Nutrition (KISAN) project30. These  
two examples reflect the broader finding that in most of the  
reported PES case studies, socioeconomic and environmental out-
comes have been positive8,15,30, especially if the PES is accompanied 
by technical assistance7,12.

Discussion
The decision by farmers to adopt sustainable agricultural prac-
tices in response to incentive programmes is not a binary process. 
Adoption is a continuum that depends on many factors: the condi-
tions of the programme, the incentives offered, the environmental 
preferences, personal perspectives, experience and education of 
farmers4. Farmers’ decisions are shaped by personal opinions, such 
as preferences over conservation measures, beliefs about the pro-
gramme and degrees of risk aversion21,31. Factors such as income 
levels, asset ownership, age, and access to other economic oppor-
tunities also correlate with the decision to adopt, as they affect the 
capacity of the target population to reap benefits from the progra
mme5–7,12,29,32–34. The decision to adopt is also affected by the bio-
physical characteristics of the land plot, and the institutional and 
policy context. Even agricultural market trends affect producers’ 
decisions to adopt agricultural practices3,6. The variety of factors 
that contribute to the adoption of sustainable agricultural practices 
necessitates the consideration of context in policy design and the 
use of differentiated policy instruments16.

Incentives across the spectrum. Direct economic benefits, increased 
productivity or profitability seem to be the essential condition for 
the adoption of sustainable practices in the short term7. Regardless 
of the incentive type, adoption rates are higher when programmes 
offer short-term economic benefits than those solely aimed at 
providing a positive ecological outcome. For example, restrictive 
land-use-change programmes, such as those induced by climate 
change, which modify the incentives for engaging in agricultural 
production, agroforestry and other land uses have higher adoption 
rates when they are connected with an improvement in income13,15.

Nevertheless, and independent of the incentive type, in the long 
term it seems that one of the strongest motivations for farmers to 
adopt and maintain sustainable practices is the perceived positive 
outcomes of these practices for their farm or the environment8–11. 
For example, the greatest motivating factor for participation in 
a forest conservation scheme in Kenya was the ‘will to conserve’, 
influenced by the local communities’ concern for the degradation 
of their environment and their perceived dependency on natural 
resources11. The will to participate was based on the perceived ben-
efits of conservation, especially changes in water availability, which 
were reinforced by the potential benefits of new income-generating 
activities. This suggests that incentives can lead to the adoption of 
sustainable practices and have positive effects on ecological services, 
even without direct payments. If participants perceive future bene-
fits of sustainable practices, the likelihood of adoption increases15,29.

Compulsory or voluntary incentives. The likelihood of a farmer 
adopting the associated sustainable agricultural practice depends on 
whether the incentive is compulsory or voluntary5. Voluntary incen-
tive programmes, such as market and non-market-based incentives 
or certification schemes (for example, carbon footprints, water foot-
prints, organic farming), have a high degree of uncertainty as they 
depend on the decision of farmers to adopt sustainable practices. In 
general, if the economic incentives or payment levels do not offset 
the costs of adoption (cover opportunity costs of changing produc-
tion techniques or for the most productive land uses), farmers will 
rarely switch to the desired practices. However, if payment levels 
compensate, or overcompensate, for income losses and additional 
costs, then the willingness of farmers to adopt is normally high.

In contrast, the uptake of sustainable agricultural practices due 
to compulsory incentives is fairly certain. Regulatory measures, 
such as legal regulations, reduce uncertainty by imposing sanctions 
for non-compliance. The adoption of regulatory measures depends 
on the effectiveness of law enforcement, supervision and monitor-
ing; however, if institutions are able to enforce the sanctions, the 
uncertainty surrounding adoption is low or non-existent28.

The degree of uncertainty in the adoption of sustainable prac-
tices is closely linked to contradictions between the preferences 
of farmers and society. Farmers may prefer the short-term finan-
cial support and flexibility offered by voluntary incentive pro-
grammes, which, being voluntary, tend to create more uncertainty 
in the achievement of the programme’s environmental goals. This 
can conflict with society’s preference for longer-term instruments, 
such as legal regulations, which tend to reduce uncertainty in the 
achievement of outcomes.

Broader contextual factors. Throughout all stages in the incentive–
adoption–outcome chain, wider contextual factors play an impor-
tant role. Ignorance of the practices promoted and the opportunity 
costs from foregone activities due to limitations on land use and 
restrictions on the use of some management practices may deter 
participation by some farmers16,29,35. Complexity, inflexibility and 
complicated procedures are also salient obstacles for participa-
tion5,15,16. Therefore, the timescale, desired outcome and target pop-
ulation must be considered in all aspects of sustainable agricultural 
policy, from design to implementation to assessment.
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Fig. 6 | Pillars and linkages. The diagram illustrates the pathways between 
the three pillars.
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The effectiveness of a particular incentive, and the likelihood 
of adoption, varies depending on the agricultural practice that 
one wants to promote and the associated (predicted) outcomes5. 
Within this, there are a multitude of factors that determine the 
perceived and actual costs and benefits, both direct and indirect, 
of adopting sustainable practices. The attributes of the programme 
determine the likelihood of adoption, which is influenced by the 
perception of an improvement in net benefit and access to alterna-
tive markets. In some cases, positive outcomes—such as increases in 
yields—may not be enough to compensate for the higher input and 
capital requirements of the proposed agricultural interventions36. 
Therefore, economic incentives are necessary and need to be large 
enough to compensate for the opportunity cost of change, taking 
into consideration that the effects on outcomes take time to realize.

Outcomes may not be obvious in the short term; there may be 
a substantial time lag associated with the uptake of new practices 
and the expected results. For example, in examining fruit farmers in 
Uruguay, it was found that even with clear evidence of the adoption 
of specific practices, the expected outcomes took different times 
to materialize37. In the case of productivity, there may actually be 
negative consequences in the short run. Therefore, the link between 
adoption and outcome requires consideration of the time horizon.

Broader findings to boost adoption. The important comple-
mentary role of technical assistance and extension services also 
emerges strongly from several papers within this scoping review. 
Technical assistance, training and extension agents, both public 
and private, enhance the rate of adoption for all incentive mecha-
nisms7,12,15,22,23,27,28. Beyond this, additional assistance programmes 
boost short-term benefits, and ensure the long-term sustainability 
and inclusiveness of the incentives. For example, where PES incen-
tives (cross-compliance) were accompanied by additional technical 
assistance, the sustainability of the sustainable outcomes beyond the 
life of the PES contract could be expected7,12,27,29,37. The availability of 
technical support or other complementary practices is particularly 
pertinent to regulatory incentives, for which a key criticism is their 
complexity. In these cases, an increased knowledge and understand-
ing of environmental services and regulations can boost adoption5,24. 
Overall, the provision of information and technical assistance 
regarding sustainable practices can foster a higher take-up rate of 
the programmes and a broader retention of the practices5,11,15,23,38.

Beyond this, training programmes and the introduction  
of locally adapted technologies can contribute to changing prac-
tices even without other types of incentives or interventions if they  
present economic advantages for their users. Adoption can be 
enhanced by the promotion of sustainable farming activities by a 
development organization or farmers’ associations, coupled with 
marketing activities15,25.

Trade-offs in outcomes. Sustainable policies should seek to adopt  
an integrated approach that addresses both short-term priori-
ties such as profitability, while simultaneously working towards 
long-term environmental outcomes. The design of these instru-
ments often entails trade-offs among the long-term outcomes, dif-
ferent environmental objectives, and equity and efficiency goals.

In designing sustainable agricultural policy, it may be necessary 
to prioritize and make trade-offs between different environmental 
objectives. For example, quantity-based market-based incentives 
(MBIs) such as water trading may reallocate water to ‘high-value’ 
users, such as mining, manufacturing and electricity production 
from ‘low-value’ users, such as agricultural producers25. As some 
high-value users produce high levels of greenhouse gas emissions, 
achieving the goals for water use may come at a cost for the goal 
of reducing greenhouse gas emissions. In such cases, an additional 
measure, such as a regulatory mechanism, may be put in place  
to minimize the potential trade-off17. The design of sustainable 

agricultural policies, and their incentives, therefore requires a  
broad assessment and consideration of the potential outcomes,  
and their consequences.

In some cases, trade-offs in socioeconomic and environmental 
outcomes may be required, as effectively attaining environmental 
outcomes may deepen economic inequality. The evidence shows 
that targeting wealthier landowners can produce greater impacts 
on environmental outcomes29. Wealthier landowners may be able 
to have a higher impact on environmental outcomes than poorer 
farmers who face much higher opportunity costs from adopting 
sustainable practices, chief among them subsistence production. If 
programmes are targeted at regions with higher wealth and envi-
ronmental degradation to maximize the achievement of environ-
mental goals, it is likely that a larger percentage of wealthier owners 
will enrol in the programme and the poorest ones will be excluded. 
If financial incentives are provided, the income of the wealthier 
landowners will further increase, enhancing income disparities. 
Consequently, it may not always be possible to simultaneously 
achieve different environmental and equity development goals with 
the same policy tool. Indeed, several papers in this scoping review 
point out the potential for conflict associated with equity and effi-
ciency13,29, a subset of which suggested that the environmental effi-
ciency of these approaches should justify their adoption in certain 
instances. In general, the alignment of equity and efficiency will 
occur only if the geographical location of the programme overlaps 
with the location of poor farmers.

An alternative approach is to target incentive programmes 
at the lands most vulnerable to land-use change or farmers more 
reluctant to adopt sustainable practices to promote additionality. 
Additionality measures the net result from an intervention and 
is defined as the product of environmental service provision (for 
example, hydrological services, biodiversity conservation, carbon 
sequestration and landscape beauty services) and deforestation 
probability, resulting from an PES22. The question therefore is if 
and when incentive programmes are necessary to encourage adop-
tion. Farmers who are more likely to adopt incentive programmes 
are often located in regions in which deforestation risks are lower, 
have stronger preferences for conservation programmes, the oppor-
tunity costs from adopting sustainable practices are lower, or the net 
benefits of adoption are high regardless of the economic incentives. 
Hence, the incentives might not be the real driver for adopting sus-
tainable practices, and adopters might participate in the programme 
regardless of the incentives. Incentive programmes should therefore 
target vulnerable areas to ensure additionality of the programme 
and the most effective use of resources.

Furthermore, the measure of outcomes should account for the 
trade-offs among different types of incentives—or how differ-
ent incentive types could complement one another to achieve the 
desired outcomes. Indeed, multipronged programmes that incor-
porate social, economic and productivity components are more 
likely to succeed in developing countries. This echoes the findings 
of Giller et al.39, whose review of conservation agriculture and sus-
tainable intensification technologies and practices suggests that 
a systems approach, combining the tools of experimentation and 
simulation modelling, should be adopted to evaluate multiscale 
trade-offs and synergies. This will provide the toolbox and methods 
to allow informed choices of technologies and practices tailored to 
local conditions (Box 3).

Recommendations. Incentive programmes need to be well tar-
geted, effective and efficient while taking into account spatial differ-
ences, differences in economic activities and types and the number 
of economic, social and environmental outcomes pursued, as well 
as budget limitations. The design of such programmes, which are 
also flexible, simple to implement and cost effective, is not an easy 
task and requires a collective effort and good data. A challenge for 
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the future is to reduce the cost and allocate more resources to the 
collection of detailed data. This is a condition for the estimation  
of environmental services such as biodiversity, carbon services  
(that require information on the amount of stored carbon before 

and after an adopted practice) or hydrological services (that require 
information on site-specific soil characteristics, vegetation cover, 
slope, distribution and intensity of precipitation). Similarly, the qual-
ity and availability of data are frequently inadequate for more pre-
cise measures of the cost of participation in incentive programmes.

Beyond the specific incentives examined in this scoping review, 
it is still necessary to improve the general conditions influencing 
agricultural systems and practices for sustainable outcomes of the 
whole sector (Box 3). Agricultural institutions, policies and regula-
tions, social protection, infrastructure and markets, relative prices, 
off-farm employment opportunities, structural poverty and the 
scarcity of asset endowments all influence the capacity and willing-
ness of farmers to invest in land, water and forest conservation and 
to pursue sustainable practices. These are discussed in some papers 
as conditioning factors. Nevertheless, there is still the need to better 
understand the interrelationships between these factors, incentives, 
adoption and outcomes.

Methods
Evidence synthesis methodology and protocol pre-registration. This scoping 
review was prepared following guidelines from the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses extension for scoping reviews 
(PRISMA-ScR)40. The methodology for this scoping review follows the framework 
established in the PRISMA extension for scoping reviews, which builds on the 
Joanna Briggs Institute’s guidelines41 for conducting scoping reviews. Note that the 
current CEE Guidelines for Systematic Reviews in Environmental Management42 
(version 4.2, March 2013) do not provide recommendations for the number of 
people who should conduct eligibility screening, although the Guidelines implicitly 
suggest that a single screener may be acceptable provided that an assessment of 
screener reliability is conducted. According to the latest CEE evidence synthesis 
protocols published in Environmental Evidence journal (January–July 2017), 
screening by a single person, subject to a check of screener reliability using a subset 
of articles, is the currently practiced approach in most cases42.

Scoping reviews are designed to summarize studies of varying methodological 
designs while highlighting key areas for future research and engagement43,44. 
This scoping review leveraged a data–science framework to accelerate the work 
within each of the individual steps, which are described below. This framework 
comprises five steps: identifying the research question; identifying relevant studies; 
study selection; extracting and charting the data; and collating, summarizing and 
reporting the results. The protocol used in this scoping review was registered on 
the Open Science Framework and is available in Supplementary Annex 2 (ref. 45).

The guiding question for this scoping review was, “What are the market, 
non-market, regulatory and compliance incentives or compulsory/voluntary 
programmes for farmers to adopt environmentally sustainable practices?”.

This study spans both developed and developing world contexts and 
characterizes how the incentives associated with different instruments may  
affect adoption given local institutional, environmental and socioeconomic factors. 
It was not limited by geography or country status.

The goal of this scoping review was to make recommendations about how 
to promote environmental practices for more sustainable, and at the same time 
competitive, agricultural production systems. This scoping review looks at the 
overall landscape of evidence of these instruments and their effectiveness in 
achieving higher levels of productivity, profitability and equity.

Information sources, searches and citation management. A comprehensive 
search strategy was developed to identify all available research pertaining to the 
market, non-market, regulatory and cross-compliance incentives for farmers to 
adopt environmentally sustainable practices. Search terms included variations of 
the key concepts in the research question: farmers, incentives, implementation 
of agricultural practices and environmental impact (see Appendix A of 
Supplementary Annex 2 (ref. 45) for a presentation of the search strategy in its 
entirety such that it may be reproduced in CAB Abstracts).

Research synthesis experts conducted searches of the following electronic 
databases: CAB Abstracts (access via CAB Direct); Web of Science Core Collection 
(access via Web of Science); Scopus (access via Elsevier); and EconLit (access via 
EBSCOhost). A search of grey literature sources was also conducted. The grey 
literature searches were conducted using custom web-scraping scripts. The search 
strings were tested per website before initiating web-scraping. An existing Google 
Chrome extension was needed to scrape dynamically generated websites.

A data science team supported much of our process. The results from the 
databases and the grey literature searches were combined and deduplicated using 
a Python script. Duplicates were detected using title, abstract and same year of 
publication where year of publication was a match, where title cosine similarity 
was greater than 85% and where an abstract’s cosine similarity greater than 80% 
or one of the abstracts (or both) was empty. When duplicates were found, the 

Box 3 | Policy recommendations

Notwithstanding the limitations and gaps found in the literature, 
the following is a set of tested principles to follow when design-
ing interventions or policy instruments. These are based on the 
most solid evidence found on the effectiveness of incentives to 
motivate the adoption of sustainable practices that, in turn, led to 
better indicators of productivity, profitability and environmental 
sustainability of farms under different production systems and 
conditional factors.

Balance the incentives and outcomes. Incentives must be high 
enough to motivate a change in production practices. This is 
because productivity and profitability gains can be insufficient 
to compensate for the total cost of the initial capital require-
ments and any unexpected costs of the proposed agricultural 
interventions.

Know your farmers. The likelihood of farmers adopting sustain-
able agricultural practices will vary depending on their experi-
ence, education, access to information and level of risk-aversion. 
Policymakers must be familiar with the farmers, and tailor the 
incentive programmes for them by incorporating the range of 
personal, political, institutional and biophysical factors into the 
design of the programme.

Keep it simple. Instruments should be simple to understand and 
communicate given that farmers dislike instruments that are too 
complex (such as some legal regulations) and are therefore less 
likely to adopt them. Besides, complexity makes instruments 
harder to communicate and more expensive to adopt or enforce.

Complement. Single interventions are less likely to succeed, 
hence the need to use a combination of policy instruments. For 
example, the provision of technical assistance and extension ser-
vices contributes to the understanding of farmers and helps them 
adopt proposed practices.

Behavioural preferences matter. Given that people have a tendency 
to follow the behaviour of others, farmers’ preferences should be 
taken into account when designing incentives, acknowledging 
that they vary depending on the target population.

Be prepared for a long time horizon. The time horizon depends 
on the agricultural practice, the production system and the bio-
logical cycle. This means the opportunity cost of time has to be 
considered and financial tools have to be put in place so that cash 
flow problems do not jeopardize the intervention.

Create an enabling environment. Incentives that make the adop-
tion of sustainable practices attractive depend heavily on an 
enabling economic and financial environment. Beyond incen-
tives, it is necessary to improve the general conditions that influ-
ence agricultural systems. There are many factors that influence 
the capacity and willingness of farmers to invest in land, water 
and forest conservation and to pursue sustainable practices such 
as agricultural institutions, policies and regulations, social pro-
tection, infrastructure and markets, prices, off-farm employ-
ment opportunities and structural poverty.
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citation priority order was Scopus, CAB Abstracts, Web of Science and then grey 
literature sources.

Following deduplication, each citation was analysed using a boosted machine 
learning model. The model added more than 30 new metadata fields that identified 
population, geographies, interventions, study design type and outcomes of interest. 
This allowed for accelerated identification of potential articles for exclusion at the 
title/abstract screening stage.

The combined search results and new metadata were shared with the research 
team using Excel spreadsheets and through the screening platform Covidence. 
The metadata was made available in Covidence46 in the abstract field delineated 
by hash-tags (###) using a global open-source converter that can translate existing 
bibliographic data from a .csv format to .ris format.

Study selection and eligibility criteria. The systematic review software Covidence 
was used for title, abstract and full-text screening decision-making. Article 
screening took place in three phases: title screening, abstract screening and 
full-text screening. At all screening stages, citations were screened for relevance 
against the following inclusion and exclusion criteria; reasons for exclusion were 
documented at the full-text screening phase.

Citations were included in this scoping review if they met all of the inclusion 
criteria listed in Box 2.

Exclusion criteria were the inverse of the inclusion criteria. Each citation that 
met all of the inclusion criteria at the title and abstract and full-text screening 
phases was included, and each citation that met one of the exclusion criteria at the 
title, abstract, or full-text screening phases was excluded.

Title/abstract screening was initiated for the 17,936 articles with two 
independent reviewers reviewing each citation. After the first 200 articles, due to 
the very large number of citations to screen and because there was a strong degree 
of inter-rater reliability, a rapid review, single-screener methodology was adopted 
for all of the remaining citations. The rapid review process comprised a title review 
followed by an abstract review of included citations. After this first stage, 1,792 
papers were selected; of these, 1,694 were found in scholarly databases and 98 were 
found in grey literature sources.

The inclusion criteria were complex and nuanced, particularly the connection 
of the adoption of incentives to sustainability outcomes, and the degree to which 
a study focused on incentives or their adoption. These matters of focus and 
connection could not be captured by a search strategy alone, but required human 
judgement. This resulted in a large number of irrelevant results from the initial 
searches. Among the 1,215 articles that were excluded at the abstract screening 
phase, 442 were excluded because they did not include an explicit analysis of 
the impact of the incentives on income, production, productivity, profits and/or 
environmental sustainability and 418 were excluded because there was no explicit 
focus on incentives for sustainable environmental practices. For more information, 
the PRISMA flow diagram (Supplementary Fig. 1) shows the steps followed for the 
screening process and selection exercise.

Following Waffenschmidt et al., we conducted a double-blind pre-test of ten 
articles and then assessed inter-rater reliability using the Fleiss Kappa indicator 
to test for inter-rater reliability in the full-text screening47. This indicator is a 
statistical measure for assessing the reliability of agreement between a fixed 
number of raters when classifying a number of items. The measure calculates the 
degree of agreement in classification over that which would be expected by chance.

After calculating the indicator, we can say that the level of potential bias of a 
single-screener method introduced here is not significant, given that the kappa 
value of at least 0.61 indicates substantial agreement and we have a value of 0.7.

In the next selection round, the single -screener methodology was also used, 
maintaining the same inclusion/exclusion criteria. After this process, 577 citations 
were kept; of these, 551 were found in scholarly databases, 27 were found in grey 
literature sources and one was removed as a duplicate. The proportion of resources 
from the grey literature versus scholarly databases remained consistent throughout 
the screening process, with 4.48% of the resources originally identified and 4.88% 
of the resources eligible for full-text inclusion coming from the grey literature.

Because a very large set of citations was included for full-text screening, a 
semi-structured, stratified randomized sample of 99 citations was selected. Our 
early review process suggested that certain categories of papers (for example, 
regarding forestry policy) were more common than others. In an effort to 
capture relevant citations in less prevalent categories, we used smooth inverse 
document frequency and cosine distances to create a vector space representation 
of the contents of the titles, key words and abstracts of the 577 articles. We 
then clustered the vectors—each article is represented as a vector of terms and 
frequencies—into 20 clusters using Ward’s method for hierarchical clustering48. 
A threshold of 20 clusters resulted in clusters ranging in size from 5 to 300 
articles. The basis of cluster composition for the smaller clusters was moderately 
discernible (for example, ecosystem services and water-related), whereas the basis 
for agglomeration of the larger clusters was not immediately evident. We then 
implemented a stratified random sampling process to identify the set of 99 articles 
from the 20 clusters as a function of cluster size. The Orange Data Mining Toolbox 
was used for the analysis49. Finally, 6 of these 99 articles were not included as they 
were written in a language not spoken by any of the authors of this research or 
because of their unavailability.

Data extraction. A data extraction template was developed based on Barrett 
et al. to document the data, study type and context of each citation, and all 
themes of interest: incentives, outcomes, measurements of impact and the cost 
of intervention50. The data extraction template was tested by the review team 
before use to make sure that all the necessary information for the analysis of the 
research question was included. Data was extracted by the reviewers using an excel 
worksheet including the following information:
•	 A categorization of incentives by market, non-market, regulatory and compli-

ance incentives for farmers.
•	 Type of outcomes covered in question of the study: environmentally sustain-

able, profitability and productivity.
•	 Other information relevant for the analysis including characteristics of 

the stakeholders, commodity (crop, pasture, aquaculture, forestry), data 
(cross-section, panel, survey, interviews, policy analysis), methodology 
(econometrics, systematic review, meta-analysis, randomized controlled tri-
als), study (quantitative or qualitative).

•	 Questions relating to the quality of the paper, the link between incentives and 
adoption, measurement of the incentive, the type of outcome and its measure-
ment and cost of the incentive.

The retrieval of hundreds of PDFs for full-text screening is a repetitive and 
time-consuming task. A Python script was created that would handle the repetitive 
tasks of PDF discovery, download and file renaming using Google Scholar (the 
code is available in GitHub). The script read the bibliographic data from an Excel 
spreadsheet and then executed a script to retrieve the full-text PDF. The possible 
returning results are ‘not found, ‘backed by a paywall’, ‘available for download’ or 
‘available for request’. If the article is spotted in the search results, the download 
link is clicked, and the article will be auto-renamed and marked as being 
downloaded. This process significantly cut down the time needed to retrieve PDFs, 
and on average 200 PDFs were searched and retrieved in 3–4 h.

The collation, summary and report of the results. This research was based on 
three pillars—incentives, adoption and outcomes—in looking at the question of 
how the incentives farmers receive influence the adoption of good environmental 
practices. These three pillars are important in answering the question, but the 
links between them are crucial as well. The connection between the incentives and 
actual adoption, as well as the connection between adoption and the outcomes 
identified play a key role in this scoping review (Fig. 6).

Incentives were categorized as market-based and non-market-based, regulatory 
and cross-compliance incentives for farmers to adopt sustainable environmental 
practices and integrated risk management systems (crop insurance, catastrophic 
insurance, price options, mitigation and adaptation programmes and so on) 
in a voluntary or compulsory way. The outcomes were identified as practices 
adopted by farmers, and their impact on the multiple objectives of environmental 
sustainability, increased productivity and profitability.

An appraisal for quality was done for the 44 articles that passed the inclusion 
selection process, were part of the sample chosen and had the link between 
incentives and adoption, and adoption and outcomes.

The assessment was done by the authors of this research from a scale of 1 
to 5, 1 being the lowest. The quality assessment was based on the clarity of the 
research question, justification of the research approach given the question 
of the study, clear description of the methodology used and robustness of the 
chosen methodology. However, it was not used to further exclude papers.  
From the 44 articles, 23% received the highest score, followed by 32% with a 
quality index of 4 and 39% with a 3, less than 10% of the papers were assigned 
a score of less than 3. The previously completed screening process was key in 
ensuring that articles that did not have substantive evidence were not included 
in this last stage.

Data availability
The data that support the findings of this study are available from the 
corresponding author on reasonable request.
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The past two decades have seen tremendous growth in devel-
oping regions. Urbanization has soared, diets have diversi-
fied and food supply chains have expanded. This growth has 

created huge markets for farmers, along with employment in vari-
ous supply-chain segments1,2, including food processors, wholesal-
ers and logistics firms. They are referred to as the ‘hidden middle’ 
because, though they constitute 40% of the average food supply 
chain, they are often missing from policy debates3. Their rise is 
important to small-scale producers because they are the farmers’ 
proximate interface with the market, through which farmers sell 
their products, receive logistics and intermediation services and buy 
farm inputs. The potential role of these value chain actors in assist-
ing farmers to adopt sustainable practices and attain higher incomes 
is especially notable in light of Sustainable Development Goal 2 
(SDG 2), which aims to end hunger, achieve food and nutrition 
security and promote sustainable agriculture by 2030. This requires 
that small-scale producers benefit from the growth and transforma-
tion under way in food systems.

The midstream and downstream of the food output and input 
supply chains have emerged as a growing field of research4–6. 
However, this literature has largely focused on the contracting of 
farmers by value chain actors, and in particular the formal provi-
sion of resources within contract arrangements with large proces-
sors and supermarkets7–10. Yet just a very small share of small-scale 

producers sell under contract directly to large firms3. Largely miss-
ing from the literature is evidence on (1) whether and how much 
value chain actors provide resources and services to farmers when 
the relation does not involve a formal contract and (2) whether 
interactions with these enterprises benefit small-scale producers in 
the absence of a formal contract. These questions pertain mostly 
to small and medium enterprises (SMEs) as they typically do not 
formally contract with farmers.

Here we present the findings of a protocol-driven scoping review 
that explores whether transactions without formal contracts with 
value chain actors improve the welfare of small-scale producers in 
developing regions. We filtered for studies that consider supply-chain 
transactions by value chain actors involving small-scale producers 
(that is, non-credit input purchase, logistics service purchase and 
output sales by farmers to/from value chain actors) that are not 
governed by formal contracts. This yielded a set of studies largely 
focused on SMEs. Then we analysed whether the outcomes of these 
economic relations were positive for small-scale producers, as well 
as what explained any positive or negative outcomes (Fig. 1). See the 
Methods for full details and Box 1 for a summary.

A key contribution of this review is to show that, contrary 
to expectations, it is common for SMEs in non-contract rela-
tions to undertake complementary resource provision similar 
to that observed among large companies in contract schemes11,12.  

A scoping review of market links between 
value chain actors and small-scale producers in 
developing regions
Lenis Saweda O. Liverpool-Tasie   1 ✉, Ayala Wineman2, Sarah Young   3, Justice Tambo4, 
Carolina Vargas1, Thomas Reardon   1, Guigonan Serge Adjognon5, Jaron Porciello   6, Nasra Gathoni7, 
Livia Bizikova8, Alessandra Galiè9 and Ashley Celestin10

Sustainable Development Goal 2 aims to end hunger, achieve food and nutrition security and promote sustainable agriculture 
by 2030. This requires that small-scale producers be included in, and benefit from, the rapid growth and transformation under 
way in food systems. Small-scale producers interact with various actors when they link with markets, including product traders, 
logistics firms, processors and retailers. The literature has explored primarily how large firms interact with farmers through 
formal contracts and resource provision arrangements. Although important, contracts constitute a very small share of small-
holder market interactions. There has been little exploration of whether non-contract interactions between small farmers and 
both small- and large-scale value chain actors have affected small farmers’ livelihoods. This scoping review covers 202 studies 
on that topic. We find that non-contract interactions, de facto mostly with small and medium enterprises, benefit small-scale 
producers via similar mechanisms that the literature has previously credited to large firms. Small and medium enterprises, 
not just large enterprises, address idiosyncratic market failures and asset shortfalls of small-scale producers by providing 
them, through informal arrangements, with complementary services such as input provision, credit, information and logistics. 
Providing these services directly supports Sustainable Development Goal 2 by improving farmer welfare through technology 
adoption and greater productivity.
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In addition, when SME value chain actors provide these services 
that are beyond their core activities, it is correlated with technology 
adoption and higher productivity among farmers. These findings 
are instrumental towards achieving the goals of SDG 2. Particularly 
in developing countries in Africa and South Asia (where small-scale 
producers dominate), the growth and transformation of food  
systems drives a proliferation of midstream SMEs which, our 
results show, can be a force inclusive of, and beneficial to,  
small-scale producers.

Results
Figure 2a presents the distribution of the included studies by 
publication type. A majority of the included studies (73%) are 
peer-reviewed journal articles. Ten percent are working papers 
published in grey-literature outlets, 7% are conference papers, and 
book chapters and theses/dissertations each account for 5% of the 
included studies. Most studies were scored as being of ‘high quality’ 
using the criteria explained in the Methods; just 15.5% (quantita-
tive) and 20% (qualitative) of the studies were scored as being of 
low quality, usually because the study lacked sufficient details on its 
methodological approach.

There has been a dramatic increase in research interest in the 
relationship between small-scale producers and our focal actors 
in the past ten years. Over 40% of our selected studies were pub-
lished within the past four years and over 80% in the past ten years  
(Fig. 3). Across all studies, 33% are of settings in Asia, 49% in Africa 
and 21% in Latin America. Thus, less attention has been given to 
measuring the impacts of small-scale producers’ engagement with 
these focal actors in Asia or Latin America compared with Africa.  
This might reflect more funding opportunities and/or the preva-
lence of small-scale agriculture in Africa.

While 77% of the included studies focused on crop production, 
just 18% focused on livestock production (with the remaining stud-
ies having a dual focus). This reveals a gap in the literature, particu-
larly given rising animal-protein consumption and the associated 
supply response in developing countries. More studies on livestock 
will be important to improve the likelihood of small-scale produc-
ers’ successful participation in value chains with sustainable agri-
cultural practices1,13,14. We also find more emphasis on high-value 
crops in 55% of the studies, compared with 39% that look at staple 
crops (Fig. 2b).

There is an extremely limited gender and environmental focus 
in the literature. Only 24 (12%) of the 202 studies include a focus 
on gender, and 17 (9%) focus on the extent to which marketing 
channels promote the adoption of environmentally sound agricul-
tural practices. This demonstrates a mismatch between rhetoric 
and reality in policy debates (which highlight gender mainstream-
ing and sustainability) and development research. Further research 
on gender-related issues and how SMEs in the midstream of value 
chains could increase farmer adoption of environmentally safe 
practices is needed to guide efforts to promote sustainable agricul-
tural practices in line with SDG 2.

Few studies consider a primary outcome (such as income, pov-
erty or food security) alongside a secondary or intermediate out-
come (such as technology adoption or increased yields). This 
indicates that the final welfare effect of farmers’ interactions with 
market channels is a gap in the literature.

Non-contract SME market channels provide key services. A key 
finding of this review is that value chain actors across the mid-
stream segments of trade, processing and logistics provide a wide 
set of complementary services to farmers, outside the vehicle of 

IS2
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(extension) and information
B. Provision of credit
C. Provision of services (e.g.,

transportation)
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OM2
A. Provision of knowledge

 (extension) and information
B. Provision of credit
C. Provision of services (e.g.,

storage/ripening/
transportation)

D. Provision of inputs

OM1
Purchasing output

A. Collective sales gets
better prices or lower
price variability

B. Guaranteed market
through a purchase
agreement

L1
Selling logistics services

A. Provides access to
these services

L2
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B. Provision of credit
C. Purchase of output

Input suppliers (IS)
• Cooperative
• Agro-dealer

Output market channels or
output intermediaries (OM)

• Supermarket
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• Cooperative
• Institutional

 procurement
• Other modern markets

Logistics (L)
• Transport company
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• Cold storage

Mechanisms of improving outcomes for farmers

Market channels
(focal actors)

IS1
Selling inputs

Secondary outcomes
• Technology adoption
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practices
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improve quality
• Level of commercialization

Intermediary outcomes
• Yield/productivity
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Final outcomes (primary)
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Farm-level outcomesPrimary market functions Other services

Fig. 1 | Conceptual framework of transactions. Focal actors are categorized on the basis of their ‘transactional’ role as a supplier of farm inputs (for 
example, chemical fertilizer: IS1) or service (for example, warehouse rental: L1) or a buyer of farm output (OM1). Focal actors can take on roles beyond 
their transactional role in the provision of complementary services such as transport or credit (which would be IS2, L2 or OM2 for input suppliers, logistics 
providers and output markets, respectively). Outcomes of the transactions for the farmer are determined by the terms and conditions of the transactional 
role plus any complementary services. The primary outcome (increased income or lower poverty or food security) can arise through adopting a new 
practice or technology (secondary outcome) that increases yields or attracts a higher price (intermediary outcome).
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formal resource provision contracts. More surprisingly, this is not 
restricted to large enterprises but is widespread among SMEs. We 
categorized the focal actor cases in the included studies by whether 
they were identified as being small and find that the value chain 
actors (that is, traders, processors and logistics companies) in an 
overwhelming majority of the included studies are not large multi-
national companies but SMEs. Small enterprises comprised 75% of 
the cases for traders and almost 90% for processors. This is prob-
ably because we excluded formal contract arrangements, typically 
conducted by larger enterprises.

Finding that SME value chain actors provide complementary 
services shifts the debate on their role in markets. These find-
ings show that SMEs directly improve the market context for 
small-scale producers and promote inclusion, while such improve-
ments were previously attributed mostly to large companies using 
contract arrangements. Thus, SMEs (which are more accessible to 
small-scale producers than are formal contract arrangements) play 
an important role in facilitating inclusive growth as food systems 
transform in developing regions.

Table 1 disaggregates the kinds of services (beyond purchasing) 
provided by output market channels. The main complementary ser-
vice provided by SME processors (also the second most common for 
traders) is credit provision. Credit was provided in 22% and 31% of 
farmer interactions with traders and SME processors, respectively 
(OM2B in Fig. 1). This links to the traditional tied-output credit 
market literature of the 1970s focused on SME traders, which cast 
them as exploitative actors who offered advances of credit to farm-
ers and then gouged them with exorbitant implicit interest rates 
extracted at harvest from the sale price15.

Our findings differ from the traditional tied credit–output lit-
erature in that we find that credit provision is provided not only 
by traders but also by other value chain actors and is actually more 
likely to be provided by SME processors even in the absence of con-
tracts. We also find that the majority of outcomes of the transactions 
are beneficial to small farmers, not exploitative as suggested by the 
old literature.

Processors and cooperatives also provide extension services  
and inputs to farmers. In 35% of interactions with cooperatives 

Box 1 | Abridged methods

We developed a comprehensive search strategy to identify all relevant 
studies that assess the impacts of interactions between small-scale 
producers and our focal actors in the midstream and downstream of 
the food-product and input supply chains. See Supplementary Meth-
ods for the search strategy used in CAB Abstracts and the Methods 
for a more detailed description of our methods. All of the search 
strategies used, including a list of databases and grey-literature 
sources, are available on the Open Science Framework68.

After deduplication across searches, a total of 12,320 search 
results were screened in three phases. First, additional metadata 
tags were added to each study record using a machine-learning 
model, which facilitated an initial accelerated title-screening phase. 
The records were then imported into the screening tool Covidence 
for screening of titles and abstracts by two independent reviewers. 
Studies in which insufficient information was available to determine 
whether our criteria for inclusion were met were passed on to a 
final full-text screening phase. A total of 202 studies met the criteria 
for inclusion. Extended Data Fig. 1 presents the number of studies 
included and excluded at each step of the screening process.

Criteria for inclusion were determined a priori and are provided 
in detail in a pre-registered protocol available on Open Science 
Framework68.

Briefly, a study was included if:

• It included explicit reference to small-scale producers.
• It was published in 2000 or later and in English.
• It was experimental or observational (case studies, survey- 

based studies, participant observation).
• The study location was in a low- or middle-income country in

Asia, Africa or Latin America.
• It made clear reference to a link/interaction or potential link/

interaction in terms of exchange (physical and/or monetary)
between small-scale producers and the study’s focal actors
(value chain actors across the midstream segments of agri-food 
trade, processing and logistics).

• It explicitly evaluated at least one of the following farm-level
outcomes: income, food security, technology adoption, prac-
tices that improve yields or quality, level of commercialization, 
yield or price variability.

Studies not meeting any of the above criteria were excluded. In
addition, a study was excluded if:

• The methodology provided was insufficiently clear to evaluate
quality and potential biases.

• It focused on the effect of contract farming on small-scale
producers.

• It focused on efficacy of a technology or service.
• It focused on any government and/or non-governmental

organization programme/activity that involves an exchange
of a good or service for free or at a subsidized rate. We also
excluded government programmes that provide inputs at
market rate, extension services or the development of
information systems, as well as those about cooperatives that
have been established by governments.

• It focused on the effect of certification on welfare, including
fair trade and organic certification, or on the relationship
between certification and market channel access.

• It focused on changes in perception, confidence or attitude,
but with no reference to the outcomes listed in the preceding.

• It lacked sufficient information to enable us to characterize the 
mechanisms regarding the link between our focal actors and
smallholder farmers.

Relevant information from each included study was extracted
by at least one review author and included an assessment of the 
quality of the studies’ methodology description and justification. 
Supplementary Table 1 is the data extraction form, which includes 
details about the information extracted from each study. A 
list of all studies that met the inclusion criteria can be found in 
Supplementary Table 2. The extracted data were summarized 
on the basis of emerging themes and with the aim of providing 
recommendations to donors and policymakers.

Why is this method so important?
Unlike a typical narrative review, a scoping review strives to 

capture all of the literature on a given topic and reduce authorial 
bias. Other forms of evidence synthesis such as systematic reviews 
are less suitable for addressing the kinds of open-ended, exploratory 
questions that are often appropriate in agriculture. Scoping reviews 
offer a unique opportunity to explore the evidence in agricultural 
fields to address questions relating to what is known about a topic, 
what can be synthesized from existing studies to develop policy or 
practice recommendations and what aspects of a topic have yet to 
be addressed by researchers.
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(19% for processors) that purchased products from small-scale  
producers, the buyer also offered some sort of training (OM2A 
in Fig. 1), while in 25–30% of interactions with these focal actors, 
inputs were provided.

Compared with traders and cooperatives, supermarkets are less 
likely to provide credit and inputs but not less likely to arrange for 
transportation of the product. We refer to these logistics services 
(such as transport) as OM2C in Fig. 1. Purchase agreements can 
involve farmers being included on a buyer’s lists or, less formally, 
repeated transactions between a farmer and an output market chan-
nel (Table 3). For supermarkets and traders, the provision of purchase 
agreements (informal but consistent interactions) was prevalent, 
provided in 50% and 25% of links with farmers, respectively. This 
indicates that there is some effort to formalize the relationship and 
guarantee repeated interactions in these market channels.

We consider that three levels of formality can govern relations 
between output market channels and farmers. The first includes 
written contracts and/or contract farming arrangements—which 
we exclude from this scoping review. The second includes oral or 
unwritten contracts such as a farmer being included on a supplier’s 
lists, which suggests some degree of formality. The third includes 
repetition of transactions between a farmer and buyer. For traders,  

we assume that purchase agreements fall into category 3 (the least 
formal interaction). For processors, since over 90% of them were 
identified as small, we also consider purchase agreements to be 
in category 3. For supermarkets and government programmes  
captured in this scoping review, we consider purchase agreements 
to be in category 2 or 3. These less formal arrangements are quite 
common in modern value chains in developing countries.

The ‘other modern’ market channels (agro-export companies, 
marketing platforms and high-value chains) also tend to provide 
services for farmers in addition to an output market. Inputs were 
provided to farmers in 38% of links with these modern market 
channels. Extension and credit were provided in 25% and 19% of 
the interactions, respectively. Almost 31% of these interactions 
involved a purchase agreement, while transportation arrangements 
(OM2C) were made in 19% of these interactions. These modern 
market channels are therefore similar to the main output market 
channels in providing these additional services.

Although our sample size is limited for input suppliers, we 
find that they also provide additional services, such as credit and 
training (Extended Data Table 1). In over 40% of interactions with 
cooperatives (where their primary role was as an input provider), 
training/extension was offered. This was also the case for 31% and 
33% of farmer interactions with other input suppliers and logistics 
service providers, respectively (IS2A and L2A in Fig. 1). Finally, 
logistics service suppliers (in 44% of their interactions with farmers) 
and cooperatives (in 25% of their interactions as input provider) 
purchased output from farmers. This is consistent with studies 
that have documented that some truckers also serve as wholesalers 
or purchase output from farmers on behalf of traders6,16, and this 
underscores how the provision of complementary services in the 
midstream and downstream of input and output value chains is well 
recognized in the private sector.

Across product types, the share of focal actor cases where com-
plementary services were provided is higher for links with livestock 
farmers compared with crop farmers (Extended Data Table 2).  
Among crop farmers, the particular type of assistance varies 
between interactions dealing with high-value crops compared with 
staple crops. For example, the percentage of cases where an output 
buyer provided a purchase agreement is much higher for high-value 
crops (34%) compared with staple crops (22%). However, provision 
of warehouse services is higher (at 6%) for staple crops than for 
high-value crops (at 2%).
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Fig. 2 | Distribution of included studies. a,b, Studies can be classified either by type of publication (a) or by product category (b). The observation level is 
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Government agencies provide fewer services. Contrary to what 
we find for non-government output market channels, we do not 
see much evidence of complementary service provision by govern-
ment agencies. Instead, the agencies tend to focus on their primary 
role of buying farmers’ output (OM1). However, they are similar to 
supermarkets and traders in the high likelihood of using purchase 
agreements (50%), which we also refer to as a primary market func-
tion (an OM1 activity) since it may be somewhat more consistent 
(guaranteed) than the spot market (Fig. 1).

Non-contract market channels improve farmers’ welfare. Another  
main finding of this scoping review is that a majority of the recorded 
interactions between small-scale producers and value chain actors 
are positive. Specifically, 83% of cases exhibit a positive result for 
at least one outcome assessed in the study. This value is 81% for 
output intermediaries, 96% for input suppliers (largely coopera-
tives and agro-dealers) and 100% for providers of logistical services 
(although there are just nine cases in the latter group).

Table 2 displays the outcome patterns by geographical location 
and product type. It is less common for engagement between market 
channels and small-scale farmers to result in a positive outcome for 
farmers in Latin America compared with other continents. While 
interactions are generally positive, the share of total interactions with 
a positive outcome is higher for studies looking at livestock (87%) 
compared with crops (83%). Among crops, it is higher for staple-crop 
farmers (88%) than for farmers of high-value crops (83%).

Among all outcomes assessed in these studies, the study focal 
actors produced a positive outcome for farmers in 77% of the 

cases (Extended Data Table 3). Across the three outcome catego-
ries illustrated in Fig. 1, this value is 77% for primary outcomes 
such as income and food security, 67% for intermediary outcomes 
such as yield and 84% for secondary outcomes such as technology 
adoption. Because so many of these observations are of buyers, 
the values for buyers alone are very similar (at 77%, 63% and 82% 
for primary, intermediary and secondary outcomes, respectively). 
For input suppliers alone, these values are 88%, 93% and 94% 
(N = 64 in total).

The provision of complementary services appears to be instru-
mental in fostering a positive outcome from farmers’ interactions 
with these input and output market channels. Table 3 presents 
information on the links that lead to either positive or negative/
inconclusive outcomes for farmers. Among output intermediaries 
(columns 1 and 2), it is more common for positive outcomes to fol-
low from exchanges that include arrangements for transportation, 
the provision of credit or inputs, and the provision of extension. 
For example, 12% of cases with positive impacts involve the buyers 
extending some sort of logistical assistance to arrange for transpor-
tation of the agricultural products, while this value is just 8% for 
cases with negative or inconclusive impacts. This pattern is consis-
tent with the mechanism (OM2 in Fig. 1) laid out in the conceptual 
framework. For input suppliers, a higher percentage of cases with a 
positive impact involve the suppliers also purchasing output from 
the farmers. The provision of marketing services alongside input 
supply (IS2D in Fig. 1) is consistent with the rise of farmer aggrega-
tor services that supply farmers with inputs but also procure their 
outputs or link them with buyers13.

Table 1 | Types of assistance provided to farmers

Type of assistance Share of links that are characterized by a given type of assistance for farmers (%)

Traders Processors Cooperatives Supermarkets Other modern 
channels

Governmenta Market Other 
buyers

Arrange for transport 12 19 9 11 19 0 6 17

Provide credit 22 31 14 7 19 0 6 17

Provide inputs 16 25 30 7 38 0 11 0

Provide extension 12 19 35 7 25 0 11 50

Purchase agreements 25 19 18 50 31 50 44 0

Storage on farm 2 0 0 0 0 0 0 0

Warehouse 4 13 5 4 0 0 0 0

Irrigation 0 0 0 4 0 0 0 0

Observations 51 16 57 28 16 12 18 6

Assistance to farmers is disaggregated by the type of buyer. Included studies were coded to tabulate the focal actor linkages captured within the study. An individual study could consider multiple focal 
actors (for example, traders and processors). This yielded 241 linkages or ‘focal actor cases’. Of these 241 linkages, 204 are with output buyers. Thus, N = 204. Source: authors’ calculations. aThis category 
includes one observation of a non-governmental organization operating as a buyer.

Table 2 | Focal actor cases with positive impact (%)

All Asia Africa Latin 
America

Livestock 
farmersb

Crop 
farmersb

Staple-crop 
farmersc

High-value crop 
farmersc

All focal actor cases 83 87 86 76 87 83 88 83

Buyers/processors 81 85 83 75 85 80 83 82

Input suppliers 96 100d 100d 80d 100d 96 100d 94d

Logistics 100d 100d 100d 100d 100d 100d 100d 100d

Observations (all)a 241 79 115 54 55 195 89 133

The share of cases with some positive outcomes was disaggregated by location of study and product type. The 202 included studies were coded to tabulate the focal actor linkages that were captured 
within each study. For this table, N = 241. Source: authors’ calculations. aObservations (all) refers to the number of focal actor cases in the first row. The number of observations varies when disaggregating 
by type of focal actor in the rows below. bRefers to both crop-only farmers (or livestock-only farmers) and cases with farmers producing both crops and livestock. cRefers to farmers that produce only staple 
crops (or only high-value crops) and cases with farmers producing a mix of staple and high-value crops. Thus, some cases can be found in both columns. dThese cells contain fewer than ten observations.
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Overall, these results shed light on a set of activities undertaken 
by focal actors that tend to yield additional benefits for farmers. 
These services appear to fill gaps in what small-scale producers 
require to undertake transactions, including arranging transport 
and providing credit and inputs, private extension, storage and 
warehousing, and even irrigation services. In the great majority 
of cases, the interaction with these midstream enterprises benefits 
the farmers, and this benefit tends to be greater for men than for 
women in the limited studies with gender considerations.

Contrary to our expectations, it is not more common for cases 
with positive outcomes to include informal purchase agreements 
compared with cases that have negative or inconclusive outcomes. 
The difference between positive and negative outcomes seems to 
derive from the complementary services that output intermediaries 
provide for farmers beyond buying their products. These include the 
provision of training, credit and logistics services. This is extremely 
important as it indicates that the provision of complementary ser-
vices by output intermediaries tends to be key for the interaction to 
be positive for small-scale producers, even conditional on the exis-
tence of pseudo-contracts.

Facilitators of positive outcomes. One hundred eighteen of the 202 
included studies mention at least one condition that enables interac-
tions with our focal actors to have a positive effect on small-scale 
producers. These conditions can be grouped into three broad cat-
egories. (1) Complementary services and activities provided by 
focal actors can bolster the positive effect of the interaction with 
small-scale producers. These activities—IS2, OM2 and L2 in Fig. 1— 
refer to additional services provided by input suppliers, output mar-
ket channels and logistics service providers, alongside their main 
role of input or output intermediation (IS1, OM1 or L1, respec-
tively). (2) Positive outcomes can derive from access to infrastruc-
ture. (3) A conducive policy environment can facilitate mutually 
beneficial interactions between farmers and the focal actors.

The provision of complementary services is a key condition sup-
porting positive outcomes of small-scale producers’ interactions 
with focal actors. This was noted in 65% of the instances where 
positive enabling conditions were mentioned. The services most 
frequently cited were capacity building and training (extension) for 
farmers (mentioned in 23% of the included studies) and the provi-
sion of credit (mentioned in 16%). Other important complementary  

services include the availability of multistakeholder market plat-
forms (mentioned in 14%) and market information (mentioned in 
12%) (Extended Data Fig. 2).

The included studies demonstrate that training and capacity 
building can support small-scale producers as they upgrade their 
production to satisfy the requirements of modern market chan-
nels17–21. Market information increases the speed of farm product 
sales while allowing farmers to bargain more effectively and obtain 
better prices22–24. Providing timely access to affordable credit also 
supports the adoption of modern technologies25,26, and platforms 
that facilitate interactions among stakeholders improve the perfor-
mance of value chains27,28.

The availability of rural infrastructure, including irrigation, 
transportation, processing, storage and communications, was noted 
as a facilitating condition in 23% of the studies. In addition to eas-
ing the provision of complementary services, access to transpor-
tation (road infrastructure) enables farmers to gain better price 
terms from both informal and formal market channels29,30, and cold  
storage infrastructure, which reduces food wastage, has been 
found to increase producers’ sales and generate higher prices in the  
off season17,31,32.

A stable policy environment, characterized by enforcement of 
regulations and the enactment of enabling policies, was mentioned 
as a facilitating condition in 18% of the studies. Strong regulations 
can help protect farmers from exploitation by output intermediar-
ies33. Furthermore, supportive marketing and trade policy reforms 
(liberalization of input and maize markets) have been found to lead 
to increased input use and crop productivity34.

Factors associated with negative outcomes. Forty-six of the 202 
studies (23%) explicitly discussed challenges that impede the abil-
ity of value chain actors to upgrade producers’ practices or improve 
their welfare. In order of importance (that is, the number of stud-
ies that mentioned a factor), the main inhibitors were capacity con-
straints, lack of trust between farmers and the focal actors, high 
transaction costs, non-inclusiveness, financial constraints and mar-
ket power (Extended Data Fig. 3).

The low technical capacity of cooperatives and traders (the two 
major focal actors documented in the literature) limits their ability 
to support farmers6,35–38. Inadequate managerial and organizational 
skills can lead to collective action failure, and poor coordination in 

Table 3 | Positive or negative outcomes with different characteristics of the link (%)

Buyers Input suppliers

(1) (2) (3) (4)

Characteristic of the link Positive impact Negative or inconclusive impact Positive impact Negative or inconclusive impact

Arrange for transport 12a 8 0 0

Provide credit 19 13 29 20

Provide inputs 24 18 N/A N/A

Provide extension 20 13 39 40

Purchase agreements 37 39 0 0

Purchase output N/A N/A 8 0

Storage on farm 1 0 0 0

Warehouse 5 4 0 0

Irrigation 0.002 0 8 0

Observations 351 119 59 5

Positive or negative outcomes for farmers from value chain interactions are disaggregated by the kind of complementary service provided during the interaction. For each of the 241 linkages, outcomes (Fig. 
1) were recorded for small-scale producers that the study considered. Since some studies looked at multiple outcomes (for example, income as well as poverty), this resulted in 555 records of outcomes of 
an interaction between a farmer and a focal actor; 534 relate specifically to output buyers or input suppliers. There were too few observations of outcomes of interactions with logistics providers to include 
them here. Thus, for this table, N = 534. Source: authors’ calculations. aThe percentages reported in each column can sum to more than 100. These numbers reflect the percentage of outcomes in the 
column that follow from a link with each characteristic.
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fulfilling agreements with buyers can limit market opportunities for 
the entire group39–41.

The detected lack of trust might reflect the prevalence of infor-
mal contract arrangements in the included studies. Low trust cou-
pled with an unstable market environment, as well as information 
asymmetry due to weak institutional arrangements, creates room 
for opportunistic behaviour by all parties42–44. Moreover, a lack of 
trust between cooperative members and their leadership could 
result in failure to deliver on agreements28,45–48.

High transaction costs are generally driven by additional risks or 
monitoring costs both parties incur during the interaction24,40,49–51. 
Buyers fear side selling while farmers fear product rejection52–54. In 
addition, transaction costs and capacity constraints can be exacer-
bated when infrastructure is poor and the relationship involves the 
poorest and most marginalized producers36–38,55–61.

Financial constraints limit buyers’ ability to provide farmers 
with services ex ante and thereby help them to upgrade40,62. This 
closely aligns with the finding that focal actors’ provision of com-
plementary services was instrumental for their successful interac-
tion with farmers. However, buyers’ market power can substantially  
reduce the benefits farmers derive from interactions with them, 
as they can transfer demand shocks to remote farmers with few  
market options63,64.

Discussion
This review confirms that that there has been a rapid development 
of the midstream and downstream actors in output value chains—
processors, traders and cooperatives—that buy crops and livestock 
products from small-scale producers. Moreover, there has also 
been a proliferation of value chain actors in input supply chains 
(agro-dealers) that supply inputs as well as services (such as train-
ing and logistics arrangements) to small-scale farmers. These value 
chain actors and the complementary services they provide help 
small-scale producers upgrade their practices, raise their productiv-
ity and subsequently improve their welfare.

The importance of these actors has been recognized with a 
rapid increase in the number of studies on these intermediar-
ies in the past decade. However, the available literature is heavily 
tilted towards crop value chains rather than livestock, and towards 
high-value crops rather than staple crops. Farmer interactions with 
market channels and across both kinds of value chains (crop and 
livestock) and across crop types tend to have a positive effect on  
small-scale producers.

Contrary to the articulated focus by policymakers and govern-
ments on gender equality and environmental sustainability, we find 
extremely limited emphasis on these issues in the literature. We 
thus note a dearth of empirical evidence on the role that SMEs in 
the midstream and downstream of input and output value chains 
can play in the adoption and dissemination of agricultural practices 
that will preserve the environment or increase small-scale produc-
ers’ resilience to climate change. To promote the SDGs, particularly 
SDG 2, additional research on how value chain actors can increase 
farmers’ knowledge and adoption of environmentally safe practices 
would be valuable. Similarly, more evidence is needed on the con-
ditions that allow both women and men small-scale producers to 
benefit from SMEs. Private-sector platforms that serve as one-stop 
shops for farmers to secure inputs, training, credit and a guaran-
teed market are emerging in developing countries. Further studies 
on whether and how these platforms could support the adoption  
of sustainable agricultural practices in crop and animal production 
are necessary.

Given the study findings of abundant midstream enterprise 
activity that is generally supportive of small-scale producers, we 
question whether governments need to directly provide these ser-
vices. It appears to us that direct public provision would crowd  
out these midstream enterprises and waste public resources. These 

midstream enterprises serve as allies to governments in the provi-
sion of key rural services. Thus, efforts to support their operation 
and their continued and expanded provision of complementary ser-
vices to small-scale producers should be considered (Box 2).

These intermediaries can directly support zero hunger and 
improved welfare through the inclusion of small-scale producers 
that otherwise would have been excluded. They have the potential to 
expand small-scale producers’ access to knowledge and provide incen-
tives to adopt sustainable agricultural practices. Thus, they can be 
instrumental towards achieving the objectives set forth by the United 
Nations’ Sustainable Development Goal of zero hunger by 2030.

Methods
A scoping review identifies trends, concepts, theories, methods and knowledge 
gaps across a broad range of literature65, while highlighting key areas for future 
research and engagement66. A scoping review comprises five steps: (1) articulating 
the research question, (2) searching published and grey literature for relevant 
studies, (3) selecting studies on the basis of pre-defined criteria, (4) extracting and 
charting the data and (5) collating, summarizing and reporting the results. In this 
review, we made use of the Preferred Reporting Items for Systematic Reviews and 

Box 2 | Policy recommendations

We find that midstream and downstream enterprises, even when 
not in formal contract relations and even when they are SME 
firms, are generally helpful to small-scale producers. Thus, our 
main recommendation is that these value chain actors be consid-
ered as allies of governments (not as ‘competitors’ or ‘missing’) 
in the provision of key rural services. Governments and donors 
should facilitate their success through investments in hard and 
soft infrastructure. Governments should promulgate policies 
and regulations that reduce the SMEs’ transaction costs for both 
start-up and operation and that increase their capacity to man-
age supply-chain risks13,70. Governments and donors should also 
incentivize SMEs’ continued provision of complementary ser-
vices that benefit small-scale producers.

More specifically, we recommend the following:
 1. Provide SMEs with incentives to offer complementary

services to small-scale producers facing market failures
and to expand their operations to reach remote farm-
ers (with even higher transaction costs), with special at-
tention to youth, women and disadvantaged castes and
ethnic groups.

 2. Expand access to finance to improve SME performance. This 
will enhance their ability to support small-scale producers
with the relevant complementary services to enable them to
upgrade their practices and improve their welfare.

 3. Provide SMEs with incentives to encourage small-scale pro-
ducer adoption of environmentally beneficial practices. This 
can support the diffusion of these technologies to safeguard
food security, both now and in the future.

 4. Reduce double taxation policies and numerous redundant
certifications and registrations, known as ‘red tape,’ that con-
strain SMEs.

 5. Improve transport infrastructure and conditions to help
traders and logistics firms; reduce road-related corruption
(via illegal roadblocks) and high fines, as well as costs of
electricity, fuel and vehicle imports. Improve trucking regu-
lations to promote safety, and ease constraints on transport
investment. Implement policies that reduce the costs of en-
ergy and equipment import and increase property rights
and the ease of registration and certification.

 6. Reduce cell phone and Internet connection costs that
often constrain SMEs, limiting their access to information
and money.
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Meta-Analyses (PRISMA) extension for Scoping Reviews65 and guidance provided 
by Peters et al.67 in designing and reporting the methods. This review leverages a 
data science framework to accelerate the work within each of the individual steps 
as described in the following. A protocol for this study was developed before data 
collection and was registered on the Open Science Framework68.

Search methods for identifying relevant studies. We developed a comprehensive 
search strategy to find all relevant studies that assess the impacts of interactions 
between small-scale producers and our focal actors in the midstream and 
downstream of the food-product and input supply chains. The Supplementary 
Information presents the search strategy used in CAB Abstracts, and all of the 
search strategies used are available on the Open Science Framework68.

We searched the following electronic databases: CAB Abstracts (Clarivate 
Analytics), Web of Science Core Collection, Scopus, EconLit (Ebsco), Dissertations 
& Theses Global (ProQuest), Africa Theses and Dissertations (http://datad.aau.org/
discover) and AgEcon Search (https://ageconsearch.umn.edu). In addition, over 
15 sources of grey literature were searched68 using custom web-scraping scripts. 
The results from the databases and the grey-literature searches were combined and 
deduplicated. Additional studies were included through consultation with experts 
in this field of research and on the basis of the authors’ previous knowledge.

Study selection. The studies were then screened in three phases. In a first step, 
each citation was analysed using a machine-learning model that added over 30 
metadata fields such as the studies’ populations, geographies, interventions and 
outcomes of interest. This accelerated our identification of articles for exclusion, in 
which records were excluded by a single screener when they clearly did not meet 
our criteria (for example, published before 2000, not in a low- or middle-income 
country or focused on a non-food product).

The remaining records were imported into Covidence (https://www.covidence.
org) for title/abstract and full-text screening. In both steps, studies were screened 
by two independent reviewers, and conflicts were resolved by a third reviewer. 
Studies in which insufficient information was available to determine whether our 
criteria for inclusion were met were passed on to the full-text screening phase. 
Extended Data Fig. 1 presents the number of studies included and excluded at each 
step of the screening process.

Selection criteria. We included studies that assessed impacts on small-scale 
producers of food crops, fish, dairy and livestock in low- and middle-income 
countries in Africa, Asia and Latin America. Studies were included if they made 
a clear reference to a link or interaction between small-scale producers and the 
study’s focal actors in terms of a physical and/or monetary exchange. Focal actors 
were defined on the basis of the functional role that they play as an intermediary 
in the midstream and downstream of output and input supply chains (Fig. 1). 
Importantly, we did not include credit as an input here. We also did not include 
certification and its impacts on welfare effects, or contract farming between large 
enterprises and small farms, because they have been explored in two separate and 
recent systematic reviews10,69. The systematic review by Ton et al. 10 reports that 
contract farming may increase farmer incomes substantially, but this is largely 
restricted to larger farmers. Included studies measured at least one of our primary, 
secondary or intermediate outcomes, as shown in Fig. 1.

We focused on farmers’ output production and sale and not on their household 
labour supply as our focus is the farm enterprise. It is possible that value chain 
actors could affect labour supply and subsequently labour choices in farm 
enterprises, thus indirectly affecting farmer practices, but this was not part  
of our study.

Regarding study design, both experimental and observational studies were 
considered, including quantitative and qualitative work. However, studies were 
excluded if they lacked clear objectives or had small sample sizes and lacked a 
justification for this limitation. Studies using data collected before 2000 were 
excluded from the review, given our focus on modern marketing channels. Due to 
time constraints and limited expertise on the team, studies in any language other 
than English were also excluded from the review. We recognize this as a limitation 
and encourage the inclusion of this literature in future iterations on this work. For 
a detailed explanation of selection criteria, see the scoping review protocol in Open 
Science Framework68.

Data extraction and analysis. Relevant information from each included study was 
extracted by at least one review author. The extracted data included bibliographic 
information, information about the study design, sample size, producer 
characteristics and information about the focal actors and their interactions with 
producers. Information on the nature of the interactions, the outcomes measured 
and the effects on small-scale producers were recorded. In addition, we noted 
whether a study addressed issues of climate change, environmental sustainability or 
gender. While an assessment of study quality is not typically carried out as part of 
a scoping review67, we conducted a general methodological assessment on the basis 
of three questions related to the appropriateness of the methods used. Bibliometric 
data were examined to identify publishing and research trends. Journal impact 
factors for studies published in peer-reviewed journals were retrieved from Journal 
Citation Reports (Clarivate Analytics).

The quality of each study’s ‘methodology description’ and ‘methodology 
justification’ was assessed to be high, low or uncertain/questionable. ‘High’ meant 
there was a clear description of the sampling methods used (for methodology) and 
a clear justification of the selection of the research site(s), research design and/or 
methods used to collect and analyse the data used (for methodology justification). 
Studies that clearly did not meet this were considered to be of low quality. Studies 
for which the reviewer remained uncertain after applying the criteria were 
labelled as uncertain. Overall subjective quality assessment for each study was 
based on how convinced a reviewer was of the quality of the methodology and its 
justification from the two previous questions. Papers were ranked as low, medium 
or high using the following guide. If the responses to the two previous questions 
were both high, then it received a high assessment overall. If they were both low/
uncertain, then this was a study of low/uncertain quality. If the responses were high 
and then low or low and then high, then this was a study of medium quality.

The extracted data were summarized on the basis of emerging themes and with 
the aim of providing recommendations to donors and policymakers.

Data availability
The data that support the findings of this study (that is, the data extracted from 
the 202 studies, as described in the Methods) are available from the corresponding 
author on request.
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The global population is projected to reach 9.7 billion people by 
20501. This will require a 60% increase in global food produc-
tion compared with 2005–2007 levels, alongside more equi-

table access2. Additionally, over 815 million people are chronically 
undernourished3, especially in parts of sub-Saharan Africa (SSA) 
and South Asia, where 22.8% and 14.7% of the overall populations 
are undernourished, respectively4. Postharvest loss (PHL) of food 
crops, during or after harvest, is a loss of valuable food and of the 
inputs required to produce and distribute it5. Given its substantial 
scale, reducing PHL will help create more sustainable and resilient 
food systems, and reduce greenhouse gas emissions. PHL reduc-
tion can simultaneously optimize agricultural productivity and 
increase the incomes of small-scale food producers and associated 
value-chain actors, especially women, who are traditionally respon-
sible for many postharvest activities.

The causes of PHL and the stages at which they occur are numer-
ous and varied depending on the supply chain, the location and a 
variety of other contexts. Damage or loss can occur during all post-
harvest stages. For example, part of the crop may get left behind 
unharvested in the field, spilt during transportation or attacked 
by pests or microbes during storage. All of these can reduce the 
quantity or quality of food available and the associated income 
opportunities for small-scale food producers. Many of these are 
preventable through proper training, the adoption of appropriate 

tools or technologies, effective handling practices, sound policies 
and marketing-related improvements.

After the food crises of the 1970s and 2007–2008, PHL reduc-
tion received more attention and investment. However, due to 
factors such as poor coordination, inappropriate scale, a focus pre-
dominantly on technologies, short-term time frames and lack of 
follow-up, the investment impact has been limited. Moreover, the 
failure to invest in proper support for training, institutionalization 
and services (for example, financial credit, supply chains and distri-
bution networks, quality standards, and improved infrastructure) 
has contributed to the lack of progress5–13.

Targets have been set under Sustainable Development Goal 
(SDG) 12.3 to reduce losses along the supply chain14. African Union 
Member States have gone even further, pledging to halve posthar-
vest food loss by 2025 under the Malabo Declaration15. The reduc-
tion of postharvest food loss has wider implications for other SDGs 
related to food systems, as well as socio-economic and environmen-
tal effects related to SDGs 1, 2, 5, 6, 7, 8, 9, 10, 11, 13, 14, 15 and 
1716. The critical role of PHL reduction to support the attainment 
of SDG 2 and the need to review existing evidence were recognized 
during a consultative exercise coordinated by the Global Donor 
Platform for Rural Development and the Ceres2030 project (https://
ceres2030.org/). A synthesis of the expanding body of research  
and development work on interventions that can help small-scale 
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producers and associated value-chain actors to reduce PHLs is  
vital for evidence-based decision-making.

Results
Only 334 of the 12,907 studies (2.6%) identified for the 22 food 
crops across 57 countries of SSA and South Asia met the inclusion 
criteria (Box 1 and Extended Data Fig. 1).

Outline of the evidence. The 334 included studies came from a 
wide range of sources, with the majority (85.9%) being journal 
papers. The earliest articles were published in 1971, and 42.2% 
were published in the past decade (Fig. 1a). India accounted for 
32.2% of the articles, while for 25 countries there were no stud-
ies that met the inclusion criteria (Fig. 1b and Extended Data 
Fig. 2). Studies on maize dominated (24.9%) (Fig. 1c), and, when 
aggregated by crop group, legumes were the least studied (7.8%)  
(Fig. 1d). When grouped by postharvest activity stages, studies 
on storage interventions for dry and fresh forms of the crops 
dominated, each accounting for 42.5% and 40.1% of the stud-
ies, respectively (Fig. 1e). Most of the studies (91.0%) focused on 
postharvest interventions that small-scale producers could use 
to reduce losses. Studies of loss-reduction interventions for use 
by traders, transporters or other food-system actors were lim-
ited. On-farm/field trials made up 34.1% of the studies. Surveys 
accounted for 8.1%, and 57.8% were research station trials. More 
detailed descriptive statistics of the evidence can be found in 
Supplementary Box 1.

Overview of postharvest interventions studied. Cereals had 
attracted the most study of PHL reduction interventions (43.3%), 
particularly maize (25.8%) (Fig. 2). Root and tuber crops followed 
(19.9%), principally potato in India. Next were fruits (19.2%), par-
ticularly citrus and mango in India. The vegetable interventions 
(10.7%) focused on onion or tomato, mainly in India. Legumes had 
the fewest interventions studied (6.8%).

Geographically, SSA accounted for 55.0% of the interventions 
studied. The most interventions had been studied in India (34.6%), 
with a focus on potato, citrus, onion, mango, rice, wheat, banana 
and tomato. Within SSA, 54.9% of the interventions were on cereals, 
19.9% on root and tuber crops, 11.5% on legumes, 7.5% on fruits 
and 6.2% on vegetables.

The PHL reduction interventions studied were aggregated using 
a four-tier hierarchical system, with the first tier being the interven-
tion type (technology/tool/equipment, handling practice change, 
training/extension, finance, policy, markets, support or infrastruc-
ture). The second tier was the intervention stage, grouped into typi-
cal postharvest stages (such as harvesting, drying and storage), and 
tier 3 was the specific interventions (such as zero-energy cool cham-
ber or traditional granary plus synthetic chemical; for the full list, 
see Supplementary Table 3). The details of each intervention were 
provided in tier 4 (for example, the name and application rate of the 
agricultural chemical or the size of the box).

The analysis of the 334 studies by intervention type (tier 1) high-
lights the dominance of studies on tangible technologies, tools or 
equipment (88.3% of studies, 89.0% of interventions). There were 
far fewer studies on handling practices (14.1%, 10.5%), training 
(0.6%, 0.3%) and infrastructure (0.3%, 0.1%). None were on policy, 
finance, markets or support/organization (Fig. 3).

Measurement of PHL. PHLs are multidimensional and can be 
measured in different ways, both quantitatively (physical loss) and 
qualitatively (for example, increased damage, decay, breakage, con-
tamination with toxins, reduced seed viability and deterioration in 
the nutrient content or economic value of a product)5,16. These losses 
can be assessed using a range of metrics depending on the focus 
of the research or intended use of the crop. For each intervention  

studied, data for one quantitative and one qualitative loss metric 
were included depending on the evidence presented in the respec-
tive study. To support the comparative efficacy analyses, the differ-
ent loss measurements were aggregated into groups (Supplementary 
Tables 4 and 5).

PHL reduction interventions and their efficacy. Most of the inter-
ventions studied were tangible technologies for reducing losses 

Box 1 | Overview of methods

Searches. A search strategy was developed in May 2019 and used 
to sequentially search CAB Abstracts, Web of Science, Scopus and 
47 additional electronic database and grey literature sources. The 
14,576 records identified were deduplicated, resulting in 12,786 
documents for title and abstract screening. A second search was 
done on 30 October 2019 to ensure that the evidence-base was as 
current as possible, yielding 121 additional studies.

Study exclusion criteria. Studies were excluded if they:

• Did not include a PHL reduction intervention for one of the
22 focal food crops

• Did not take place in SSA or South Asia
• Were not relevant to PHL reduction by small-scale producers 

or their associated value-chain actors
• Did not include original research and sufficient details on it
• Did not report the effect of an intervention on PHL, which

required comparison between different interventions,
between adopters and non-adopters or between pre- and
post-adoption

• Did not test an intervention at a meaningful scale at the field
level or in a real-world context

• Were not written in either English or French
No date restrictions were applied.

Title and abstract screening. The titles and abstracts were 
auto-coded by semantic machine-learning models and 
prescreened using filters and a Python script to expedite the 
exclusion of studies not related to the focal crops or geographies. 
The title and abstract of each of the 12,907 studies were then 
screened independently by two of the postharvest researchers.

Full-text article screening. The 1,906 studies included during 
the title and abstract screening stage were read to determine 
whether to include them in the evidence-base. A flow chart of the 
number of studies and exclusion reasons is shown in Extended 
Data Fig. 1, and the included studies are listed in Supplementary 
Table 1.

Data extraction and synthesis. Data from the 334 included 
studies were extracted into an SQL database version of the 
coding framework (Supplementary Table 2). Meta-analyses 
were conducted at both the study and the intervention levels to 
provide an overview of what interventions have been studied by 
crop, country and postharvest stage, and to compare the efficacy 
of the different interventions in reducing PHLs. The searchable 
SQL database was created to facilitate interactive exploration of 
the data and is available at https://PHCeres2030.net/.

The systematic method that we followed aims to capture 
and rigorously screen all the relevant literature to fully explore, 
map and compare the existing evidence and to identify gaps 
and reduce authorial bias. The full details of the methodology 
are provided in the Methods, and the preregistered protocol is 
available at https://osf.io/6zc92/.
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during storage, while a few studies focused on changes in handling 
practices or training (Fig. 3). A comparison of the loss in quantity 
or quality for the different interventions can provide an overview of 
their efficacy. Since the studies were conducted in different years, 
seasons, locations and contexts and using different varieties by  
different research teams, comparisons beyond those within a  
single study provide only an indication of the relative efficacy of the 
different interventions.

Cereals. For cereals, the focus was primarily on storage technology 
interventions (Fig. 3), including pesticides (both synthetic chemi-
cals and botanicals), modified atmospheres, storage containers 
and combinations of these technologies (Supplementary Table 6).  
Only 11 of the 121 cereal storage studies (9%) targeted traders or 
other storage service providers. Six of these studied large-scale 
storage interventions, such as metal silos or hermetic cocoons of 
seven-tonne capacity or above, or large bag stacks in warehouses.

Studies on changes in handling practices focused on harvest 
maturity, timing or weather conditions and their combination with 
other postharvest handling practices. Some studies evaluated the 
effects of sorting or field-drying methods.

Simple tools or machines for harvesting were compared with 
manual practices. Drying technologies studied included different 
structures and heat sources, as well as protecting the crop from con-
tact with the ground during sun-drying versus drying it directly on 
the ground. Threshing, shelling or de-husking studies compared 
manual methods, simple tools and mechanized threshing. Only 
four studies investigated different milling equipment, all on rice in 
Ghana, India or Bangladesh. Just one study investigated the effect of 
farmer training, and that was nearly 50 years ago17.

Maize. For the analysis of quantity loss for different maize stor-
age interventions (tier 3), percentage weight loss data were used. 
For quality loss, the percentage of damaged or discoloured grains 
was used, although many other quality loss measurements were 
recorded in the maize studies (Supplementary Table 5). As the 
studies presented loss data from different storage durations (rang-
ing from 1 to 12 months), the data for a standardized storage 
period of six months were used to facilitate comparison. Of the 78 
studies on maize storage methods, 74 were from SSA and 4 were 
from South Asia (India and Nepal). The storage method included 
details of both the facility in which the crop was stored and the pro-
tectant used. The heterogeneity between the studies and the small 
number of cases (that is, n = 1 or 2) for many of the interventions 
must be noted.

The aggregated data indicated that several air-tight/hermetic 
facilities, the admixture of grain with diatomaceous earth (DE) or 
cooking oils, and a fumigated and insecticide-sprayed bag stack 
kept quantity loss below 2% during six months of storage (Fig. 4a). 
Quantity losses ranged widely in maize grain and cobs treated with 
synthetic chemical protectants and stored in different facilities for 
six months (that is, from <1 to 27% weight loss), although means 
from a low n value should be interpreted with caution. Differences in 
the types, efficacy, stability and application rates of synthetic chemi-
cals, varietal susceptibility, environmental conditions and number 
of occurrences of the interventions help explain the high variabil-
ity. For example, the most studied intervention, ‘polypropylene bag 
+ synthetic chemical’ (n = 21), had a weight loss of 7.2% ± 11.2%
(mean ± s.d.). When the losses in quality between interventions were
compared, similar trends to those for the quantity loss data were
observed (Fig. 4b). Because much of the grain damage was due to
insect pest attack in storage, the relationship between quantity and
quality loss was expected. For example, 20% storage-insect-damaged 
maize grain typically equates to 5% weight loss18.

Two studies found that mass trapping, biological control agents 
or synthetic chemicals in traditional granaries lowered weight loss 

by 13.0–57.6 percentage points, compared with the traditional prac-
tice or an untreated control (Supplementary Fig. 1a,b). Treating 
fumigated or non-fumigated grain with a residual synthetic chemi-
cal dust and storing it in sacks, or storing untreated grain in her-
metic bags or metal or plastic silos, lowered weight loss by 1.3–10.1 
percentage points and reduced grain damage.

One handling practice study found that selecting cobs with 
tightly closed husks, as opposed to open husks, reduced insect 
infestation from 20.0% to 1.0%. Another study found that improved 
admixing of protectants with grain reduced storage insect dam-
age from 14.0% to 3.2%. Proper crop drying, store hygiene, store 
disinfestation and regular inspection led to lower losses. Cobs 
field-dried on plants (as opposed to heaped on the ground) and 
those harvested at physiological maturity (as opposed to several 
weeks later) experienced lower weight loss and aflatoxin levels 
(Supplementary Table 7).

Wheat, rice and sorghum. Storage method intervention studies  
on wheat, rice and sorghum tended to report the percentage of 
damaged grain (n = 108) rather than grain weight loss (n = 66).

During wheat storage, a range of pesticide treatments were stud-
ied, including repeated fumigation and pesticide spraying of bag 
stacks, which kept weight loss below 2% (Extended Data Fig. 3a),  
as did underground pit storage in India. If products such as indus-
trial filter cake dusts, silicon-rich botanical powder or synthetic 
chemicals were admixed with grain, or if grain was stored in 
sealed drums, hermetic bags, concrete bins or improved granaries, 
weight loss also remained below 2% at six months and grain dam-
age was below 5% (Extended Data Fig. 3a,b). When storage inter-
ventions were compared with the traditional practice or untreated 
control, the admixture of synthetic chemical or filter-cake dust or 
silicon-rich botanical treatments, or storage in sealed plastic con-
tainers or hermetic bags, most effectively prevented grain damage 
(Supplementary Fig. 2a,b). All the wheat storage studies were from 
South Asia, except one study from Ethiopia.

Less than 2% weight loss and less than 6% damage occurred 
during six months of storage when paddy rice was sealed untreated 
in hermetic bags, metal silos or improved granaries, or when it was 
fumigated and stored inside a metal silo or pesticide-incorporated 
bag (Extended Data Fig. 3a,b). However, when paddy rice was 
stored untreated in jute or polypropylene sacks, traditional gra-
naries or heaps on a floor, weight losses between 2.8% and 21.8% 
and grain damage between 16.4% and 20.3% occurred. When 
storage interventions were compared with the traditional prac-
tice or untreated control, hermetic cocoons, metal silos, tradi-
tional granaries with fumigation and rodent control, hermetic 
bags, and improved granaries lowered weight losses (1.8–5.3 per-
centage points) and grain damage (12.7–16.4 percentage points) 
(Supplementary Fig. 2a,b).

Sorghum lost less than 2% weight during six months of storage 
when kept untreated in hermetic bags or improved underground 
pits, in bags following fumigation and admixture with synthetic 
chemicals, or in a traditional granary admixed with wood ash. 
Even without these interventions, weight loss was relatively low 
(2.1–6.9%) (Extended Data Fig. 3a). Less than 5% damage occurred 
when sorghum was fumigated, treated with synthetic chemicals, 
and stored in bags; or admixed with wood ash, synthetic chemicals 
or DE and stored in a traditional granary; or stored untreated in  
hermetic bags or an improved granary. However, untreated grain 
stored in bags or traditional granaries with or without botani-
cal preparations sustained between 14.1% and 43.2% damage 
(Extended Data Fig. 3b).

Harvesting rice at the recommended time resulted in lower 
weight loss (0.6%) and fewer broken grains (9.4%) than either 
earlier or later harvesting (5.9–20.3% weight loss and 24.0–32.4% 
broken grains) (Supplementary Table 7). Threshing and sun or 
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Cereals Legumes Roots and tubers Fruits Vegetables
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43.3 6.8 19.9 19.2 10.7
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54.9 11.5 19.9 7.5 6.2

175 58 109 8 26
29.1 1.1 19.9 33.5 16.3

97 14 10 34 3
201 25 36 23 24
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Fig. 2 | Number of PHL reduction interventions studied by crop, crop group, country and region. Derived from the dataset of 334 studies, the numbers in 
each cell specify the number of interventions studied for each specific crop and country combination. The darkest orange cells identify the crop–country 
combinations with the most data. The blank cells represent zeroes. The blue rows at the base of the figure show the total numbers and percentages of 
interventions studied by crop, crop group and region (SSA, South Asia (SAsia) and the geographical regions of SSA (WAfrica, West Africa; EAfrica, East 
Africa; SAfrica, Southern Africa; CAfrica, Central Africa)).
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mechanical drying reduced rice weight loss, breakage and aflatoxin 
content compared with various field-drying and stacking combina-
tions before threshing.

Legumes. There was considerably less research on legumes than  
on cereals. The majority of the studies (86.9%) focused on storage  
methods of dried legumes (Fig. 3 and Supplementary Table 6). 
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Cereals Legumes Roots and tubers Fruits Vegetables

Fig. 3 | Overview of the number of PHL reduction interventions studied by type (tier 1) and stage (tier 2) and by crop and crop group. Derived from the 
dataset of 334 studies, the numbers in each cell specify the number of interventions studied for each specific crop and intervention stage combination. The 
darkest orange cells identify the crop–intervention stage combinations with the most data. The blank cells represent zeroes. The blue cells at the base of 
the figure show the total number of interventions studied by crop and crop group, and in the two rightmost columns by intervention type and stage.
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Fig. 4 | Comparative losses in quantity and quality of stored maize. a,b, Quantity (% weight loss) (a) and quality (% damaged or discoloured grain)  
(b) loss of maize stored for six months using different storage interventions. The interventions were sorted in order of efficacy. The means, 95% confidence 
intervals (CIs) and n values (that is, the number of times this intervention was found in the 334 studies) are presented. The loss levels are dependent on 
numerous factors, including the conditions during the study, which can result in high heterogeneity between studies. The loss levels for each intervention 
need to be interpreted with caution, particularly where the n value is low. Interventions in which the grain was stored untreated are shown as green bars. 
The blue bars indicate grain treated with a synthetic chemical. The grey bars indicate grain treated with an alternative method, such as DE.
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Cowpea accounted for more than half of the legume storage inter-
ventions studied (53.2%). Storage loss was generally higher in 
legumes than in cereals, despite the shorter standardized storage 
duration of 4.5 months that was used. For example, when cowpeas 
or beans were stored in jute or polypropylene bags with no pro-
tectant, grain damage ranged from 46% to 70%, and weight loss in 
cowpeas was 18.9% (Extended Data Fig. 4a,b).

The storage methods investigated included the effect of admix-
ing pesticides (botanicals, synthetic chemicals, DEs or ashes) with 
grain legumes stored in bags (with and without air-tight liners), clay 
pots, plastic or metal containers, or traditional granaries.

Most of the legume loss data were for non-synthetic chemical 
interventions, such as cowpea storage in hermetic bags (Extended 
Data Fig. 4b). Hermetic bags were clearly more effective in reducing 
quantity and quality losses in cowpeas, groundnuts and beans, when 
compared with traditionally used practices or untreated controls 
(Supplementary Fig. 3a,b). Other interventions that kept the grain 
damage levels at least 20 percentage points lower than the untreated 
control included mixing synthetic chemicals, botanicals or DEs 
with cowpeas or beans before storing them in sacks (Supplementary 
Fig. 3b). The storage of cowpeas in clay pots, plastic jerry cans or 
drums reduced storage losses, but not as effectively as hermetic bags 
or synthetic chemicals. The protective effect of storing unshelled 
cowpeas was illustrated in one study19.

Only three legume studies compared handling practices 
(Supplementary Table 7). Simple handling practice changes, such 
as weekly sunning or sieving of beans, reduced storage damage to 
3.6–4.1%, compared with 37.7% in the untreated control20. Careful 
sorting and drying of groundnuts led to a striking reduction in afla-
toxin B1 content (from 55 ppb to 17 ppb), although still beyond the 
safe limits of most standards21. Harvesting groundnuts in the rain 
and slow drying, as opposed to rapid drying, increased fungal inci-
dence on pods from 19.4–24.5% to 32.5–38.9%22.

In a Gambian study, baseline samples of groundnuts had an 
average aflatoxin B1 content of 112.5 ppb and a median level of 
0.49 ppb23. After 25 women were trained in sorting and removing 
any mouldy groundnuts, the resulting weight loss was 1.9%, and the 
remaining groundnuts had an average aflatoxin B1 concentration 
of 0.28 ppb.

Roots and tubers. The majority (70.7%) of the root and tuber crop 
interventions compared storage protectants (hot water dips, irra-
diation, growth regulators, biological control and pesticides) or 
structures (shade-providing structures, structures with forced air 
ventilation, evaporatively cooled and cold stores, and comparisons 
of traditional structures) (Fig. 3). Most of the interventions were on 
potato or yam; only 6.4% were on cassava.

In roots and tubers, quantity loss was measured as percentage 
overall loss, loss based on weight loss combined with decay and 
sprouting, and weight or water loss, except in one study. Quality 
loss measurements include percentages with decay, damage, infes-
tation and unmarketable product (Supplementary Tables 4 and 5). 
Sprouting was analysed independently from decay because it tended 
to be inversely related. Storage durations ranged from 5 weeks  
to 44 weeks.

In potato, quantity and quality losses were less than 15.5% and 
8.5%, respectively, when the tubers were stored in improved pits, 
cold rooms, store rooms, evaporatively cooled or well-ventilated 
structures, or heaps without the use of chlorpropham (Fig. 5a). 
Storage with chlorpropham reduced losses regardless of the storage 
structure, whereas losses were higher under ambient conditions or 
in a traditional structure.

The use of botanicals, essential oils, biocontrol, heat or irradia-
tion resulted in less than 20% quantity loss in yams, but not all of 
these treatments had similar effects on quality losses (Fig. 5a). When 
no protectants were used, quantity losses were high (29.0–44.0%).  

Irradiation reduced both quantity and quality losses, as well as 
sprouting. When curing was combined with a storage protectant, 
quality losses were low (10–14%).

Biological control approaches included two studies evaluat-
ing Bacillus thuringiensis in potato storage in India and Nepal24,25, 
one assessing the performance of the predatory beetle Teretrius 
(Teretriosoma) nigrescens in protecting dried cassava chunks from 
attack by the larger grain borer during storage26 and one on storing 
yams in termitaria27.

Sixteen percent of the interventions studied handling prac-
tice changes. These focused on the effect of harvesting from dif-
ferent soil types and moisture contents, piecemeal versus once-off  
harvesting, and timing of harvest, among others (Supplementary 
Table 7). Harvesting cassava from moist, less compacted soil  
resulted in lower damage (21.6%) than from dry, compacted soils 
(44.6%)28. Soaking cassava chips in water before sun-drying or 
smoke-drying reduced weight loss to 23.9% after six months of 
storage compared with 96.4% in unsoaked stored chips29. Piecemeal 
harvesting (11.3%) resulted in lower losses in potato than once-off 
harvesting (37.1%)30. Delayed harvesting led to increased insect 
damage on sweet potato31,32, while dehaulming lessened decay in 
roughly handled sweet potato roots33. Sorting and storage of undam-
aged yams led to no decay during 36 weeks of storage compared 
with 80–100% decay in yams with cuts34. In the only study on infra-
structure, better road quality reduced losses of potato in Ethiopia35.

Fruits. In the fruit crops, quantity loss was measured as percent-
age overall loss, water loss or weight loss. Quality loss was typi-
cally expressed as percentage decayed, damaged or unmarketable.  
Other measurements reported in the studies were firmness, 
nutrient composition changes, assessment of visual quality and  
ripening stages. Unlike in cereal crop storage, where postharvest 
quantity loss can be directly correlated to some measures of qual-
ity loss, an inverse relationship can exist in fruits and vegetables.  
For example, if water loss (quantity) is high, then decay (qual-
ity) tends to be lower, and vice versa. This, along with the differ-
ent storage durations and temperature conditions in each study,  
confounded comparisons.

For fruit crops, storage protectants accounted for 35.5% of the 
interventions, packaging 22.9%, and storage structures/containers 
18.3%. Storage protectants focused on the use of waxes or coat-
ings with or without fungicides, pesticides and heat treatments. 
Packaging interventions included fibreboard, wooden or plastic 
boxes with or without liners and padding, modified atmosphere 
packaging and shrink-wrapping. The storage structure interven-
tions tested included evaporatively cooled structures, insulated 
rooms equipped with an air-conditioner controller with frost sen-
sor override, and cold rooms. The less commonly evaluated inter-
ventions were harvesting tools, harvest maturity, pre-cooling and 
ripening. Handling practices accounted for 5.6% of the interven-
tions and included combined sets of improvements compared with 
traditional handling practices.

Most types of packaging reduced quantity loss in citrus, but 
when liners were used, quality loss was higher. For example, pack-
ing in wooden boxes resulted in a 6.6% loss in quality, but when a 
liner was added, losses increased to 22.6% (Fig. 5b). This increase in 
decay was attributed to higher relative humidity. Shrink-wrapping 
reduced both quantity and quality loss. Storage protectant interven-
tions for citrus were effective. With no protectant, fruits sustained 
high losses in quantity (34.3%) and quality (33.7%) (Fig. 5b). The 
use of waxes alone, with fungicides or with botanicals, reduced 
losses in both quantity and quality.

For mango, most storage protectant interventions reduced per-
centage quality loss (usually decay), but this was not always associ-
ated with a lower quantity loss (usually water loss) (Fig. 5b). Heat 
treatment (specifically hot water) (13.0%) and pesticides (16.6%) 
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Fig. 5 | Quantity and quality losses associated with storage and packaging of roots and tubers, fruits and vegetables. a, Storage structures for potato 
and storage protectants in yam. b, Packaging for citrus and storage protectants in citrus and mango. c, Storage structures for onion and packaging for 
tomato. The mean percentage quantity loss (blue bars) and quality loss (red bars) and 95% CIs for the different interventions are listed. For each crop and 
intervention combination, the first n value indicates the number of examples of quantity loss data, while the second n refers to the quality loss data. The 
loss levels are dependent on numerous factors, including the conditions during the study, which can result in high heterogeneity between studies. The loss 
levels for each intervention need to be interpreted with caution, particularly where the n value is low. RPC, returnable plastic crates.
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were particularly effective in reducing quality loss over 9–14 days 
of storage, essentially by reducing decay. Mangoes stored without 
protectants experienced 35.5% quality loss.

Traditional handling of mango (conventional harvest, collect-
ing in bamboo baskets and rough packaging in wooden crates) 
resulted in 25% quantity loss and 68.3% damage. Improved han-
dling (careful harvesting with 10–15-cm-long pedicels, desap-
ping in lime solution, washing in water and using the same 
containers) resulted in only 5% quantity loss and 22.5% damage36 
(Supplementary Table 7).

Vegetables. Onions were stored for durations ranging from 7 to 26 
weeks, complicating comparisons between the storage structure 
interventions. The trends indicated higher quantity (22.1–50.5%) 
and quality (5.5–73.0%) losses in shaded or traditional structures, 
store rooms and heaps (Fig. 5c). Lower quantity (6.1–16.6%) and 
quality (2.9–5.7%) losses occurred in structures with some con-
trol of air flow, relative humidity or temperature. Curing onions 
extended the shelf-life and reduced quantity losses from 47.0% to 
31.0%. Improved handling practices (curing, sorting, fungicide use 
and ventilation during storage) resulted in 32.3–40.3% quantity loss 
and 8.9% decay compared with 51.7% and 17.4%, respectively, for 
poor handling practices (Supplementary Table 7).

Tomato studies focused on packaging and cool-storage technolo-
gies. Traditional packaging, such as wooden boxes or roughly made 
baskets, tended to cause higher losses in both quantity (23.8–48.3%) 
and quality (17.0%) (Fig. 5c). Plastic crates and improved baskets 
reduced quantity losses (7.9–17.5%) and quality losses (3.2–6.9%). 
Modified atmosphere packaging showed promise, with low quantity 
and quality losses (6.2% and 5.7%, respectively).

Social, economic and environmental outcomes. About 13.1% of 
the studies mentioned economic, social or environmental outcomes 
of the interventions, either separately or combined. Economic out-
comes were reported by 12.5% of the studies, social outcomes by 
3.0% and environmental outcomes by 1.2%. Most of the reported 
economic outcomes were for maize, rice and potato. Nineteen 
studies reported on theoretical cost–benefit analyses. Nine studies 
directly mentioned the actual costs and benefits of interventions. 
Only 11.4% of the studies included information on the costs of 
the interventions. Costs ranged from less than US$1 for harvest-
ing tools, sacks, baskets, cartons, liners and protective padding to 
around US$2,000 for cold rooms cooled evaporatively (20 t capac-
ity) or with a modified air-conditioner (8–10 t capacity). The cost 
was US$4,000 for a 20-t-capacity hermetically sealed cocoon and 
US$36,000 for a combine harvester (Supplementary Table 8).

Some grain storage intervention studies highlighted the links 
with lower aflatoxin risk and reduced food consumption volatil-
ity37. Other studies emphasized that while mechanized harvest-
ers, reapers or threshers reduce drudgery, they can also displace 
labour38–40. None of the studies reported on gendered outcomes. 
Just two studies41,42 reported on the economic, social and environ-
mental outcomes simultaneously. These studies showed that the 
use of improved containers for maize storage reduced chemical 
use and increased the ability to smooth out consumption and net 
revenue, as well as increasing the cultivation of high-yielding but 
storage-pest-susceptible hybrid varieties.

Barriers to and facilitators of adoption. Just five of the articles 
studied the factors affecting the adoption of PHL reduction inter-
ventions. Four were on maize storage, drying or handling in East 
African countries37,41,43,44, and one was on rice threshers in Sri Lanka45. 
The efficacy, lifespan, durability and cost-to-economic-benefit ratio 
of the technology were positively related to the adoption rate of 
the interventions. Household size, literacy, land size, use of finan-
cial services and off-farm income also had positive relationships  

with the adoption rate. In contrast, the distance from passable roads 
and the presence of a female primary decision maker reduced the 
likelihood of using a metal silo.

Many of the other studies made suggestions regarding barriers 
and facilitators of the adoption of PHL reduction interventions 
without supporting data. Suggested barriers to adoption included 
high initial investment costs, limited availability of distribution 
channels, lack of participatory development and testing by farm-
ers and value-chain actors, and limited awareness of the scale of 
the problem. There were also complex trade-offs, such as bulkier 
packaging or grain protectant methods that reduced seed viabil-
ity. Lack of credit, subsidies or input markets were also viewed  
as barriers.

Suggested factors facilitating adoption included cost-effective, 
time-saving, technically effective and easily maintained interven-
tions; the availability and ease of integration of the interventions 
with existing practices; quality-sensitive markets; the use of par-
ticipatory multistakeholder learning-by-doing approaches (such 
as learning alliances and living labs); and postharvest training and 
awareness-raising among farmers and value-chain actors.

Discussion
This study investigated PHL reduction interventions for 22 crops 
across 57 countries of SSA and South Asia from the 1970s to 2019. 
The identification of just 334 studies highlights the limitations of 
this evidence-base, particularly as one country, India, accounted for 
108 (32%) of these studies. Interventions for cereals (particularly 
maize) dominated, whereas vegetables and legumes have received 
much less attention. The increasing trend in the overall number of 
studies during the past two decades suggests growing recognition of 
the need for PHL reduction. However, the lack of studies on train-
ing, finance, infrastructure, policy and market interventions high-
lights the need for interventions beyond technology or handling 
practice changes.

Most of the studies focused on the effect of a technology, tool 
or piece of equipment during farm-level storage. While interven-
tions to reduce storage losses are crucial, a better understanding of 
losses during non-storage stages and interventions that can reduce 
these losses is also needed. PHLs are the cumulative result of a 
sequence of actions (or inactions) and conditions along the value 
chain. Given the rapid transformation of food systems in SSA and 
South Asia—linked to population growth, urbanization, changing 
dietary choices and climate variability, among other drivers—there 
is an urgent need for evidence on interventions that support other 
value-chain actors beyond farmers in reducing PHLs, and not only 
during the storage stage. For perishable crops, for example, this 
would require studies that include maturity assessment, harvest 
method, handling, cooling, packing/packaging, transportation, 
storage and drying or processing.

Most storage studies included a traditional practice or untreated 
control as a comparator. In reality, traditional practices may be 
more dynamic than researchers recognize46. As emphasized by 
Ng’ang’a et al.47, “farmers, unlike scientists do not wait for 35 weeks 
to see their storage losses go up to 79.6%”. Additionally, there is 
limited evidence on common-sense good practices, such as clean-
ing or disinfesting a store before use and careful handling of perish-
able crops.

A sound evaluation of postharvest interventions requires a more 
complete assessment of their efficacy in reducing losses in both 
quantity and quality. Future research (and evidence syntheses draw-
ing on it) would benefit from employing more systematic and uni-
form collection methods of a wider array of data.

It is also worth noting that some postharvest interventions, such 
as mechanization, save farmers time and drudgery but may increase 
quality and quantity losses. This highlights just one aspect of the 
complex trade-offs surrounding PHL reduction.
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Drawing robust conclusions on the technical efficacy of many of 
the interventions is difficult because there are relatively few stud-
ies of each intervention for each crop, and they vary in scale, dura-
tion, type of loss data collected, location and context. Many studies 
were excluded because they used very small quantities of the crops, 
were conducted only in the laboratory or did not replicate the 
interventions. Most of the included studies involved only research-
ers without any participation from farmers or other community  
members. Their participation could have provided experiential 
learning opportunities and built ownership. Even if technically 
effective in researcher-managed trials, such interventions may not 
be as effective in real life and may not be acceptable to or affordable 
for farmers. Additionally, more data on multiseason and multisite 
testing of interventions are required to provide a critical under-
standing of their replicability and degree of variation. Loosening 
the inclusion criteria would increase the number of studies, but it 
would compromise the value and quality of evidence on which the 
synthesis was based.

Despite the systematic approach used and the recognition of 
the four principles (inclusive, rigorous, transparent and accessible) 
identified by Donnelly et al.48 for synthesizing evidence for poli-
cymakers, the present evidence-base is subject to non-publication 
bias, as studies of less effective interventions would not have been 
widely shared. Furthermore, where there is no requirement for 
PhD or MSc theses or project reports to be registered in public 
databases, digital search strategies do not always identify these 
important sources of evidence. Several studies did not acknowl-
edge all the treatment details. For example, the additional cost 
and effect of prior fumigation on grain storage interventions was 
rarely recognized. Details of the concentrations and application 
rates of active ingredients of protectants were not always avail-
able, even though they are important for efficacy comparisons, as 
well as compliance with national product registration and safety 
regulations. Some grain storage trial durations were very short. 
The efficacy of the tested interventions may be different dur-
ing the longer storage durations (six to ten months) required by 
many small-scale producers to ensure the availability of their 
staple grains between harvests and in response to increasingly  

unpredictable climate11,41,49–54. Such issues highlight opportunities 
to support systems to improve PHL reduction research methods, 
data analyses and interpretation. Recent initiatives and funders’ 
forums set up to ensure value in medical research may offer pros-
pects for cross-learning55.

Well-designed, multidisciplinary, measured field studies should 
analyse the links between reductions in different types of loss and 
their social, economic and environmental outcomes. This will sup-
port better understanding for the development, adoption and pro-
motion of PHL reduction interventions in their various forms, such 
as technologies, policies, training, infrastructure and combinations 
of these. There is also a need to understand the factors that facilitate 
or constrain the adoption of interventions. A small body of litera-
ture exists on this, although much of it is focused on the adoption of 
relatively expensive interventions43,56–60. Cost, access, ease of use and 
reuse, cultural acceptability, one-time subsidies, willingness to pay, 
scale, awareness and demonstrations, and training are just some of 
the factors influencing the uptake of PHL reduction interventions 
along with technical efficacy11,46,61–73.

Notwithstanding the limited size of the evidence-base, the effi-
cacy of a number of interventions in reducing PHLs was recog-
nized. A summary of these notable interventions and critical gaps 
in the evidence-base is presented in Table 1, followed by a set of 
policy recommendations (Box 2). A deeper analysis of the dataset 
is available from the authors, and the interactive database at https://
PHCeres2030.net/, which will be updated biannually, provides users 
with an opportunity to identify relevant studies and better tailor the 
data outputs to their specific needs.

This evidence-based analysis demonstrates that future PHL 
reduction research and investments need to be expanded to  
include a more diverse range of food crops, food systems actors  
and postharvest activity stages. Future research and investments 
should also cover combinations of training, finance, infrastructure, 
policy and market interventions that go beyond tangible technolo-
gies and handling practice changes. Besides a more participatory 
study of the technical efficacy of interventions, there is also a  
need to explore social, economic and environmental outcomes,  
and barriers and facilitating factors to adoption to inform policy 

Table 1 | Summary of the PHL reduction interventions evidence-base for SSA and South Asia

Technically effective interventions Critical gaps in the evidence-base

Technologies, tools and equipment Handling practices

Cereals Maize storage: in hermetic containers or 
admixed with some synthetic chemicals or DEs
Wheat, rice or sorghum storage: in hermetic 
containers or underground pits, or admixed with 
some synthetic chemicals, botanicals or DEs

Timely harvesting, protecting 
crops from direct ground contact 
while drying

• Interventions for loss reduction in the 
non-storage activity stages
• Any evaluation of training, policy, infrastructure,
finance interventions on loss reduction
• Effects of sanitation, grain cleaning and timing 
of activities on subsequent losses
• Verified measured socio-economic or 
environmental outcomes of the uptake
of different PHL reduction interventions
at any scale
• Factors facilitating and constraining the 
adoption of PHL reduction interventions
• Stakeholder participation in the study of 
interventions to facilitate co-innovation and 
co-learning, and the need for more real-world 
scale on-farm participatory studies
• Standardized loss measurement metrics
• Consistency of intervention results confirmed 
through multiseason and multilocation studies

Legumes Storage in hermetic containers or admixed 
with synthetic chemicals, botanicals, DEs  
or edible oil

Protecting crops from direct 
ground contact while drying, 
sorting to remove mouldy grains

Roots and tubers Use of digging tools that reduce harvesting 
damage, use of improved storage containers, 
ventilated storage, evaporative cool storage, 
cold storage, sprout suppressants

Piecemeal harvesting, curing, 
sorting to remove damaged roots 
or tubers, avoidance of rough 
handling, use of maturity indices

Fruits Harvesting poles/pickers, use of improved 
packaging, waxing (alone or with fungicides or 
botanicals), hot-water treatments, evaporative 
cool storage, cold storage, ripening treatments

Use of maturity indices, gentle 
harvesting and handling, sorting  
to remove damaged fruits

Vegetables Use of improved packaging, evaporative cool 
storage, ventilated storage (onions), cold storage

Gentle handling, curing (onions)

The interventions for which sufficient evidence existed of their efficacy in reducing PHLs are listed for each crop group. These interventions were either of the technologies/tools/equipment type or of the 
handling practices type, and they predominantly focused on reducing losses during the crop storage stage. Critical gaps identified in the evidence base for all crop groups are listed in the final column.
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and guide investments that can drive PHL reduction in food  
systems at scale.

Methods
Research question. The research was guided by the main question: what are the 
interventions that small-scale producers and associated value-chain actors in SSA 
and South Asian countries can adopt or adapt to reduce PHLs along food crop 
value chains? A secondary research question was: what are the associated barriers 
and facilitating factors for adoption of the interventions?

This analysis focused on SSA and South Asia, both regions with large 
populations of small-scale producers dependent on local food systems and where 
PHLs and the incidence of poverty are relatively high. Interventions applicable 
to small-scale food producers and/or their associated value-chain actors such 
as aggregators, packers, operators of driers, threshers, chippers, transporters, 
processors, traders, and other service providers (for example, training, extension, 
financial and market information services) were targeted to meet the food 
demands in these regions. Narrowing the focus to 22 key food crops from 
five crop groups (cereals—maize, rice, sorghum and wheat; legumes—beans, 
cowpeas, pigeon peas, chickpeas and groundnuts; roots and tubers—cassava, 
potato, sweet potato and yam; fruits—plantain, banana, mango, papaya and 
all citrus fruits including orange, lemon, lime and mandarin; and vegetables—
cabbage, onion, tomato and leafy vegetable) allowed for deeper analysis. There 
were no prior specifications of the types of interventions, as any interventions 
that apply to PHL reduction in food crop value chains are relevant, including 
training, information, handling practices, skills, institutional changes, financial 
interventions, policies, postharvest infrastructure, tangible technologies and any 
combinations of these.

To measure the effectiveness of the interventions, comparisons included 
those between different interventions, between adopters and non-adopters, and 
between pre- and post-adoption of an intervention. The comparisons could be 
vis-à-vis their technical, economic, environmental or social efficacy and outcomes. 
Intervention efficacy was evaluated by the level of PHL that occurred as well as the 
reduction in PHL compared with the traditional practice or untreated control in 
each study.

To ensure consistency during screening, key terms such as ‘postharvest’, ‘loss’, 
‘adopt’, ‘intervention’, ‘field-tested postharvest interventions’, ‘small-scale food 

producers’ associated value-chain actors’ and ‘food crop value chain’ were defined. 
The definitions are given in Supplementary Table 9.

Search strategy. A comprehensive search strategy was developed to identify the 
relevant published and grey literature. The search terms included variations of the 
key concepts in the research question: PHLs in quantity or quality, postharvest 
activity stages, PHL causing factors, focal food crops and focal countries. The 
search strings used are shown in Supplementary Table 10a–c. The following 
online databases of peer-reviewed publications were sequentially searched on 
27 May 2019: CAB Abstracts (date coverage, 1973–2019), Web of Science Core 
Collection (date coverage, 1900–2019) and Scopus. These searches returned 
8,880 records, 3,570 records, and 315 records, respectively, after screening for 
duplicates using Zotero bibliographic software. The searches were not limited 
by date or language. However, the search terms were done only in English. The 
search strategy was pretested and refined, and it used eight benchmark articles 
to maximize its comprehensiveness (Supplementary Table 11). However, three 
of the eight benchmark articles (a 1991 Acta Horticulturae study and two grey 
literature reports) were not indexed and were not accessible in any of the databases 
searched. In addition, 47 electronic database and grey literature sources identified 
by the postharvest team members were searched by librarians on 24 May 2019 
(Supplementary Table 12). These grey literature searches involved various 
combinations of the following terms: ‘post-harvest’, ‘post-harvest loss’, ‘post harvest 
losses’, ‘post harvest’, ‘postharvest’, ‘value chain’, ‘crops’ and ‘food’. After searching, 
the results were screened to ensure that ‘postharvest’ and ‘loss’ were found in 
each report. These searches returned 1,811 records, which were combined with 
those from the databases to give 14,576 records, which were deduplicated using a 
Python (v.3.8.0) script. Duplicates were detected using the title, abstract and year 
of publication, where the year of publication was a match, the title cosine similarity 
was greater than 85% and the abstract cosine similarity was greater than 80% 
(or one or both of the abstracts was missing). When this occurred, the duplicate 
entry was removed. CAB Abstracts was the priority source of record. In contrast 
to the PHL review in six SSA countries by Affognon et al.11, where grey literature 
physically acquired through national teams made up 57.3% of the documents, the 
current study’s digital search strategy captured relatively few PhD/MSc theses, 
working papers or project reports.

The bibliographic details for each of the resulting 12,786 peer-reviewed and 
grey literature documents were exported into MS Excel (v.2002) for machine 

Box 2 | Policy and investment recommendations

• Studies should be conducted to increase the available data on
PHL reduction interventions, particularly for legumes, small
grains, root and tuber crops, fruits, and vegetables. Notably
effective PHL reduction interventions, along with critical gaps
in the evidence-base, are presented in Table 1.

• Future studies should include the non-storage activities in the
value chain and the key actors (such as farmers, traders, trans-
porters and wholesalers), because to date the focus has been
predominantly on tangible technical interventions to reduce
losses during farmer-level storage.

• The limited evidence on PHL reduction interventions can be
extrapolated to similar crops within each crop group, with
participatory field-level studies to confirm and expand the
evidence.

• The effects of training, finance, policy and infrastructure
interventions on PHL reduction need to be studied to guide
investments.

• More evidence is needed regarding verified socio- 
economic and environmental outcomes of PHL reduction
interventions, because to date the focus has been on their
technical efficacy.

• More evidence is needed on the efficacy of PHL reduction
interventions, particularly when technologies are combined
with interventions such as training, changes in handling prac-
tices, access to finance and policies.

• Future studies would benefit from collecting a wider array
of data using uniform and more systematic methods to cap-
ture the quantitative, qualitative and socio-economic aspects
of PHLs.

• For improved postharvest management and loss reduction,
there is a need for:

1. Greater efforts to raise the awareness of stakeholders of
the ability to reduce losses and the benefits of doing so
2. Recognition that all technologies have strengths and
weaknesses and that due to the heterogeneity between
households, agro-ecologies and crops, one-size-fits-all so-
lutions are unlikely to be successful
3. Technical solutions to be simultaneously promoted
alongside good postharvest training and management to
build understanding of why losses are occurring, how the
technologies can best be used and the local costs and ex-
pected benefits of interventions
4. More study of how national policies, financial access and 
infrastructure investments affect PHL reduction
5. Implementation of policies that support quality-sensitive 
markets to provide incentives for PHL reduction
6. Multistakeholder postharvest platforms or institutions
to promote co-learning and co-innovation, support access
to information, and support multilocation and multisea-
son studies with active participation of stakeholders along
the commodity value chains

• Targeting of the aforementioned recommendations may be
needed depending on limitations of financial resources and
information, and whether the main objective for reducing
PHLs is improved food security and nutrition or lower envi-
ronmental impacts.
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processing before title and abstract screening by the team. A second search phase 
of the three online literature databases for the year 2019 was done on 30 October 
2019 to ensure that the evidence-base was as current as possible. The search 
returned 84, 52 and 15 records from CAB Abstracts, Web of Science and Scopus, 
respectively. After deduplication, 121 additional studies remained for screening.

Study inclusion and exclusion criteria. The following exclusion criteria were 
applied to the title and abstract and the full-text review stages.
•	 Irrelevant crop: study does not include a PHL reduction intervention for one 

of the 22 focal food crops.
•	 Irrelevant geographical area: study does not take place in the target geographi-

cal area of SSA and South Asia.
•	 Irrelevant target actor: study is not relevant to PHL reduction by small-scale 

producers or their associated value-chain actors.
•	 Irrelevant study type: study is a review or does not contain any origi-

nal research or sufficient details on the original research to make an 
evidence-based decision about the intervention’s efficacy.

•	 Irrelevant data output: study does not report the effect of an intervention
on PHL.

•	 Irrelevant scale of study: study reports the effect of an intervention that was 
not tested at the field level or in a real-world context. In other words, the inter-
vention was tested only at a small scale in a laboratory or tested in the field or 
on-station but with a treatment replicate size too small to provide reliable data 
on which to base investment decision-making. 
In the studies of the durable crops, interventions on maize using less than 
50 kg per treatment replicate were excluded, while for sorghum, rice and wheat 
studies, those with less than 25 kg per treatment replicate were excluded. For 
the five legume crops, studies with less than 10 kg per treatment replicate were 
excluded. Additionally, interventions were excluded where stored crops were 
artificially infested with insects, fungi or bacteria, or where crops were frozen 
before study to disinfest them. If the study had crops that had been fumigated 
before the intervention, the study was included. The fumigation aspect was 
then added to the intervention’s description. 
In the studies of the perishable crops, those with less than 20 kg per treatment 
for roots and tubers and with less than 10 kg per treatment for fruits and 
vegetables were excluded. For studies where the number of fruits was stated 
but the weight was not, we used a typical weight for that produce type to 
determine inclusion or exclusion. Studies that failed to state the size used in 
the treatments and where the size could not be inferred from the data were 
excluded. For some studies, in which the interventions were evaluated on a 
range of different grades or varieties, the results were averaged to achieve the 
weight expectations required for inclusion.

•	 Language: studies written in a language other than English or French
were excluded.

•	 Date: no date restrictions were applied, but the searches were limited due to 
the coverage of the individual databases searched.

Title and abstract screening. The titles and abstracts of the search outputs were 
auto-coded by semantic machine-learning models and then prescreened by six 
team members in MS Excel using filters and a Python script to expedite the 
identification and exclusion of studies not related to the focal crops or geographies. 
The auto-coded fields—topics, countries, plant and animal products, populations, 
outcomes, interventions (technology, socio-economic, ecosystem, storage and 
mechanization) and measurements for interventions and for crops—were intended 
to help derive metadata from the individual citations for later sensitivity analyses 
and expedite the process of synthesizing the evidence. However, these fields were 
not found to be sufficiently accurate for this study. For example, the machine could 
not distinguish between countries mentioned in the title, abstract, bibliographic 
information or organism names (for example, Rhyzopertha dominica) and the 
country where the study happened, as it could not understand the context. Further 
training of the machine in close collaboration with expert researchers would 
improve the utility of the auto-coded outputs, but the rapid start-up and tight 
time frame of this study meant that building a more contextual base to train the 
machine was out of our scope.

The auto-coded search outputs were then imported into the web-based 
software platform Covidence for screening. Those studies identified for exclusion 
during the prescreening filtering (that is, wrong crop or wrong country) were then 
manually excluded on Covidence. For each of the 12,786 studies, the title and 
abstract were screened independently by two of the postharvest researchers. The 
eligibility criteria were used to decide which of the studies to include. Where there 
was uncertainty, the study was assigned to the ‘maybe’ category. If the reviewers’ 
independent scoring disagreed or if the study was placed in the ‘maybe’ category, a 
third reviewer screened the title and abstract and made the final decision. To align 
the scoring, the first 20 disputed studies were discussed by the screening team to 
develop consistency. In cases where there was insufficient information in the title 
or abstract to exclude the study, the study was included so that the decision could 
be made at the full-text-screening stage. Filters in Covidence were used to search 
for studies on the specific focal crops, and two or three members of the team of five 
postharvest researchers screened the studies for each crop group. There were many 

irrelevant studies in the initial library (for example, studies on cocoa or coffee 
beans, silage or soil; reviews; and studies from other countries and languages), and 
filters were used to search for and exclude them. The titles and abstracts of the 
additional 121 studies from 2019 were double-screened using MS Excel, and the 
reasons for exclusion were recorded. The use of Covidence for the title and abstract 
screening enabled the records to be double-blind screened and the decision on 
whether to include them to be captured. However, it did not enable the reasons for 
exclusion to be recorded.

Full-text article screening. A total of 1,887 studies from the initial search and 
19 from the 2019 updated search were selected for full-text article screening. The 
full texts were sourced by the librarian team members from July to December 
2019. They were grouped into six batches on the basis of the timing of their 
acquisition. The full-text PDFs for each batch were placed in the team’s Google 
Drive folder, and the MS Excel list of titles and abstracts in each batch was further 
machine-processed to assist in identifying the perishable and durable crop 
studies to help divide the articles between the screening members of the team. 
After reading each assigned article, the screening team members recorded their 
decisions in their MS Excel sheet. For the excluded studies, the reason for exclusion 
was recorded. This information was later entered into Covidence to produce the 
summary data on inclusion rates and exclusion reasons (Extended Data Fig. 1). 
If there was uncertainty regarding the inclusion of a study, it was checked and 
discussed with at least one other member of the team. Fleiss’ kappa score was used 
to measure the level of agreement between screeners and gave a score of 0.659 for 
the three main screeners, who screened 83% of the 1,788 available full-text articles, 
indicating that the level of agreement was substantial (0.61–0.80)74.

The coding framework was developed and trialled by the researchers using 
four of the benchmark studies, followed by discussions and amendments before 
finalizing and registering the protocol on the Open Science Framework at https://
osf.io/6zc92/ (Supplementary Table 2). An interactive SQL database and web app 
were built on the basis of the coding framework for entry of the relevant data 
extracted from each of the studies. This database is available for policymakers to 
explore the results.

Due to uncertainty regarding how many of the 12,786 records from the initial 
search would be included, a two-part full-text coding approach was initially 
planned. However, due to the time it took to obtain PDF copies of the 1,887 full 
texts and the short time frame available for the evidence synthesis, it was not 
feasible to wait for Part I screening of all the included full-text articles to be done 
to randomly select a sample of the included studies from across the different 
postharvest stages, crops and geographies. The Part II data extraction would have 
been conducted from this sample. After the full texts of batches 1 and 2 were 
screened, the inclusion rate was around 20%, so the team decided to do the  
Part I and II data extraction on all the included full-text studies after the  
screening of each batch.

The relevant data were extracted into the database using drop-down menus 
based on the coding framework categories. The database structure was finalized in 
October 2019. In hindsight, the database should have included more options for 
the quality loss data, as more than one set of measurements was often available (for 
example, percentage damage, percentage decay, percentage sprouting, percentage 
germination and aflatoxin content). Each included study was coded by one 
reviewer for Part I and II data extraction, and any uncertainties were discussed. 
Three of the researchers extracted the data for 88% of the studies. For the 40 
studies where data were extracted by other team members, one of the three main 
data-extracting researchers then went through them in the database to check and 
standardize data capture across the 334 included studies.

In addition to its bibliographic information, the researchers extracted data for 
each article using a two-part coding framework (Supplementary Table 2). Part I 
data comprised the following: geographic locations (country, region and village), 
focal crops, crop form (fresh, dried, shelled or on the cob), focal postharvest 
activities (harvesting, handling, field drying, transport to homestead, curing, 
cooling, further drying, threshing/shelling, milling, packing, storing dry, storing 
fresh, transport to market and wholesale market), targeted postharvest actors 
(small-scale producers/point of production; packers and processors; service 
providers of harvesting, drying, milling, storage and transport; and traders, 
middlemen or collectors), type of study (field or on-farm trial, on-station trial 
or survey), study method (quantitative, qualitative, survey or mixed), study 
design (comparison with traditional practices, other types of intervention, 
non-adopters or pre- and post-adoption) and funding source. The classification 
of the interventions was based on a four-tier hierarchical system, with the first tier 
being the intervention type (technology/tool/equipment, handling practice change, 
training/extension, finance, policy, markets, support or infrastructure). These 
were further divided into a second tier, intervention stage, where the interventions 
were grouped into typical postharvest stages (for example, harvesting, drying and 
storage). Tier 3 consisted of specific interventions (for example, zero-energy cool 
chamber and traditional granary plus synthetic chemical) (Supplementary Table 3). 
Detailed descriptions of the intervention were then provided in tier 4 (for example, 
name and application rate of the agricultural chemical, size of the box or specific 
details of the traditional granary). Tier 4 was included for reference but not used in 
the data synthesis. In Part II, the following were captured: the PHL measurements 

Nature SuStaiNability | VOL 3 | OctOber 2020 | 821–835 | www.nature.com/natsustain832

https://osf.io/6zc92/
https://osf.io/6zc92/


Sustainable solutions to end hunger  |   141

ArticlesNature SuStaiNability

of quantity or quality; facilitators and barriers for adoption; study design, duration 
and scale; intervention cost; and any assessment of any social, economic or 
environmental outcomes associated with the interventions.

Thanks to programming expertise within the team, machine-scraped 
sections of the PDF files were placed in special fields in the database to support 
faster data extraction. However, the research team found that for accuracy 
and comprehension, validation still required reading of the paper and manual 
extraction of the required content. Moreover, the challenge in this body of 
literature has been that authors often use terms interchangeably, making codifying 
context difficult. In addition, given that this exercise in assessment is still new, 
building the knowledge base to train algorithms to function more accurately 
is a process that takes years. Given the complex and nuanced understanding 
required, we do not yet have machines that can sufficiently and accurately identify 
or automatically extract the relevant information from complicated postharvest 
research studies. But if leveraged correctly, this dataset can be used to build a more 
effective algorithm.

Data synthesis. The captured data were downloaded into MS Excel and 
synthesized using pivot tables. The meta-analysis was conducted at both the study 
level and the intervention level. A few studies covered multiple crops, multiple 
countries or multiple postharvest activity stages. Each study reported on at least 2 
and as many as 24 interventions. For the meta-analysis, the means of the quantity 
and quality loss figures for the interventions (tier 3) were pooled. If n > 2, the 
confidence limits (95%) were calculated for these pooled means, and the data 
were presented within the relevant tier 1 and 2 categories. For storage method 
interventions for durable crops (that is, dried cereals and legumes), the quantity 
and quality loss data were adjusted to a standardized storage time of 6 months for 
cereals and 4.5 months for legumes to facilitate comparisons and represent typical 
storage durations for these crops in these geographical regions. The data on storage 
methods for perishable crops were presented without adjusting for storage time. 
Temperature is the most important factor affecting the storage life of perishable 
crops, and its effects are not linear. The wide range in treatment temperatures used 
in the studies (from <5 °C to >38 °C) made standardization by storage time for 
perishable crops inappropriate, even for ambient conditions. Multiple comparisons 
of the mean quantity and quality loss data for storage interventions of the durable 
crops were conducted. The Least Significant Difference test function in the R 
agricolae package75,76 was applied to the output of a one-way analysis of variance 
using a Holm-corrected least significant difference method to generate groups of 
means that do not differ significantly at P < 0.05. There were insufficient data on 
perishable crop interventions for further analysis.

The searchable SQL database was created to facilitate interactive data 
visualization, given the numerous dimensions of the challenge and the scope of the 
interventions. The database provides a simple way for users to filter the dataset by 
data fields such as crop, country and postharvest activity stage for further analysis. 
Users can also access the bibliographic information and intervention loss datasets  
for single or multiple studies. The database provides cross-tabulations and a series  
of graphs.

Data availability
The data that support the findings of this analysis are available upon request.  
The bibliographic details of the 334 included studies are listed in Supplementary 
Table 1, and the searchable database is available at https://PHCeres2030.net/.

Code availability
The title and abstract deduplication code is available at https://github.com/
MariyaIvanina/ArticlesDeduplicator. Outputs from the model used for 
machine-processing of titles and abstracts in this Ceres2030 evidence-synthesis 
study can be provided by J. Porciello (e-mail: jat264@cornell.edu) upon request.
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The adoption of the United Nations Sustainable Development 
Goals (SDGs) in 2015 signalled a global commitment to 
combat hunger and improve the well-being of small-scale 

producers and the environment. Small-scale producers contrib-
ute substantially to the food supply1–3, yet many experience food 
insecurity4. They are also highly vulnerable to climate change and 
environmental degradation5 with particular severity in sub-Saharan 
Africa (SSA) and South and East Asia6.

Farmer organizations (FOs) such as associations, cooperatives, 
producer organizations, self-help and women’s groups, are col-
lective institutions intended to support members’ interests7,8. FOs 
may help small-scale producers access markets, credit and rural 
extension services9,10 as well as manage shared natural resources11. 
FOs can build farmer skills in production, marketing and leader-
ship and strengthen psychological well-being12. Building on these 
contributions to farmers, FOs have become core elements of rural 
development, agricultural productivity and anti-poverty policies—
especially in Africa and South Asia13,14.

Questions have arisen about the equity of FOs, including 
whether they serve mainly middle-class farmers, rather than the 
poorest and most vulnerable farmers15,16. In some contexts, FO 
benefits have been shown to vary depending on the crops grown, 
farmers’ access to resources and membership heterogeneity14,17. 
Experience from Kenya, Ethiopia and South Africa also indicates 
that FOs often depend on support from governments and other 
agencies18,19 and that the benefits of FOs to individual members 
can be limited by production volumes, infrastructure challenges 
and inadequate banking services, as well as limited managerial and 
leadership skills16,20.

More evidence on the impact of FOs is urgently needed for gov-
ernments and donor organizations to identify effective interven-
tions to achieve the SDGs, including target 2.1 to fight hunger, 2.3 
to improve the income of smallholders and 2.4 to promote envi-
ronmentally friendly agricultural practices and responses to climate 
change. Although several studies have reviewed the contributions 
of FOs towards those objectives, most have focused on a subset of 
FO types and/ or individual countries12,21,22. Many have not applied 
a systematic approach23.

Here we explore the contributions of FO membership by review-
ing the scientific literature on the impacts of FOs on small-scale 
producers in SSA and India—both of which have a long tradition 
of cooperatives and other FOs24,25. More specifically, we analyse the 
findings of 239 studies to elicit the contributions of FOs to income, 
empowerment, agricultural production, food security and the envi-
ronment. Details of the literature screening and eligibility criteria 
can be found in the Methods and in Box 1.

Results
Overview of the included studies. The 239 studies included in this 
scoping review document FOs in 24 countries (Fig. 1). All studies 
were published between 2000 and 2019, most (192, or 80% of the 
total) since 2010. The majority used quantitative methodologies 
(53%) and involved at least 100 respondents (64%).

The reviewed studies included seven types of FOs (Fig. 2b): 
agricultural cooperatives, farmer associations and groups, rural 
self-help groups and women’s groups, dairy cooperatives, pro-
ducer groups, natural resource management groups and rural  
financial cooperatives.
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We characterized the studies by FO membership and crop type, 
where relevant. Out of 228 studies that provided data on mem-
bership, 171 studies (75%) involved FOs with open membership,  
unrestricted by gender, age or any other qualification. The 
other studies (25%) had exclusively or mostly women members 
(Supplementary Fig. 1.3).

Of the 238 studies that provided data on type of production, 
more than half (132, or 55% of the total) focused on crop pro-
duction alone and included FOs working with cereals, vegetables, 
coffee and fruits; 24% (56 studies) focused on livestock only, and 
21% (51 studies) focused on both crop and livestock production 
(Supplementary Figure 1.3). Agricultural cooperatives and farm-
ers’ associations had the strongest focus on crop production (73% 
and 68% respectively). We found only limited information on other 
FO characteristics, such as membership costs (found for 37 studies, 
15%) (Supplementary Fig. 1.4).

FO services for members. The services FOs provided to their 
members can be grouped into 11 categories (Fig. 2), of which 
the most common (129 studies, 54%) was ‘marketing services to 
increase product sales’ (such as connecting to specific markets to 
sell products, shared transport or storage of the products and the 
establishment of contacts between FO members and buyers). The 
second most common category was ‘providing access to market 
information’ on product prices and trends, seasonality and regional 
changes (111 studies, 46%). The third most common was ‘extension 
and educational services’, which both promote improved produc-
tion and marketing practices, as well as build financial literacy (89 
studies, 37%). The first and third categories were widely represented 
regardless of the type of FO or membership. Other services, such 
as linking farmers to external programmes, infrastructure develop-
ment/management and policy advocacy with local/sub-national 

governments, were also found in some FOs, but their frequency in 
the reviewed studies is low.

Most studies described FOs that provided multiple services, but 
25 of the studies (4%) focused on FOs that solely provided financial 
services, including financial cooperatives and rural self-help and 
women’s groups. FOs offering multiple services typically addressed 
output marketing, market information and extension services and 
were analysed by 32% of the studies. They were mostly agricul-
tural or dairy cooperatives, farmer associations and groups. Studies 
focused on the FOs from India show that rural self-help groups and 
women’s groups tended to deliver financial, extension and education 
services such as certification and improved production practices, 
financial literacy, marketing skills and skills for income genera-
tion, strengthening members’ access to income, savings, credit  
and empowerment.

FO membership impacts. The observed FO impacts could be 
grouped into six categories: income, yield, production quality, envi-
ronment, empowerment and food security (Fig. 3a). Of the 239 
studies, 98 (41%) focused on a single measurable impact (that is 
‘improved’ or ‘not improved’) in response to FO membership.

Sixty-seven per cent of the studies (161) reported only cases of 
improvement (in one or more impact categories) associated with 
FO membership; 21% (50) reported both cases of improvements 
and cases of non-improvements (in one or more impact categories). 
Finally, 12% of studies (28) reported only cases of no measurable 
improvement (in one or more of the impact categories studied).

Income. Changes in income are the most investigated impact, 
included in 174 studies (73%). Of the 239 studies, 58% identified 
positive impacts on income and only 15% saw no improvements 
at all. These income improvements were mostly delivered by FOs 
engaged in crop production (55%) and with no restriction on mem-
bership (67%) (Fig. 3b). The proportion of studies that reported 
improvement in incomes is similar across FO types (Fig. 3c), except 
for natural resource management groups (mostly water and forest 
user associations), for which only a third of the studies reported 
positive effects. More than two-thirds of the studies analysing 
self-help and women’s groups reported improvement in incomes.

Among the services offered by FOs, marketing assistance for 
farm products and services that provide access to market informa-
tion have the highest association with improvement in incomes 
(Fig. 3d). Extension and financial services also seem to play a posi-
tive role, but natural resource management services do not seem to 
translate into short-term improvement in incomes. Our data, how-
ever, do not indicate whether income gains are achieved through 
a combination of these services or whether a few services on their 
own have a large influence on improving incomes.

In the studies that quantified changes in income (33, or 14%), 
increases ranged widely from 3% to 70% over the studied period 
(often between 2 and 5 years). Out of our 239 studies, 7 (3%) 
reported inconsistent income gains characterized by fluctuations 
over years and seasons. Such fluctuations were attributed to external 
and socio-demographic factors such as commodity prices, weather 
and climate impacts, crop and livestock losses caused by pests and 
diseases, varying product quality and insufficient family labour, or 
illness of household members26,27. However, 25 studies (10%) men-
tioned that FOs assisted famers to stabilize their income through 
access to reliable markets, higher bargaining power with wholesal-
ers and retailers, and more stable prices through access to consistent 
and reliable markets. This indicates that FOs have the ability to miti-
gate risks that cause fluctuations in the incomes of their members.

Production quality. After income gains, improved production quality 
was the next most commonly reported impact. Changes in produc-
tion quality were typically measured in terms of improved quality of 

Box 1 | Key definitions for the identification of relevant studies

Small-scale producers. Rural producers that meet at least two of the four 
following criteria: land size, labour availability (especially family members), 
market orientation (that is, whether production is for personal consumption or 
sale/barter in markets) and economic size.

Farmer organization. Formal or informal membership-based, collective 
action institution with the purpose of assembling and possessing established 
organizational structure to support members in pursuing their individual 
and collective interests. One essential function is to organize relations with 
the external world to mediate between members and others who act in their 
economic, institutional and political environment. This definition includes 
farmers’ associations, farmer cooperatives, farmer clubs, farmer groups, 
producer organizations and women’s groups.

FO services. Actions, strategies or activities undertaken by FOs to help 
small-scale producers/smallholder farmers generate more income and have 
better access to food and other raw materials. Typical examples are agricultural 
extension, education, training and other ways to work with or for farmers.

Environmental impacts. Positive or negative impacts of FO services on the 
environment. Positive impacts may include improved water quality, greater 
water availability, reduced erosion, reduced pollution, greater use of renewable 
energy, greater climate change resilience and lower vulnerability. Negative 
impacts could include water, soil and air pollution, deforestation and so on.

Livelihood impacts. Changes to the capabilities, assets (stores, resources, claims 
and access) and activities required for living.

Sustainable livelihood. A livelihood that can cope with and recover from 
stresses and shocks, maintain or enhance its capabilities and assets, and 
provide livelihood opportunities for the next generation; it also contributes net 
benefits to other livelihoods at the local and global levels and in the short and 
long terms. In this scoping review, income and food security are the two most 
important components for measuring impacts on livelihoods.
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crops, especially fruits and coffee, as well as dairy products. Positive 
contributions to production quality were reported in 48 studies 
(20%) whereas no improvements in production quality could be 
identified in 13 studies (5%). Positive impacts on production quality 
were mostly delivered by FOs engaged in crop production (65%) and 
in FOs with no restriction on membership (79%) (Fig. 3b).

With few exceptions, the share of studies that find positive 
impacts of FOs on production quality is similar across FO types. 
Studies analysing rural self-help and women’s groups provide few 
accounts of production quality improvements and there seems to  
be no association between financial cooperatives and quality 
improvements (Fig. 3c).

The reported improvements in production quality are mostly 
driven by marketing information and output marketing services, as 
reported in around two-thirds of the studies (Fig. 3d). This mostly 
related to a switch to organic production, stronger connections 
with buyers and improved value chains, as found by Bezecon28. The 
provision of extension and input marketing services also seems to 
matter, as indicated in one-third of the studies, mostly focused on 
improved practices in the field, collection and storage. Other types 
of FO services seem to have a limited association with production 
quality improvements.

Yield changes. Typically, indicators to measure changes in yield 
include amount produced per hectare or per animal for livestock, 
volume of dairy products and reductions in crop losses. Positive 
contributions to yield were delivered in 46 studies (19%), while 
no improvements in yield were listed in 27 studies (11%). Positive 
impacts on yield were mostly delivered by FOs engaged in crop pro-
duction (70%) with no restriction on membership (87%) (Fig. 3b).

Improvements in yield were mostly driven by producer groups, 
farmers’ associations and agricultural cooperatives, for which 
approximately one-quarter of the studies reported yield improve-
ments. Studies analysing other FO types reported yield improve-
ments much less often or, in the case of financial cooperatives, did 
not report any improvements (Fig. 3c).

As in the case of impacts on incomes, output marketing services 
seem to matter the most for yield improvements. Extension services 

and access to market information are the other two services that are 
associated with higher yields (Fig. 3d). A greater capacity of pro-
ducers to deploy sophisticated inputs and management practices, 
as a result mainly of FO extension services in combination with 
access to inputs, may have a strong effect on members’ yield levels, 
as found in Chindi et al.29 and Wassie at al.30. Extension services pro-
vided by FOs have been shown to have positive impacts specifically 
on the use of fertilizers or high-quality and climate-resilient seeds31.

Environment. In 57 studies (24%), there were documented 
improvements in environmental parameters mostly in terms of 
resilience-building such as flood protection, wetland management 
to promote nature-based solutions to climate change, water and 
land conservation practices to respond to climate change impacts, 
improved water quality and quantity and soil conditions, and 
reduced erosion. All these factors contribute to longer-term yield 
improvement, sustainable production and risk reduction, so they 
can be expected to have measurable long-term effects on farmer 
income (beyond the period of study).

However, 15 studies (6%) mentioned no improvements or nega-
tive impacts on the environment, mostly relating to water pollution 
and land clearing. Positive impacts on the environment were mostly 
delivered by FOs engaged in crop production (53%) with no restric-
tion on membership (78%) (Fig. 3b).

Unsurprisingly, positive environmental impacts are predomi-
nantly reported by studies focused on natural resource manage-
ment FOs. Only a few studies concerned with FOs for economic 
support, such as agricultural and dairy cooperatives, report posi-
tive environmental impacts (Fig. 3c). However, it is possible that 
studies that focus on FOs oriented towards economic support do 
not measure environmental impacts. In these cases, any positive 
impacts in terms of income and yield may have actually resulted 
from sustainable practices such as improved soil and water man-
agement as well as adaptation responses to climate change impacts. 
The only substantial impacts were adaptation to climate change 
and resilience-building (11 studies, or 4.6%) and implementation 
of organic farming methods (10 studies, or 4.2%). There were also 
examples of engagement in forest and biodiversity management, 
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addressing water quality and availability and the use of renewable 
energy. These activities were motivated by production needs such as 
irrigation or energy for processing and storage (for example Bekele 
and Ando32) or as the outcome of particular government support 
campaigns to improve irrigation, for example33.

Environmental improvements were delivered by specific ser-
vices targeting natural resource management (mostly water, forest 
and pasture) as well as outcomes of market information and output 
marketing (Fig. 3d). In addition, studies focusing on other types 
of FOs that deliver extension and marketing services also reported 
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environmental improvements, as some of the promoted manage-
ment practices aimed at better yields (such as small-scale irrigation 
and targeted fertilizer application) were provided by FO exten-
sion services that in turn contribute to improved water quality and 
quantity34. Management practices promoted by such FOs, aimed at 

improving yields and/or resource use efficiency (such as small-scale 
irrigation and targeted fertilizer application), were also found to 
contribute to improved water quality and quantity34.

For natural resource management groups, livelihoods were 
strengthened and made more resilient through improvements in the 
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quality or quantity of forest resources, irrigation water or pasture. 
More predictable and secure access to forest resources also provided 
a risk management strategy to deal with income fluctuation, as illus-
trated by Maretzki26, Ingabire et al.27 and others.

Other impacts. Of the studies on self-help and women’s groups—pre-
dominantly located in India—about 20% reported improvements in 
food security and 31% in social empowerment. Natural resource 
management groups are the other type of FOs reporting such 
benefits, although present in very few studies. Empowerment was 
measured through self-reported increases in confidence and psycho-
logical well-being and participation in domestic decision-making, 
as well as improved business knowledge, leadership and manage-
ment skills, and engagement in civic affairs. Approximately 20% of 
the studies mentioned the importance of higher income and access 
to credit to pay school fees, health care costs or to increase savings. 
The information on food security benefits is limited, with only  
19 studies (8%) addressing this parameter. These studies focused on 
assistance related to food access through income fluctuations as well 
as through increasing food availability due to extension support and 
access to inputs resulting in yield improvements.

Factors affecting FO service delivery. Studies were also assessed 
for their reporting of factors that could have mitigated or strength-
ened the impacts of the FOs’ membership and service delivery. 
These were placed in two groups, concerned with external and 
socio-economic factors, as detailed below.

External factors. To assess the reported role of external factors on 
FO services, we first focused on support provided by national gov-
ernments to FOs (Fig. 4). Of the studies reviewed, 40% reported that 
FOs received government support in the form of input and invest-
ment subsidies, conditional and unconditional cash transfers, infra-
structure support programmes to develop roads, irrigation, storage 
facilities and others, non-targeted support to assist with start-up 
costs, government-financed extension services and tax exemptions 
on FO products. Besides government support, 25% of the reviewed 
studies mentioned support from local non-governmental organiza-
tion (NGOs), international projects or donor initiatives. Across the 
various types of FO, the highest rate of government support was 
reported in studies of natural resource management groups (60%), 
although a higher share of farmers’ associations and groups received 
external support when NGOs were included.

Other external factors beyond government or NGO support have 
been reported relating to climatic, weather and extreme events that 
affected production, changes in local administration and migration. 
From these three factors, climate variability and related effects were 
mentioned in 30 studies (12.6%) because of their negative implica-
tions for production and yield. Local administration was listed in  
17 studies (7.1%) which typically stressed the importance of rela-
tionships with local governments to improve the ability of FOs to 
successfully deliver services.

Some of the reviewed studies identified specific recommen-
dations for government policies to assist in service delivery and 
strengthen the impacts of FOs. The most common suggestion was 
to direct government support to FOs through extension services, 
access to credit and support for market access, as well as infra-
structure investment (28 studies, 12%); and strengthening natural 
resource management policies, mostly on water management and 
climate change adaptation (27 studies, 11%).

Finally, our scoping review identified a small number of stud-
ies (14, or 6%) that referred to interactions with the private sector 
in terms of FOs’ contracts with input companies, interactions with 
private-sector buyers, engagement in contract farming and private 
sector-driven extension provision.

Socio-economic factors. FO impacts can vary between mem-
bers as households are highly heterogeneous in terms of their 
socio-economic characteristics and ability to take advantage of FO 
services. Sixty-eight of our studies identified factors influencing 
membership and service delivery (Table 1). These factors (which are 
inter-related) include gender and gender relations, access to land, 
education and poverty levels and remoteness/access to infrastructure. 
We also found four studies (1.7%) that identified support to purchase 
inputs for production or access education for poor households21,35.

Discussion
As our scoping review shows, the literature on the impacts of FO 
membership on small-scale agricultural producers covers different 
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Fig. 4 | Government support to FOs. Bars indicate the proportion of each 
type of FO receiving support from national governments. In total, 40% of the 
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conditional and unconditional cash transfers, infrastructure support 
programmes to develop roads, irrigation, storage facilities and others, 
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Table 1 | Major types of socio-economic factor influencing the 
impacts of the FOs

Factors and 
share of studies

Observed effects

Gender and 
gender relations 
(22; 9.2%)

Most of the FOs contribute to increasing male control 
over production and revenues. Men are more likely to 
purchase fertilizers and other inputs and have better 
access to credit.
Predominantly male membership of FOs can be a 
barrier to female participation.

Access to land 
and assets  
(17; 17.1%)

Members of FOs are likely to have larger land holdings 
than other community members and possess at least a 
radio and some durable goods.
The poorest landholders with the smallest plots tend 
not to be members.

Education  
(16; 6.7%)

FO members tend to have attained primary education 
or higher. Farmers with lower levels of education are 
less likely to be members of FOs.

Poverty  
(20; 8.4%)

Poorer farmers are less likely to participate in FOs 
due to limited financial resources to cover FO fees, 
purchase inputs and participate in FO decisions.

Distance to 
markets  
(9; 3.8%)

Farmers isolated from year-round roads are less likely 
to be members of FOs. The distance to markets is 
negatively correlated with membership.

The number of studies and the percentage of the total (n = 239) are shown in parentheses.
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types of FO in multiple countries of SSA and India. Positive impacts 
on farmers’ income, yield and production were found, as well as 
some benefits for food security and the environment.

FO services and members’ incomes. Our review revealed that FO 
services that enhance access to markets—for example, product mar-
keting and market information—have positive impacts on member 
income as well as yield and product quality. This is consistent with 
the broader literature, which argues that the diverse services that 
FOs provide to connect small-scale producers to markets lead to 
positive impacts by assisting the individual members to overcome 
challenges such as low quantity or quality of products and frequent 
supply constraints, as well as by assisting with skill development and 
access to inputs22. In addition, access to financial services was shown 
in our findings to be critical to achieve improved income23. Member 
access to credit will be even more crucial for FOs to respond to 
future challenges such as climate change impacts and risk man-
agement, which require additional investments in climate-resilient 
crops, irrigation or insurance36.

Extension and educational services delivered by FOs have a sub-
stantial presence across all types of FOs in our review and delivered 
positive impacts. These services addressed skill, knowledge and 
information deficiencies that the members faced in relation to pro-
duction decisions and practices. Types of services included infor-
mation about input application, farming practices and production 
systems; market information; health and safety; and managerial and 
business skills—as well as knowledge about environmental stew-
ardship and sustainability. These services would ideally be bundled 
flexibly and responsively to meet specific and dynamic local pro-
duction constraints and market opportunities. In practice, however, 
providing these services to individual ssmall farmers is costly; col-
lectives such as FOs make extension services more cost effective and 
feasible23. FOs can provide the institutional infrastructure for effec-
tive knowledge management, applied research and practical innova-
tion to respond to diverse local production constraints or changing 
market conditions. Our results reinforce the value of extension ser-
vices in the context of FOs and are consistent with literature find-
ings that FO extension services benefit smallholders by improving 
financial literacy and the uptake of sustainable practices to achieve 
productivity and income gains36,37.

We infer from these results that policy development and pro-
gramming should support FOs in the effective delivery of services 
that provide access to markets—both input and output—through 
targeted market information, infrastructure investment to improve 
market access mostly focused on road development, logistical sup-
port and extension to improve outcomes across different forms 
of FOs. Smallholders would probably benefit from FO provi-
sion of financial services such as consolidating and administer-
ing small-scale loans, seasonal input financing or crop insurance 
schemes based on measurable climate parameters (such as rainfall) 
rather than complex, case-by-case yield calculations. This set of 
multiple services for extension, infrastructure, market and financial 
services should be central to the design of FOs.

In terms of avenues for future research, our scoping review indi-
cates that the benefits provided by a given FO may differ between 
individual members14,38. Although we found information comparing 
benefits for marginalized groups (as discussed below), this aspect of 
the analysis warrants further research. Similarly, further investiga-
tion of the positive spill-over effects39 of FOs on non-members and 
local communities would strengthen the case for FOs in supporting 
smallholder livelihoods.

Limited FO benefits for marginal producers. Reviewed studies 
mostly focused on those smallholder households with sufficient 
resources to benefit from engagement in FOs. Although the broader 
literature identifies several characteristics, such as farm size, gender  

of the household head, education and age, that influence FO mem-
bership and the heterogeneity of impacts40, our findings reveal that 
distance of households from markets is also an important variable 
hindering FO benefits. Gassner et al.41 argue for differentiating 
among smallholders on the basis of the availability of resources. 
Households engaged in small-scale farming as a livelihood may 
have varying income and assets, resources to reinvest in agriculture 
or access to better-paid non-farm jobs to transition out of farming38. 
Those households that are on the margin and lack resources are 
likely to incur higher transaction costs to access FO services39 and 
thus need to be supported, while possible barriers and incentives 
need to be carefully revisited to make FOs more accessible42.

The gender of the household head was a prominent factor; stud-
ies suggest that benefits such as income, yield and production qual-
ity are lower for female-headed farm households40. FOs seem to 
be less effective for younger, less literate and female farmers, even 
if they become members. In addition, women (both married and 
unmarried) are often constrained in their ability to take advan-
tage of FO services to improve crop yield, production systems and 
marketing. Some studies suggest that the homogeneity of women’s 
self-help groups positively affected women’s likelihood of joining, as 
a higher proportion of female members is more appealing to other 
women43. In India, rural self-help groups and women’s coopera-
tives show positive impacts on women’s empowerment and access 
to credit, but often limited impact on domestic gender relations44.

Our results on gender, combined with our results on the other 
characteristics of marginalization (for example, distance to market) 
indicate that marginalized groups of farmers are less likely to par-
ticipate in or to benefit from participation in FOs. This implies that 
policy development and programming in Africa and India should 
focus on the levers that induce them to more actively engage in FOs. 
Marginalized small-scale farmers may require different support sys-
tems to first improve their capacities, skills and resources as well as 
connections to infrastructure before they are able to benefit from FO 
membership. With regards to gender, policy development and pro-
gramming should focus on improving the participation of women 
in FOs. One way is to mobilize women to form female-focused FOs 
and provide support through agricultural extension aimed at build-
ing the abilities of women farmers in areas such as production tech-
nology uptake and marketing45.

Limited food security benefits. This scoping review found a very 
low number of studies evaluating the contributions of FOs to food 
security compared with studies on improving income. This may also 
be due to our sample selection criteria, which may have resulted in 
studies that focused on non-marginalized small farmers for whom 
food security may not be a research outcome of interest.

Gains to food security attributable to FOs require additional 
research, as few previous studies examined this relationship. 
Although marginal, remote and socially disadvantaged households 
are the ones who typically suffer from food insecurity and who 
would gain most from FO participation, the studies show that mar-
ginalized producers are particularly difficult to engage in FOs for 
the reasons discussed above. It is also worth further studying food 
security impacts among more prosperous farmers, as improvements 
in indicators such as income or yield do not always translate into 
better food security or nutrition if, for example, households spend 
additional income on non-food items46.

We suggest that a distinction be made by policymakers between 
food security versus income or poverty reduction when prioritizing 
interventions in smallholder agriculture. For marginalized farm-
ers who have limited capacity to benefit from FO membership, 
food security challenges require different interventions. Instead 
of improving production systems or market access, these might 
instead focus on, for example, basic social protections, income sup-
port, nutritional supplements or seasonal food security packs41.
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FO services and natural resource management. Natural resource- 
based FOs were able to address soil erosion, improve water avail-
ability and contribute to reforestation and forest rehabilita-
tion, thereby improving member resilience through access to 
higher-quality resources. These impacts were mostly achieved using 
targeted services to strengthen collective management of water, for-
est and pasture. The extensive work on common pool resources 
has demonstrated the ability of self-organized collectives to sustain 
key resources47 and our results align well with this body of work. 
Research more specific to FOs has shown, for example, that FOs 
designed for collective forest, water and pasture resource manage-
ment in Africa and other parts of the world48,49 have resulted in posi-
tive impacts for members.

Some studies reported that climate change and weather events 
affected FO members’ ability to produce and sell crops due to nega-
tive impacts on harvest and impacts on markets and related infra-
structure. To promote sustainable agricultural practices and address 
climate risk, FOs should reassess whether input use, extension ser-
vices, production technologies and resource management practices 
are consistent with sustainability and climate resilience criteria. This 
could lead to greater attention to sustainable production practices 
and more judicious natural resource management to preserve eco-
system function under increased climate stress. These additional 
complexities will challenge FOs to devote more resources to inno-
vation but they will become increasingly important to ensure the 
sustainability of agricultural production systems and risk-adjusted 
returns to farmers50.

Our findings show that fluctuations in farmers’ incomes in FOs is 
at least partly because of climate change-induced uncertainties, but at 
the same time we find that very few types of FO offer natural resource 
management services. The type of FOs that predominantly focus 
on natural resource management seem to be successful in deliver-
ing positive environmental impacts. The literature also suggests that 
other types of FO targeting the environment may improve yields, but 
not report on these services51. The implication of these findings for 
policy development and programming is that broader ecosystem and 
natural resource management should be more widely incorporated 
in the extension services of FOs to mitigate the risk induced by envi-
ronmental degradation and climate change. This may require better 
documentation of current practices that contribute to the environ-
ment, as well as training and investment in innovation for FOs to 
demonstrate the benefits of new, more sustainable practices—so that 
they feel confident promoting such practices in agricultural systems.

Government role in supporting FOs. The literature shows that, on 
the one hand, governments play a substantial role in creating and 
supporting FOs. They can provide initial financial assistance15,16 as 
well as long-term support to increase asset levels that contribute 
to FOs’ competitiveness and investment opportunities9. Moreover, 
government-subsidized FOs can become a buyer of last resort for 
farmers to sell their products, but often at lower prices than they 
would receive in a market52. Product price fluctuations were a sub-
stantial feature in many of the reviewed studies, so improved price 
stability was an important benefit of FO membership. Contrastingly, 
external support can also prop up weak and dysfunctional FOs and 
prolong inefficiencies53, with FO membership possibly represent-
ing a way of insulating small-scale producers from the hardships of 
essential structural change53.

Given the important role of governments in creating and sup-
porting FOs, as well as the potential for political interference, the 
data extraction criteria used here identified available information 
on government and/or donor support for FOs, as well as cases 
where FOs do not provide the details of such support.

Final remarks. Our findings suggest generally positive evidence for 
the ability of FOs to provide important benefits to their members, 

and although only a minority of studies explicitly identify the role of 
government in the FOs that they study, this role was mostly a con-
structive one. There is abundant support in the broader literature23 
for widespread participation in FOs; governments can be more pro-
active in supporting them by promoting legal frameworks for FO 
operation and providing access to credit and extension services to 
enable more widespread and effective engagement of small-scale 
farmers in FOs. Finally, while the contribution of government and 
support of NGOs can be substantial, the connections between this 
support and FO benefits has not been well documented in our sam-
ple of studies, indicating the need for additional research to explore 
the supporting role of governments and other entities in FO perfor-
mance. Specific investigation of FO engagement in politics and pol-
icy, as well as the influence of governmental and other programmes 
on these FOs, would be beneficial to gain a fuller picture of FO con-
tributions to members’ livelihoods and environmental sustainability.

In addition to the government and NGO support to FOs, there 
is a growing interest in engagement with the private sector54. The 
number of studies assessing the impacts of such engagement was 
low in our review. Future research should focus on exploring 
whether the nature of supporting organization (government/NGO/
private players) makes much difference in the performance of FOs.

A final caveat is that the papers in our sample may be subject to 
publication bias, as studies reporting positive results concerning FO 
impacts are more likely to be published than studies reporting insig-
nificant or negative results. Twenty-eight of the studies included 
in our review (12%) provide accounts of no measurable improve-
ment in FO members’ livelihoods. However, we cannot rule out the  
possibility of a larger publication bias because of this preference for 
positive results55,56.

Methods
Scoping review and protocol pre-registration. Scoping reviews do not seek to 
‘synthesize’ evidence nor aggregate findings from different studies57,58, but rather 
provide a narrative or descriptive account of available research without focusing on 
the strength of evidence58. Other types of review that do require quality appraisal, 
such as systematic reviews, often include a lower number of studies than scoping 
reviews57. The outcomes of scoping reviews can include policy and practice 
recommendations and suggestions for areas of study that are not currently well 
addressed in the literature.

This scoping review was prepared following guidelines from the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses extension for scoping 
reviews (PRISMA-ScR)59. This approach comprises five steps: (1) identifying the 
research question (that is, “what are the services that farmer organizations provide 
to members, and what impacts do those services have on small-scale producers’ 
livelihoods and the environment?”); (2) identifying relevant studies using 
pre-determined definitions (see Box 1); (3) study selection; (4) extracting and 
charting the data; and (5) collating, summarizing and reporting the results.

Databases, search methods and citation management. A search strategy was 
developed and tested by the authors to identify all available publications pertaining 
to the research question. Search terms included variations of the key concepts in 
the research question (that is FOs and the geographic regions of interest). Searches 
included the following electronic databases: CAB Abstracts and Global Health 
(accessed via Web of Science); Web of Science Core Collection (accessed via Web 
of Science); and Scopus (accessed via Elsevier). Full search strategies used for each 
database, including grey literature, can be accessed in their entirety at https://osf.
io/4gt3b/.

In addition to scholarly literature, the authors also conducted a comprehensive 
search of grey literature using custom web-scraping scripts. The authors tested 
search strings on each website before initiating web-scraping. An existing Google 
Chrome extension was needed to scrape dynamically generated websites.  
The authors combined and removed duplicated results from the databases  
and the grey literature searches using a Python script.

Eligibility criteria. A total of 239 studies were included in the review on the 
basis of the following inclusion criteria: (1) explicit reference to small-scale 
farmers, small-scale producers or smallholders; (2) explicit reference to farmer 
organizations, as defined in the protocol (https://osf.io/4gt3b/); (3) explicit 
reference to SSA, individual SSA countries or India; (4) published after the year 
2000; (5) explicit reference to the impacts of FOs on livelihoods, including food 
security, income or the environment; (6) focus on agricultural production (crop 
or animal) for human and animal consumption; (7) no focus on stallholder 
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activities in forestry, agroforestry, fisheries and aquaculture; (8) use of primary 
and secondary data to demonstrate contribution to outcomes; (9) published in 
English or French. The PRISMA flow diagram summarizes the study selection 
process and indicates the number of articles excluded at each phase of screening 
(Supplementary Fig. 1.6). The data extraction template (available in the 
Supplementary Information) documented the study type and various aspects of 
FOs and their membership.

Study selection. Studies were selected following a three-stage process. The 
first stage involved title screening, a process where the main elements of each 
study are reviewed, such as the PICo components (participants, intervention 
and comparator, but not outcomes) that can help identify the corpus of relevant 
studies60. Title screening helped to considerably reduce the workload of citation 
screening while maintaining high recall of relevant studies60. In this study, manual 
title screening was enhanced by machine learning to accelerate the process. The 
machine learning model provided additional metadata about each study, including 
the identification of a study population and study geography. The additional 
metadata accelerated the speed with which title screening could be conducted. 
The second stage consisted of uploading the remaining articles to Covidence, a 
systematic review software package that performs title and abstract screening 
to exclude articles that did not meet the inclusion criteria. Two independent 
authors reviewed each title and abstract, and a third independent author resolved 
discrepancies. In the third stage, a single reviewer performed full-text screening 
of papers that met all inclusion criteria and those whose eligibility could not be 
established during title and abstract screening. Supplementary Fig. 1.6 presents the 
study selection process and indicates the number of articles excluded at each phase 
of screening. Some of the papers presented multiple studies such as ref. 61 covering 
two studies from Ethiopia, ref. 62 covering studies from Kenya and Uganda, ref. 63 
covering India and Ethiopia, ref. 64 covering two studies from Kenya and ref. 65 
covering two studies from India. Thus, the number of studies that this review  
refers to (n = 239) exceeds the number of papers (N = 234) included in the review. 
In addition, some of the included studies used aggregated household data that 
did not allow us to clearly separate FOs of the same type and that, in some cases, 
operate in adjacent locations and/or belonged to the same umbrella organization. 
Because the studies often discuss services and impacts across the multiple FOs,  
we were not able to clearly separate these FOs in the studies; this could have  
led to underreporting of the total number of FOs that have been studied in the 
individual papers.

Data extraction and analysis. A data extraction template for scoping reviews 
originally developed in ref. 66 was adapted for this scoping review. The data 
extraction template is available in Supplementary Data 1. Extracted data  
included all basic citation information and each study’s location, design and 
methodology. We also extracted data about FOs in the studies, including their  
type and cost of membership, number of years in operation and focal activities 
of crops and livestock. These indicators were selected because of their reported 
potential influence on achieving impacts in the literature9,52,64. We also collected 
information about the services FOs provide to members, including marketing 
services, output marketing, market information, financial services, technology 
services such as education, extension, research, skills, technology access, 
infrastructure development and management, managing common property 
resources and others.

The impacts of FOs were separated into categories, detailing impacts  
of FOs services on livelihoods, agricultural production and the environment.  
As stated in Box 1, livelihood impacts include changes in income and  
food security. We also collected impacts that are often reported on the  
literature on FOs’ impacts such as improvements in yield, production quality  
and empowerment67–69.

Given that SDG target 2.4 concerns the linkages between agricultural 
production and the environment, information about the impacts of FOs on the 
environment was also collected. The environmental impacts were identified as the 
outcomes of services primarily aimed at improving the benefits to members such 
as income, yield or production quality (for example through access to irrigation, 
improved grazing land or reduced impacts of climate change on production). 
Environmental impacts included resilience-building and responses to climate 
change such as flood protection and changes in water quality and quantity, soil 
characteristics and erosion, land in production/set aside, biodiversity, the use of 
renewable energy sources/reduced used of fossil fuel-based energy and others.  
To specify the impacts, we also collected any quantification noted in the studies 
such as percentage change in income, change in yield and production quality, 
percentage of change in land use and others. Similarly, we documented the 
presence or lack thereof any external and socio-demographic factors that could 
potentially influence the impacts of FO services.

The data extraction also included an assessment of the quality of the 
methodology used in each of the included papers. We examined whether 
sampling methods were clearly specified and whether the sampling strategy 
for both qualitative and quantitative studies were suitable—in particular, if the 
sample selection was based on specific criteria to select the FOs’ members and 
non-members of the FOs and if these criteria were explicitly listed in the study. 

Next, the studies were reviewed for their methodology justification based on 
the studies’ research design, focusing on two criteria: if the methodology used 
control groups and/or conducted pre- and post- assessments when assessing the 
FOs’ benefits to the members. Finally, we assessed whether a clear description of 
the method and methods used for data analysis and its appropriateness to make 
sure reported FO’s benefits to the members are based on data collected from the 
sample instead of for example based on literature. Based on these criteria, studies 
lacking clearly-stated methodological approaches and/or deemed inadequate were 
classified as low quality (Supplementary Table 1.1).

We synthesized data on FO services and their impacts on livelihood and the 
environment in the context of documented external and socio-demographic 
factors. Contextual details on the basic characteristics of FOs included in the 
studies, such as their geographical location, years of operation, membership type 
and fees can be found in Supplementary Figs. 1.3 and 1.4.

Data availability
All data are available from the corresponding author on reasonable request.

Code availability
The scripts used for literature screening/selection and data analysis are available on 
request from the corresponding author. The protocol for this study was registered 
on the Open Science Framework before study selection, and can be accessed at 
https://osf.io/cxrwb/.
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Youth in low- and middle-income countries (LMIC) dispro-
portionately experience working poverty. In 2019, about 21% 
of employed youth in LMIC were living on less than US$2 

a day, compared with 16% of the overall working population1. In 
sub-Saharan Africa, nearly 70% of working youth were found to be 
living in poverty; in South Asia, close to 50% were living in poverty2. 
Issues of youth unemployment and underemployment are linked 
to greater likelihood of future unemployment, decreased future 
job satisfaction, lower income and poorer health in adulthood3. 
National consequences include greater costs to support public pro-
grammes (such as public work programmes that provide temporary 
jobs) and indirect costs of lower earnings such as loss of investment 
in education4,5. Furthermore, youth underemployment is linked to 
disillusionment and the possibility of social unrest6.

The working-age population in LMIC is predicted to double in 
the next 35 years7 and while this presents challenges, many LMIC 
are currently experiencing a demographic dividend phase where 
there is a high ratio of working-age population to dependents. 
This offers unique prospects for economic development with con-
comitant reductions in poverty and food insecurity. Addressing 
unemployment and underemployment is, therefore, a major policy 
priority for LMIC6, and a key sector for the creation of employment 
opportunities, especially in Africa and Asia, is agriculture6,8,9.

Many people in LMIC rely on agriculture for their livelihoods 
(32% in 2019)10, either directly, as farmers, or indirectly in sec-
tors that derive their existence from agricultural production8,9,11. 
Agricultural development is estimated to be up to 3.2 times more 
effective in alleviating poverty in low-income, resource-rich coun-
tries than any other sector12. Due to the close links between poverty 
and food insecurity13–15, agricultural development could also have 

positive consequences for the alleviation of hunger, particularly for 
women, as their empowerment in agriculture improves households’ 
food security and nutrition16–18.

However, there has been a declining trend of youth participation 
in agriculture since 2000, mainly in favour of the service sector6,19,20, 
which precipitates migration from rural to urban areas. Increased 
educational attainment for rural youth coupled with inability to 
rent or own land is a driver of urban migration21. In addition, the 
increasing ageing farmer population in rural areas exacerbates the 
demographic pressure on land at the expense of the youth22.

A further constraint on youth engagement in agriculture is a 
lack of education in disciplines related to agriculture or skills train-
ing23–25. A study among Thailand’s youth reported that 71% identi-
fied knowledge of farming practices as a pre-requisite to setting up 
a viable farm23. In rural Ethiopia, government initiatives to increase 
skills and productivity, and introduce improved and modern farm-
ing methods have generated interest among youth in joining the 
sector, and in Indonesia, vocational training was noted as increas-
ing the likelihood of a successful career in agriculture26. A study in 
Zambia on rural youth aspirations, opinions and perceptions on 
agriculture documented high interest among youth in more produc-
tive forms of farming, such as the use of draught animals, electricity 
and the increased application of fertilizers24. Such findings chal-
lenge an assumption common in policy proposals that youth are not 
interested in agriculture25. Today, with the development of informa-
tion and communication technology (ICT), young people have 
more opportunities to strengthen their skills and access relevant 
information and are therefore well positioned to understand market 
dynamics, and institutional and financial systems, enabling them 
to initiate and capitalize on processes of change in the agricultural  

A systematic review of employment outcomes 
from youth skills training programmes in 
agriculture in low- and middle-income countries
W. H. Eugenie Maïga   1 ✉, Mohamed Porgo   2, Pam Zahonogo2, Cocou Jaurès Amegnaglo3, 
Doubahan Adeline Coulibaly2, Justin Flynn4, Windinkonté Seogo5, Salimata Traoré   2, 
Julia A. Kelly   6 and Gracian Chimwaza7

Engagement of youth in agriculture in low- and middle-income countries may offer opportunities to curb underemployment, 
urban migration, disillusionment of youth and social unrest, as well as to lift individuals and communities from poverty and hun-
ger. Lack of education or skills training has been cited as a challenge to engage youth in the sector. Here we systematically inter-
rogate the literature for the evaluation of skills training programmes for youth in low- and middle-income countries. Sixteen 
studies—nine quantitative, four qualitative and three mixed methods—from the research and grey literature documented the 
effects of programmes on outcomes relating to youth engagement, including job creation, income, productivity and entrepre-
neurship in agriculture. Although we find that skills training programmes report positive effects on our chosen outcomes, like 
previous systematic reviews we find the topic to chronically lack evaluation. Given the interest that donors and policymakers 
have in youth engagement in agriculture, our systematic review uncovers a gap in the knowledge of their effectiveness.
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sector27,28. Human capital theory predicts a positive correlation 
between human capital accumulation and labour productivity. 
On that basis, skills training can be used to improve agricultural 
employment outcomes29. Where governments and policy inter-
ventions support skills training for youth, there is a real possibil-
ity for entrepreneurship, a competitive economy and ultimately 
national growth. But, despite the implementation of skills train-
ing interventions, generally via youth employment programmes30, 
few specifically target agricultural skills training in LMIC and 
very little is known about the effectiveness of youth agricultural 
interventions30,31.

Here we systematically review skills-based training interventions 
that aim to increase youth engagement in agricultural employment 
in LMIC to better inform investment decisions made by donors 
and policymakers. The interventions include agriculture-related 
courses, on-the-job training, technical or vocational education 
and training in agriculture, as well as general skills training includ-
ing entrepreneurship, financial literacy and life skills for engage-
ment in agriculture. The outcomes of interest we started out with 
were: employment along an agricultural value chain; employment 
in agribusiness; engagement in contract farming; development of 
agricultural entrepreneurship; agricultural business performance 
(productivity, profit, income, marketing rate); involvement in 
agricultural extension service provision. After data extraction, the 
outcomes of interest found in the selected studies are jobs created 
in the agricultural sector, self-employment and entrepreneurship, 
provision of and employment in extension services, profit/income/
earnings from an agricultural activity or job, farm productivity, and 
the accessibility of employment opportunities in the sector. These 
outcomes pertain to the categories of jobs that can be found along 
the agricultural value chain.

We found among the studies yielded from the systematic litera-
ture search that skills training interventions reported employment 
in agriculture, agribusiness or agriculture-related activities, devel-
opment of agricultural entrepreneurship, agricultural business 
performances (productivity, profit, income) and involvement in agri-
cultural extension service provision for young participants. However, 
we also found a chronic lack of evaluation of the effectiveness of 
interventions designed to enhance agricultural opportunities and 
engagement for young people in LMIC, a finding previously shown31.

Results
Sixteen studies were identified for review based on a priori inclusion 
and exclusion criteria (Fig. 1) detailed in our Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses Protocol, 
PRISMA-P (Supplementary Material 1, summarized in Methods 
and published on Open Science Framework, https://osf.io/bhegq//).

Characteristics of selected studies. A data extraction template 
(Supplementary Table 2) was used to document all information of 
interest from each of the 16 studies, overviewed in Table 1.

Eleven of the studies were based in Africa32–42 and five in 
Asia43–47. Twelve of the studies were published in peer-reviewed 
journals33–36,39–42,44–47 and the rest originated from the grey litera-
ture, including one dissertation38, one report37 and two working 
papers32,43.

With regard to the study design, nine of the included studies were 
quantitative32–37,43–45, four were qualitative41,42,46,47 and three used 
mixed non-experimental38–40 methods. Only one study used ran-
domized control trial (RCT) as a study design method of evaluation32. 
Quasi-experimental impact methods (difference-in-differences 
(DID) and propensity score matching (PSM)) and quantitative 
non-experimental methods (statistical and econometric methods) 
were used in two33,43 and six34–37,44,45 studies, respectively. Nine of the 
included studies relied on survey data32–37,43–45, one study used data 
from interviews47, one study used data from focus groups42 and the 

rest of the studies used mixed sources of data38–40 (Supplementary 
Table 3).

Table 2 collates information from the selected studies on the basis 
of types of intervention and participant characteristics. Technical 
education/training35,41,42,46 and vocational training37,40,44,45 consti-
tuted half of the interventions (four, each); youth programmes, 
agriculture-related courses and on-the-job training were identi-
fied as interventions in three33,34,38, two39,47 and one36 of the studies, 
respectively, and the remainder of the studies combined two types 
of intervention32,43. Twelve of the interventions were implemented 
through public policies33–35,37–39,41–45,47; non-governmental organiza-
tions (NGOs) and a mix of institutions (public and private) were 
each identified as implementers in two32,36 and one46 of the studies, 
respectively, and one study reported intervention implemented by 
an international institution40.

Nine of the studies solely targeted youth32–35,37,38,43,45,46, and seven 
targeted mixed groups of youth and others36,39–42,44,47. In fourteen 
studies, the participants were from all genders. In nine of the studies,  
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Fig. 1 | Selection of studies for review as per the PRISMA-P protocol. 
Inclusion criteria were youth as the target population; inclusion of one or 
more outcome of interest (employment along an agricultural value chain; 
employment in agribusiness; engagement in contract farming; development 
of agricultural entrepreneurship; agricultural business performance 
(productivity, profit, income, marketing rate); involvement in agricultural 
extension service provision); agriculture sector as field of study; skills 
training as an intervention; publication in English or French between 1990 
and 2019; original research or review of existing research or institutional 
reports; targets low- and middle-income country or countries as area(s) of 
study (see list of World Bank country classifications (Supplementary Table 1);  
a clear and well-accepted methodology (studies were excluded if there 
was no clear method on sampling, data analysis or discussion of results). 
Studies meeting the inclusion criteria and targeting mixed group (youth 
and other demographic groups) were also retained in the search strategy. 
A double-blind title and abstract screening were performed on 4,789 
articles that were uploaded to systematic review software, Covidence, for 
title and abstract screening. Each article was reviewed by two independent 
reviewers and discrepancies were resolved by a third independent author 
within the team. After title and abstract screening, 261 articles remained. 
From title and abstract screening, 16 articles met a priori inclusion criteria.
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participants were a mixed group of those already and not yet engaged 
in agriculture32,34,37,39,41–44,46; in five of the studies, participants were 
already engaged in agriculture before receiving skills training inter-
ventions35–37,45,47; there was not enough information to determine 
whether the participants were already engaged in agriculture in two 
studies33,40. Six of the studies indicated that the participants resided 
in rural areas33–36,46,47, while participants located in urban areas 
and in both rural and urban areas were identified in four32,38,40,45 
and five37,39,41,43,44 of the studies, respectively; there was not enough 
information to determine the location of the participants in one42 
study. The population targeted in the studies was both educated 
and non-educated youth. Among the nine studies32–35,37,38,43,45,46 that 
focused exclusively on youth, two targeted youth with a secondary 
education background34,46, one45 targeted youth with a university 
background and six32,33,35,37,38,43 of the studies targeted youth with a 
mixed educational background.

Risk of bias assessment. We evaluated the risk of bias of the 
included studies based on a previous approach48. The domains of 
risk retained are (1) the sampling technique used for the study, 
(2) the type of intervention, (3) the choice of the area of study, (4)
the population targeted, (5) the method of data collection, (6) the
method of data analysis, (7) the measurement of outcome and (8)
the statistical significance of the effect. For each domain of risk,
the criteria evaluated were defined and rated by their relevance
for assessing the effectiveness of the interventions. Supplementary
Table 4 summarizes the criteria of each domain of risk and its
assessment and rating.

Using this scale, 15% of our included studies are at low risk 
of bias, 60% at moderate risk of bias and the remaining 25% at 
serious risk of bias. The outcome of the risk of bias assessment  
of the included studies in this systematic review is presented  
in Table 3.

The risk of bias assessment process highlighted differences in 
focus, methods used and standards of evidence across the included 
studies. Weaknesses in study design, survey methods and method of 
evaluation of the impact of the interventions were common in most 
of the studies (with the exception of the studies ranked at low risk of 
bias), leading to weak results and limited generalizability.

Effects on youth employment outcomes. The youth employment 
outcomes of interest to this systematic review are job creation, 
self-employment, engagement in entrepreneurship, provision of 
extension services, productivity of the farm/agriculture-related 
activities, profits/income, and job search or employment opportu-
nity in agriculture-related activities. Here we elaborate on the study 
design and risk of bias of all studies, and highlight the effects on 
outcomes of interest for a selection of low and moderate risk studies.

Job creation in agriculture. Eight studies32,38–43,45 looked at job cre-
ation in agriculture as an outcome. Among those studies, three are 
quantitative studies32,43,45, two are qualitative studies41,42 and three 
are mixed-methods studies38–40.

In one quantitative study, deemed at low risk of bias (Table 3), 
1,700 workers and 1,500 firms were followed over four years to com-
pare the effects of offering workers vocational training and offering 
firms wage subsidies to train workers on-the-job (firm training) 
in Uganda32. The results showed that both interventions allowed 
participants to acquire sector-specific skills and firm-specific skills 
leading to higher employment rates post-training for each type 
of worker, but the effect was greater for vocational training com-
pared with firm training (21% versus 14% post-training employ-
ment rate) and their total earnings rose by more compared with the 
firm-training intervention (34% versus 20%). The qualitative stud-
ies41,42, although not designed to assess the effectiveness of an inter-
vention, highlighted a link between skills training and employment 
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outcome. However, both studies were deemed at serious risk of bias. 
A mixed-methods study38 on youth programmes in Ghana showed 
that about 86.4% of young people still pursued maize farming a year 
after exiting the Youth in Agriculture Programme (YIAP). This pub-
lic intervention was implemented to address youth unemployment 
in Ghana with the goal of getting young people to engage in the 
agricultural sector. The four main components of the programme 
were crops/block farm, livestock and poultry, fisheries/aquaculture, 
and agribusiness. The study focuses on evaluating the crops/block 
farm component. The crops cultivated under the YIAP include 
maize (seed and grain), sorghum, soybean, tomato and onion. This 
study is ranked at moderate risk of bias.

Self-employment in agriculture. Six studies36,39,41,45–47 indicated that skills 
training interventions resulted in self-employment in agriculture.  

Table 2 | Types of intervention and participant characteristics of 
the selected studies

Number of 
studies

Percentage of 
studies 

Type of intervention

 Agriculture-related courses 2 12.5

 On-the-job training 1 6.25

 Technical education/training 4 25

 Vocational training 4 25

 Youth programme 3 18.75

 Technical + vocational training 1 6.25

 Vocational + on-the-job training 1 6.25

Source of intervention

 International institution 1 6.25

 Mixed 1 6.25

 NGO 2 12.5

 Public policy 12 75

Type of participant

 Mixed group (youth + others) 7 43.75

 Only youth 9 56.25

Gender of participants

 Female 1 6.25

 Mixed 14 87.5

 Other 1 6.25

Occupational status of participants

 Participant already engaged in 
agriculture

5 31.25

 Mixed group 9 56.25

 Other 2 12.50

Location of participants

 Rural 6 37.5

 Urban 4 25

 Mixed 5 31.25

 Other 1 6.25

Educational background for studies focusing on the youth only

 Secondary 2 22

 University 1 11

 Mixed group 6 67

Out of these studies, two studies are quantitative36,45, three are quali-
tative41,46,47 and one is a mixed-methods study39.

In one quantitative study36, self-employment was stimulated by 
a skills training radio campaign on growing orange-fleshed sweet 
potatoes in Ghana, Tanzania, Burkina Faso and Uganda. A survey 
of the local communities where the radio campaign was run found 
that households that reported hearing the educational radio cam-
paign in Ghana, Tanzania, Burkina Faso and Uganda were 8.9, 2.3, 
1.7 and 1.1 times more likely, respectively, to engage in growing 
orange-fleshed sweet potatoes, than households that did not. This 
study is deemed at moderate risk of bias.

Engagement/entrepreneurship in agriculture. Five studies34,38,39,41,42 
showed that skills training interventions encourage youth engage-
ment or entrepreneurship in agriculture. Among these studies, one 
is quantitative34, two are qualitative41,42 and two are mixed-methods 
studies38,39. In the quantitative study, a youth programme includ-
ing agriculture content (training in livestock production, crop pro-
duction and dairy farming) in South Africa indicated that youth 
engagement or self-employment in agriculture is eight times higher 
when agricultural programmes that specifically target the youth are 
implemented compared with when agricultural programmes are not 
available. This study is deemed at moderate risk of bias. Regarding 
the mixed-methods studies, one study38, deemed at moderate risk 
of bias with youth programme (YIAP in Ghana) as intervention, 
showed that after exiting the programme, 86.4% of beneficiaries 
were still involved in farming within a year. The qualitative studies 
were deemed at serious risk of bias.

Productivity of the farm/agriculture. Two studies35,41 found that skills 
training interventions lead to higher productivity of the farms. 
One of the studies is quantitative35 and the other is qualitative41. 
In the quantitative study, estimated to be at moderate risk of bias, 
the National Agricultural Extension and Research Liaison Services 
(NAERLS) rural youth extension programmes (RUYEP) helped 
84.2% of beneficiaries achieve yields that exceed one tonne per hect-
are for maize in Nigeria, compared with 66% of non-participants35. 
The qualitative study41, outlined in Table 1, is deemed at serious risk 
of bias.

Profit/income earning of the farm. Ten studies32,33,35,38,40–44,47 looked 
at profit/income earning of the farm as an outcome. Among those 
studies, five are quantitative32,33,35,43,44, three are qualitative41,42,47 and 
two38,40 are mixed-methoda studies. In one of the quantitative stud-
ies, the Training for Rural Economic Empowerment (TREE) pro-
gramme increased beneficiaries’ income by US$787 compared with 
non-beneficiaries over the 2011–2014 programme implementation 
period33. This study is deemed at low risk of bias. Another quantita-
tive study44, deemed at moderate risk of bias, found that the contin-
ued adopters of beekeeping and mushroom growing had increased 
their family income by 49% and 24%, respectively. The three quali-
tative studies, not described here but outlined in Table 1, are deemed 
at serious risk of bias41,42,47. The mixed-methods study40 showed that 
the creation of a company that recycled livestock by-product (bone 
crafts and soap production) allowed vulnerable women and youths 
to earn an additional US$44.6 from bone crafts and US$50.2 from 
soap production weekly. This study is at moderate risk of bias.

Job search or employment opportunity. Three studies39,41,42 inves-
tigated the effect of skills training on this outcome. One study is 
a mixed-methods design39 and two41,42 are qualitative. All of these 
studies, not described here but outlined in Table 1, are deemed at 
serious risk of bias.

Provision of agricultural extension service. One study39 investigated 
on the effects of skills interventions on provision of agricultural 
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extension service and found that the majority of graduates who 
benefited from student–farmer attachment and/or the Supervised 
Student Enterprise Project (SSEP) were engaged in extension work. 
This study, outlined in Table 1, is deemed at serious risk of bias.

Intervention type and engagement in agriculture. Agriculture- 
related courses. Two studies39,47 used agriculture-related courses as 
interventions. One of these studies is a mixed-methods study39 and 
the other is qualitative47. The mixed-methods study investigated 
several outcomes in agriculture, namely, job creation, entrepreneur-
ship, self-employment, provision of agricultural extension service 
and job search opportunity, which were found to improve with  
the skills training interventions. The interventions consisted 
of introducing innovations in agricultural training curricula  
(community engagement and agri-enterprise development) at  
Gulu University in Uganda. The community engagement took the 
form of a one year (or less) placement of undergraduate students  

to work with smallholder farmers and farmer groups within a 10 km 
radius of the university. The agri-enterprise development con-
sisted of having the students design business plans; the best plans  
were rewarded with start-up capital. The employment rate among 
the graduates was 84% six months after graduation and increased 
to 90% after one year; less than 2% of the graduates created their 
own businesses. The qualitative study47 investigated two outcomes 
in agriculture, self-employment and income, which were found to 
increase after skills training on ready food mixes, maize products 
and mango products. The two studies are deemed to be at serious 
risk of bias.

Technical education/training. Four studies35,41,42,46 used technical edu-
cation/training as interventions. Only one of these studies is quan-
titative35; the others are qualitative41,42,46. The quantitative study35 
investigated productivity and income of the farm, and found both 
to increase after the intervention. The NAERLS RUYEP objectives 

Table 3 | Risk of bias assessment

Number Authors 
(years)

Sampling Intervention Area 
of 
study

Population Method 
of data 
collection

Method 
of data 
analysis

Outcome Significance Total 
number 
of stars

Score 
(%)

Level of 
risk of 
bias

1 Alfonsi et al. 
(2017)32

3 1 2 2 4 5 2 2 21 91 Low

2 Lachaud et al. 
(2018)33

3 1 3 2 4 4 2 2 21 91 Low

3 Chakravarty 
(2016)43

3 1 1 2 4 4 1 2 18 78 Low

4 Cheteni 
(2016)34

1 2 2 2 4 3 1 2 17 74 Moderate

5 Singh et al. 
(2010)44

3 1 1 1 4 3 1 2 16 70 Moderate

6 Khosravipour 
and 
Soleimanpour 
(2012)45

3 1 2 2 3 2 1 2 16 70 Moderate

7 Gambo 
Akpoko and 
Kudi (2007)35

2 1 3 2 4 2 0 2 16 70 Moderate

8 Hudson et al. 
(2017)36

3 1 3 1 4 2 0 2 16 70 Moderate

9 World Bank 
(2009)37

1 1 1 2 3 2 1 2 13 57 Moderate

10 Baah (2014)38 1 2 2 2 4 2 1 1 15 65 Moderate

11 Manalo et al. 
(2014)46

1 1 3 2 4 2 0 1 14 61 Moderate

12 Odongo et al. 
(2017)39

1 1 1 1 4 2 0 1 11 48 Serious

13 Kinyanjui and 
Noor (2013)40

1 1 2 1 4 2 1 0 12 52 Moderate

14 Latopa 
and Rashid 
(2015)41

1 1 1 1 2 1 0 1 8 35 Serious

15 Channal et al. 
(2017)47

1 1 3 1 1 1 1 1 10 43 Serious

16 Shoulders et al. 
(2011)42

1 1 0 1 2 1 0 1 7 30 Serious

The evaluation of the included studies bias is based on a previous approach48. For example, for the domain of risk relating to the sampling technique, three criteria were identified: random sampling, 
non-random sampling and a mix of the two types of sampling. The maximum rate a study can obtain in this domain is three stars. If the study used a random sampling technique, it gets three stars; if it uses 
a mix of the two types of sampling, it gets two stars; and if the sampling technique is not random, it gets one star (see Supplementary Table 4 for details on the criteria used).
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are to provide technical advisory services to boost agricultural pro-
duction and raise living standards of the youth. The results showed 
that the intervention allowed 84.2% of beneficiaries to achieve 
yields that exceed one tonne per hectare for maize in Nigeria, 
compared with 66% of non-participants. This study is deemed at 
moderate risk of bias. Among the qualitative studies, one46 looked 
at self-employment as an outcome and found a positive association 
with the intervention. The other two qualitative studies are deemed 
of serious risk of bias.

Youth programme. Youth programmes are programmes that target 
youth and train them in either specific skills (agricultural skills, ICT 
skills and so on) or broad skills (decision-making skills, business 
skills and so on) to enhance their employability. These have been 
used as interventions in three studies33,34,38. One of these studies  
is mixed methods38 and the two others are quantitative33,34. The 
mixed-methods study38 investigated the following outcomes in agri-
culture: job creation, engagement and income; a positive association 
was found between youth programme and both engagement and 
income. The results showed that about 86.4% of young people still 
pursued maize farming one year after exiting the programme and 
the mean income of GH¢758 obtained by beneficiaries was found 
to be greater than the national mean annual per capita income of 
GH¢734. Among the two quantitative studies33,34, one investigated 
the income of beneficiaries33 and the other34 looked at engagement in 
agriculture; both found a positive effect of the intervention on their 
outcome. The study that investigated the income of beneficiaries as 
an outcome revealed that the TREE programme increased benefi-
ciaries’ income by US$787 compared with non-beneficiaries over 
the 2011–2014 programme implementation period33. In the other 
study34, a youth programme including agriculture content (train-
ing in livestock production, crop production and dairy farming) in 
South Africa indicated that youth engagement or self-employment 
in agriculture is eight times higher when agricultural programmes 
that specifically target the youth are implemented compared with 
when agricultural programmes are not available. Given that all three 

studies are at moderate or low risk of bias, we can conclude that the 
findings suggest that youth programmes have the potential to influ-
ence youth engagement in agriculture.

On-the-job training. Only one study36 looked at on-the-job training 
as an intervention. The outcome investigated is self-employment, 
on which the intervention had a positive effect. The results showed 
that households that reported listening to an educational radio 
campaign in Ghana, Tanzania, Burkina Faso and Uganda were 8.9, 
2.3, 1.7 and 1.1 times more likely, respectively, to engage in growing 
orange-fleshed sweet potatoes, than households that did not. The 
study was deemed at moderate risk of bias.

Vocational training. Vocational training has been used as an inter-
vention by four studies37,40,44,45. Among these studies, three are quan-
titative37,44,45 and one is a mixed-methods study40. One quantitative 
study44 investigated income as an outcome, on which positive effects 
of the intervention were found in India. The findings indicated that 
vocational training programmes have resulted in continued adop-
tion of beekeeping and mushroom cultivation enterprises by 20% 
and 51% of trained farmers, respectively, and increased their family  
income by 49% and 24%, respectively. The second quantitative 
study investigated job creation and self-employment as outcomes 
and found positive links with the training45. The results of the study 
highlighted that vocational training in agriculture in Iran resulted in 
employment of more than half of graduates. The third quantitative 
study found a positive effect of the intervention on job creation, the 
sole outcome it had investigated37. The study showed that vocational 
training for a youth employment programme in Ghana resulted 
in the creation of 16,383 jobs in agribusiness. All four studies  
are deemed at moderate risk of bias (Table 3); however, the use of 
descriptive methods in some of these studies preclude us from con-
cluding that they are effective in improving employment outcomes 
for youth in the agricultural sector.

Vocational training and technical training. One study43 investigated 
the combination of vocational training and technical training as 
an intervention. The outcomes investigated are job creation and 
income, on which the intervention had a positive effect. The study 
indicated that vocational training and technical training in agricul-
ture (poultry technician) resulted in an increase in employment of 
34.2% among the 41 beneficiaries who were trained as poultry tech-
nicians in Nepal. This study is deemed at low risk of bias, suggesting 
that combining vocational training and technical training may be a 
way of improving job prospects and income for youth in the agri-
cultural sector.

Vocational training and on-the-job training. One study32 investi-
gated the combination of vocational training and on-the-job train-
ing as an intervention. The outcomes investigated are job creation 
and earnings, on which the intervention had a positive effect. 
The results showed that both interventions allowed participants 
to acquire sector-specific skills and firm-specific skills, leading 
to higher employment rates post-training for vocational-trained 
workers compared with firm-trained workers (21% versus 14% 
post-training employment rate) and their total earnings rose by 
more compared with the firm-trained workers (34% versus 20%). 
This study is deemed at low risk of bias.

Duration of training. Ten studies out of the 16 overviewed in Table 1  
presented information on the duration of training. Eight of these 
have programmes that last one year or less. The remaining studies  
indicated a training duration between two and five years. This sug-
gests that training programmes predominantly have a relatively 
short-term duration, which is consistent with many interventions 
taking the form of technical and vocational education/training. 

Table 4 | Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Study includes youth as the target 
population

Study does not include youth as the 
target population

Study must focus on one of our 
outcomes of interest

Study does not include one of our 
outcomes of interest

Study targets agriculture sector as 
field of study

Study does not include agriculture as 
target field of study

Study includes skills training as an 
intervention

Study does not include skills training 
as intervention

Study published from 1990 to 2019 in 
English or French

Study not written in English or French 
and published before 1990

Study reported as original research 
or review of existing research or 
institutional reports

Study that is neither original research 
nor a review of existing research nor 
reports

Study targets low- and middle-income 
country or countries as area(s) of 
study

Study that does not target low- and 
middle-income countries

Study with a clear and well-accepted 
methodology

Study does not have a clear or 
well-accepted methodology

The exclusion criteria are the opposite of the inclusion criteria. Our outcomes of interest are: 
employment along an agricultural value chain; employment in agribusiness; engagement in 
contract farming; development of agricultural entrepreneurship; agricultural business performance 
(productivity, profit, income, marketing rate); involvement in agricultural extension service 
provision. By well-accepted methodology we mean studies were excluded if there was no clear 
method on sampling, data analysis or discussion of results. For the list of World Bank country 
classifications, see Supplementary Table 3. English and French were chosen given the language 
proficiency of the researchers.
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The popularity of technical and vocational/education training as 
a model of intervention may be due to the relatively short-term 
nature of the training, or due to the nature of technical and voca-
tional training, which is well suited for out-of-school youth, which 
are found in large numbers in LMIC49.

Discussion
Issues facing youth engagement in agriculture today are relatively 
well documented, including educational attainment, matrimonial 
status, gender, household size, parental income and occupation, 
membership in social organization, access to ICT, land tenure sys-
tem and access to state-run agricultural youth programmes50–52. 
This present systematic review, which focused solely on interven-
tions to engage youth in agriculture, yielded a limited set of stud-
ies—nine quantitative, four qualitative and three mixed-methods 
studies—so generalizable conclusions are difficult to draw. The risk 
of bias assessment yielded three studies32,33,43 deemed at low risk of 
bias, nine studies34–38,40,44–46 deemed at moderate risk of bias and four 
studies deemed at serious of risk bias39,41,42,47.

The results of our systematic review generally are in line with 
those found by the systematic review of Kluve et al.53 on interven-
tions to improve the labour market outcomes of youth. That sys-
tematic review of 107 interventions, including skills training, in 
31 countries, found small positive effects for promoting entrepre-
neurship and skills training—especially integrated skills training 
programmes—but not for employment services and subsidized 
employment.

Our systematic review also demonstrated that in general, skills 
interventions seeking to motivate youth’s engagement in agri-
culture do not undergo a thorough evaluation for effectiveness, 
with hard outcomes related to employment. Our selected studies 
included case studies and qualitative methods, which are not ade-
quate methods of evaluating impact and effectiveness of interven-
tions. Only one study used an RCT32. The two studies relying on 
a quasi-experimental approach used DID and PSM methods33,43. 
Indeed, the results of the risk of bias assessment indicated the 
studies relying on RCT and quasi-experimental impact evaluation 
methods were at low risk of bias. However, these study designs are 
expensive to conduct. We found that of the studies that evaluate 
interventions, the majority did not use state-of-the-art impact eval-
uation methods. This has been corroborated by other studies30,31, 
showing a chronic lack of evaluation of interventions that aim to 
provide agricultural skills to youth.

Training on ICT is an important aspect for attracting and retain-
ing youth in the agricultural sector46. ICT offers a method of deliv-
ering training to a large number of farmers, which could enhance 
the performance of the youth already in agriculture and attract 
new youth to the sector36. Radio campaigns have been shown to be 
effective in spurring adoption and consumption of orange-fleshed 
potatoes in Ghana, Tanzania, Burkina Faso and Uganda36. A study 
conducted in the Philippines found that ICT training helps motivate 
secondary school students whose parents are engaged in agriculture 
to work within the sector, especially when combined with offline 
activities such as exposure and hands-on experience as well as cre-
ative and motivational actitivites46.

It is important to note that heterogeneity in gender and education 
are not accounted for in the analysis of the impacts of education on 
youth participation in agriculture. Our systematic review revealed 
that most of the included studies failed to address the effectiveness 
of targeting the population of interest—educated and uneducated 
youth. Illiteracy and gender heterogeneity were not addressed in 
the included studies. Indeed, no studies assessed the effects of train-
ing interventions on illiterate youth. This calls for investigations to 
focus on this vulnerable group of society, which represent about 
25% of youth in sub-Saharan Africa and 11% in Southern Asia54. 
Failing to account for such variation in the background of the youth 

participants limits the ability to assess the effectiveness of skills 
training interventions.

The absence of robust research and lack of effective evaluation of 
the available data on the effectiveness of agricultural youth employ-
ment interventions has notable consequences on potential invest-
ment. Ultimately, the commitment of policymakers is necessary to 
ensure the sustainability and success of interventions to boost youth’s 
engagement in agriculture. It is encouraging that the majority of 
interventions (12 studies out of 16) studied originated from pub-
lic policy, compared with three originating from non-public policy 
programmes (NGOs, international institution) and one from mixed 
policies (public and non-public policies). However, to provide a 
compelling basis on which to convince governments and donors to 
fund future interventions, as well as encourage young people to par-
take in training, cost-effectiveness analysis and estimates of returns 
on investment in training programmes is necessary. Indeed, a 2018 
stocktaking of the evidence on the effectiveness of youth employ-
ment interventions in Africa found that for the agricultural sector in 
particular, “there is very little literature and virtually no evaluation 
evidence to inform policymakers about what types of interventions 
can improve the prospects of young people in the [agricultural] sec-
tor”31. Our study supports this conclusion. Moreover, to ensure that 
the skills training provides long-term opportunities for youth, it is 
crucial to establish a periodic follow-up to assess how trainees are 
performing after completion of a training programme. This aspect 
was missing in most of the interventions reviewed in this systematic 
review, yet it is important to check that the youth who engage in 
agriculture after receiving skills training are still involved and thrive 
in their agriculture-related business in the long term.

In summary, there is a need to foster youth skills training pro-
grammes and more importantly to evaluate more rigourously these 
programmes so that knowledge on good practices may be generated 
and transferred from one developing country to another. Estimates 
of returns to investment of agricultural skills training programmes 
are warranted as they could provide governments and donors with 
the evidence and cost-based analysis to continue and increase sup-
port for such programmes. Interventions also need to account for 
heterogeneity in gender and educational background of the youth 
to foster sustainability in agricultural value chains, inform inclusive 
policy design and ultimately contribute to reducing poverty and 
food insecurity in LMIC.

Methods
This systematic review was prepared following guidelines from Petticrew and 
Roberts55. The approach comprises five steps: identifying the research question; 
identifying relevant studies; study selection; extracting and charting the data; 
and collating, summarizing and reporting the results. The protocol for this study 
was registered on the Open Science Framework before study selection and can 
be accessed at https://osf.io/bhegq//. The guiding question for this systematic 
review was: What are the effects of skills training interventions on educated 
and non-educated youth employment outcomes in agricultural value chains, 
agribusiness or contract farming in LMIC? The inclusion and exclusion criteria to 
identify and then select the relevant studies are shown in Table 4.

Risk of bias assessment. Regarding the risk of bias assessment, each study was 
assessed following the criteria of the eight domains of risk of bias we considered. 
The maximum score a study can obtain in terms of minimizing all domains of risk 
of bias is 23 stars, which is 100% of the stars. A study is deemed to be at low risk of 
bias across all domains if its total score is in the interval 75–100%. If the total score 
is in the interval 50–75%, the study is said to be at moderate risk of bias across 
all domains. A study is at serious risk of bias if its score falls within the interval 
25–50%. When the total score ranges from 0 to 25%, the study is deemed to be at 
critical risk of bias across all domains. See Supplementary Table 4 for details on the 
criteria used.

Search strategy. An exhaustive search strategy was developed and tested in CAB 
Abstracts to identify all available research pertaining to the effects of skills training 
interventions on educated and non-educated youth employment outcomes in 
agriculture in LMIC. Search terms were developed to address variations of the 
key concepts in the research question: skills training, youth, employment or 
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engagement, and agriculture. Searches were performed on 9 May 2019 in the 
following electronic databases: CAB Abstracts (access via OVID); Web of Science 
Core Collection (access via Web of Science); EconLit (access via ProQuest); 
Agricola (access via OVID); and Scopus (access via Elsevier). Full search strategies 
for each database, including grey literature, can be accessed in their entirety at 
https://osf.io/xv56k/.

A comprehensive search of grey literature sources was also conducted. A list 
of the resources that were searched can be found at https://osf.io/xv56k/. The grey 
literature searches were performed using custom web-scraping scripts. The search 
strings were tested per website before initiating web-scraping. An existing Google 
Chrome extension was needed to scrape dynamically generated websites.

The results from the databases and the grey literature searches were combined 
and de-duplicated using a Python script. Duplicates were detected using title, 
abstract and same year of publication, where year of publication was a match, 
where title cosine similarity was greater than 85%, and where abstracts cosine 
similarity was greater than 80% or one of the abstracts (or both) was empty. 
When duplicates were found, the results from the databases and the grey literature 
searches were combined and duplicates were removed.

Following de-duplication, each citation was analysed using a machine-learning 
model. The model added more than 30 new metadata fields, such as identifying 
populations, geographies, interventions and outcomes of interest. This allowed 
for accelerated identification of potential articles for exclusion at the title/abstract 
screening stage.

Study selection and eligibility criteria. Systematic review software, Covidence, 
was used for both title/abstract and full-text screening decision-making with  
two independent reviewers evaluating each item. Citations were included in this 
study if they met all of the inclusion criteria noted above. Studies that did not 
meet all the inclusion criteria were excluded. Exclusion criteria were the inverse 
of the inclusion criteria. Each citation that met one of the exclusion criteria at 
the title, abstract or full-text screening phases were excluded. Studies included in 
the full-text screening stage were those that met all inclusion criteria and none of 
the exclusion criteria, or those whose eligibility could not be established during 
title/abstract screening. Reasons for exclusion were documented at the full-text 
screening phase.

The retrieval of hundreds of PDFs for full-text screening was done with a 
combination of automated and manual methods. For the automated method, a 
Python script was created that would handle the tasks of PDF discovery, download 
and file renaming using Google Scholar. The script read the bibliographic data 
from an Excel spreadsheet and then executed a script to retrieve the full-text PDF. 
If the article is spotted in the search results, the download link is clicked, and the 
article will be auto-renamed and marked as being downloaded. Manual methods 
were employed for those items that were not retrieved using the script.

A total of 245 records were identified for full-text screening. This screening 
process led to the identification of 16 studies that were considered adequate 
regarding the content and methodological rigour. The PRISMA flow diagram  
(Fig. 1) shows the steps followed during the screening process and the number of 
items that resulted after each step.

Data extraction. Data extraction was based on interventions and outcomes 
established in the research question and exclusion criteria. The data extraction 
focused on the outcomes of the studies, the methods used to obtain the outcomes, 
and the validity and reliability of those methods using a data-extraction form. To 
reduce risk of bias related to the extracted data, two separate researchers extracted 
data from each included study in the full-text review step. When disagreements 
occurred between researchers on data extracted from a study, a third researcher 
was engaged to resolve conflict by extracting data again from the study and the 
results were compared with those found previously. In total, 31 conflicts were 
solved among the 261 reviews. The critical appraisal of individual sources of 
evidence gave an indication of the strength of evidence provided and informed the 
standards followed for this systematic review.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Code availability
The code used in this study is available upon request.
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Social protection to combat hunger
To the Editor — COVID-19 and the 
measures governments have put in place 
to prevent its aggravation have triggered 
an economic recession that will increase 
poverty rates and hunger. In June, the 
International Monetary Fund projected a 
4.9% decline in global economic growth 
compared to 20191. A similar forecast has 
been generated under Ceres2030, a research 
project co-directed by the International 
Food Policy Research Institute, Cornell 
University and the International Institute for 
Sustainable Development that is calculating 
the cost of effective interventions to end 
hunger sustainably2. The estimate is that 
95 million additional people, mostly from 
sub-Saharan Africa, will be living in extreme 
poverty by the end of the year3.

One of the first and most common policy 
responses to COVID-19 was to restrict the 
movement of people. For the approximately 
85% of Africans who work in the informal 
sector, often living from day to day, the 
lockdown means that they are unable to 
put food on their families’ tables4. Senegal’s 
farmers and itinerant traders, for example, 
have been hit hard by the closing of markets, 
an overnight curfew and a ban on travel 
between regions that makes it difficult for 
them to sell their produce5. While initially 
the Senegalese government did not face 
major political opposition for its handling 
of the pandemic, recent unrest in Dakar 
and Touba has highlighted a dilemma 
shared by many countries in the region: 
measures taken to protect citizens’ health 
are damaging the livelihoods of millions 
who work in the informal sector, creating 
economic distress and adding to political 
tensions. Falling ill or dying from COVID-
19 are not the only risks faced by the 
population.

Governments around the world 
have protected short-term income and 
purchasing power however they could, 
hoping to contain social upheaval and the 
number of decimated livelihoods6. Togo, for 
example, has recently announced the launch 
of an unconditional cash transfer scheme 
designed to support all Togolese informal 
workers whose incomes are disrupted by 
COVID-196.

Efforts like these, essential in times of 
crisis, are forms of social protection — that 
is, public or private initiatives that aid the 
poor and protect the vulnerable against 
livelihood risks. Social assistance (that is, 
the transfer of resources either as cash or 
in-kind) is a form of social protection that 

restores some level of predictability and 
protects vulnerable households from hunger. 
By preventing the destocking of productive 
assets through distress sales, social 
assistance also protects investments that 
could contribute to food security, increased 
productivity and income, and more 
sustainable farming systems. Protection 
against hunger and prevention of asset 
depletion constitute the first two objectives 
of social protection.

The pandemic has laid bare the 
precariousness of the livelihoods of millions 
of people who have been unable to benefit 
from the opportunities created by two 
decades of economic growth in Africa7. 
Evidence reveals that the greater the 
inequality in the distribution of assets such 
as land, water, capital, finance, education 
and health, the more difficult it is for the 
poor to participate in economic growth 
processes8. Although responses to COVID-
19 in the form of resource transfers help 
prevent and manage situations that adversely 
affect people’s well-being, they do not help 
households overcome their pre-existing state 
of vulnerability. Thus, as many countries 
start reducing social distancing measures 
related to COVID-19, they should also move 
towards a more sustainable set of policies to 
eradicate deep-rooted poverty and hunger, 
and pay greater attention to the third 
objective of social protection: the promotion 
of livelihoods.

Social protection favours increased 
productivity and higher incomes among 
small-scale food producers through several 
channels9. First, social protection payments 
(for example, unconditional cash transfers) 
reduce liquidity constraints, thus freeing 
household income for productive spending 
such as the purchase of agricultural inputs. 
When regular and predictable, these 
payments can facilitate small-scale savings 
or investment by acting as a collateral, 
enabling the beneficiaries to access credit. 
Second, social protection instruments can 
increase a household’s tolerance to risk by 
augmenting household wealth. With more 
financial reserves, household members 
tend to invest in their productive capacity 
by, for example, buying new machinery or 
experimenting with novel seed varieties. 
Third, social protection instruments may 
have a positive effect on food and nutrition 
security, which in turn will enhance labour 
productivity.

The positive effects of social protection 
programmes are not a given. In Kenya, a 

recent model-based impact assessment 
showed that rural households receiving 
a cash transfer were benefiting from the 
increased income; the target population 
were households living in the greatest 
poverty10. But the recipients were not 
necessarily able to take advantage of the 
increased demand for goods and services 
that resulted from the rise in income within 
the community associated with the social 
protection programme because they lacked 
the necessary assets and labour hours to 
expand their activities. If social protection 
programmes were adequately designed to 
lift recipients out of poverty, indirect income 
gains for programme beneficiaries could 
be much larger. One way to do this is by 
supplementing cash or in-kind payments 
with training measures; a more skilled 
workforce would be better positioned to 
quickly expand its activities and increase 
productivity levels in response to a rise 
in demand, and eventually graduate from 
social protection programmes.

The so-called cash plus, livelihood or 
graduation programmes combine regular 
cash transfers with measures to encourage 
behavioural changes and/or address supply 
constraints. Ethiopia’s Productive Safety 
Net Programme, for example, has sought 
to promote agricultural production and 
productivity. Essentially, the programme 
combines unconditional cash or in-kind 
transfers to those who cannot supply 
labour with transfers that are conditional 
on supplying labour to public works. In 
addition, the programme includes livelihood 
development packages designed to build 
a pool of assets essential for sustained 
income generation and graduation from 
the programme. This mix of interventions 
has led to a reduction of the hunger 
period experienced by households every 
year by one-third (or 1.29 months per 
year on average)11. Yet, the programme 
has not enabled the graduation of its own 
beneficiaries, without which it may soon 
become too heavy of a fiscal burden to 
the national government. Ethiopia’s social 
protection programme demonstrates that 
desirable synergies exist, and the integration 
of social protection with measures to 
increase agricultural productivity holds the 
potential for making significant inroads 
towards the eradication of hunger.

Social protection schemes need 
to be multi-sectoral, broadened and 
institutionalized to be sufficiently 
redistributive and buffer the effects of 
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economic slowdowns and downturns on 
food security. In particular, the engagement 
of agriculture ministries in the design 
and implementation of social protection 
programmes can maximize the impact of 
social sector expenditures on agricultural 
productivity — a powerful sweet spot for 
governments in their objective of achieving 
long-term poverty reduction and hunger 
eradication. ❐
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