
IntechOpen Series  
Sustainable Development, Volume 1

Food Systems Resilience
Edited by Ana I. Ribeiro-Barros, Daniel S. Tevera, 

Luís F. Goulao and Lucas D. Tivana

Edited by Ana I. Ribeiro-Barros, Daniel S. Tevera,  
Luís F. Goulao and Lucas D. Tivana

This book addresses some of the major challenges of food systems associated with a 
diversity of agricultural contexts and priorities. It contributes to the conversation on 

global food and nutrition security by unpacking the intertwined connections between 
food system resilience, food policies, and global food markets. The contributing 
authors provide careful analyses of how shocks to food systems (e.g., COVID-19 

pandemic lockdowns) and crises to global food systems (e.g., the global food price 
crisis of 2008) have disrupted the food value chains in ways that undermine global 

initiatives to achieve food and nutrition security for all. The book is divided into 
two sections. Section 1 focuses on global food systems transformation with the goal 
of moving towards resilience. Two chapters in this section employ a global context 

approach to address the key factors undermining food systems’ resilience and 
sustainability. Section 2 presents case studies drawn from Africa, Asia, and Europe 

with different pathways for the transition to food systems resilience, highlighting the 
importance of policy approaches as well as smart and innovative strategies to ensure 
the production of nutritious foods at affordable costs, the reduction of food wastage, 

and the valorization of sub-products.

Published in London, UK 

©  2022 IntechOpen 
©  Andre2013 / iStock

ISBN 978-1-80355-003-9

Usha Iyer-Raniga,  
Sustainable Development Series Editor

ISSN  2753-6580

Food System
s Resilience





Food Systems Resilience
Edited by Ana I. Ribeiro-Barros,  
Daniel S. Tevera, Luís F. Goulao  

and Lucas D. Tivana

Published in London, United Kingdom



Food Systems Resilience
http://dx.doi.org/10.5772/intechopen.95206
Edited by Ana I. Ribeiro-Barros, Daniel S. Tevera, Luís F. Goulao and Lucas D. Tivana

Contributors
Dorcas Stella Shumba, Shivani Sood, Harjeet Singh, Suruchi Jindal, Adane Atara Debessa, Degefa 
Tolossa, Berhanu Denu, Bart de Steenhuijsen Piters, Emma Termeer, Deborah Bakker, Hubert Fonteijn, 
Herman Brouwer, Elke Stedefeldt, Rayane Stephanie Gomes De Freitas, Tanya Zerbian, Mags Adams, Neil 
Wilson, Jasper Okoro Godwin Elechi, Ikechukwu U. Nwiyi, Cornelius Smah Adamu, Dikabo Mogopodi, 
Samuel Raditloko, Inonge Chibua, Mesha Mbisana, Banyaladzi Paphane, Kriengsak Chareonwongsak, 
Fernando Teixeira

© The Editor(s) and the Author(s) 2022
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2022 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Food Systems Resilience
Edited by Ana I. Ribeiro-Barros, Daniel S. Tevera, Luís F. Goulao and Lucas D. Tivana
p. cm.

This title is part of the Sustainable Development Book Series, Volume 1
Topic: Sustainable Economy and Fair Society
Series Editor: Usha Iyer-Raniga 
Topic Editor: Antonella Petrillo

Print ISBN 978-1-80355-003-9
Online ISBN 978-1-80355-004-6
eBook (PDF) ISBN 978-1-80355-005-3
ISSN 2753-6580



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

5,900+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

144,000+
International  authors and editors

180M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





IntechOpen Book Series  

Sustainable Development
Volume 1

Aims and Scope of the Series
Transforming our World: the 2030 Agenda for Sustainable Development endorsed 
by United Nations and 193 Member States, came into effect on Jan 1, 2016, to 
guide decision making and actions to the year 2030 and beyond. Central to this 
Agenda are 17 Goals, 169 associated targets and over 230 indicators that are 
reviewed annually. The vision envisaged in the implementation of the SDGs is 
centered on the five Ps: People, Planet, Prosperity, Peace and Partnership. This call 
for renewed focused efforts ensure we have a safe and healthy planet for current 
and future generations.

This Series focuses on covering research and applied research involving the five Ps 
through the following topics:

1. Sustainable Economy and Fair Society that relates to SDG 1 on No Poverty, 
SDG 2 on Zero Hunger, SDG 8 on Decent Work and Economic Growth, SDG 
10 on Reduced Inequalities, SDG 12 on Responsible Consumption and Pro-
duction, and SDG 17 Partnership for the Goals

2. Health and Wellbeing focusing on SDG 3 on Good Health and Wellbeing and 
SDG 6 on Clean Water and Sanitation

3. Inclusivity and Social Equality involving SDG 4 on Quality Education, SDG 5 
on Gender Equality, and SDG 16 on Peace, Justice and Strong Institutions

4. Climate Change and Environmental Sustainability comprising SDG 13 on 
Climate Action, SDG 14 on Life Below Water, and SDG 15 on Life on Land

5. Urban Planning and Environmental Management embracing SDG 7 on Af-
fordable Clean Energy, SDG 9 on Industry, Innovation and Infrastructure, and 
SDG 11 on Sustainable Cities and Communities.

The series also seeks to support the use of cross cutting SDGs, as many of the 
goals listed above, targets and indicators are all interconnected to impact our lives 
and the decisions we make on a daily basis, making them impossible to tie to a 
single topic.
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Preface

Food and nutrition security are prerequisites to achieving the United Nations 
Sustainable Development Goals (SDGs) of poverty eradication (SDG 1), hunger eradi-
cation (SDG 2), good health and wellbeing (SDG 3), reduced inequalities (SDG 10), 
sustainable cities and communities (SDG 11), and responsible consumption and 
production (SDG 12). However, meeting these ambitious goals within the next 10 years, 
given the current global scenario, will be challenging. On one hand, the exponential 
growth of the world’s population, which is anticipated to reach about 10 billion in 2050, 
mainly living in cities and under diet transition, will necessarily result in a significant 
increase in food demand. On the other hand, climate change projections such as an 
increase in temperature and greenhouse gases, erratic rainfall patterns, and increased 
frequency of extreme weather events, accompanied by the reduction of arable land by 
as much as 50% in 2050, impose major food production challenges. In addition, the 
world is also facing unprecedented health, social, political, and economic impacts. The 
COVID-19 pandemic has exacerbated the vulnerability of local food systems, especially 
in the global South through food supply disruption and contraction. Additionally, the 
armed conflict in Ukraine and the economic sanctions on Russia will likely change the 
arrangements of global trade of major staple agricultural commodities and the energy 
markets, directly or indirectly impacting food availability, food supply, and food prices 
and therefore challenging food security in the most vulnerable settings. Thus, accelerat-
ing the development and implementation of a nutrition-sensitive agricultural research 
and development agenda is now more relevant than ever to transform current food 
systems to ensure healthy and inclusive diets that are environmentally sustainable and 
affordable on the global scale. This book presents a set of chapters that discuss some of 
the major challenges and achievements for food systems resilience. It is divided into two 
sections, the first of which is devoted to key issues of global interest (Chapters 1–4) and 
the second of which includes case studies (Chapters 5–10).

Section Overview

Section 1 focuses on the transformation of food systems towards resilience. The first 
two chapters employ a global context approach to address the key factors undermining 
food systems’ resilience and sustainability. Chapter 1 (by B. de Steenhuijsen Piters et al.) 
unpacks the intertwined connections between food system resilience, food policies, and 
global food markets. The authors argue that because of shocks (e.g., COVID-19) and 
crises in global food systems (e.g., the global food price crisis of 2008) it has become dif-
ficult to achieve food and nutrition security for all. The chapter concludes that to achieve 
national food systems goals, policymakers and key stakeholders must have a common 
understanding of what food system resilience entails, to allow transformation actions 
that anticipate, prevent, absorb, and adapt to the impacts of shocks and stressors.

Chapter 2 (by J. O. Godwin Elechi) focuses on global food system transformation 
for resilience. The author argues that the current global food systems are unsustain-
able because, on one hand, more than 800 million people globally are chronically 
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undernourished, while on the other hand, food systems are releasing a third of all 
greenhouse gases and are responsible for 80% of biodiversity loss. Therefore, scaling 
up existing food systems cannot be the way forward in order to achieve SDG 2 on 
ending hunger by the year 2030. The chapter also highlights that the challenge is to 
renovate, to find sustainable ways of producing more local food, especially in Sub-
Saharan Africa (SSA) where many countries rely on food items sourced from distant 
producers. Therefore, the transformation of global food systems, including the entire 
operational environment (cropping, harvesting, post-harvesting, and distribution) 
and consumption, is essential to make the entire system more efficient and more 
environmentally friendly. For that, government policy intervention along with the 
behavioral change from producers, consumers, and food distributors will be required.

Chapter 3 (by D. S. Shumba) addresses the importance of Weather Index Insurance 
(WII) to manage food production uncertainties, using the dataset of pilot projects that 
have been launched across SSA since the early 2000s. This chapter explores the gap 
between the assertion that WII is a promising risk transfer mechanism for smallholder 
farmers in SSA and the realization that, even where microfinance is made available, 
subscription rates among smallholder farmers rarely rise.

Chapter 4 (by D. Mogopodi et al.) discusses a global food safety concern that is 
related to the presence of mycotoxin contaminants in everyday food, recognizing 
that mycotoxins pose a threat to human health and food security, which is frequently 
neglected in SSA food systems. The authors discuss mycotoxin’s impact on food 
 availability and public health and provide analytical and preventive strategies that 
aim to increase the quality of products while avoiding food wastage.

Section 2 presents six case studies that address different topics and geographies in 
Africa, Asia, Latin America, and Europe. Chapters 5 (by T. Zerbian et al.) and 6 (by 
K. Chareonwongsak) discuss the food insecurity shocks and stressors imposed by the 
COVID-19 pandemic at a community level (Preston community, NW England, UK) and 
at a country level (Thailand), highlighting the importance of self-sustained communities 
to mitigate food insecurity crises in both settings. Chapter 5 builds on the new challenges 
for food production, distribution, and consumption posed by the COVID-19 pandemic 
and the exacerbating effects on the existing socioeconomic inequalities that hinder 
access to food. The chapter focuses on the dynamic interactions of local food initiatives 
and derives its findings from a social network analysis (SNA) conducted during the sum-
mer of 2020. The authors pinpoint that pre-existing social conditions, such as a previ-
ously organized local food network in partnership with local authorities, have enabled 
some communities to self-organize and respond favorably to the COVID-19 crisis and 
discuss the role of current models of emergency food provisioning, advocating stronger 
collaborative bonds within already organized networks. Chapter 6 provides an analysis 
of the status of food insecurity and food system resilience during the COVID-19 crisis 
in Thailand. It proposes the adoption of a “Food Self-Sustained Community” (FSSC) 
model that addresses food security at the community level. It also shows how, through 
pre-emptive planning, a community can switch local food production seamlessly to a 
self-sufficient and resilient model that prepares it for future crises, so that the commu-
nity can produce enough food for all members without relying on outside sources.

Chapter 7 (by A. A. Debessa et al.) discusses the nexus between coping strategies 
and resilience to recurrent food insecurity shocks in the community of Boricha, 
XVI
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Sidana National Regional State, Ethiopia. The authors address the coping strategies 
employed by households when exposed to food insecurity shocks and highlights 
that households use various consumption-based coping strategies that range from 
compromising the quality of food to food rationing. Repeatedly occurring food shortage 
has also forced some households to employ resilience erosive coping mechanisms such 
as selling reproductive assets. Such coping strategies limit the capacity of households 
to cope with future food insecurity-related shocks. Coordinating crisis management 
based on humanitarian intervention with households’ livelihood assets protection and 
resilience strengthening is the major policy objective of this study. 

Chapter 8 (by R. S. Gomes and E. Stedefeldt) focuses on food safety as an intrinsic 
component of food security and a shaper of food systems. It discusses the “commercial 
restaurant” system and the “kitchen worker” subsystem from the perspective of build-
ing resilience in food safety. It discusses that relationship maps built for the system 
and subsystem guide the presentation and discussion of structural, organizational, 
social, and symbolic aspects and elements. Examples include risk perception of food-
borne diseases, cognitive illusions, sociological aspects, the social dimension of taste, 
humanization, and working conditions and precariousness of work in kitchens. The 
chapter concludes by providing some recommendations for promoting food safety 
resilience in commercial restaurants.

Chapter 9 (by F. Teixeira) discusses the environmental pressures that the Montado/
Dehesa systems are experiencing, leading to an impoverishment of the floristic 
composition of the understorey. The chapter examines the potential for using 
legume–rhizobia symbiosis to increase biological nitrogen fixation (BNF) and 
avenues for research. It also discusses the co-colonization of the roots of legumes 
with arbuscular mycorrhizal (AM) fungi and the effects on P and Mn uptake. The 
chapter highlights a better understanding of the relationships between soil pH, 
organic matter content (SOM), microbial community, soil P content, and the plant 
strategies to mobilize it, as well as plant effects on the soil solution concentrations 
of Mn, as important for the management of these systems. The increase of BNF 
in these systems, through the breeding of tolerant cultivars to acidic soils and a 
stepwise legumes enrichment, alongside soil fertility management, may contribute 
to increasing biomass production and SOM content.

The final chapter (by S. Sood et al.) addresses the importance of effective and 
efficient systems for the early diagnosis of biotic stress in crops through deep learning 
models, using wheat-rust pathogenic interaction as a model. Rusts are plant diseases 
caused by obligate fungi parasites. They are usually host-specific and cause greater 
losses of yields in crops, trees, and ornamental plants. Wheat is a staple food crop 
bearing losses specifically due to three species of rust fungi namely leaf rust (Puccinia 
triticina), stem rust (Puccinia graminis), and yellow rust (Puccinia striiformis). 
About 100% yield loss has been reported by the stem and yellow rust, while a 
50% yield loss has been reported by leaf rust. Under this scenario, the need for an 
effective and efficient system that allows the identification and classification of these 
diseases at early stages was recognized. The chapter reports the results from the use of 
a deep learning-based convolutional neural network (i.e., VGG16) transfer learning 
model for wheat disease classification on the CGIAR image dataset. The deep learning 
models produced the best results by tuning the various hyper-parameters such as 
batch size, number of epochs, and learning rate.
XVII
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Collectively, the book addresses some major challenges of food systems associated with 
a diversity of agricultural contexts and priorities, disclosing distinct but complementary 
entry points to advance resilience. Within this context, the transformation of the 
current food systems towards sustainability and resilience should include smart and 
innovative approaches across all components of the food system – from supply chains 
to consumer behavior and diets – that ensure both the production of nutritious foods at 
affordable costs and the reduction of food wastage and the valorization of sub-products. 
Understanding the complexity of food systems and shaping actions and policies to 
their different categories that range from “rural and traditional” to “industrialized 
and consolidated” is mandatory to identify priority areas of intervention. Only with 
resilient and sustainable food systems, contextualized according to geographic and 
socioeconomic realities, and adjusted to 21st-century societal expectations, the world 
would be able to meet the SDG targets. Actions targeting different drivers that govern 
food systems are mandatory to this endeavor. And time is of the essence.

The editorial team acknowledges all chapter contributors. Acknowledgments are 
also due to the School of Agriculture, University of Lisbon – Forest Research Center 
(UIDB/00239/2020) and Linking Landscape, Environment, Agriculture and Food 
Research Centre (UIDB/04129/2020), Department of Geography, Environmental 
Studies and Tourism, University of the Western Cape, and Faculty of Agronomy and 
Forest Engineering, Eduardo Mondlane University.
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Chapter 1

Perspective Chapter: Food System 
Resilience – Towards a Joint 
Understanding and Implications 
for Policy
Bart de Steenhuijsen Piters, Emma Termeer, Deborah Bakker, 
Hubert Fonteijn and Herman Brouwer

Abstract

The COVID-19 crisis is just one in a series of shocks and stressors that exemplify 
the importance of building resilient food systems. To ensure that desired food system 
outcomes are less fluctuating, policy makers and other important stakeholders need 
a common narrative on food system resilience. The purpose of this paper is to work 
towards a joint understanding of food system resilience and its implications for policy 
making. The delivery of desired outcomes depends on the ability of food systems to 
anticipate, prevent, absorb, and adapt to the impacts of shocks and stressors. Based 
on our literature review we found four properties of food systems that enhance their 
resilience. We refer to these as the A B C D of resilience building: Agency, Buffering, 
Connectivity and Diversity. Over time, many food systems have lost levels of agency, 
buffering capacity, connectivity or diversity. One of the principal causes of this is 
attributed to the governance of food systems. Governance is inherently political: as 
a result of conflicting interests and power imbalances, food systems fail to deliver 
equitable and just access to food. Moreover, the impacts of shocks and stressors are 
not evenly distributed across actors in the food system. This paper has highlighted the 
importance of more inclusive governance to direct food system transformation towards 
such higher levels of resilience. We conclude that we cannot leave this to the market, but 
that democratic and before all independent, credible institutions are needed to create 
the necessary transparency between actors as to their interests, power and influence.

Keywords: food system, resilience, COVID-19, agency, governance

1. Introduction

Food system resilience presents a paradox: even when global food markets prove 
to be quite resilient in the face of different shocks and crises, desired outcomes such 
as food and nutrition security are not ensured for al and all timesl. To ensure that 
desired food system outcomes are less fluctuating, policy makers and other important 
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stakeholders need a common narrative on food system resilience. The purpose of 
this paper is to work towards a joint understanding of food system resilience and its 
implications for policy making.

The impacts of the global COVID-19 pandemic remind us of the importance of 
food systems that can withstand and recover from shocks. The COVID-19 crisis has 
impacted everyone’s life in some way. However, some people live in more vulnerable 
contexts than others and have different levels of response capacity, hence they experi-
ence more profound impacts. The world’s poorest people already dealt with unstable 
livelihoods and chronic food insecurity before the pandemic. This means low- and 
middle-income countries (LMIC) have a less advantaged starting point in the face of 
shocks and crises.

The COVID-19 crisis is just one in a series of shocks and stressors that exemplify 
the importance of building resilient food systems. The global food crisis of 2008 
revealed how a convergence of different market shocks and disruptions in food pro-
duction can cause dramatic increases in global food prices and food shortages [1]. The 
2008 food price crisis has, in many cases, compounded the impacts of existing shocks 
and crises, such as droughts, floods, conflict and insecurity. Despite its apparent 
resilience under the pressure of the COVID-19 pandemic so far, the global food system 
remains vulnerable. The blockage of the Suez Canal in 2021 shows how a small techni-
cal or human failure can bring global transport to a sudden standstill [2]. COVID-19 
related measures, such as restrictions in movement of goods and people, have had 
direct implications for people’s livelihoods, food affordability and food access [3].

The delivery of desired outcomes depends on the ability of food systems to antici-
pate, prevent, absorb, and adapt to the impacts of shocks and stressors. Food system 
resilience issues are far from simple to solve. The complex interdependencies within 
our food systems involve all aspects of life: natural, political, economic, social and 
cultural. It is therefore key to start from a common understanding between all stake-
holders of what food system resilience entails. From there, we can identify the steps 
that are needed to reform the governance of food systems to obtain and secure the 
outcomes that we need as a society. This is also the challenge for the United Nations 
Food Systems Summit, due late 2021, which will create the momentum to acknowl-
edge where we are in building more resilient food systems, and where we want to go.

2. Towards a joint understanding: What is food system resilience?

A food system includes all processes, actors and activities associated with food 
production and food utilisation, from growing and harvesting to transporting and 
consuming [4]. A food system also encompasses the wider food environment, from 
markets and trade to policies and innovation. The main challenge for food systems 

Key messages
Building food system resilience is necessary to withstand shocks and stressors and maintain progress 

towards desired outcomes: food and nutrition security and equitable livelihoods for all in a healthy ecosystem.
We identify four key properties of building resilient food systems: ensuring Agency, creating Buffers, 

stimulating Connectivity, and enhancing Diversity throughout the system.
Implementing these properties will enhance the capacity of food systems to anticipate, prevent, absorb, 

and adapt to the impacts of shocks and stressors.
Building resilience through these key properties requires transformation of the entire system and this 

raises questions about the politics and governance of markets and broader food systems.
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globally is to increase the supply of safe and healthy food in an inclusive and sustain-
able way. This is reflected in the desired outcomes of a well-functioning food system, 
which include (Figure 1):

• the production of sufficient, safe and healthy food for our growing world 
population

• the equitable distribution of costs and profits

• being adaptable to climate change and using land and natural resources 
sustainably

In this paper we refer to food system resilience as the capacity of food systems to 
deliver desired outcomes in the face of shocks and stressors. The concept of resilience 
has its origins in ecological stability theory, explaining the capacity of ecosystems to 
return to their original state after a disturbance [5]. In the past decades, resilience 
thinking has been applied in various disciplines (such as ecology, economics and risk 
management) and different definitions of the concept exist according to the disci-
pline for which they have been developed [6]. In relation to food systems, resilience 
thinking has been applied to address the complex interactions between nature and 
society with a focus on maintaining human well-being within planetary boundaries 
[7]. However, there is confusion and contestation about what the concept means 
and how it can be measured. This is especially true for the resilience of food systems, 
where multiple types of resilience interact (such as agricultural, economic, political 
and social resilience), raising the question of whether a unified conceptualisation of 
food system resilience is possible. In this context, one suggestion could be to identify 

Figure 1. 
Simplified visualisation of a food system. Source: adapted from Van Berkum, Dengerink and Ruben [4].

Shocks and stressors.
The ability of our food system to deliver desired outcomes directly depends on its capacity to deal with 

natural and man-made disturbances: shocks and stressors. Shocks refer to a sudden event that impacts on the 
functions of a system and its components, as seen for example with COVID-19 and locust plagues. A stressor 
can be defined as a long-term trend that undermines the functioning and increases the vulnerability of a 
system. The most acute stressor threatening the current global food system is climate change, which in turn 
leads to a variety of shocks, such as extreme weather events or crop diseases.
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context-specific challenges and policy implications using a ‘resilience lens’, and 
translating resilience to contextual, measurable indicators [8]. This paper is an effort 
to identify starting points to apply such a resilience lens in policy environments.

Considering increasing concerns about undesired outcomes, as well as the rate and 
scale of global challenges such as climate change, population growth and loss of biodi-
versity, there is increasing reference to the need for profound, systemic changes in our 
food systems. Such changes are also referred to as food system transformation, raising 
questions on how these are identified, prioritised and promoted through public policy 
instruments, private sector responses or civil society agency. The sum of these can be 
referred to as food system governance. Effective governance of food systems needs to 
take into account that resilience is not a unified, absolute measure, as interventions that 
make food systems more robust to shocks and stressors may also lead to associated vul-
nerabilities. The key is to continually assess these trade-offs and determine whether 
they are an acceptable consequence [9].

In other words, enhancing food system resilience involves a more complex 
task than just ensuring the stable delivery of food and nutrition security or other 
desired outcomes. For example, expanding or intensifying agricultural production 
may positively contribute to food and nutrition security, but it will also increase 
the likelihood of pollution and potential loss of biodiversity. Moreover, benefits 
and losses are often not distributed evenly across stakeholders in food systems. As 
resilience is not an absolute measure, it is important to take into account who has the 
power to define it [10]. The awareness of such interactions and trade-offs is at the 
core of approaches to describe, diagnose, and develop interventions in food systems. 
Thinking about resilience from a systemic perspective is therefore particularly 
useful for policymakers who formulate strategies for food system interventions. 
Building on a common conceptual understanding of resilience in food systems 
is necessary to avoid that the concept causes confusion and miscommunication 
between different stakeholders.

Following the concepts used by the Organisation for Economic Co-operation 
and Development (OECD), the Food and Agriculture Organisation (FAO), and the 
Scientific Group of the UN Food Systems Summit, we distinguish five key capacities 
that together determine the ability of food systems to handle shocks and stressors: 
anticipation, prevention, absorption, adaptation and transformation:[11–13].

The projected rise in food and nutrition insecurity on a global scale is driven by 
different shocks and stressors that often overlap or interact. We can categorise them 
in the following four clusters [14, 15] with some illustrative examples:

• climate change, variability and extremes (e.g., erratic rainfall, droughts)

• conflict and insecurity (e.g., displacement, civil unrest, terrorism)

• economic downturns and market disruptions (e.g., food price spikes of 2008)

• other unexpected shocks (e.g., the sudden outbreak of desert locusts, a pandemic)

In summary: conceptual clarity and purpose of building food system resilience are 
needed for effective communication between stakeholders who define together the 
governance of food systems. Five capacities of food system to respond to shocks and 
stressors emerge from recent literature, as well as four distinct clusters of shocks and 
stressors. In the next sections we explore reasons why food systems are not resilient, 
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how food systems evolve after shocks and stresses, and what emerges from literature 
as key properties of resilient food systems.

3. Why are food systems not resilient and what are the consequences?

Shocks and stressors rarely happen in isolation and always impact on the wider 
food system, creating potential trade-offs between different outcomes, such as food 
and nutrition security, environmental sustainability and secured livelihoods for 
all. Climate change and global warming increase the incidence of extreme weather 
conditions and impact the entire ecosystem. Increasingly unpredictable weather and 
extreme weather incidents mean that farmers are regularly faced with high yield 
losses. Furthermore, agriculture itself is caught in a double bind: the sector as a whole 
contributes over 10 per cent to global greenhouse gas emissions, yet it needs to pro-
duce sufficient food to feed the growing world population. Public health shocks, such 
as COVID-19, may compound with economic shocks, which will in turn negatively 
impact on food and nutrition security. Cases of protracted crises, where conflict, 
coupled with weather or health shocks, cause severe food insecurity, exemplify the 
complex interactions between shocks, stressors and the food system.

Even before COVID-19, from 2005 to 2016, developing countries were experienc-
ing an average of 260 natural disasters a year, killing 54,000, affecting 97 million and 
costing USD 27 billion annually [16]. FAO estimates that 23 per cent of the economic 
loss and damage due to natural disasters is related to the agricultural sector – which 
significantly impacts on the ability of disaster victims to rebuild and recover. 

Stagnating outcome 1: Food 
and nutrition security
(SDG 2, 3, 6)
Despite the global commitment 
to end hunger by 2030 (SDG 
2) and decades of decline 
in world hunger, the most 
recent estimates show that 
if recent rates of increase 
persist, the global number of 
undernourished people in 2030 
would exceed 850 million [18].

Stagnating outcome 2: Equitable 
livelihoods
(SDG 1, 5, 8, 10, 11)
Action Track 4 of the Food 
System Summit emphasises 
how inequality and power 
imbalances constrain the ability 
of food systems to deliver 
poverty reduction and equitable 
livelihoods. For the first time in 
over 20 years, global extreme 
poverty levels rose in 2020 as 
COVID-19 compounded the 
impacts of conflict and climate 
change [19].

Stagnating outcome 3: 
Sustainability
(SDG 6, 13, 15)
Climate change is threatening 
all aspects of the food system. 
Although global ambitions to tackle 
climate change were set in the Paris 
Agreement, the global community 
is a long way off track meeting 
either the 1.5 or 2 degrees targets. 
As a result of this, the frequency 
and severity of natural disasters is 
expected to increase, exacerbating 
food insecurity and poverty [20].

Table 1. 
Three areas where SDG progress is stagnating.

Anticipation Capacity to manage risks and plan strategies to deal with shocks when they occur.

Prevention Preventive actions to mitigate the effects of expected shocks or stressors.

Absorption The ability to cope immediately with the effects of shocks and stressors.

Adaptation The capacity to adapt strategies and actions while maintaining stable functioning of 
the system.

Transformation The capacity to transform the entire system.
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Repeatedly, we see shocks trigger systemic crises that disrupt the entire food system, 
including social services, the economy, and the environment.

The capacity to manage risks and to adapt to changes is unevenly distributed 
across nations, regions, communities, and households. The poor are especially 
vulnerable and liable to become trapped in vicious cycles of decline due to shocks 
and stressors. This poverty and vulnerability trap means that recovery to pre-disaster 
levels of well-being becomes increasingly difficult [17].

To ensure that food systems can deliver desired outcomes for future generations, 
resilience building should go hand in hand with sustainable development. After 
all, a resilient system is a system that can be sustained in the long term. In 2015, the 
international community agreed on 17 Sustainable Development Goals (SDGs) to be 
met by 2030, in an effort to build a more sustainable world. Even though progress has 
been made towards this end, progress on many of the goals is either stagnating or lost, 
partly due to the recent COVID-19 crisis (see Table 1). This stagnation demonstrates 
the urgency in designing our food system from a resilience perspective. If it were 
designed as such, our food systems could have average to even high resilience capaci-
ties, rewarding us with the stable or enhanced delivery of the desired outcomes (as 
stated in the SDGs) despite the occurrence of shocks and stressors (see Figure 2).

An example of a food system with a high resilience capacity is found in Ireland, 
where the shock of the 2008 economic crisis was absorbed by making investments in the 
dairy sector. This sector became a driver of growth for the whole Irish economy in the 
following decade, [21] and the shock eventually became the trigger for a new pathway 
of opportunities. Unfortunately there are many more examples of food systems where 
the opposite happens: shocks and stressors expose underlying weakness in resilience 
capacity.1 This can result in deterioration of desired food system outcomes such as food 
and nutrition security, living income, or protection of natural resources.

1 See, for early evidence of impact of Covid-19 on agriculture, e.g. [22]. Also: [23].

Figure 2. 
The capacity of a food system to respond to shocks and stressors. Source: This paper.
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4. What can be done to make food systems more resilient?

To understand how food systems can be more resilient we need to explore the 
role that resilience capacities play in relation to shocks and stressors. We propose to 
subdivide these capacities according to three phases of a shock/stressor scenario: the 
first two capacities (anticipation and prevention) relate to the phase prior to the occur-
rence of any shocks. The third capacity (absorption) plays the largest role during the 
occurrence of a shock, while the last two capacities (adaptation and transformation) 
are most relevant in the aftermath of the shock and influence the recovery towards 
post-shock food and nutrition security (the upward trajectory in Figure 2). This 
subdivision is more subtle when examining stresses, since these play out over longer 
time spans. In this context, it is an interesting question whether the effect of COVID-
19 on the food system qualifies as a shock or a stressor.

The first two resilience capacities (anticipation and prevention) are the closest linked 
to the shock type or stress itself. For instance, the anticipation of extreme weather events 
is greatly aided by the distribution of accurate and up-to-date satellite data amongst all 
stakeholders, allowing preventive action against floods to strengthen local water defences.

To prepare for our future challenges, we need to transform food systems towards 
food and nutrition security for all in such a way that the economic, social, cultural 
and environmental bases to generate food security and nutrition are safeguarded for 
future generations [24]. This is a complex task that requires strong collaboration across 
disciplines and national borders. First, the need and urgency of this task should be 
acknowledged. Then, efforts can be made to direct policy objectives towards making 
food systems more resilient. Regarding these policy objectives, literature on resilient 
food systems identifies various important measures to consider, ranging from regional 
and local production and distribution, diversification of production, environment and 
responses, improved rural infrastructure, accessibility and local self-organisation.2 
From these, we derive four summarising aspects that define the response capacity of 
food systems. These four properties are not exhaustive, but they are always recognisa-
ble in systems that are resilient. We suggest that policy makers and other stakeholders 
recognise what we present as the A B C D of resilience building (Figure 3):

1. Agency: the means and capacities of people to mitigate risks and to respond 
to shocks.

2. Buffering: resources to fall back on in the face of shocks and stressors.

2 See, for example: [25–30].

Figure 3. 
The ABCD of food system resilience building. Source: This paper.
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3. Connectivity: the interconnection of and communication between actors and 
market segments.

4. Diversity: diversity at different scales and in different places, from production to 
consumption and from farm level to regional diversity.

4.1 Agency

Human agency is a key factor in determining how individuals and society 
respond to change, disruptions and crises. Agency can be understood as the ability 
of people to choose their actions and execute them as they see fit. By emphasising 
agency, we go beyond the view of vulnerable people as passive victims in the face 
of external threats or crises. Agency is strongly related to adaptive capacity: the 
necessary resources for people and systems to adapt and learn, but agency also 
allows for anticipation and prevention. So far, discussions on food system resilience 
have focused in large part on resilience at system-level, for example maintaining 
stable trade relationships. This aggregated view has resulted in much less attention 
to understanding the role of human agency in the adaptation at the heart of resilient 
food systems [31]. For example, in situations of protracted crises, people have devel-
oped coping strategies, ranging from informal early warning systems to community 
seed systems, that contribute to the resilience of their livelihoods [32].

• Understanding individual behaviour, as well as community responses, is essential to 
strengthening the resilience of a system as a whole.

4.2 Buffering

Buffering in food systems can be understood in a broad sense: from buffering 
strategies by subsistence farmers to the creation and maintenance of national food 
stocks. Buffering may result in higher costs and lower long-term profit but increase 
the overall resilience of a system. For example, small- and medium-sized enterprises 
may choose to increase their savings accounts instead of investing all profits in the 
growth of their business, in preparation for shortfalls in sales. Buffering strategies 
are essential for enhancing the absorption capacities in a system. Creating buffers 
can be seen as an action in anticipation of a shock or stressor. In the financial world, 
buffering strategies in the form of maintaining adequate capital levels are a crucial 
part of the risk management toolkit:[33] financial buffers ensure business continuity 
in the face of low-frequency high-impact events by absorbing the resulting losses 
and maintaining solvability [34]. Policies may also impact on the buffering capacity 
of a food system, such as the creation of national food stocks or by providing direct 
financial support to people and businesses that struggle during a shock.

• Buffering in food systems should be acknowledged as an economic asset and be pre-
served or strengthened at the level that is most appropriate (individual, firm, region), 
even if it may lead to lower economic returns.

4.3 Connectivity

In every system, connectivity refers to the nature and strength of the interac-
tions between the various components. Maintaining and building connectivity at 
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the community, company, and country level helps to build resilience and guard 
against negative outcomes [35]. Improved connectivity in agricultural value chains 
improves a food system’s capacity to respond to shocks and stressors and is an 
essential contributor to adaptation and transformation capacities. Connectivity 
can manifest both in terms of physical infrastructure (roads, ports, airports) and 
communication infrastructure (internet access), as well as in terms of the existence 
of economic, political and social relationships between actors and nations. For 
instance, when a dominant trade partner experiences reduced supplies (e.g., due to 
local droughts), one has to switch to other suppliers to secure access to food. In this 
sense, connectivity offers an important protection against local and distant shocks, 
but it also exposes an actor to unforeseen price fluctuations imposed by alternative 
supply networks. At the community level, strong infrastructure can ensure mobili-
sation of support in times of need. At the business level, companies with access to 
multiple markets can more easily switch between commodities or divert products 
globally, thereby continuing their business operations [35].

• Strengthening connectivity at different levels (community, private sector, country) 
with different means (infrastructure, communication networks, relationships) is a 
crucial component of a resilient food system.

4.4 Diversity

Resilient systems are diverse systems. Diversity means that a loss of one resource 
may be compensated by another. A shortage can be mitigated by a surplus elsewhere.3 
Evidence from studies on the resilience of ecosystems indicates that biodiversity is an 
important contributor to system stability and continuity [41]. More diverse farming 
systems have greater capacity to absorb the effects of shocks and stressors, and this 
capacity stabilises food supplies through value chains to consumer markets [42]. 
According to a large and growing body of research, a diverse farm system – household 
plots, mixed multi-crop farms, variety in farm type and size – does indeed enhance 
the availability and consumption of diverse foods needed for a healthy diet [43]. What 
is required is a fundamentally different model of agriculture based on diversifying 
farms and farming landscapes, optimising biodiversity and stimulating interactions 
between different species, as part of holistic strategies to build long-term resilience, 
healthy agro-ecosystems and secure livelihoods. Together, a varied and balanced diet, 
a wide range of crops and foodstuffs, and a diverse system of production and distri-
bution, make a more resilient, stable and healthier food system. ([44], p. 73)

• It is key to recognise the importance of diversity – not just in nature, but also in the 
entire food system, including production, consumption, economy, governance and 
society.

5. Governance for food system resilience

Most food systems across the globe do not deliver all the outcomes that society 
expects. Over time, many food systems have lost levels of agency, buffering capacity, 

3 See, for example: [36–40].
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connectivity or diversity. One of the principal causes of a food system’s failure to 
evolve in desired directions is its governance.

Governance encompasses the rules, authorities and institutions that coordinate, 
manage and steer food systems: not just government, but also markets, cultural tradi-
tions and networks, and non-state actors such as businesses and civil society organisa-
tions [45, 46]. Governance is inherently political: as a result of conflicting interests 
and power imbalances, food systems fail to deliver equitable and just access to food. 
Moreover, the impacts of shocks and stressors are not evenly distributed across actors 
in the food system. There are significant differences in vulnerability and response 
capacities between different groups of people, sectors and regions. Socio-political 
differentiation and economic inequality are often overlooked in relation to food 
system resilience, but these factors need to be taken into account to effectively address 
unequal impacts and outcomes. For example, monopolies by big private sector players, 
at the expense of a multitude of smaller players, have a potentially negative impact on 
the overall resilience of food systems. Political economic analysis of the governance 
model will expose any imbalances in power and interests. Such imbalances are increas-
ing worldwide in food systems where concentration of big corporations is observed. 
Concentrated firms can shape markets, shape technology and innovation agendas, and 
shape policy and governance frameworks [47].

Momentum, commitment and a large support base is needed for system trans-
formation. Commitments to actions that are understood and underwritten by many 
stakeholders have a higher chance of being implemented than those agreed upon by 
few stakeholders. Multi-stakeholder approval also increases public support for such 
actions – which can be direly needed in challenging circumstances. Getting a large and 
diverse enough group of stakeholders on board also increases the “solution space”: the 
pool of resources, creativity and agency needed to develop new innovations in food 
systems. However, the necessary diversity of actors and values will result in processes 
of negotiation and contestation. This requires careful and deliberate facilitation of 
multi-stakeholder processes to build trust and relationships, manage potential con-
flicts, and prevent elite capture [48]. In addition, multi-sectoral policies are needed to 
address trade-offs and interdependencies of food system actors and components. This 
requires boundary spanning capabilities [49] and policy integration in order to connect 
the different policy subsystems [50]. For example: integrated programmes, coordina-
tion schemes, participatory analysis, and multi-stakeholder platforms can help to 
connect different governance levels and sectors.

Lastly, the challenges of food system transformation call for experimentation, 
not only in technologies and instruments, but also in concrete governance processes. 
Various multi-stakeholder collaborations, appropriate to different levels and cultures 
of governance, need to be tried and tested. New kinds of formal and informal institu-
tions, conflict resolution options that are mediated or legislated, and the generation 
and use of new kinds of data will be needed. Both bottom-up and top-down innova-
tion will be required, aiming for a broad portfolio of innovation projects, where 
risks, failures and uncertainties are embraced [51]. Much innovation will happen 
spontaneously – but most will need financial, legal or policy support to break through 
and change current food system governance regimes. This support can be delivered 
at different levels: it can aim to shift structural system characteristics, which prevent 
innovation; it can be geared towards promoting smaller innovations that offer small 
wins; or finally, the support can be focused on enabling rapid processes for testing 
and adapting the innovation to the relevant context.
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6. Conclusions and recommendations

Initially, the COVID-19 pandemic caused panic about the impacts on food supply 
at a global scale. Now that worries about basic food supply have mostly faded, atten-
tion has moved to broader concerns about the effects of different shocks and stressors 
on food and nutrition security, economic livelihoods, sustainability, biodiversity and 
healthy ecosystems. Partially overlapping components of food systems of growing, 
producing, distributing and consuming food have shown differentiation in terms of 
resilience. In fact, many food systems do not deliver outcomes such as healthy diets 
and environmental sustainability, and fail to positively contribute to the livelihoods 
of large numbers of producers and consumers alike. Over time, food systems have 
delivered more and new foods, as well as economic opportunities for many people – in 
part through investments in research and innovation. At the same time, food systems 
continue to contribute heavily to global warming, waste problems, pollution, obesity, 
chronic disease and social inequality. This is why we argue that building food system 
resilience is not only important to withstand and recover from shocks and stressors, 
but also to maintain progress towards desired outcomes, such as food and nutrition 
security and equitable livelihoods for all. Even if a system is resilient, specific groups in 
society may still be vulnerable. A resilient system should therefore also be fair, equitable 
and inclusive – which implies that building resilience is an inherently political process, 
aiming for a transformation of the entire food system.

In this paper, we have identified four key properties of building resilient food 
systems: ensuring agency, creating buffers, increasing connectivity, and enhancing 
diversity throughout the system. These are certainly not stand-alone or quick-fix 
solutions. An integrated and context-sensitive approach that focuses on strengthen-
ing these properties will certainly increase the capacity of food systems to anticipate, 
prevent, absorb, and adapt to the impacts of shocks and stressors. This requires 
tailor-made interventions with attention to potential trade-offs. For example, creating 
an enhanced balance between reliance on global food markets (import dependency) 
and domestic food production (self-sufficiency) requires investments in market and 
value chain development, including incentives for midstream value chain actors and 
campaigns (“nudging”) that bring about changes in consumer behaviour to favour 
domestic produce. Table 2 offers some more examples of observed challenges and 
policy entry points related to these four key properties.

AIn the first sections of this paper we highlighted that more shocks and stressors 
to food systems can be anticipated in the nearby future. These challenges seem to be 
unavoidable, but higher levels of resilience will make our food systems better pre-
pared and capable of absorbing their effects without jeopardising essential contribu-
tions by food systems to our livelihoods. This paper has highlighted the importance 
of more inclusive governance to direct food system transformation towards such 
higher levels of resilience. We conclude that we cannot leave this to the market, but 
that democratic and before all independent, credible institutions are needed to create 
the necessary transparency between actors as to their interests, power and influ-
ence. Aligning these interests is never easy, and must be accompanied by collective 
negotiation and conflict management processes especially in cases where interests 
strongly diverge. Besides this, actors will need to be mobilised and incentivised to 
contribute their resources, innovation capacities and outreach to constituencies 
in society, ranging from consumers to producers and everybody in between. This 
requires working with everyone with a stake in food systems to try to look at things 
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Observed challenges Policy entry points

A The COVID-19 crisis shows many food 
system actors lack financial, social or natural 
capital to act according to their priorities.

Food system policy should consider human 
behaviour as central: people are at the heart of food 
system dynamics. This can be achieved through 
more inclusive modes of food system governance.

B In LMICs, buffers have disappeared due to 
budgetary reasons and government reforms. 
The great dependency on imports for 
many of these countries leads to increased 
vulnerability in the face of shocks.

Policies that serve as buffers (such as social 
protection programmes or financial support) 
are crucial to mitigate the impacts of shocks. 
Food system actors – from primary producers to 
consumers – should be supported to build buffers.

C Reduced connectivity, for example, due to 
closed borders and restrictions of movement 
of people and goods, increases the chance of 
harmful impacts after shocks.

In the face of a global, national or local shock or 
stressors, connectivity should be considered as 
key to keeping up the flow of goods, people and 
services. This includes public communication and 
requires acknowledging that too much connectivity 
may have downsides, such as spreading a threat, 
such as bird flu.

D Modernisation of farming systems focusing 
on the maximisation of yields has resulted in 
the progressive loss of biodiversity associated 
with monocropping and overspecialisation.

Policy should stimulate diversity – in policy 
measures and production – to limit vulnerability 
when a shock occurs. Traditional production 
systems practiced risk management through 
diversification before specialised production 
became the norm.

Table 2. 
Summary of the ABCD of food system resilience building.

differently and collaborate [52]. This is key to create the conditions for transforma-
tion towards sustainable, inclusive and resilient food systems.
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Abstract

Our world is incredibly diverse and beautiful, everything we do has an impact 
on the environment, and our actions are intertwined. Recognizing how our actions 
affect the Earth on a global scale means, we need to change the way we do things. We 
must ensure that the value society derives from our actions comes at a low cost to the 
environment. A sustainable strategy to establish a resilient food system is to ensure 
that human demand for the Earth’s resources for food is kept within the supply of 
these resources. While more than 800 million people worldwide suffer from chronic 
malnutrition, our food systems emit roughly a third of all greenhouse emissions. Also, 
over 80% of our biodiversity gets lost. Hence, scaling up food system is simply not an 
option to feed nine to ten billion people by 2050 as we will need to produce more food 
in the next four decades than all of history’s farmers have harvested in the last eight 
thousand years. Therefore, rather than upscaling, the global food systems require 
transformation. Four critical aspects of this transformation include: “Boosting the 
small; Transforming the Big; Losing Less; and Eating Smarter.” Examining these four 
areas more deeply, it becomes evident that, while new technology will be critical to 
the transformation, government involvement, as well as better financial and behav-
ioral change from residents and consumers, will be required. This chapter focuses on 
these four pillars that make up the global food system transformation for resilience.

Keywords: food system, resilience, livelihoods, global food system transformation, 
sustainable diet, boosting small, losing less, eating smarter

1. Introduction

Food, a crucial element of our everyday lives is essential to our health and well-
being. It forms a part of our identity and culture, and a key component, if not the 
focal point, of many of our social activities. As a result, it is no surprise that food 
security (i.e., the availability of food for people) has shaped and continues to shape 
nations’ economies, politics, and histories [1]. However, the current food production 
system and consumption create a variety of diseases, wreak havoc on the ecosystem, 
and obliterate the planet’s safe operating zone. Transforming our food systems would 
help achieve a number of development objectives; including health, inclusion, safety, 
sustainability, efficiency, and resilience (HISSER) [2]. The existing food system is 
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failing while also damaging the environment and jeopardizing human health [3]. 
Goals 2 (end hunger), 3 (improve health), 8 (decent work and economic growth), 
12 (responsible consumption and production), 13 (climate action), 14 (life below 
water), and 15 (life on land) are all deeply intertwined with the global food system 
[3]. Global food system is made up of several types of structures, such as contempo-
rary, mixed, and traditional food systems. To achieve long-term sustainability, deep 
transformations in food system design are required. Widespread adoptions of sustain-
able agricultural techniques, environmental conservation and regeneration, dietary 
adjustments, decrease of food loss and waste, and advances in economic and social 
justice along food supply chains are a few examples [4].

Food system encompasses all processes, players, and activities related to food 
production and consumption, from growing and harvesting to transporting and 
consuming [5]. According to the EC FOOD 2030 Expert Group [6]. Food systems 
“encompass the entire range of actors and their interconnected value-adding activities 
involved in the production, aggregation, processing, distribution, consumption, and 
disposal of food products that originate from agriculture, forestry, or fisheries, as well 
as parts of the broader economic, societal, and natural environments in which they 
are embedded, “. This includes the environment, comprehensive networks of people, 
processes, infrastructure, and institutions, as well as the consequences of their actions 
on our society, economy, landscape, and climate [7, 8]. (See Figure 1). Food environ-
ments shape consumers’ capacity to obtain food and influence dietary preferences by 
forming the physical, economic, and social context of their interactions with the food 
system [10]. Food system structure is not static; rather, its components are influenced 
by a number of biophysical and socio-economic factors. Therefore, the importance 
of concentrating not only on individual elements but on all elements of a food system 
and the various feedback processes between them is crucial, especially in view of 
global environmental change [4].

According to Bart de Steenhuijsen et al. [11], the resilience of food systems is under-
stood as the ability of food systems to achieve desired results in the face of shocks and 

Figure 1. 
Complexity of global food systems and multiple interactions source: ShiftN; Belchior., et al. (2016); [9].
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stressors. The concept of resilience has its origins in ecological stability theory which 
explains the ability of ecosystems to return to their original state after a disturbance 
[12], as cited in [11]. Increasing resilience, as defined by the IPCC [13], is the ability of 
a system and its components to anticipate, cater, absorb, or recover from the effects of 
a dangerous event in a timely and efficient manner, including by ensuring the mainte-
nance, restoration, or improvement of the system’s essential structure and functions is 
a primary component of adaptation. With regard to food systems, resilience thinking 
has been applied to address the complex interactions between nature and society, 
with an emphasis on maintaining human wellbeing within planetary boundaries [14]. 
Sustainable food system is one that provides food security and nutrition for all in such 
a way that the economic, social and environmental foundations for creating food 
security and nutrition for future generations are not compromised. This means that a 
sustainable food system must be economically viable, have broad benefits for society 
and have positive or neutral effects on the natural environment. Itebinul, et al. (2021) 
viewed a sustainable food system as one that is capable of providing adequate, healthy, 
safe and affordable nutrition, which is the basis for a healthy life and the prerequisite 
for every individual’s successful participation in society and, at the same time, a clean 
and healthy planet that recognizes it as the basis of all life on earth.

A food system must be viewed in the context of rapid population growth, urban-
ization, growing prosperity, changing consumer habits and globalization, as well as 
climate change and the depletion of natural resources. To achieve the SDGs, the global 
food system must be transformed so that it is more productive, more inclusive of poor 
and marginalized populations, environmentally sound and resilient, and is able to 
provide healthy and nutritious food to all. The focus on increasing food production 
is now deeply anchored in food policy. However, food security and sustainability are 
more than just the production, provision and consumption of food. Environmental 
sustainability and resilience of food systems are essential to ensure food security 
for all by 2050. Developments in food systems have produced many positive results, 
especially over the past three decades in developing countries. These outcomes 
include expanding non-farm employment opportunities as the food industry evolves 
and expanding food choices beyond local staples, thereby satisfying consumer prefer-
ences for taste, shape and quality. However, the associated rapid structural change 
has also led to increasing and considerable challenges, with potentially far-reaching 
consequences for food security and nutrition. These include the many highly pro-
cessed, high calorie, and low nutrient foods that are widely available and consumed 
today; limited access of small producers and agribusinesses to viable markets; high 
levels of food loss and waste; increased cases of food safety and health problems 
in animals and humans; and increased energy intensity and ecological footprint 
associated with the elongation and industrialization of food supply chains. Hence, 
a better understanding of how different food systems work is critical to ensure that 
these systems evolve in such a way that their negative effects are minimized and their 
positive contributions are maximized. A food systems approach is a way of thinking 
and acting that looks at the food system in its entirety, taking into account all of the 
elements, their relationships, and their implications. It takes into account all relevant 
causal variables of a problem and all social, environmental and economic effects of 
the solutions in order to achieve transformative systemic changes.

However, there is growing recognition that long-term food security cannot be 
achieved without improving the resilience of food systems [15]. This requires pro-
ducers and consumers to be able to adapt to unexpected changes in the (natural and 
political) environment through diversification strategies for livelihoods, nutrition and 
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markets, which enable flexible and timely responses to global change [16]. In order 
to ensure resilience and a functional link with the circular economy, these strategies 
must also contribute to the long-term satisfactory functioning of the food systems 
by providing nutritional, environmental and livelihood benefits in the production, 
provision, consumption and disposal/recycling of food provide different levels and 
across different types of food systems [16]. The main reason for the growing inter-
est in the transformation of the food system has to do with the recognition that the 
multiple problems of poverty, malnutrition, environmental degradation and climate 
change are combined and cannot be remedied with individual interventions, but 
instead a fundamental change in the dynamics of food systems [17, 18]. In response 
to the triple challenge of malnutrition, hunger, micronutrient deficiency and obesity, 
comprehensive strategies must be defined to support the availability, access, safety, 
affordability and attractiveness of food.

Food systems transformation occurs when significant and intentional changes are 
made to any of the food system’s components [19], resulting in increased resilience to 
causes of food insecurity and malnutrition, as well as higher affordability of healthy 
diets [7]. The urgent need for this transition has become a focal point of a worldwide 
discussion aimed at tackling some of the most pressing issues facing sustainable 
development, particularly the challenge of eradicating hunger, food insecurity, and 
malnutrition in all forms by 2030. A number of significant drivers have had progres-
sively detrimental consequences on food security and nutrition outcomes throughout 
the world as a result of their impact on food systems. Conflict, climatic variability 
and extremes, and economic slowdowns and downturns, which are exacerbated by 
poverty and inequality, are all major factors. Despite these obstacles, if food systems 
are transformed to be more resilient to the identified drivers, and incentives are put 
in place to encourage food systems to provide affordable healthy diets in a sustainable 
and inclusive manner, they can become a powerful driving force in ending hunger, 
food insecurity, and malnutrition in all forms – and put us on track to achieve SDG 2, 
while also triggering important synergies for other SDGs [7]. This transformation of 
food systems necessitates innovative systemic changes, which must be accompanied 
by an enabling environment of institutions, policies, laws, regulations, and invest-
ments that are aligned and complementary across sectors [20]. In addition, to achieve 
the necessary transformation, small-scale gradual transitions and larger-scale struc-
tural changes to institutions, laws, and standards are required – all in a coordinated 
and integrated manner [21].

The World Research Institute’s (WRI) study on how to create a sustainable food 
future identified 22 solutions that are divided into five broad categories: (1) reduce 
demand for food and other agricultural products; (2) increase food production 
without expanding agricultural land; (3) protect and restore natural ecosystems; 
(4) increase fish supply; and (5) reduce GHG emissions from agricultural production 
[22]. All of these measures must be implemented simultaneously to close these gaps 
[22]. Similarly, FAO et al., [7] identified six pathways to global food system transfor-
mation, including integrating humanitarian development and peace building policies 
in conflict-affected areas; scaling up climate resilience across food systems, strength-
ening the resilience of the most vulnerable to economic adversity; intervening 
along food supply chains to lower the cost of nutritious foods; tackling poverty and 
structural inequalities, ensuring interventions are pro-poor and inclusive; improv-
ing the food environment and influencing consumer behavior to encourage eating 
patterns that are good for human health and the environment. However, Richardson, 
Christensen, and the Sustainability Science Center [23] identified four crucial parts 
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of this transformation: Boosting the small; Transforming the big; Losing less; and 
Eating smarter, all of which require new technology, government intervention, and 
behavioral change from citizens and consumers. It is these four pillars of global food 
system transformation that are discussed in this chapter.

1.1 A brief overview of our food System’s history

Historically, Lynda [24] identified six food systems, namely: Food System 1 (hunter-
gatherer approach to food); Food System 2 (transition from nomadic life to settlement 
and development of agriculture); Food System 3 (selection of desirable traits in plants 
and animals and optimizing of food production for taste, climate, and pest protec-
tion); and Food System 4 (agricultural adaptation based on automation, fertilizer, and 
pesticides, with the selection of higher yielding and pest resistant plants); Food System 
5 (convenience, shelf life stability, logistics, and economic optimization). Food system 5 
has posed numerous challenges, including marginalization of primary growers, produc-
ers, and ranchers, limiting consumer purchasing decisions, increased inequity and lack 
of parity for critical stakeholders, and, most importantly, the production of processed 
foods lacking essential nutrients for human health [24]. “As a result, the time has come 
to rethink our existing food system and usher in humanity’s sixth Food System - one 
that is optimized for the integrated and comprehensive priority of planetary and human 
health.” This system will need to take into account the interrelationships between all 
stakeholders in the food system, as well as a holistic view of farm viability, sustainable 
ecosystems, healthy communities, and justice, and equity - features and parts of food 
production that have been overlooked by food systems 5″ [24].

1.2 The need for change in the food system

Despite the global efforts toward ending food insecurity and all forms of malnu-
trition by 2030, food insecurity is on the rise [25] because there has been no progress 
toward achieving either the SDGs target of “ensuring access to safe, nutritious, and 
sufficient food for all people all year round or eradicating all forms of malnutrition” 
[7]. “720-811 million people in the globe suffered hunger in 2020, up to 161 million 
higher than in 2019,” according to the 2021 issues of the state of food security and 
nutrition in the world study. In 2020, about 2.37 billion people lacked appropriate 
food, an increase of 220 million individuals in only one year“ [7]. Hence, considerable 
efforts and attention on increasing food production at both the global and regional 
levels notwithstanding, around 3 billion people in every part of the globe lack access 
to a good diet due to the high cost of a healthy diet, chronic poverty, and widening 
inequalities [7]. These factors place the entire world at a “critical juncture,“ not only in 
terms of overcoming the enormous challenge of food insecurity, ending hunger, and 
eliminating all forms of malnutrition, but also in terms of exposing the global food 
system’s fragility and the need to build food system resilience through transformation 
[7]. “The current covid-19 epidemic and other zoonotic illnesses, the negative effects 
of climate change (e.g. frequent and severe floods, droughts, storms), pests and plant 
disease (e.g. locusts), conflicts and wars illustrate how vulnerable food systems are,” 
according to LEAP4FNSSA [26]. These call for urgent need for transformation to 
systems that can adapt to future shocks, such as pandemics and natural disasters [27].

Similarly, the current status of agricultural and food systems has been dubbed a 
“triple catastrophe,” in which climate change, undernutrition, and obesity are wreak-
ing havoc on human and planetary health [25]. Unhealthy eating habits have made 
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dietary hazards the third greatest cause of mortality worldwide, and malnutrition a 
prominent cause of healthy life years lost [28]. Non-communicable diseases (NCDs) 
caused by poor diet, such as cardiovascular disease, diabetes, and certain malignan-
cies, are on the rise worldwide, with an estimated 40 million deaths per year [29]. 
These trends are compounded by the fact that when people become wealthier, their 
diets move substantially toward more sugar, animal, and fat products, at the expense 
of traditional and often more sustainable diets.

The global food system, particularly food production, is a key driver of global 
environmental change, causing huge changes in terrestrial and marine ecosystems. 
More than 70% of the world’s ice-free land is directly affected by human activity, 
and estimates suggest that up to one-third of terrestrial net primary production is 
consumed for food, feed, wood, and energy ([30] a). More terrestrial, coastal, and 
offshore area is being taken up by aquaculture [31], and forecasts suggest that without 
substantial fisheries reforms, over 80% of world fish stocks would be overfished 
and below critical biomass by 2050 [31]. Industrialized agriculture is highly reliant 
on external inputs, contributes to chemical pollution through the use of pesticides 
and herbicides, alters nitrogen and phosphorous cycles through synthetic fertilizer 
additions, and has an impact on freshwater stocks through irrigation [32]. It is also 
energy demanding, contributing to climate change by producing about one-third of 
all greenhouse gases, including methane [33].

To secure a more equitable and sustainable future, it is clear that a significant 
structural transformation in food production and use is required [3]. The nature of 
the sustainability challenge necessitates a reconsideration of previously dominant 
ways of doing things and understanding the world [3] in order to make room for 
knowledge systems that can deal with accelerating change, increasing complexity, 
contested perspectives, and inevitable uncertainty.

1.3 Food systems transformation: Drivers and barriers

The current spike in hunger and halting progress in eliminating all types of 
malnutrition is due to conflict, climatic variability and extremes, and economic slow-
downs and downturns (exacerbated by the COVID-19 pandemic). These key drivers 
are distinct, but not mutually exclusive, in that they wreak havoc on food security and 
nutrition by causing many, worsening effects across our food system [7]. Conflicts, 
for example, have a detrimental impact on nearly every part of the food system, from 
production, harvesting, processing, and transportation to raw material availability, 
finance, marketing, and consumption. Direct repercussions can include the loss of 
agricultural commodities and livelihoods, as well as major disruption and restriction 
of commerce, goods, and services, with severe implications for food supply and costs, 
especially healthful foods. Similarly, climate fluctuations and extremes have a wide 
range of repercussions on food systems, which are becoming more pronounced. They 
have a detrimental impact on agricultural productivity as well as food imports as 
countries strive to compensate for lost local output. Climate-related disasters have the 
potential to disrupt the whole food value chain, resulting in severe effects for sector 
growth and the food and non-food businesses [7].

Economic slowdowns and downturns, on the other hand, largely influence food 
systems by reducing people’s access to food, including the cost of healthy eating, 
since they result in increased unemployment and lower salaries and incomes. This is 
true whether market fluctuations, trade conflicts, political turmoil, or a worldwide 
epidemic like COVID-19 are to blame. These significant global drivers and underlying 
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structural variables impair food security and nutrition through interrelated and 
cyclical impacts on other systems, including environmental and health systems, in 
addition to their direct effects on food systems [7].

When the food system is transformed by making it more resilient to climatic varia-
tions and extremes, war, and economic lag and downturns, it becomes a major driv-
ing force in the elimination of hunger, food insecurity, and malnutrition in all forms 
for all people [7]. Therefore, objective of food system transformation is to create a 
future in which everyone has access to a healthy diet that is produced in a sustainable 
and resilient way, restores nature, and produces just and equitable livelihoods [34]. 
Considering the diverse perspectives and arguments toward achieving food system 
transformation ([35], 202; [36–38]), in the following sections we discuss global 
food system transformation for resilience based on the concept of the four pillars of 
food system transformation of “Boosting the Small; Transforming the Big; Losing 
Less; and Eating Smarter” developed by Richardson, Christensen and Sustainability 
Science Center, University of Copenhagen, Denmark.

2. Boosting the small

There is a risk that two constituencies may be left behind as food systems change. 
On the one hand, there are approximately half a billion self-employed smallholders 
in rural areas, including farmers, shepherds, and fishermen [39], and approximately 
two billion men and women who work in the informal economy and are currently 
unable to secure economic access to basic food supplies [40, 41]. Healthy nutrition, on 
the other hand, is out of reach for at least three billion people in both the global north 
and the global south [42, 43]. This number has risen dramatically as a result of the 
COVID-19 problem [44]. In the future decades, resolving the contradiction between 
enhancing smallholder livelihoods and guaranteeing an adequate and healthy food 
supply will be critical to boosting the food system’s overall  resilience [16].

2.1 Increasing know-how

By 2050, the globe will need to feed an extra 2 billion people, with Africa hosting 
the majority of them. Despite the fact that Africa possesses over 200 million hectares 
of uncultivated land, yearly food imports are predicted to rise from $35 billion to $ 
110 billion by 2025 [23]. To strengthen the resilient of the people living there to the 
effects of climate change, the continent has huge food production potential that needs 
to be harnessed. Farmers with only a few hectares of land are critical to feeding the 
future population. There are anticipated to be 750 million smallholders in the globe by 
2030. To begin with, these farmers require better understanding about best practices, 
both in terms of increasing productivity and in terms of improving soil quality. 
According to FAO et al., [7], a best practice is one that has been demonstrated to 
work, has produced positive outcomes after a thorough examination, and is thus sug-
gested as a model for scaling. This entire compendium, or all of these “best practices,” 
allows farmers to reap a bumper crop [23].

2.2 Better financial access and livelihood adaptation

Inequality affects access to food. Around 80% of the world’s poorest people reside 
in rural regions, where poverty rates are three times greater than in cities [7]. Policies, 
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investments, and legislation are needed to address the underlying structural inequities 
that disadvantaged communities in rural and urban regions face, while also boosting 
their access to productive resources and new technology can help to alleviate severe 
poverty and structural inequalities by hastening the transformation of pro-poor and 
inclusive food systems. Lack of access to productive resources and inadequate market 
integration worsen rural poverty among smallholders in Southeast Asia, which is com-
pounded by climate-related and economic shocks, as well as frequent outbreaks of plant 
and animal diseases [45]. In this region, public-private producer partnerships (PPPPs) 
have aided the integration of poor smallholders into the food value chain, which offer 
opportunities to alleviate poverty and structural inequalities, especially when bolstered 
by improved governance mechanisms and multi-stakeholder platforms [7].

The adaptation process, which the IPCC describes as “the adaptation to the present 
or predicted climate and its impacts,” is the primary way of mitigating the danger of 
climate change to rural livelihoods. Adaptation in human systems aims to reduce or 
eliminate damage while also taking advantage of possibilities. The skills, assets, and 
activities required for a livelihood that allows individuals to reach a minimal degree 
of wellbeing are referred to as livelihood. Climate change poses a danger to these 
livelihoods, necessitating systematic and transformational adaptation, which in turn 
need more and inventive funding. As the food system transforms, adequate finance 
is vital to achieving successful transformational adaptation for resilient livelihoods 
in the agri-food industry. This entails not just increasing the availability of financial 
resources, but also ensuring that those resources are available to individuals who need 
them and that suitable finance channels are employed to make them available.

Hence, “dismantling barriers to just and equitable livelihoods, such as lack of 
access to productive resources requires institutional changes, policy support and 
investment to empower those whose livelihoods are tied to food systems” [34]. As 
a result, policy solutions should consider the role of women in agri-food systems 
and guarantee that their unique requirements as household food security keep-
ers, food producers, farm managers, processors, merchants, wage employees, and 
entrepreneurs are effectively met [7]. More so, Youth, especially in less developed 
countries, where more than 80% of youth reside [46], provide a significant potential 
for revolutionary change in food systems [47]. Young people (aged 15-24) account for 
around 16 percent (1.2 billion) of the world’s population, and as prospective young 
entrepreneurs, they represent the future agents of change. Unlocking their entrepre-
neurial and creative potential requires strengthening their skills and agency through 
training, positive role models, and mentorship [48]. As a result, particular initiatives 
to increase young people’s access to productive resources, financing, markets, and 
connections, as well as decision-making, are required as part of larger efforts to 
encourage responsible investing. Social conventions that may inhibit rural young 
people, particularly vulnerable groups such as young women and indigenous youth, 
from taking advantage of new possibilities must also be addressed [49].

2.3 Sharing economy

The sharing economy has long existed in many regions of the world, but the 
widespread availability of low-cost Android devices has created new possibilities 
for small farmers to hire a tractor for a certain period of time, giving them access to 
automation that would otherwise be prohibitively expensive. In the crop production 
cycle, mechanization is crucial for farmers. It has the potential to boost and affect 
farmer yields and profits in a variety of ways [23].
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2.4 A more fair trade system through good governance

Many innovative strategies can help smallholder farmers enhance their agricul-
tural output. However, reforms to the trade mechanisms are also essential to truly 
overhaul the food systems. Farmers in developing nations compete with industrial-
ized countries’ subsidized produce. Subsidies from wealthier countries lower prices 
in poorer countries, discouraging domestic manufacturing. At the same time, 
agricultural products are subject to high tariffs of up to 50% in both north–south and 
south–south commerce. This complicates things even further. It will be significantly 
more difficult for developing nations to disrupt trade patterns as a result of this [23]. 
Smallholders require more knowledge and green expenditures in order to enhance 
their output in a sustainable manner. As a result, maintaining excellent governance 
through a fair trade system is critical to achieving a beneficial food system transfor-
mation. Fanzo et al. [34] “proposed a working definition of governance for positive 
food system transformation as the mode of interaction among the public sector, pri-
vate sector, civil society and consumers to identify, implement resource and monitor 
solutions for achieving healthy sustainable, resilient, just and equitable food system 
without leaving anyone behind”.

2.5 Boosting innovative and transformative entrepreneurs

Given that the current industrial food system is responsible for greenhouse gas 
emissions, environmental and soil degradation, animal welfare abuses, public health, 
and labour crises, a wide range of business efforts are required to assist in the resolu-
tion of the various problems that the food system faces. Training, promoting, and 
engaging young innovative and transformational youth and women to take advantage 
of more mindful and holistic food chain management that considers the connections 
between people and parts at every level and how they cannot be improved but can be 
transformed [24]. The rising emphasis on food system transformation by academic 
institutions and corporate organizations’ evaluation of the influence of stakeholders 
on their business has resulted in a massive rush of innovation and entrepreneurs into 
the food system [24, 50].

As a result, these new business groups will require assistance in developing and 
scaling solutions that challenge / distort existing conventional practices and legacy 
players throughout the food and agriculture value chain, thereby creating value that 
is based on both the planet’s capacities and consumer needs. These revolutionary 
technologies and entrepreneurs encounter hurdles in their attempts to disrupt the 
existing actors in the food and agricultural systems, but their novel solutions are more 
sustainable for planetary resources and have high customer preference and demand. 
Lynda, [24] also advocated for productive collaboration between bigger incumbents 
and smaller businesses that does not dilute or eliminate the fundamental value created 
by innovators. Huge sums of money have been invested in these entrepreneurs all 
across the world, and they are projected to increase as the new food system matures 
and iterates.

3. Transforming the big

Large, multinational food firms confront sustainability difficulties that are vastly 
different from those encountered by smallholder farmers. They must, figure out 
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how to develop in a sustainable manner. However, they are also confronted with the 
task of revamping an existing production plant that has a significant environmental 
impact. Agriculture, along with transportation, was one of the most essential activi-
ties not included in the Kyoto Protocol’s quota system. As a result, agriculture has been 
overlooked in many efforts to reduce greenhouse gas emissions [23].

3.1 Goal-based planning and shared vision

In order to determine priority guidelines and desired objectives in all subject areas 
of the food system transformation, a shared vision refers to integrative, participative 
procedures [7]. The agriculture industry in Denmark is responsible for around 20% 
of total Danish greenhouse gas emissions. The majority of these emissions originate 
from livestock, with cows accounting for 63% and pig production accounting for 32%. 
These astounding figures are mostly attributable to two additional greenhouse gases: 
nitrous oxide (laughing gas) and methane, rather than CO2 emissions from equipment. 
Nitrous oxide (laughing gas), which is mostly emitted by liquid manure and fertilizers, 
has a greenhouse impact over 300 times larger than CO2. Methane has a 25-fold greater 
warming effect than CO2, and it is also released by manure. Burps from ruminants like 
cows and sheep also release methane into the atmosphere. It is critical to address these 
various emissions in order to meet both the Paris Agreement and the SDGs [23].

Therefore, Denmark’s cattle industry has set lofty ambitions for the future: Danish 
Crown, Europe’s largest pork producer, plans to cut greenhouse gas emissions in half by 
2030 and achieve CO2 neutrality by 2050 [23]. This might be accomplished by imple-
menting mixed agriculture, biogas usage, sustainable slaughterhouse management, and 
individual animal treatment, all of which are necessary for reducing environmental 
and climate consequences. Individualizing treatment for each animal not only extends 
the animal’s life expectancy, but it also allows for more sustainable antibiotic use [23].

3.2 Sustainable soils

Another issue that plagues industrial agriculture is soil deterioration. Land use, 
climate, water usage, biosphere intensity, and pollution are the key environmental 
systems and processes that interact with the food system, and they all alter and are 
impacted by the Earth system [34]. Agriculture dominates global land usage, with 
14.5 billion hectares of arable land used for cultivation and 3.5 billion hectares used 
for grazing ([34]; Mboro et al., 2019). Around 12.5 percent of agriculture in Europe 
is thought to be subjected to moderate to severe erosion. This amounts to an area 
greater than Greece’s whole territory [23]. According to FAO and ITPS [51], a third 
of the world’s peaks have been degraded due to highly chemical-induced agriculture, 
global warming, and deforestation, leaving just sixty years of topsoil on the planet. As 
a result, the present food and farming system has damaged the topsoil where 95% of 
our food is grown, necessitating quick action to transform the industrial agricultural 
production paradigm into regenerative agriculture [24].

Regenerative agriculture, according to Lynda [24], is a farm and food system 
rehabilitation and conservation approach that focuses on regenerating the topsoil, 
strengthening the health and vitality of agricultural soil, increasing biodiversity, 
improving ecosystem services, improving the water cycle, increasing the focus on cli-
mate change resilience, and supporting bioequestration. Composted manure created 
from biodegradable waste is used in regenerative agriculture, as is reusing as much 
agricultural waste as feasible. Deforestation and land conversion must be stopped in 
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order to minimize greenhouse gas emissions, enhance water cycles, and safeguard 
biodiversity. This operation has the ability to dissolve between 200 and 300 gigatons 
of carbon dioxide [30, 34].

3.3 Closed-system farming

Precision farming under controlled conditions allows for a more personalized 
approach to plant care. Precision farming is not just for indoor farming anymore, 
as new types of sensors and data processing are being developed. As a result, digital 
agriculture and precision agriculture are two of the most essential strategic future 
themes. Machine learning in crop production is another example of how current 
innovations will influence future food systems. To manage pests in these crops, 
greenhouses and precise engineering in water usage, fertilizer use, and the application 
of numerous biological control agents. One part of this diverse agricultural method in 
the Netherlands is the use of LED lights to impact not only plant growth but also, for 
example, insect resistance and hence pesticide use in plant production in the green-
house is lowered thereby affecting the product’s quality [23].

Plants having helpful traits have been selected for further breeding by humans for 
as long as they have grown plants. These features represent naturally existing genetic 
variants and may lead to higher yield, disease resistance, or resilience to environmen-
tal stress, among other things. Plants that have been genetically modified (GMOs) 
are those that have had their genomes altered in a laboratory rather than via breed-
ing. Plant genetic alterations have mostly been used to improve pest resistance and 
herbicide tolerance. As a result, the use of genetically modified organisms (GMOs) 
in agriculture has been linked to unsustainable, highly industrialized monoculture 
agricultural methods. More than 93 percent of maize and soy farmed in the United 
States has been genetically engineered in some form.

Vertical farming is another specialty in greenhouse production. It is seen as a 
solution to the urbanization problem: People are increasingly relocating to large cities, 
and there are now numerous cities in the globe with populations exceeding 10 million. 
They live in a limited region, and their food is imported from all over the world, but 
an increasing number of people demand fresh, locally produced food. Vertical farm-
ing is frequently based on hydroponics, aquaponics, or aeroponics, which are soilless 
techniques of growing plants. The advantages of vertical agriculture include a high 
production rate, the use of less area for food production, the use of very little water, 
the use of very few nutrients, and the use of fewer pesticides, all of which result in 
extremely high scores on many sustainability criteria. On the other hand, it is pricey, 
and consumes a lot of energy – lighting, which contributes to the price. As a new tech-
nology, there is still much to be improved and refined in future to reduce costs [23].

3.4 Food system synergy and policy monitoring

Existing national, regional, and global policies, plans, legislation, and investments 
are divided out into multiple conversations, which is a major barrier to sustainable 
food system transformation. These issues may be addressed by developing and 
implementing cross-sectorial policy, investment, and legislative portfolios that fully 
address the negative effects of diverse elements impacting agricultural systems on 
food security and nutrition [7]. Given that most food systems are impacted by several 
factors, each of which has a varied impact on food security and results, broad portfo-
lios of policies, investments, and laws can be developed in multiple ways at the same 
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time. This will allow them to maximize their collective effect on food system reform, 
take advantage of win-win solutions, and avoid undesirable tradeoffs. Coherence in 
the formulation and implementation of policies and investments in the food, health, 
social protection, and environmental systems is also required to create synergies that 
lead to more efficient and effective food system solutions that ensure affordable, 
healthy nutrition in a sustainable and inclusive manner [7].

Fanzo et al. [34] presented a science-based surveillance framework / method to 
measure and monitor the performance of food system operations globally, which 
might help achieve real progress, establish priorities, set clear targets for action, 
and align food system players make a list of trade-offs. According to the authors, 
such a mechanism can assist “food system actors and other stakeholders (e.g. civil 
society, governments and international organization) actionable evidence to hold 
government, consumers and other private sector accountable for food system trans-
formation”. The authors have used various food systems frameworks to illustrate the 
confluence and interrelationships between the components of the food system (see 
Figure 2), in order to address five thematic areas for the food system monitoring 
mechanism that comprises of (1) nutrition, nutrition and health (2) environment 
and climate (3) livelihoods, poverty, and justice (4) governance and (5) resilience and 
sustainability with indicators, domains and tables.

Similarly, Hebirick et al. [52] developed a sustainability compass for political 
navigation in the transformation of food systems, based on four interrelated, desir-
able societal perspectives: healthy, adequate, and safe nourishment for all; a clean and 
healthy world; and a fair, ethical, and fair food system. The compass (see Figure 3) 
provides an all-encompassing framework for assessing sustainability that allows for 
an integrative and transparent political discussion and can deliver practical find-
ings. The compass may be utilized at many levels of policy development to promote 
inclusive multi-stakeholder discussions and assure reflective and thorough evalua-
tions, setting the framework for building integrated policies that deal with trade-offs 
in a reflexive manner [52].

Figure 2. 
Food system components, drivers, and outcomes. Source: Fanzo et al., [34].
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4. Losing less

While the problem is obvious, the narrative that we must feed the globe legiti-
mizes present production systems erroneously [23]. Even though food production is 
already high, a third of it is lost or wasted. Inevitably, this implies that a large portion 
of the resources utilized in food production are squandered, as are the greenhouse gas 
emissions associated with producing food that is lost or wasted. These losses occur at 
several points along the food supply chain, including harvesting, processing, ship-
ping, marketing, and consumption, and they could feed 2 billion hungry people each 
year. Food loss and waste costs the economy $940 billion each year.

Losing less therefore, is critical to fulfilling the needs of an expanding population 
while also driving production in a more sustainable path. Food losses are defined as 
a reduction in the mass of edible food in the segment of the supply chain that leads 
to edible food for human consumption. Food losses occur in the food supply chain 
during the production, post-harvest, and processing phases [53]. Food losses at the 
end of the food chain (retail and final consumption) are more likely to be labeled as 
waste, which has to do with retailer and consumer behavior [53].

Food is obviously wasted more at the consumption level in industrialized nations, 
that is, it is thrown away even while it is still fit for human consumption. Developing 
countries have higher post-harvest agricultural losses, which mean that considerably 

Figure 3. 
A sustainability compass for policy navigation to sustainable food systems. Source: Hebinck et al.,[52].
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less food is wasted at the consumer level. One-sided investments in agricultural 
resources are to blame for the substantial post-harvest losses in underdeveloped nations.

4.1 Circular food systems

Food system transformations are interactive processes that need adaptive skills 
in order to respond properly to unanticipated obstacles. Food system development is 
not a linear process, and various trends occur at the same time [16]. Diverse sorts of 
food systems have different and unique means of delivering nutritious, economical, 
safe, and long-term nourishment, necessitating customized solutions. The move to 
circular systems based on resource recycling, on the other hand, benefits all types 
of food systems by enhancing resource responsiveness and efficiency. A thorough 
understanding of the major leaks underpins the promotion of circular food systems 
[16]. Post-harvest losses and waste (PHL) must be reduced, which necessitates 
physical infrastructure and food management expenditures. Recycling and reusing 
materials can help to improve material balances. Many perishable items can have 
their shelf lives prolonged by adopting upstream drying or fermentation techniques 
to improve food integrity downstream in the food system [54]. Local indigenous food 
improvement strategies that focus on resource recycling can also help foster youth 
employment and women’s entrepreneurship [54]. Because global food production is 
the leading cause of environmental deterioration, methods for making the best use 
of biomass from plant-based systems, as well as approaches for reducing pressure on 
forests and biodiversity, and opportunities to improve feed conversion and circularity 
within animal husbandry systems are all given special attention.

4.2 Transport and storage

Food loss and waste is a worldwide issue, yet while it affects people everywhere, 
the issues are different in each country [55]. Several studies suggest that investment in 
rural transportation and communication infrastructure helps farmers and merchants 
minimize transaction costs, improve the quality and freshness of local products, and 
boost output [56]. Dorosh et al. [57] show that in Sub-Saharan Africa, agricultural 
yield and adoption of high-input technologies are greater when farmers reside closer 
to metropolitan areas, emphasizing the relevance of accessibility.

Both pre-harvest and post-harvest infrastructure, such as collecting centres, 
(refrigerated) storage, distribution, or processing centres, are critical. Farmers who 
have access to storage space might boost their revenue by taking advantage of seasonal 
price changes if they can wait [58].

4.3 Connectivity: Connecting producers and consumers

The type and strength of the interactions between the various components of any 
system is referred to as Connectivity. Connectivity at the neighborhood, business, 
and national levels helps people build resilience and protect themselves from negative 
repercussions. The food system’s resilience may be improved by tying rural and urban 
populations together [55] and expanding agricultural and non-agricultural job options 
to absorb surplus labour. Investing in small and medium-sized businesses for local pro-
cessing, storage, and retailing produces crucial new job possibilities, encourages value 
creation, and allows for cyclical resource usage [59]. Connecting farmers and consum-
ers to dependable and transparent informal and formal markets has the potential 
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to improve access to inexpensive and good nourishment, as well as boost nutrition, 
inclusiveness, and sustainability, as well as increase food supply stability [60].

Therefore, improved agricultural value chain connectivity increases a food 
system’s ability to respond to shocks and stresses, as well as its adaptive and transfor-
mation capacities. As a result, food waste is not only a technological issue, but also a 
question of enhancing the interaction between producers and consumers [23]. Prices 
in European supermarkets and businesses do not frequently change during the day. 
Too Good To Go is an app that helps consumers avoid wasting food by linking them 
with establishments that have leftover foods at the end of the day. This allows these 
customers to reserve food at the store at the end of the day, and after the store closes, 
the customer will pick up those items and take them home to eat instead of the busi-
ness throwing them away. There are several benefits to this, the most notable of which 
is that the shop does not have to waste out food, and the consumer receives a wonder-
ful dinner at a reasonable price [23].

The problem of date marking is one of the political concerns that the app handles 
with similar success in both Denmark and France. According to research conducted 
by the European Union, up to ten percent of all food thrown out in Europe each year 
is due to a misinterpretation of the date marking on everyday items like breakfast 
cereals or rice. Basically, people get the two date labels ‘best before’ and ‘use by’ 
mixed up ahead of time and use them interchangeably [23]. That is, when food passes 
its best before date, consumers just toss it away. Consumers who frequently use the 
app to assist in the battle against food waste will be able to understand this in a very 
relevant way. Additionally, food makers can frequently add ‘often good after’ to their 
best-before date, indicating that the product has passed its best-before date but is still 
edible days or weeks afterwards [23].

4.4 Decreasing food miles

By 2050, emerging nations will account for 97 percent of the world’s increase 
population with 70 percent of the new population settling in cities. As a result, there is 
a significant gap between where food is produced and where it is consumed. Farmers 
must relocate further from cities in order to feed this rising population, while rural 
residents must relocate further from farms to cities thereby increasing food miles. 
As a result, real food markets are critical for connecting rural production with urban 
demand. Cities in Sub-Saharan Africa are planning and constructing markets, or 
retrofitting existing ones with proper sanitation, storage, and lighting [61]. Investing 
in informal market infrastructure and spatial design is thus at least as essential as 
investing in official markets. Understanding how to effectively preserve these informal 
market connections is also important, yet this information is frequently absent [62].

4.5 Food wastage resilience through agroecology, insurance, and agroforestry

Strategies which guarantee that less food is lost in the food chain, is critical to 
build resilience. Building resilience to ensure higher food production and reduced loss 
necessitates the implementation of a food production system that respects the natural 
environment by making the best use of the limited land area available, particularly 
for animal production. The adoption of agrocology, agroforestry, and insurance is a 
sustainable strategy to buffer shocks and stressors in the food production and sup-
ply chain, preventing post-harvest losses and securing the livelihood of food system 
operators [23].
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Agroecology is an alternative that advocates a variety of ecosystem-based ideas 
that encourage natural processes to minimize dependency on chemical inputs and cut 
production costs [63]. Anderson et al. [64] highlighted six key areas in agroecological 
transformation that must be considered: (1) access to natural ecosystems; (2) knowl-
edge and culture; (3) trade systems; (4) networks; (5) equality; and (6) discourse.

It is not enough to adjust agricultural methods to climate change to boost the 
overall resilience of food production. Farmers should be insured not only for the 
food they have already produced, but also for their whole operation. Steps to better 
adapt to climate change for farmers go hand in hand with insurance preparation for 
extreme weather events, as on-farm activities come with premiums. In this approach, 
decreasing food waste and loss is about strengthening farmers’ resilience as well as 
enhancing storage, transportation, and the relationship between producers, sellers, 
and  consumers [23].

4.6 Diversity

While efficient, dependable, and sustainable food production is still critical, 
focusing only on agricultural output has resulted in certain unforeseen and unpleas-
ant consequences that are not all insufficient [16]. Furthermore, the manner in which 
the intensification was carried out has generated environmental issues [17], and 
the food system’s 37 percent contribution to greenhouse gas emissions necessitates 
a significant decrease to satisfy the Paris Agreement and mitigation demands [15]. 
Diversification is important for strengthening the food system’s resilience. Diverse 
diets will only benefit nutrition and health if they are supported by greater affordabil-
ity and accessibility to nutrient-dense foods [65]. Diversification of food production 
can enhance rural livelihoods while also promoting biodiversity and natural resource 
landscape management.

Diverse systems make up resilient systems. The loss of one resource can be 
compensated for by another. An excess elsewhere can compensate for a shortfall. 
According to studies on environmental resilience, biodiversity contributes signifi-
cantly to system stability and continuity [66]. More varied agricultural systems have 
a better capacity to absorb the effects of shocks and stresses, which helps to stabilize 
food supply as they travel through value chains to consumer markets [67].

4.7 Peace building

During times of violent conflict, entire food systems are frequently disrupted, 
making it difficult for people to get nourishing meals. Food security, as defined by 
FAO [68] and WHO (1996), is all people having physical and economic access to safe 
and nutritious food that meets their dietary preferences at all times for an active and 
healthy lifestyle. Economic growth and social progress, as well as political stability 
and peace, are all linked to food security [69]. Wars, political unrest, insecurity, 
insurgency, banditry, and terrorism limit access to food, resulting in increased 
hunger, malnutrition, and loss of livelihood, all of which wreak havoc on the food 
system’s resilience. Conflicts are causing a rise in the number of displaced people in 
many regions of the world, who are living in risky situations and unable to satisfy 
their food and nutritional demands. In Africa, the number of wars grew by 90% in 
the fourth quarter of 2020 compared to the fourth quarter of 2019, causing more 
economic disruption [70].
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In addition, ending wars and promoting peace should be a regional and global pri-
ority. The combination of humanitarian, development, and peace building initiatives 
in conflict zones, according to FAO et al., [7], is critical. It is vital to remember that 
the majority of chronically hungry people, as well as many undernourished people, 
live in nations plagued by insecurity and violence. As a result, conflict-sensitive 
policies, investments, and actions to alleviate acute food insecurity and malnutrition 
must be implemented concurrently with conflict-reduction measures and reconciled 
with long-term socio-economic development and peace initiatives [67]. Policy actions 
backed by institutional and legislative changes should strive to minimize and, if 
feasible, avoid these underlying causes’ consequences on food systems, food security 
and nutrition, and the economy as a whole [7].

4.8 Sustainable food safety practices and management

Inadequate food safety and quality endangers food production, distribution, and 
consumption [71]. Foodborne illness lowers the quality and amount of agricultural 
produce, lowering food availability and access for communities whose livelihoods 
are dependent on its sale [72]. When people are on the verge of starving, they will eat 
whatever food is available, even if it is dangerous. Food safety is a critical component 
of successfully transforming food systems, strengthening supply networks, diversi-
fying value chains, and fostering the circular economy. As a result, there is no food 
security without food safety, and food that is not safe is not food [73–77]. Climate 
change and extremes, agricultural intensification, and the evolution of antibiotic 
resistance are all issues that can impact food safety at the production level. Changes 
in food processing, value creation, and packaging are being driven by technological 
advancements, research, and creativity, all of which necessitate careful attention 
to food safety. Furthermore, if not carefully handled, globalization, new digital 
distribution networks, e-commerce, and informal markets might have an impact 
on food safety [73–77]. Food safety, as a component of food security, is also a key 
component of the Sustainable Development Goals (SDGs), since the FAO/WHO 
estimates that over 600 million instances of foodborne illness and 420,000 fatalities 
result from contaminated food intake each year [36, 69, 73–77]. Apart from the fact 
that SDG2, which covers a wide range of themes such as eliminating hunger, estab-
lishing food security, enhancing nutrition, and supporting sustainable agriculture, 
can only be realized if food is available and safe to eat [69]. Similarly, Nwiyi and 
Elechi [72] argued that in order to safeguard a people’s food, the food system’s safety 
and nutritional-physiological characteristics must be assured at all times, regardless 
of how primitive, cultural, indigenous, traditional, contemporary, or technically 
sophisticated it is.

Strengthening high-level political involvement for food safety, prioritizing 
sustainable investments in effective national food control systems, and mobilizing 
enough public and private resources within dynamic systemic change are all impor-
tant, according to FAO [73–77]. With the declaration of June 8 as World Food Safety 
Day and the recent establishment of a dedicated food safety and quality department 
by FAO in recognition of the urgent need for sustainable food safety management, 
with the mission of supporting science-based governance and food safety decisions, 
improving food safety management along the food chain to reduce disease and trade 
disruption, and evaluating new technologies to improve food safety and protect 
public health [69, 73–77].
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4.9 Reducing global postharvest skill technology gaps

There are technological deficits, particularly in poor countries, as a result of the 
loss of post-harvest investment. To overcome this problem, we urgently require more 
sustainable post-harvest initiatives as well as new technologies. The “World Food 
Preservation Centre” meets this need by training young post-harvest scientists from 
developing countries in advanced food preservation technologies that are appropriate 
for their countries, as well as conducting research and developing innovative food 
preservation technologies that are suitable for developing countries.

4.10 Building food systems climate resilience

Humans and environment can survive and prosper in a climate-positive future 
if we change the way we produce food and utilize natural resources [78]. This is 
significant not just because environmental degradation and climatic events have an 
impact on food systems, but also because food systems influence the status of the 
environment and are key drivers of climate change. These initiatives are centered on 
protecting the environment, managing current food production and supply systems 
sustainably, and restoring and rehabilitating natural habitats [7]. Stronger partner-
ships and multi-year, substantial funding are needed to support (among other things) 
integrated disaster risk reduction and response programs, climate change adaptation 
strategies, and short-, medium-, and long-term practices [19] to mitigate the effects 
of climate variability and extremes, such as persistent poverty and inequality. The 
adaptation and upgrading of instruments and interventions such as risk monitor-
ing and early warning systems, emergency preparedness and response, measures to 
reduce vulnerability and measures to build resilience, shock-active social protection 
mechanisms, risk transfers (including climate risk insurance), and forecast-based 
funding, as well as strong risk governance structures in the environment, are all 
required for the implementation of climate resilience policies and programs. Climate-
Smart Agriculture (CSA), has shown triple success in the transformation of food 
systems, is a proven approach to building climate resilience. CSA builds resilience in 
a variety of ways through climate-sensitive and socio-economically advantageous 
approaches that boost agricultural production and incomes while also strengthening 
climate change resilience and reducing greenhouse gas emissions [79].

5. Eating smarter

It is not only a question of cost and affordability to have access to nutritious meals 
and a balanced diet. Culture, language, culinary traditions, patterns of knowledge 
and consumption, food preferences, attitudes, and values all have an impact on how 
food is sourced, produced, and consumed [7]. Dietary habits have shifted, with both 
beneficial and harmful consequences for human health and the environment [8]. 
Most food systems today neglect the hidden costs to human health and the environ-
ment. Because they are not frequently quantified, they are not taken into consider-
ation and are not included into food pricing, putting the sustainability of food systems 
in jeopardy. As a result, action, legislation, and investment are required, depending on 
the specific country context and current consumption patterns, to create a healthier 
food environment and empower consumers to follow nutritious, healthy, and safe 
eating patterns with a lower nutritional impact on the environment [74].
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5.1 Ensuring diet biodiversity through local foods

Many family recipes have been passed down for centuries. According to McCouch 
et al., [80], 80 percent of human caloric intake is reliant on less than a dozen of the 
world’s 300,000 flowering plant species. As a result, the vast genetic variety that each 
of these 300,000 species contains is largely untapped. According to McCouch et al., 
[80], a more concentrated worldwide effort is needed to better use agrobiodiversity in 
the global food supply.

Local foods, defined as foods produced and/or processed in close proximity to 
where they are consumed [81], are an important part of the food system: rural and 
urban communities in many developing countries are reliant on endogenous, locally 
available vegetable and food products as well as animal resources [82]. There is 
evidence that improving urban inhabitants’ awareness of the economic and health 
benefits of buying locally grown vegetables, fruits, and grains may aid rural commu-
nities by increasing demand for these items [55, 83].

5.2 Using unconventional food

When it comes to environmental sustainability, adding local wild plants in the 
diet not only serves to diversity the plate, but it also helps to promote environmental 
sustainability by lowering dependency on commercially farmed veggies and connect-
ing people to nature. On farms, in urban parks, and even in backyards, wild edible 
plants abound. On agricultural ground, these plants can be found growing along the 
borders of fields, in hedges, or in small woods. Even in the lean months leading up to 
the yearly harvest, they can supplement food and nutritional needs and provide sea-
sonal alternatives, especially in low-income nations where agriculture is dependent on 
rainfall and seasons influence. It is critical that arable land maintains biodiversity in 
many low-income nations where people still rely on edible wild plants for subsistence 
[84]. Wild edible plants, on the other hand, are prevalent in the British countryside. 
Some of these unusual food sources include algae, fungus, insects, invading species, 
and weeds. These resources can assist in achieving long-term nutrition and meeting 
the 2050 target of feeding 9-10 billion people.

5.3 Replacing meat

Despite the advantages of meat eating and livestock production in poorer nations, 
farm animal food contributes significantly to climate change, habitat damage, and 
biodiversity loss [30]. Non-communicable illnesses claim the lives of 41 million 
people each year, accounting for 71% of all fatalities globally. 18 million of these 
fatalities are caused by cardiovascular disease, which is linked to our food in many 
cases [23].

Artificial meat or meat derived from the culture of animal cells, has attracted a lot 
of research investment and has the potential to drastically reduce the cost of meat. 
However, because this process consumes a lot of energy right now, it’s unknown how 
essential such items will be in the shift to more sustainable food systems.

In several European nations, plant-based meat replacements are already available 
in supermarkets. Consumers accept plant-based meat replacements easily; however 
they lack nutritional value when compared to actual meat. Insects, on the other hand, 
have sparked widespread attention as a food source due to their high protein content 
and fatty acid composition present in many insects. Up to 2 billion people worldwide 
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are estimated to eat insects in some form or another [23]. Insects are a rich source of 
vitamins that are otherwise difficult to receive through a vegetarian diet and can only 
be gained in adequate quantities through a carnivorous diet. In recent years, various 
ecological arguments have been made for eating insects, claiming that insects have an 
extraordinarily efficient nutritional turnover compared to cows and pigs. Insects are 
also better at turning food into weight than humans. That implies we will use less land 
and resources to generate the same amount of food energy, which is a good thing [23].

Insect output must be enhanced if insects are to become a viable source of food 
on a global scale. This necessitates ethical, economic, and health considerations: one 
of the most difficult challenges in developing a food system that can produce insects, 
is to increase production; and for that, we need some knowledge; it is said that many 
insects thrive particularly close to one another, and mealworms thrive in dark and 
narrow spaces; thus, having many of them in one place in the production system is 
beneficial. We also need to figure out how to automate the process because this would 
be a costly production. Some argue that one of the benefits of insects is that they are 
significantly different from humans, implying that they have a lesser risk of spread-
ing diseases known as zoonoses when consumed. In addition, the EU has decided to 
legalize the consumption of insects, as well as the production of insects as animal feed 
in all EU nations [23].

5.4 Changing habits

Brouwer et al. [65] argues that influencing eating habits requires the application of 
social norms to promote a healthy diet. Social norms around healthy eating, as defined 
by culture and circumstance, might impact a person’s food choices, implying that a 
code of suitable conduct exists [65]. In low- and middle-income countries, there are 
well-established societal norms and taboos, such as those around the feeding of young 
children (e.g., avoiding eggs) and the treatment of pregnant and nursing mothers. 
Understanding individual behavior and community reactions is critical for a system’s 
overall resilience. Government policies may have a significant impact on a country’s 
dietary patterns. Institutions that encourage sustainable consumption and nutrition 
are required. Dietary guidance is a fantastic illustration of how politics may play a role 
in this whole puzzle in the Nordic nations. Nudging is a psychological phenomena that 
may be utilized to alter eating habits on a personal and societal level. It can be used to 
get someone to consume something else in a tiny situation and foster healthy eating 
habits in a wider context, such as lowering in certain areas while growing in others. 
Another idea is to use smaller dishes in the cafeteria to prevent food waste [23].

5.5 Citizen-driven transformation

Nutrition democracy, according to Baldy and Kruse [85], is a notion that is gaining 
traction in nutrition policy research. It is about citizens reclaiming democratic control 
over the food system and allowing long-term change. Nutrition democracy research 
has thus far overlooked the potential of state-driven nutrition-related participatory 
procedures due to its concentration on civil society efforts. The authors looked at 
how local actors shape state-driven participation processes for long-term food system 
transformation along eight key dimensions of food democracy: mutual knowledge 
exchange, legitimacy and credibility of knowledge claims, transparent processes for 
generating ideas, common language for exchanging ideas, expectations and experi-
ences with effectiveness, and role model.
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5.6 Improving aquaculture

Today, fish remains a nutritious alternative to red meat. Between 1961 and 2016, 
the average yearly rise in worldwide fish consumption was 3.2 percent per year, out-
pacing population growth. Fish contributes over 20% of the average per capita animal 
protein consumption for more than 3 billion people. Whereas average per capita 
consumption in Central Asia is roughly 2 kg per year, it is around 50 kg per person in 
the Small Island Developing States (SIDS) [23]. Blue proteins would play a critical role 
in protein shifting. They are not spoken about as often as green ones, but they have a 
far less ecological imprint than red ones and come in a variety of sustainability levels 
[23]. In poor nations where red meat is not as readily available as it is in Europe, for 
example, Blue proteins are even more significant, as they have been connected to a 
slew of positive health benefits. Fish are high in vital nutrients, thus they should be 
included more in the protein shift discussion [23].

5.7 Lowering the cost of nutritious foods

Food supply chain interventions are needed to boost the availability and afford-
ability of safe and nutritious food, particularly to make healthy eating more afford-
able. To accomplish these targets, this approach necessitates coordinated effort and 
investment from production to consumption focused at increasing efficiency and 
lowering food losses and waste [86]. Incentives should encourage, among other 
things, diversification of production in the food and agriculture sectors toward nutri-
tious foods such as fruits, vegetables, pulses, and seeds, as well as foods of animal 
origin and bio-enriched plants, as well as investments in innovation, research, and 
expansion, and productivity increases. The nutritional content of food and drinks 
can be increased at various points in the supply chain by fortifying staple foods after 
harvest in accordance with international norms. Fortification and biofortification 
have been used to address micronutrient shortages while simultaneously improving 
the availability and affordability of healthy meals (WHO. 2016).

6. Case examples of global food system transformations

The facts and examples that illustrate that transformation of food systems is con-
ceivable and is currently occurring are far more compelling. This section exemplifies 
efforts of global transformation for resilience as reviewed by FAO et al., [7].

When the structural roots of conflict are connected to competition for natural 
resources, such as fertile land, forests, fisheries, and water supplies, deep economic 
crises can occur. The following scenario is for Somalia, where people have suffered 
from chronic food insecurity and hunger for three decades (including famine in 
2011) as well as numerous harsh weather occurrences (mainly droughts and floods) 
[7]. Drought-related severe food insecurity and malnutrition affected up to 6 million 
people in 2017-2019, including acute malnutrition in 900,000 children (FEWS Net, 
2019). Appropriate measures were taken in recent years to respond, for example, 
to the severe food insecurity and malnutrition caused by drought. In 2018, the FAO 
launched the Cash + nutrition-sensitive program, which combines unconditional 
long-term cash transfers with livelihood support to increase resilience to future 
shocks while sustaining production capacity and food supply networks [73–77]. Seeds 
and tools for home gardening were sent to farming households, and shepherds were 
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given assistance in raising livestock, which boosted animal health and milk output. 
The initiative has increased access to food for families in need, improved the quality 
and diversity of their meals, and enhanced program members’ nutritional awareness 
via nutrition and food safety education.

A landscape restoration initiative in Ethiopia from 2015 to 2020 not only increased 
agricultural output by protecting soil and water, but also effectively linked farmers to 
markets, improving their economic potential. Food security improved for households, 
average family income increased considerably, and minimum nutritional diversity 
levels increased [45]. In India, a 2012-2016 project to restore land and intensify crops 
combined traditional water storage systems with infrastructure investments and tech-
nology transfers, resulting in positive effects on degraded and rain-harvested soils: 
crop yields increased by 10 to 70% and average household income increased by 170 
percent [7]. This method also allowed for groundwater recharging, which improved 
the long-term sustainability of water consumption.

Interventions that remove some of the age-specific limits on young people’s 
capacity to be productive in agricultural and food systems can also benefit them [7]. 
Professional and life skills training significantly increased the likelihood of adolescent 
girls of working age participating in safe income-generating activities (by 48 per-
cent), while also reducing teenage pregnancies (by 34 percent) and the likelihood of 
marrying or living together prematurely (by 62 percent) according to evidence from a 
youth empowerment and livelihood program in Uganda [87].

7. Conclusion

A transition is neither a gradual enhancement of an existing system nor a com-
plete revolution. A transformation is the outcome of a large number of little changes 
occurring at the same time in various regions of the system. These desired changes 
or initiatives are self-contained, but they are all linked because they are all measured 
against the same challenge: How can 8 billion people coexist with the planet’s natural 
resources while also making room for 2 billion more? We begin to believe that a trans-
formation of the global food system is possible when we combine all of the elements 
we have examined, all of the actions, large and small, of people changing their habits, 
work, and way of thinking. According to the World Resources Institute’s baseline 
scenario, with 10 billion people on the planet in 2050, greenhouse gas emissions from 
food systems will be 15 gigatons per year, measured in CO2 equivalents.

These emissions only need to be 4 gigatons per year to keep global warming below 
2 degrees Celsius. As a result, the change will need to save 11 gigatons of CO2 from 
our food systems. In 2050, we can save 5 gigatons of CO2 emissions by lowering the 
demand for food and other agricultural goods. This is accomplished mostly by lower-
ing food losses and waste by 50% and consuming 30% less ruminant meat than in the 
baseline scenario. We can save an additional 2 gigatons of CO2 per year by improving 
food production on current agricultural regions using new technology. This, however, 
necessitates a 25% increase in productivity over the original condition. In addition, 
agricultural yields have improved by 56% since 2010. The next minor step is to boost 
fish supply by improving wild fisheries management and increasing productivity 
aquaculture. Cutting greenhouse gas emissions from agricultural output has a higher 
impact, such as reducing methane emissions from ruminants by 30%. Wet manure 
emissions are cut in half, reducing greenhouse gas emissions by 80%. A 50% decrease 
in energy emissions per agricultural unit and a reduction in nitrogen fertilizer 
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consumption. All of these advances in agricultural productivity might result in CO2 
reductions of about 3 gigatons per year. In the end, 80 million hectares of previously 
unforested land will be totally reforested, resulting in significant CO2 reductions 
when combined with an ambitious moor renaturation program.

Overall, improvements will cover an increase of 15 gigatons of CO2 emissions 
from global food systems to a shocking 6 gigatons of the shortfall, allowing for land 
use changes. This entails altering the planet’s appearance. And it demonstrates that 
transformation is not only essential, but also beautiful. In the countryside, there is 
less manure smell, whereas in the metropolis, there is more vertical green. A better 
quality of life with a healthier diet. And a world that is teeming with life. People 
with a variety of abilities from all over the world must adapt to this transformation. 
Political action, technical innovation, improved financial institutions, and behavioral 
improvements are all required. So let us get started on this transformation right now!
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Chapter 3

Bundling Weather Index 
Insurance with Microfinance: 
Trekking the Long Road between 
Expectations and Reality – A Study 
on Sub-Saharan Africa
Dorcas Stella Shumba

Abstract

Food production in sub-Saharan Africa (SSA) is exposed to climatic variations and 
weather-related shocks which affect agricultural output beyond the manageable limits 
of smallholder farmers. To manage food production uncertainties, weather index 
insurance (WII) pilot projects have been launched across SSA since the early 2000s. 
Due to low adoption rates among smallholder farmers, insurance providers have part-
nered with risk aggregators such as microfinance institutions to foster the demand for 
and uptake of WII. Despite this, demand for WWI remains low. This chapter seeks to 
explore the gap between the assertion, that WII is a promising risk transfer mechanism 
for smallholder farmers in SSA and the realisation that, even where microfinance is 
made available, subscription rates among smallholder farmers rarely rise. The practice 
of linking insurance with credit is considered to be important because, in principle, 
when smallholder farmers have access to insurance, they pose less risk to creditors. In 
this sense, insurance can crowd-in credit, the lack of which has long been identified as 
a major, if not the main, constraint for smallholders in developing countries.

Keywords: weather index insurance, microfinance, food systems resilience, climate 
change, risk transfer, smallholder farmers, sub-Saharan Africa

1. Introduction

Agriculture is a major source of food in Sub-Saharan Africa (SSA), and a  primary 
source of livelihood [1]. The sector employs more than half of the total labour force 
and accounts for roughly a third of the gross domestic product (GDP) [2–4]. The 
share of agriculture in GDP varies significantly by country ranging from below 3% in 
Botswana to over 50% in Chad [5]. Due to the fragmentation of land caused by popu-
lation pressure in most rural areas, farm sizes are typically less than 2 hectares each 
[6]. As a result, smallholder farms are dominant across the subcontinent [7]. They 
make up 80% of the farms, which translates to approximately 33 million smallholder 
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farms [8]. Although the widely accepted view is that, smallholder farmers produce 
the majority of the food, because they farm land very intensively resulting in high lev-
els of productivity per unit of land [9, 10], their farms are often too small to provide 
a sustainable income at the household level, let alone food security [7]1. In addition, 
smallholder farmers are known to face several challenges associated with missing 
markets for credit, insurance, information including economies of scale in market-
ing and transportation [10]. Problematically, they are also reliant on non-drought 
tolerant crops and seed varieties2, non-mechanised farming systems and subsistence 
rain-fed farming3, factors which jointly contribute to the volatility of agriculture and 
the vulnerability of the smallholder farmers [13]. Having a full grasp of the character 
of risks that affect smallholder farmers is key to developing appropriate solutions to 
deal with risks. Similarly, it is important to understand how farmers respond to the 
solutions designed to ameliorate risk as this will help to establish the effectiveness and 
compatibility of the measures apropos the target market.

This chapter seeks to explore the gap between the assertion, that weather index 
insurance (WII) is a promising risk transfer mechanism for smallholder farmers in 
SSA and the realisation that, even where microfinance is made available, subscrip-
tion rates among smallholder farmers rarely rise. The chapter pays attention to the 
risk response behaviour of smallholder farmers when presented with the option of 
purchasing WII that is bundled with microfinance. Weather index insurance is crucial 
because it potentially addresses welfare losses due to weather risk and complements 
existing informal risk management strategies [14]. The linkage between WII and 
credit has been discussed widely in theory but rarely investigated empirically, yet a lot 
of recommendations have been put forward by scholars for WII to be bundled with 
microfinance (see [15–19]). This is because, when smallholder farmers are believed 
to pose less risk to creditors when they have access to insurance [20]. In this sense, 
agriculture insurance can crowd-in credit, the lack of which has long been identified 
as a major, if not the main, constraint for smallholders in developing countries [21].

Access to agriculture insurance is crucial for smallholders because agriculture is 
generally prone to production failure due to the risk of catastrophic events such as 
those linked to extreme weather events [22]. Weather extremes have been repeatedly 
seen to have long-lasting impacts on farming livelihoods [23–26]. Sub-Saharan Africa 
is especially vulnerable to weather-related risks because of the strong reliance on 
climate-sensitive rainfed agriculture [27]. While extreme weather shocks are not new 
to this region, the frequency and intensity of the events have increased over the past 
few decades. Based on the Human Cost of Disasters 2000–2019 Report, there has been 
a sharp increase in weather-related disasters4 over the past 20 years. Notably, disasters 

1 Smaller farms are generally thought to have an advantage over large farms in per capita productivity due 
to higher labour utilisation (e.g., using family labour) and intensive farming on smaller pieces of land [9].
2 Gollin et al. [11] revealed for example that, in 2000, only 17% of the area planted for maize had modern 
maize varieties in sub-Saharan Africa compared to 57% in Latin America and the Caribbean.
3 According to Demeke et al. [12] the irrigated area in this region which extends over six million hectares, 
makes up just 5 per cent of the total cultivated area, compared to 37 per cent in Asia 14 per cent in Latin 
America. Two-thirds of that area is in three countries: Madagascar, South Africa, and Sudan.
4 To be recorded as a disaster in EM-DAT, one or all the following must take place: 10 or more people must 
be reported killed, 100 or more people must be reported affected, a state of emergency must be declared 
by the State, and a call for international assistance made. Based on this delineation, hazards only become 
disasters when human lives are lost, and livelihoods are equally damaged or destroyed [28].
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including extreme weather events rose from 4212 in the period 1980 to 1999, to 7348 
in the period 2000 to 2019 [28]. Weather events figure large among the recorded 
disasters5.

Equally alarming are the rising patterns of loss and damage in the agricultural 
industry that are strongly correlated to the increasing catastrophic events [29]. For 
example, it is estimated that more than 75% of recent economic losses caused by natu-
ral hazards in Sub-Saharan Africa are attributable to climate change-induced weather 
events [30]. Outcomes linked to economic loss include livelihood insecurity, poverty, 
food insecurity and poor nutrition – cyclical patterns which can be ameliorated 
through adaptation financing [31]. What smallholders need therefore is access to 
perfect financial markets (savings, credit and insurance) and economic incentives to 
(re)invest in agriculture [7]. Reducing the economic impact of severe weather events 
is thus a crucial step towards supporting agricultural growth, sustainable livelihoods, 
poverty alleviation as well as bolstering food security and nutrition [32]. Given the 
foregoing, the vulnerability of smallholder farmers in lower-income countries is acute 
in part because they repeatedly lack access to financial mechanisms to efficiently 
manage production uncertainties [33]. In the absence of effective insurance and 
credit markets, households remain vulnerable to the financial consequences of high-
magnitude loss events.

2. Understanding the nature of climate change risk in SSA

While SSA is not a single unit and challenges vary spatially and temporally, 
agriculture, and especially crop production in this region is predominantly rainfed 
and as such reliant on unpredictable climatic events [24, 31, 34, 35]. Under the current 
variable climate conditions, SSA already experiences a major deficit in food produc-
tion especially in semi-arid and subhumid regions and areas [1]. This means a further 
drop in soil moisture due to mounting climate extremes will have devastating effects 
on agricultural production and will worsen food insecurity [26]. SSA is vulnerable to 
climate change also because the economies of most countries in this region are domi-
nated by subsistence agriculture, the productivity of which is grossly susceptible to 
changing weather patterns [36]. Furthermore, the sub-continent is prone to complex 
natural climatic phenomena such as the El Nino-Southern Oscillation (ENSO), the 
West African Monsoon and the Indian Ocean Dipole [37], which influence climate 
variability (inter-annual and intra-seasonal rainfall), trends (upward or downward) 
and the persistence thereof [38]. The natural climatic phenomena give rise to regional 
climatic patterns which are impacted to some degree by climate change [37]. Because 
of the regional climatic phenomena, SSA has a long history of rainfall fluctuations of 
varying lengths and intensities (ibid) and is prone to cyclical drought patterns which 
are a frequent event in the semi-arid countries of the sub-continent [1]. The droughts 
in SSA have in recent times become more frequent and protracted, ostensibly due to 
climate change [39].

Climate forecasts have shown warming of approximately 0.71°C over much of the 
African continent in the twentieth Century [1], and an increase of over 1°C in the 
twenty-first Century [40]. Rather, average near-surface temperatures across parts of 
the continent have risen by more than twice the global rate of temperature increase 

5 For example, floods were the highest recorded disaster event – 3254, followed by storms – 2043 (ibid).
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in the twenty-first Century [41]. According to WMO [40], the year 2019 was among 
the three warmest years on record for the continent. Recent decadal predictions 
encompassing a five-year period from 2020 to 2024, signify continued warming 
and decreasing rainfall markedly over North and Southern Africa (ibid). Further 
predictions by Woetzel et al. [42] suggest that, due to climate change, the number 
and intensity of extreme weather events in SSA are set to increase. This is consistent 
with findings submitted in the Human Cost of Disasters 2000–2019 Report, which 
revealed that 1192 extreme weather events were recorded in Africa over the last 
20 years (see [28]).

An enquiry on climate change and its likely impacts on SSA cannot be achieved 
by examining long term weather changes alone [43], as most countries in SSA suf-
fer from intersecting stressors that give rise to low resilience and limited adaptative 
capacity to climate-related shocks [1]. Incidentally, climate change acts to exacerbate 
pre-existing conditions and has thus been dubbed a threat multiplier [25]. As such, 
the effects of drought and other climate extremes in SSA are exacerbated by endemic 
poverty, complex governance and institutional dimensions; limited access to capital, 
including markets, infrastructure and technology; ecosystem degradation; and 
complex disasters and conflicts ([36], p. 435).

SSA accounts for more than half of the world’s extreme poor, amounting to 
approximately 400 million people, most of which are smallholder farmers [37]. 
Poverty is among the key reasons why a lot of smallholder farmers in SSA are continu-
ously exposed to inter-annual variations and occasional shocks caused by weather 
which affect agricultural output beyond their manageable limits [30]. As a result, 
at the 25th session of the Conference of the Parties (COP) to the United Nations 
Framework Convention on Climate Change (UNFCCC) that took place in Madrid in 
December 2019, it was revealed that 7 out of the 10 most climate-vulnerable nations in 
the world are located in Africa [44]. The figure is consistent with findings published 
in the Human Cost of Disasters 2000–2019 Report, which pointed out that, the top 
10 list of countries with the highest share of affected populations by extreme weather 
shocks over the last 20 years is dominated by Sub-Saharan African countries, which 
make up 6 out of the 10 countries on the list [28].

3. Risk response mechanisms used by smallholder farmers in SSA

Risk is the aggregate of the likelihood or possibility of a shock event occurring, 
and the severity of loss or impact caused by the event [45]. Three aspects make up 
risk, namely, threat, uncertainty, and loss. Climate change poses significant risks for 
food systems and has thus emerged as one of the greatest challenges of the twenty-
first Century. Climatic extremes affect the primary sources of farm income, such as 
crops and livestock, and can further destroy household assets such as farming equip-
ment – investments accumulated over time that are needed to generate future income 
[46]. Loss and damage due to extreme weather events can push farming households 
into cycles of poverty. According to GlobalAgRisk [47], households that are just above 
the poverty line can be pushed instantly below the poverty line by a major weather 
event. In the absence of perfect financial markets, including savings, credit and insur-
ance, smallholdings in SSA generally struggle to recover from loss and damage caused 
by extreme weather events [34].

In the absence of perfect financial markets, an array of behavioural responses 
often emerge to fill in the gaps created by market failures [48]. Despite having 
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considerable experience dealing with weather extremes, smallholders are much less 
likely to plan for low probability, high consequence risks [49]. This is a result of a 
cognitive bias that causes people to ignore risks with low probability, except when 
the likelihood of occurrence is well-known [50]. This psychological phenomenon 
influences the willingness of poor households to spend their limited income to cover 
low probability risks. Be that as it may, from a risk perspective, behavioural responses 
to shocks consist of three types of choices, namely, risk mitigation, risk coping and 
risk transfer [51]. The behavioural responses are characterised as being ex ante or ex 
post based on chronology and functional objective [52]. Ex ante strategies are those 
measures taken before shocks occur to avoid, transfer or reduce risk exposure, while 
ex post strategies are measures taken after shocks occur to mitigate or insulate welfare 
impacts of the shocks [52–54]. According to Frankenberger et al. [54], ex ante strate-
gies are about preparation, whereas ex post strategies are about coping and recovery.

Smallholder farmers in SSA are more susceptible to weather fluctuations than 
farmers in developed countries, who for instance, can more easily alter crop varieties, 
irrigate their fields, or secure crop insurance [42]. In more developed countries finan-
cial markets exist which allow farmers to insure against shocks ex ante, or to borrow 
ex post to achieve quasi-insurance through ex post loan repayment [55], increasing the 
options for recovery in the event of loss events. Because smallholder farmers in SSA 
are risk averse, they ordinarily choose to rely on traditional methods of risk manage-
ment in the absence of ready access to savings, insurance and credit markets [21].

Faced with no savings, credit or insurance, they typically manage risk by smooth-
ing consumption through choosing low-risk activities or technologies, which 
generally yield low to average returns [56]. Smallholder farmers in SSA also smooth 
consumption through asset attrition. According to Carter and Lybbert [57], since the 
rural poor have limited access to financial markets, consumption smoothing typically 
involves amassing assets in good times to use as a fallback in bad times. For example, 
a study on the impacts of drought on rural households in Burkina Faso showed that a 
good number of households that sell livestock do so to offset consumption shortfalls 
due to negative income shocks. Similar findings were observed in studies carried out 
in the rural Districts of Buhera and Nyanga in Zimbabwe where farmers mentioned 
the sale of livestock as a means of buffering income losses caused by production 
uncertainties [58]. Wealth for the rural poor is usually not in the form of cash or 
savings [47], but productive assets such as livestock [48]. Thus, when a severe weather 
event occurs, livestock is often sold off, often at a loss [59], because the distressed 
sale of large numbers of livestock at the same time flood the market, significantly 
reducing their value [60]. In contrast, insurance has been seen to positively influ-
ence households’ behavioural responses to risk through enabling them to reduce the 
need to rely on costly coping strategies such as selling productive, as this undermines 
future productivity. Results from an index-based livestock insurance (IBLI) pilot in 
Marsabit District of northern Kenya, showed that insured households are less likely 
to sell livestock [61]. Nonetheless, because insurance is not readily available in most 
rural areas, and where available, demand for it is low, smallholders tend to rely more 
on on-farm risk mitigation strategies. Thus, to preserve assets, households may 
smooth consumption further by cutting back on meals and diverting children from 
school which undermines crucial investments in human capital, hampering current 
and future productivity (ibid). In terms of its functional objective, consumption 
smoothing involves creating a balance between spending and saving to achieve a 
higher overall standard of living and can for that reason be used as a welfare dimen-
sion to assess a household’s preparedness to deal with climate change risk [62].
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In addition to consumption smoothing, smallholder farmers in SSA also smooth 
income when dealing with climate change risk [44]. Income smoothing refers to 
the different strategies and approaches used by households to control the impact of 
extreme volatility in household income [48]. It is most often achieved ex ante, through 
diversifying economic activities and employment choices (ibid). Since most farming 
households in SSA lack access to savings, credit and insurance, they try as much as 
possible to prepare for loss events ex ante through income generation [63]. Thus, to 
smooth income, households take steps to protect themselves from adverse income 
shocks before they occur [47]. To achieve this, households can pool together labour 
supplies, allocating them across different local employers over time. However, as most 
farming households in SSA earn wages through agriculture (e.g., from working on 
neighbouring farms or plantations, and rendering services to local businesses that 
deal with agricultural supplies) pooling labour supplies across different divisions 
of the climate-sensitive agriculture industry will not solve their income problems in 
the event of climatic extremes. Diversifying into non-agricultural activities or more 
profitable alternatives is difficult for many rural households [64]. The barriers to 
entry include working capital and vocational skills and or education requirements. 
Examples from Tanzania and Ethiopia cited in Dercon’s study support the view 
that the poor typically enter into activities with low entry costs such as those linked 
to subsistence farming or casual agricultural wage employment. Since diversify-
ing income sources is costly for poor rural households, Village Savings and Loans 
Associations (VSLAs)6 are sometimes used as a collective means to smooth income. 
Fumagalli and Martin [65] share findings from a cluster randomised control trial 
(RCT) carried out between 2009 and 2012 in the Nampula Province of Mozambique, 
which shows the usefulness of pooling income. Based on the study, VSLA money has 
been used by households to buffer shortfalls in income due to unforeseen shocks. It is 
unclear, however, to what extent VSLAs would be effective in responding to covariate 
risk. If all households in a community are affected by a catastrophic event, informal 
risk-sharing activities are unlikely to be sufficient. Nonetheless, access to financial 
markets presents a greater opportunity for income smoothing and less vulnerability 
to weather shocks [62].

In all, there is an overlap between different types of shocks and behavioural 
responses to shocks. As the discussion above attests, high-frequency low losses are 
usually managed at the farm level and mitigated in part through access to household 
investments [63]. In an ideal world, residual risk (low frequency, medium loss) that 
cannot be retained by the farmer is better of transferred to third parties, usually 
insurance companies [45], which is not always an option for smallholders in SSA. 
Where insurance is an option, smallholders often deem it too costly for their limited 
income. Nonetheless, transferring a portion of income risk to a third party enables 
the farmer to have enough money to invest in higher-risk/higher-yield production 
technologies, such as improved seeds and inputs [20]. When weather-related shocks 
strike, households that receive indemnity payments have more response options, 
which notionally should reduce their reliance on detrimental coping strategies [66]. 
Although smallholder farmers in SSA have developed numerous adaptation mecha-
nisms to cope with weather fluctuations over time, evidence has repeatedly shown 
that their methods are not adequate to deal with climate change [36]. If climate 

6 VSLAs are typically composed of 15 to 20 self-selecting households, who meet regularly to pool income 
into a common fund, which can be lent out to group members at group agreed interest rates [65].
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change adaptation investments are not made (e.g. by governments, multinational 
corporations and donor communities), the adaptation mechanisms used by small-
holder farmers in SSA will not keep up with climate change impacts [22]. The Paris 
Agreement underlined the global importance of adaptation and contains provisions 
related to adaptation finance that follow guidelines from the Cancun Adaptation 
Framework [67]. Paragraph 28 of the Cancun Adaptation Framework stressed the 
need to explore options for risk-sharing and risk insurance, including options for 
micro-finance to reduce the devastating impacts of disasters among vulnerable 
populations [68].

4. Weather index insurance

Risk-sharing or risk transfer is a risk management strategy that involves the 
contractual shifting of risk from one party to another [51]. Risk transfer is most 
often achieved through an insurance policy, where the insurance carrier assumes 
the defined risks for the policyholder in exchange for a fee, or insurance premium 
[69]. Agricultural insurance is one risk transfer tool that farmers can use to manage 
risks that cannot be mitigated at the farm level [30]. It offers a promising means 
of cushioning in times of climate change-induced loss and damage for smallholder 
farmers [35]. Globally, however, less than 20% of smallholder farmers have any form 
of agricultural insurance [22]. Although the estimated global agricultural insurance 
premium volume almost doubled in the period 2004–2007, it remained low in African 
countries where it roughly reached an average of 0.13% of the 2007 agricultural GDP 
[70]. As a result, some scholars claim that only about 1.3% of the smallholder farmers 
in SSA have agricultural insurance [71]. Raithatha and Priebe [22] set the figure at 
3%, while a more recent study suggests that the figure is around 3.5% which at any 
rate is far below the rates in Asia (46.2%) and Latin America (15.8%) [72]. Despite 
the low uptake of agricultural insurance by smallholder farmers in SSA, agriculture 
insurance is firmly believed can reduce the economic impact of severe weather events 
and help stimulate economic development through supporting agricultural growth, 
poverty alleviation, and the development of rural finance [14]. Based on the func-
tional objective of agriculture insurance, it is an income smoothing ex ante strategy, 
actioned before the occurrence of a shock event [16].

There are various types of agriculture insurance, the main ones being, indemnity-
based crop insurance (e.g., named peril crop insurance and multiple peril crop 
insurance) and index-based insurance (e.g., index-based livestock insurance, area 
yield index insurance and weather index insurance). This chapter looks specifically 
at weather index insurance (WII). Weather index insurance has been presented as 
an important risk transfer mechanism that can assist smallholder farmers to deal 
better with climate risk [22, 35, 73]. The underlying risk for a WII product is the 
behaviour of the specific weather variable that contributes to production losses [14]. 
WII focuses on weather-related shocks because rainfall and temperature patterns for 
instance pose a serious threat for farmers [20]. The pervasive nature of catastrophic 
weather events is especially well-suited for index products, which explicitly insure 
against covariate shocks (ibid). Unlike traditional insurance, index-based insurance 
compensates policyholders according to a pre-determined index value [69] that serves 
as a proxy for losses rather than upon the assessed losses for individual policyhold-
ers [51]. Thus, some of the advantages of WII are that it has low operational costs, 
fast claim settlement speed and low risk of moral hazard and adverse selection [35]. 



Food Systems Resilience

60

Low operational costs give WII a critical advantage over traditional insurance, yet the 
hedging effectiveness of weather index-based insurance tends to be diminished by the 
often imperfect correlation between the index and realised losses. This is caused for 
instance, by the non-insurable difference between the weather events happening at 
the farm site and those occurring at the reference weather station, which is referred to 
as geographical basis risk [74]. In light of this, some of the drawbacks of WII include 
high basis risk, high actuarial difficulty, and high set-up costs [75].

The earliest applications of WII in emerging economies in the Americas and 
Asia are said to have taken place respectively in Mexico in 2002, followed by India in 
2003 [47]. In SSA, the first application of weather index is said to have taken place in 
Malawi in 2005 [76] followed by Ethiopia in 2006 [77]. Almost 2 decades later, how-
ever, index insurance markets are still very thin in most African countries. To lessen 
the limitations of WII, insurance providers have initiated changes to their products 
being guided by scholarly recommendations and emerging best practices. Some of 
the key recommendations submitted by the scholarly community include interlink-
ing reliable weather data with location-specific crop and agronomic conditions using 
flexible geospatial crop modelling tools (see [78]), interlinking WII with subsidies 
(see [79]) and interlinking WII with microfinance (see [16]). The mixed results of 
many WII pilot projects to date, for example, as presented by the lack of widespread 
implementation of even those projects considered successful, followed by the con-
sistently low adoption rate by smallholder farmers, warrant an investigation into the 
changes needed for the products to become more scalable and sustainable.

5.  Bundling weather index insurance with microfinance:  
expectations vs. reality

Smallholder farmers often do not qualify for credit provided by mainstream banks 
due to the lack of usable collateral (e.g. savings, reliable earnings, effective land titles 
and other tangible and intangible assets) to guarantee loan repayments [49, 80]. In 
addition, the large fluctuations in farm revenue generally make it less commercially 
attractive to lenders, thus hampering credit provision to the agriculture sector [16]. 
Credit constraints discourage farmers from investing in higher-risk/higher-yield pro-
duction technologies, such as improved seeds and inputs [20], which would otherwise 
boost their capacity to withstand the negative impacts of extreme weather events. In 
some instances, however, if no collateral is present, lenders may require crop insur-
ance to securitize the repayment of the loan [16]. Thus, crop insurance can facilitate 
credit. Microfinance Institutions (MFIs) specialise in the supply of credit to segments 
of the population that is typically unattended by mainstream banks. The promise 
of microfinance is centred on the awarding of microloans to the poorest of the poor 
without requiring collateral [81]. What makes microfinance different from traditional 
forms of credit is its focus on small loans and other low-cost financial services which 
the poor can use to generate income and become self-reliant [82, 83]. However, while 
insurance may in some instances unlock credit, bundling microfinance with insurance 
is far from being the panacea for the credit constraint problem [21]. This is why more 
insight into the impact of linking insurance and credit is needed, particularly since 
the adoption rate of WII in SSA has remained low even in cases where microfinance 
has been made available.

Studies have indicated an uptake of less than a fourth of the smallholder popula-
tion [80], which shows clearly that demand for WII is low. Actual demand according 
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to the preceding scholars varies from 2 to 40% or 50% maximum. In general, low 
demand is ascribed to several factors which include farmer budgetary constraints, 
lack of trust in financial institutions, poor understanding of the contract, and the 
often imperfect correlation between the index and realised losses (basis risk) [84]. 
Marr et al. [80] have gone on to group the reasons for low demand into 3 categories 
namely, (1) neoclassical (i.e., risk aversion, risk mitigation, basis risk and price), (2) 
behavioural (i.e., understanding, trust and education), and (3) pecuniary determi-
nants capturing credit and liquidity constraints (i.e., wealth, liquidity, credit and 
income). To weigh in briefly on the effect of the given determinants of low demand, 
firstly, it has been noted already in this chapter that smallholders are generally risk 
averse, which causes them to depend more on traditional risk mitigation strategies. 
Secondly, because, their risk mitigation strategies are limited, they are among the 
most vulnerable populations to climate change. Thirdly, when presented with risk 
mitigation strategies such as insurance, smallholders are not always willing to pay for 
indemnity. Aside from being risk averse, they are poor and often credit and liquidity 
constrained. Inevitably, price is a crucial factor that the smallholders consider before 
signing up for an insurance policy. There are thus tensions between what must be 
charged to insure low-probability high-consequence events and the willingness of 
households to pay for insurance products designed to protect against losses caused by 
these events [33].

Fourthly, basis risk interacts with other factors such as price and is an important 
factor known to drive price beyond the reach of smallholders. To increase demand 
for WII, suppliers need to focus on minimising basis risk. Even as basis risk is an 
inherent problem for index insurance, it can be reduced through product design and 
application [47]. To increase demand for WII, suppliers need to additionally educate 
smallholders about the benefits of insurance, which should be followed up by cul-
tivating relationships of trust [85]. There is a further need for suppliers to come up 
with innovative ways to make insurance more attractive to smallholders. This involves 
adapting financial services and products to match the risk profile of the market 
demographic [33], for example through bundling WII with microfinance.

5.1 Expectations

Bundling index-insurance with credit is a practice that is widely debated in 
literature but mainly at a theoretical level [80]. There are several benefits that come 
with combining microcredit with insurance, some of which have already been 
discussed in this chapter. Since both insurance and credit are recognised as important 
tools for smoothening and enhancing income [16], it is believed that when bundled 
together, they can enhance on-farm efforts (e.g., through increased input, improved 
seed varieties and investments in and specialised and diversified farming) to mitigate 
climate risks. Meyer et al. [21] are of the view that neither credit nor insurance mar-
kets can exist independently in low-collateral environments. This makes perfect sense 
considering that insurance can ensure the success of credit by promoting lending to 
smallholders in credit constrained environments where farmers have weak collateral 
to offer, and systemic risks are the main cause of loan defaults. While credit on the 
other hand can ensure the success of insurance by enhancing household income and 
protecting farmers against the financial risk of crop failure. Linking the two contracts 
thus seems beneficial for farmer productivity, food systems resilience and inciden-
tally, the growth of rural financial markets. A potential downside of this practice, 
however, which cannot be overlooked by this chapter is that, if a loss occurs which is 
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not covered by the insurance because the index was not correlated to the realised loss 
and an indemnity payment was not triggered, the farmer may not be able to repay 
their loan. On its own, index insurance can harm farmers by extracting insurance 
payments while providing little or no actual risk coverage [20]. When combined with 
credit, the farmer may be worse off than if their loan were not insured because they 
have to pay the insurance premium as well as repay the loan [21]. This shows that 
while insurance could unlock credit and produce desired results such as higher invest-
ments, it could also produce undesired results such as higher default rates (ibid).

5.2 Reality

A few empirical studies have been carried out to understand the credit insurance 
linkage in different parts of SSA, and the results have been conflicted. Among these, a 
study by Giné and Yang [19] sought to test whether reducing risk through WII induces 
greater demand for credit among smallholder farmers in Malawi. Half the farmers 
were randomly selected to be offered credit to purchase high-yielding hybrid maize 
and groundnut seeds for planting. The other half were offered a similar credit pack-
age but were also required to purchase (at actuarially fair rates) a weather insurance 
policy that partially or fully forgave the loan in the event of poor rainfall. The uptake 
of credit was 33% for farmers offered a loan without insurance and 17.6% for farmers 
offered a loan bundled with weather insurance. The findings suggest that smallhold-
ers do not always value insurance as the demand for credit fell when bundled with 
insurance. An explanation for the behavioural response given by the authors is that 
farmers understood that they were implicitly insured by the limited liability inher-
ent in the loan contract so that going for a loan bundled with insurance (for which 
an insurance premium was charged) would effectively increase the interest rate on 
the loan. On the other hand, the overall poor uptake rate could be taken to mean that 
smallholders generally do not trust financial institutions [86].

In a study carried out by Karlan et al. [87]. A randomised control trial was con-
ducted to investigate whether price risk affected the demand for credit by smallhold-
ers in Eastern Ghana. Farmers were offered loans with an indemnity component that 
forgave 50% of the loan if crop prices dropped below a threshold price. A control 
group was offered a standard loan product at the same interest rate. Loan uptake was 
high among all farmers. The indemnity component had little impact on the uptake or 
other outcomes of interest. The indemnity product had incorporated insurance into 
the loan rather than as an add on, to avoid potential choice overload problems that 
arise sometimes when too many choices cause stagnation in decision making. Yet, 
findings showed a high take-up rate of credit despite indemnity, which made it dif-
ficult for the authors to assess heterogeneity in behavioural response. What is appar-
ent from the findings is that insurance made no difference to the demand for credit. 
This again implying that smallholders do not always value insurance. To explain the 
outcome, the authors suggested among other reasons that, the farmers perhaps did 
not understand the contract.

In a different study carried out by Mishra et al. [88] in Northern Ghana, results 
also found no evidence that insurance has a significant impact on increasing the 
uptake of credit. The study investigated whether coupling agricultural loans with 
micro-level and meso-level drought index insurance can stimulate the demand and 
supply of credit and increase technology adoption. Based on empirical findings, if at 
all, bundling loans with insurance increased the likelihood of loan applications for 
female farmers. Gallenstein et al. [84] published a paper on the same population in 
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Northern Ghana. The authors investigated the willingness to pay for drought index 
insurance backed loans and found out that insurance lowered overall demand for 
loans. In fact, adding an insurance policy to an agricultural loan reduced the demand 
for credit as 75.3% of the population were willing to pay the market interest rate 
for the uninsured loan. What is also apparent from the findings of this study is that 
smallholders do not always value insurance. In this case, insurance had a bearing on 
demand for credit, albeit in a negative way.

Different results were observed, however, in a study carried out in Machakos 
County, Kenya by Ndegwa et al. [89]. The authors sought to investigate the causal 
effect of bundling WII with credit on uptake of agricultural technology among 
smallholders. 1170 sample households were randomly assigned to one of three 
research groups, namely, control, risk contingent credit and traditional credit. Based 
on the findings the average credit uptake rate was 33% with the uptake of bundled 
credit being significantly higher than that of traditional credit. In this case, insur-
ance was seen to influence the uptake of credit. By and large, the study observed that 
risk rationing was among the key reasons responsible for the negative credit uptake 
among smallholders.

In another study, Pelka et al. [74] analysed the influence of weather variations 
on the repayment performance of credit among smallholder farmers in Madagascar. 
The farmers studied primarily grow rice in monoculture. The weather risk for rice 
cultivation in the central highlands of Madagascar is the excessive amount of rain in 
the harvest period (between the end of February to April), which reduces rice yields 
and, thus, leads to revenue losses for farmers. Findings demonstrated a high correla-
tion between precipitation and credit risk, where credit risk is defined as whether 
or not a borrower can pay back all loan instalments by the due date. Thus, findings 
revealed in particular that, the credit risk of loans granted to smallholders increased 
in the harvesting period due to the excessive amount of precipitation. Based on the 
analysis given by the authors, credit risk would reduce significantly if the farmers had 
weather index insurance policies. This assumption is based on the hypothesis that, 
“the effect of weather events on the repayment performance of loans equals the effect 
of the returns of weather index-based insurance on the repayment performance of 
loans” Pelka et al. [74]. As such, the authors surmise that weather index-based insur-
ance might have the potential to mitigate a portion of the risk in agricultural lending. 
In this study, the authors do not seem to argue for the bundling of credit and WII, 
but instead, propose that WII would be instrumental in mitigating credit risk in cases 
where lending is involved which would work only where the weather index is perfectly 
correlated to the realised loss. To avoid issues of credit risk, the weather index insur-
ance programs in Malawi often bundle credit with mandatory weather index insurance 
[78]. However, while making insurance mandatory is good in that it assures worried 
lenders, the downside is that it may discourage farmers from seeking loans [21] as seen 
in experiments carried out in Malawi and Ghana earlier cited in this section.

6. Discussion and conclusion

A review of the literature showed mostly mixed results regarding the impact 
of bundling WII with microfinance among smallholders in SSA. The literature 
confirmed the premise that, even where microfinance has been made available, the 
demand for WII has remained consistently low across the sub-continent. Thus, a wide 
gap still exists between the expectations of what WII can achieve for smallholder 
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farmers in dealing with climate change risk, and the reality that is on the ground, 
which is that current demand varies from 2 to 40% (50% at the most). While WII 
may not provide complete protection against losses, it can improve the financial 
protection coverage needed for smallholders to effectively deal with the financial 
consequences of high-magnitude climatic loss events. In this way, WII can play an 
instrumental role in creating an enabling environment for rural financial services 
including banking and microfinance. For WII to work, it must complement existing 
risk management strategies, to ensure all round cover against climate change risks.

The chapter focused mainly on demand side dynamics paying considerable atten-
tion to the risk behavioural responses of the smallholders. It is crucial to understand 
how farmers respond to solutions designed to mitigate against risk as this will help 
to establish the effectiveness and compatibility of the measures apropos the target 
market. Based on the reviewed studies, the determinants of low demand for WII are 
many, ranging from risk aversion, liquidity and credit constraints, lack of trust in 
financial institutions, poor understanding of the indemnity contract to risk rationing. 
To improve demand for WII, suppliers need to design products to match the needs of 
target markets. A needs-based approach or deficit model recognises all needs, includ-
ing underlying needs as valid claims. And so, insurance providers must be fully cogni-
zant of community needs in their entirety for them to package WII more attractively. 
This would entail tackling more than just weather risk. Some insurance providers are 
already doing this. For example, research has shown that the uptake of WII is higher 
in Ethiopia when insurance is channelled through group-based informal insurance 
schemes iddir (a funeral society) or when bundled with input schemes [78]. Bundling 
insurance with microfinance is another way of catering to a community’s secondary 
needs through targeting liquidity and constraints. However, evidence has shown that, 
this does not always work in communities with lower risk-taking behaviour. This 
is why a needs-based approach should be carried out alongside a people-centered 
market research of the target population.

Demographical information and behavioural economics make generalisations 
about populations which can help insurance providers to know what the custom-
ers are looking for and how their product meets customer needs [90]. Since WII 
takes on an anti-poverty approach, insurance providers should go beyond tactical 
strategies, and understand and view things from the perspectives of smallholder 
farmers. Thus, customer empathy is a requirement for the design of WII packages 
that meet the underlying needs of customers, while factoring in customer feelings 
about the products being offered. A typical market research seeks to understand the 
obvious characteristics of population (e.g., age, sex, income, employment, level of 
education, farm size, cropping activities). While a person-centered market research 
would seek to understand further information such as, how cultural beliefs and 
attitudes/religious views/willingness to adopt change/willingness to pay for change/
value placed on change (in monetary terms) influence technological preferences. 
Other information that could be sought by insurance providers include, household 
structure/headship and gender practices, to ascertain who does what? who has what? 
and who decides what? at the household level. SSA is home to more than 500 million 
women who account for about half of the continent’s population [91]7. Based on data 

7 According to Menashe-Oren & Stecklov [92], SSA is characterised by balanced sex ratios at birth, so 
the primary factors creating divergence in rural/urban age structures are sex differences in mortality and 
migration.
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from 45 countries in SSA for the periods 1980–2015, until the ages of 15–19, there are 
more boys than girls in the rural sector and fewer boys than girls in the urban sector, 
which changes dramatically between the ages 20–24 [92]. This suggests that in a lot of 
countries in SSA, there are more women than men who live and work in rural areas 
from the age of 20 onwards. This is consistent with reports which state that, in SSA, 
women are responsible for much of the food production in rural areas [93]. According 
to WorldBank [91], the share of labour varies across countries, ranging from 24% in 
Niger to 56% in Uganda, but remains consistently well below the commonly cited 
60–80%. Despite their contribution to agriculture, women in male headed house-
holds have very little say in decision-making compared to women who head their 
own homes (female headed households) [94]. The point is, if women are a major 
demographic in rural areas, gender differences and practices are important factors 
that should be incorporated into the design and application of WII in SSA. In a study 
on Northern Ghana carried out by Gallenstein et al. [84], bundling loans with micro-
insurance was seen to increase the likelihood of loan applications for female farmers 
more than men. An analysis into such behavioural patterns could help WII providers 
to package their products in a gender sensitive manner so as to appeal to the needs of 
both male and female smallholders, which will potentially increase demand.

The more information is understood about the characteristics and preferences 
of the target population, and the more inclusive the insurance product or package is, 
the more likely it is to influence demand in a positive way. For as long as WII suppliers 
do not genuinely put the people first, combining WII with other innovations will not 
increase demand. Bundling WII with key farm inputs such agricultural inputs (i.e., 
fertilisers, seeds, loans, etc.), key agricultural institutions (e.g., Agri-banks, input 
suppliers, farmers’ organisations, etc.) has not boosted demand for WII in Malawi 
[27]. From the lessons learned in this chapter, a ‘One Size Fit All’ WII design does not 
work well in SSA – what worked in Machakos County, Kenya did not work in Eastern 
and Northern Ghana.
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Toward Safe Food Systems: 
Analyses of Mycotoxin 
Contaminants in Food and 
Preventive Strategies Thereof for 
Their Formation and Toxicity
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Abstract

Mycotoxin contaminants in food pose a threat to human and animal health. These 
lead to food wastage and threaten food security that is already a serious problem in 
Africa. In addition, these affect trading and especially affect incomes of rural farmers. 
The broad impacts of these contaminants require integrated solutions and strategies. 
It is thus critical to not only develop strategies for analysis of these toxins but also 
develop removal and preventive strategies of these contaminants to ensure consumer 
safety and compliance with regulatory standards. Further within the aim of promot-
ing food safety, there is need for operational policy framework and strategy on the 
management of these contaminants to promote their mitigation. This chapter dis-
cusses integrated strategies for monitoring and control of mycotoxin contamination 
in food matrices to promote their mitigation and build resilient food systems in Africa 
and thus reinforce efforts to reach sustainable food security.

Keywords: food safety, mycotoxins, nanotechnology, analytical strategies,  
food security

1. Introduction

Food safety indirectly affects a wide range of social, economic, and environmental 
processes including food production and hence environmental impacts of agriculture, 
food trade, and energy use [1]. Foodborne illness, in particular, places an undue 
burden on health and socioeconomics of society, and this burden is the highest in 
developing countries especially in marginalized communities. Thus, the integration 
of food safety considerations is critical in achieving a wide range of sustainable devel-
opment goals (SDGs) including SDG2 (End hunger, achieve food security and improved 
nutrition, and promote sustainable agriculture) [2]. It is important to make food safety 
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a development priority and to ensure that food security policies and initiatives give 
attention to food safety.

In order for African Governments to make food safety a public health priority, 
there is need for rigorous analysis of food contaminants that would give evidence on 
the burdens of food safety and thus lead to establishing and implementing effective 
and resilient food safety systems [3]. Of concern is the presence of chemical contami-
nation that poses an enormous threat to food safety and security, and these influence 
the development of African agri-food system. Chemical contamination imposes a 
huge economic burden across the health and other sectors [4]. Chemical contamina-
tion also leads to food loss, which could otherwise have served millions of people and 
assisted in achieving food security [5]. Food loss not only threatens food security but 
also represents the lost labor, capital, water, energy, land, and other resources that 
went into producing the food and thereby threatening sustainability [2]. Chemical 
contamination includes many substances such as agrochemicals, pesticides, heavy 
metals [6], persistent organic pollutants, and natural toxins [7]. Among chemical 
contaminants that are troublesome are naturally occurring toxins and these include 
mycotoxins, marine biotoxins, cyanogenic glycosides, and toxins occurring in poison-
ous mushrooms [8]. It is of particular interest to focus on mycotoxins due to their 
severity in Africa and their impact on agro-economies [9–13].

Mycotoxins are secondary metabolites of a range of filamentous fungi and 
saphrophytic molds [14]. Among all the toxic filamentous fungi species, Aspergillus, 
Fusarium, and Penicillium are important genera, producing regularly widely studied 
toxins including aflatoxins, patulin, ochratoxin A (OTA), deoxynivalenol (DON), 
trichothenes: T-2 toxin, fumonisin, tremorgenic toxins, ergot alkaloids, and zeara-
lenone (ZON) [15]. Mycotoxins can contaminate food or food crops throughout 
the food chain, in the field or after harvest and during storage [16]. In addition to 
food- and feed-born intoxication, humans can also be affected through exposures 
via surface water contamination. Pathogenic fungi, including Fusarium species, 
have been demonstrated to be capable of continuing to produce their secondary 
metabolites in water [17], and this process has been indicated to be a potential route 
of human exposure to mycotoxins [18].

1.1 Impact of mycotoxins on public health

The consumption of mycotoxins-contaminated food/feed products has had an 
adverse impact on public health for many centuries [19]. Mycotoxins can be found in 
many food products including cereals, nuts, spices, dried fruits, apples, and coffee 
beans [20]. Exposure to mycotoxins can produce both acute and chronic toxicities 
ranging from death to deleterious effects on the central nervous, cardiovascular, 
pulmonary, and digestive systems of most farm animals and humans. Mycotoxins 
may also be carcinogenic, mutagenic, teratogenic, and immunosuppressive [12, 19].

Aflatoxins are among the most potent carcinogens of all mycotoxins. Studies have 
revealed that aflatoxins occur at extremely high levels in many African countries 
such as Ghana, Benin, Togo, Egypt, Guinea, and Gambia [20]. Repetitive incidents of 
aflatoxicosis, which, in severe cases, lead to death, have been reported. The greatest 
recorded fatal mycotoxin-poisoning outbreak occurred in Africa in 2004 where a 
125 people in Kenya died due to consumption of contaminated maize [9]. A similar 
outbreak occurred in Eastern Kenya in 2005 where 75 cases were admitted in Hospital 
resulting in 25 deaths. Maize samples collected from these areas had high aflatoxin B1 
(AFB1) levels with 55% contaminated above the Kenyan legal limit of 20 μg/kg [10].
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AFB1 levels have been extensively linked to human liver cancer in which they act 
synergistically with HBV hepatitis B virus infection [10, 21]. There is up to 30 times 
greater risk of acquiring liver cancer from chronic infection with hepatitis B virus and 
dietary exposure to aflatoxin as compared with exposure to either of the two factors 
alone [21]. Both aflatoxin exposure and chronic hepatitis B infection predominate 
in rural Africa, which explains why the highest incidence of liver cancer occurs in 
Africa. In Tanzania, there was about 1480 per 100,000 persons cases of aflatoxin-
induced liver cancer in 2016 [12]. Further AFB1 could also lead to increased suscepti-
bility to infectious diseases such as malaria and HIV-AIDS [10].

Consumption of fumonisins has been associated with elevated human esopha-
geal cancer incidence in various parts of Africa [10, 22]. Fumonisins have also been 
implicated in the high incidence of neural tube defects in rural populations of Eastern 
Cape province, the former Transkei region of South Africa [11, 22]. Fumonisins may 
also cause stunted growth in children. A study carried out to investigate the relation-
ship between infant and young child growth and fumonisin exposure revealed that 
children with fumonisins intake of greater than the maximum tolerable daily intake 
(PMTDI) were significantly shorter (1.3 cm) and lighter (328 g) compared with 
children whose fumonisin intake is less than the PMTDI [20]. Recently, children in 
Tanzania showed impaired growth, which is associated with exposure to fumonisns 
from maize [23]. Another study done in sorghum grown in different parts of 
Northern Uganda showed that 80% of all samples contained aflatoxins, 93% fumoni-
sins, and 67% OTA. The presence of mycotoxins in staple such as sorghum has been 
linked to the development of edema and kwashiorkor in undernourished children in 
this region [24].

Aflatoxin exposure in young children in West Africa has also been associated 
with Reye’s syndrome, child neurological impairment, Kwashiorkor, and stunted 
growth [25]. The chronic incidence of aflatoxin in diets is evident from the presence 
of aflatoxin M1 (AFM1) in human breast milk in Ghana, Nigeria, Sierra Leone, and 
Sudan as well as in umbilical cord blood samples in Ghana, Kenya, Nigeria, and Sierra 
Leone [9]. Another study on aflatoxin exposure in the Gambia revealed that aflatoxins 
can be transported from the mother to the infant. This shows a significant association 
between maternal exposure to aflatoxin and impaired infant growth [26].

1.2 Economic impact of mycotoxins

The economic impacts of mycotoxins to human society can be thought of in 
terms of the direct market costs associated with lost trade or reduced revenues due 
to contaminated food or feed, and the human health losses from the adverse effects 
associated with mycotoxin consumption covered in Section 1.1. Mycotoxins are 
known to affect almost one quarter (25%) of global feed and food output [27]. This 
leads to huge agricultural and industrial losses in billions of dollars [20]. About 
10% of the 2010 Kenyan maize harvest was withdrawn from the food supply in a 
responsible move taken by the Kenyan government to protect public health, which 
translates to economic losses [16]. These toxins account for economic losses in the 
magnitude of millions of dollars due to reduced agricultural production. In Africa, 
factors such as poverty and climate change further complicate the mycotoxin situ-
ation; thus, the economic impact due to mycotoxins is alarming [19]. This impact 
includes high cost of research and regulatory activities aimed at reducing health 
risks because of the existence of causal relationships between mycotoxins and their 
impact on health.
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In domestic markets, economic losses occur at various levels, from the commodity 
producers to the brokers, the processors, and the animal producers. Several coun-
tries, particularly some industrialized ones, have set specific regulations defining 
maximum admissible levels for major mycotoxins in numerous commodities. Limits 
for AFB1 in foodstuffs range from 0 to 30 μg/kg, while those for total aflatoxins 
range from 0 to 50 μg/kg [28]. As of 2003, only 15 African countries, accounting for 
approximately 59 percent of the continent’s population, are known to have specific 
mycotoxin regulations [29], and this is still the current status to date. In countries like 
Ethopia, only a few food commodities have mycotoxin legislation largely because they 
are exported to European and American markets [28]. While these regulations limit 
their presence in food and feed, these also adversely affects access to attractive export 
market for many developing countries due to the difficulty in meeting required stan-
dards [1]. For example, Africa could earn up to US$1 billion per year from groundnut 
exports by regaining the 77% share of the global groundnut export market it enjoyed 
in the 1960s instead of the current share of 4%, which is valued at just US$64 mil-
lion [1].

1.3 Mycotoxin contamination: what is it to Africa?

Mycotoxin research has attracted huge interest among scientists, farmers, and 
policy makers and regulatory bodies alike. Despite mycotoxins being a much more 
pronounced problem in the developing world than in the developed world, much of 
the work in this area is concentrated in the developed world, while Africa, especially 
Sub-Saharan Africa, is lagging behind. Only few and fragmented studies have been 
conducted on mycotoxins in Africa (examples are shown in Table 1). This is of 
concern given that most of African countries rely on staple food such as sorghum and 
maize and other oil seeds such as groundnuts that are subject to contamination by a 
range of fungi, both in the field and after harvest. This predisposes a high number of 
populations in Africa to consumption of mycotoxin contaminated food products and 
thus increases the chance of chronic and detrimental exposure to mycotoxins [34]. 
Further, Africans rely on preservation of grains through traditional storage, where the 
grains stored for more than a few days are susceptible to fungal attack.

Increased climate variability and harsh climate conditions in Africa such as high 
relative humidity and high temperatures conducive for mycotoxigenic fungal colo-
nization and mycotoxin production pre- and/or post-harvest [46] may aggravate the 
situation. The stress of hot dry conditions, especially in places such as Botswana and 
Namibia, may result in significant mycotoxigenic fungal infections during the pre-
harvest phase and hence mycotoxin production. Climate change can also increase host 
susceptibility to hull cracking [46]. As a result, this can lead to decreased phytoalexin 
production, which increases susceptibility of peanuts to mycotoxin and may compro-
mise maize kernel integrity leading to increased mycotoxin contamination.

All these factors require a rigorous mycotoxin management system, especially 
the continued monitoring of mycotoxins in Africa. Thus, Africa is challenged with 
driving mycotoxin research to (a) provide scientific evidence for consumers from 
health and economic perspective; (b) to provide regulatory bodies with data for 
relevant risk of exposure and risk assessment to enable them to set regulatory legisla-
tions for mycotoxins in food commodities, as well as (c) to ensure that international 
regulatory levels are met. It is within this context that it is necessary to come up with 
cost-effective strategies in determining the identity and level of mycotoxins in food 
commodities as well as to come up with sustainable preventive strategies. Without an 
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aggressive research program to prevent, treat, and contain outbreaks of mycotoxins 
in grain, grain producers will suffer the consequences of reduced marketability of 
their products. In this regard, nanotechnology-based solutions present themselves as 

Country Year Mycotoxin(s)/fungal 
contamination

Matrix References

Angola 2017 Aspergillus and penicillium Arabica coffee and 
Robusta coffee

[5]

Botswana 2013 Aflatoxins and fumonisins Peanuts, peanut 
butter, and sorghum

[30]

2011 ZEA and fumonisins Maize and sorghum 
grains and meals

[31]

Ghana 2021 Aflatoxins Maize [32]

2019 Aflatoxins cereals and cereal 
based foods

[33]

2018 aflatoxins, fumonisins, DON, 
T-2 toxin, ZEA and ochratoxin

maize, maize silage, 
other cereals

[34]

Kenya 2021 Aflatoxin, citrinin, fumonisin, 
OTA, diacetoxyscirpenol, T2

HT2

Rice [35]

2020 Aflatoxins and fumonisins Maize [36]

Namibia 2019 Patulin, aflatoxins, and 
fumonisins

Sorghum malts [37]

Namibia, 
Kenya, and 
Nigeria

2018 Aflatoxins, fumonisins, 
DONl, T-2 toxin, ZON, and 

ochratoxin

Maize, maize silage, 
other cereals

[34]

Nigeria 2020 DON, fumonisins, 
moniliformin, aflatoxins, and 

citrinin

Cheese balls, garri 
(cassava-based), 

granola, and popcorn

[38]

Rwanda 2019 Aflatoxins and fumonisins Maize [39]

2018 Aflatoxins Soybean (Glycine 
max L.)

[40]

South Africa 2018 Aflatoxins, fumonisins, 
ochratoxins, HT-2 toxin, 

T-2 toxin, ZON, DON, and 
15-acetyl-DON

Maize [41]

2018 Aflatoxins, fumonisins, OTA, 
sterigmatocystin, 3-acetyl 

DON, roquefortine C

Food spices [42]

Togo 2019 Aflatoxins, fumonisins, and 
trichothecenes

Maize and sorghum [43]

2020 Aflatoxins Maize [44]

Zambia 2017 Aflatoxins Groundnut and 
maize

[45]

Zimbabwe 2013 Aflatoxins and fumonisins Peanuts, peanut 
butter, and sorghum

[30]

Table 1. 
Examples of mycotoxins studies in Africa.
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attractive solutions and the use of affordable detections such as point-of-care (POC) 
diagnosis and electrochemistry are areas that present a lot of potential.

2. Analytical strategies toward mycotoxin adsorption and detection

The accurate and rapid qualitative and quantitative analysis for mycotoxins has 
been topic of interest by many researchers [47, 48]. A mycotoxin analysis method 
should be simple, rapid, reproducible, robust, accurate, sensitive, and selective to 
enable simultaneous determination. Analytical methods for the determination of 
mycotoxins commonly have the following steps: sampling, homogenization, extrac-
tion, and cleanup, which might include sample concentration and then detection [49].

2.1  Cost-effective strategies for adsorption of mycotoxins (either for extraction or 
for decontamination)

Several strategies on pre-harvest and post-harvest prevention of mycotoxin 
contamination have been reported including the use of resistant varieties, the use 
of biological and chemical agents, crop rotation, improved drying methods, good 
storage conditions, and irradiation. However, these methods do not solve the prob-
lem as mycotoxins still get detected in food ready for consumption [50]. Therefore, 
greater attention should be paid to mycotoxin adsorption or removal strategies as 
they have greater potential in complete elimination of mycotoxins from food com-
modities. These adsorption strategies are also very useful for extraction of mycotoxin 
in contaminated samples prior to instrumental analysis, needed especially for trace 
analysis. An efficient method for adsorption of mycotoxin should be inexpensive, able 
to adsorb or remove/inactivate the mycotoxins without producing toxic residues and 
affecting the technological properties, nutritive value, and palatability of products 
[51]. Several adsorption materials are discussed herein.

2.1.1 Zeolites

Zeolites are micro-porous crystalline-hydrated aluminosilicates structurally 
based on three-dimensional anionic network of SiO4 and AlO4 tetrahedra linked to 
each other by sharing all of the oxygen atoms [52]. The potential for using zeolites as 
mycotoxin adsorbents is based on their adsorption capacity, cation-exchange, dehy-
dration-rehydration, and catalysis features. Zeolites can also be modified specifically 
to enhance selectivity of specific mycotoxins. Mycotoxins are structurally diverse; 
thus, they have varying chemical and physical properties. Some are polar, others are 
non-polar, and there are several that fall in between. This diversity can be resolved 
by such a material that can change its properties under various physicochemical 
 conditions [52].

Surfactant-modified zeolites have proven to be effective adsorbents of mycotoxin 
and potential food additives due to their “non-toxic” traits. The clinoptilolite type 
that has been approved by European Food Safety Authority (EFSA) Panel on Food 
Contact Materials, Enzymes, Flavorings and Processing Aids (CEF) is one of the 
safe substances for feed and food additives [53]. The in vitro mycotoxins adsorp-
tion by natural clinoptilolite-heulandite rich tuff-modified with octadecyldimethyl 
benzyl ammonium chloride (Do) and dioctadecyldimethyl ammonium chloride (Pr) 
(organo-zeolites) has been investigated [54]. Results from the mycotoxin-binding 
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studies showed that the organo-zeolites effectively adsorbed AFB1, ZON, OTA, and 
the ergopeptine alkaloids.

ZON adsorption by organozeolites prepared via treatment of the natural zeo-
lites—organoclinoptilolites (ZCPs) and organophillipsites (PCPs) with cetylpyridin-
ium chloride (CP), has also been studied [55]. Results showed that adsorption of ZON 
increases with increasing amounts of CP at the zeolitic surfaces for both ZCPs and 
PCPs even though the adsorption mechanism was different. The increased adsorption 
of ZON with increasing amount of organic cation at the zeolitic surface confirmed 
that CP at both zeolitic surfaces is responsible for ZON adsorption. Although there 
has not been much work done on multi-mycotoxin adsorption by zeolites, studies 
show that there is potential in that area.

Due to their adsorption efficiency, zeolites have also developed for the analyti-
cal determination of mycotoxins, especially aflatoxins and ZON. Aflatoxins in milk 
have successfully been determined with an ionic liquid-modified magnetic zeolitic 
imidazolate framework-8 (M/ZIF-8) [56] and the application potential of M/ZIF-8 
was extended successfully for the trace liposoluble pollutants analysis in foodstuffs. 
Natural zeolite treated with benzalkonium chloride has also showed great potential as 
an OTA and ZON adsorbent [55].

2.1.2 Molecularly imprinted polymers (MIPs)

MIPs are synthetic polymers with a predetermined selectivity for a certain ana-
lyte or several analytes that are structurally similar, making them ideal for separation 
and adsorption purposes. MIPs have been widely investigated as suitable adsorbents 
for mycotoxin analysis and determination [57–59] and only have been applied to 
food commodities to solve the challenge associated with detecting trace quantity 
of mycotoxins in food. AFB1-specific molecularly imprinted solid phase extraction 
sorbent has been developed for the selective pre-concentration of toxic AFB1 in 
child-weaning food, tsabana. The MIPs successfully achieved a pre-concentration 
factor of 5 and therefore significantly increased AFB1 signal intensity for easier 
detection [59].

MIPs have also been applied to extract AFM1 from milk spiked with 0.5–50 ng/mL 
AFM1. The MIPs removed 87.3–96.2% of the AFM1 without any notable effects on the 
milk composition [60]. MIPs that constituted of (i) Fe3O4, to make the MIP magnetic, 
(ii) chitosan (CS), and SiO2 to improve the biocompatibility, stability and dispersibil-
ity of the MIP, were developed for removal of patulin from apple juice. This Fe3O4@
SiO2@CS-GO@MIP demonstrated to be a promising adsorbent with the adsorption 
capacity of 7.11 mg/g maximally and ability to remove over 90% of the total patulin in 
apple juice [61].

2.1.3 Carbon nanomaterials

The application of nanotechnology in adsorbents is especially attractive due 
to increased adsorption capacities of nanomaterials. Nanotechnology is a field of 
science, which deals with production, manipulation, and use of materials ranging 
in nanometers [62] with unique and improved properties of commercial and scien-
tific relevance such as large surface-to-volume ratio and improved physiochemical 
properties such as color, solubility, strength, diffusivity, toxicity, magnetic, optical, 
thermodynamic properties [63]. In particular, the large surface area-to-volume ratios 
of nanomaterials can greatly enhance the adsorption capacities of sorbent materials.
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Carbon nanoforms have large surface area per weight, colloidal stability upon vari-
ous pH [64], strength, elasticity, and great conductivity and thus have great potential 
as mycotoxin adsorbents [65]. Fullerene, an allotrope of carbon has been found to 
adsorb aflatoxins. Another form, nanodiamonds, has the same advantages as carbon 
nanomaterials and is considered inexpensive [65]. Furthermore, their chemical 
structure allows surface modifications including carboxylation, hydrogenation, and 
hydroxylation which could enable effective adsorption of mycotoxins. The binding 
and mechanism of mycotoxins and nanodiamonds have been studied. Nanodiamond 
aggregates (~40 nm) have been shown to adsorb AFB1 and OTA via electrostatic 
interactions with functional groups on their surfaces [66] and demonstrated adsorp-
tion capacities greater that clay mineral, which are conventional adsorbents for 
mycotoxins.

Single/multiwalled carbon nanotubes (CNT) have been utilized in solid phase 
extraction of various mycotoxins due to their good adsorption capacity. A multi-
walled CNT-based magnetic solid-phase extraction sorbent for the determination 
of ZON and its derivatives were developed and applied in maize samples [67]. The 
main parameters affecting the cleanup efficiency were investigated using ultra-high-
performance liquid chromatography–tandem mass spectrometry (LC–MS), and high 
purification efficiencies for all analytes were obtained. The method proved to be a 
powerful tool for monitoring ZON and its derivatives in maize. The good adsorption 
capacity of CNT has also been utilized in extraction of tricothecenes [68, 69] and 
aflatoxins [70].

2.2 Cost-effective methods for the detection and analysis of mycotoxins

There are numerous analytical methods having different technical details for 
accuracy, which have been developed for analysis of mycotoxins [71]. Commonly 
used methods to analyze mycotoxins are thin-layer chromatography, high-perfor-
mance liquid chromatography with UV or fluorescence detection (FD), LC–MS [71], 
gas chromatography–mass spectroscopy, and immunoanalytical techniques with 
enzyme-linked immunosorbent assay (ELISA) being the most prevailing method 
[72]. Whereas these methods are offering good detection limits and exceptional 
specificities and sensitivities, they are still drawbacks associated with these methods. 
These methods are time-consuming, and they use expensive analytical instru-
ments, and require a lot of technical knowledge and operational expertise. They are 
therefore unsuitable for point-of-care diagnosis and will certainly not be accessible 
to farmers and many developing country laboratories. Therefore, the development 
of rapid, simple, relatively easy to use, and possibly non-instrumental cost-effective 
and convenient sampling and accurate detection methods for mycotoxin analysis are 
extremely essential and desirable. Methods with such properties are especially attrac-
tive for routine laboratory and on-site screening by untrained personnel and could 
also be affordable to farmers and to African Laboratories.

2.2.1 Lateral flow immunoassays

The lateral flow immunoassay (LFIA) has gained increasing interest and exhibits 
promise as a tool to overcome the complexities associated with traditional methods of 
mycotoxin analysis [73]. With LFIA, expensive equipment is not required, less skill is 
involved in administering LFIAs, and there is easy interpretation of results. The user-
friendly operation and easy storage of the LFIA platform allow them to be used at the 
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POC or industry setting as well as for in-home diagnoses/farm diagnosis especially 
with remote settings, administered with little training and with little chance of error 
[73, 74]. The POC diagnosis would also enable the decentralization of laboratory 
testing to POC sites. LFIA also offers advantages of prolonged shelf-life, small vol-
umes required, rapid screening, and sometimes sensitive detection. Rapid detection 
of mycotoxin levels in food is of key importance in both mycotoxin monitoring and 
exposure assessment [71].

Recently, LFIA has been studied to detect mycotoxins such as AFB1, ZON, OTA 
and T-2 toxin DON, and fumonisin B1 [73, 74]. A one-step lateral flow test has been 
developed for the quantitative determination of total type B fumonisins in maize with 
a test range up to 4000 μg/kg and a limit of detection of 199 μg/kg [75]. A multiplex 
LFIA with luminescent quantum dots as label was developed with cutoff limits of 
1000, 80, and 80 μg/kg for DON, ZON, and T2/HT2-toxin, respectively. The LFIA 
gave within 15 minutes with a low false-negative rate of less than 5% [73]. Further, 
LFIA has been used for the determination of AFB1, ZON, DON where analysis of 
naturally contaminated maize samples showed high sensitivity of LFIA proven by a 
good agreement between the multiplex LFIA and LC–MS/MS (100% for DONs and 
AFs, and 81% for ZONs) [74].

While traditionally built commercial LFIAs have many advantages, issues includ-
ing poorer sensitivity and lower specificity than laboratory tests such as LC–MS and 
HPLC affect their efficacy and availability to the full market potential. Decreasing 
these disadvantages and complexity of these tests may increase the availability of 
diagnostic testing and quality of food commodities to farmers unable to make it to 
expensive testing facilities. To overcome this, several strategies are currently being 
developed such as reducing the components utilized in the manufacturing of these 
tests, which will consequently reduce cost and increase the manufacturability, 
improving adsorption capabilities and improving detection capabilities [76].

2.2.1.1 Improvement of LFIAs using electrospun nanofibers

With LFIAs, bio-reagents are immobilized in defined areas of the strip, normally 
referred to as the membrane, where the formation of colored bands due to the accu-
mulation of suitably labeled species yields a yes/no information [77]. In particular, 
the analytical response is observed in the test line (T-line), while a second control line 
(C-line) allows to verify that the test has been correctly performed and therefore that 
results are reliable. There is potential for use of electrospinning to develop adsorbent 
pad and the support membrane for use in lateral flow device to improve adsorption 
flow rate and hence decrease incubation time [78, 79]. In conventional LFIA, nitro-
cellulose is used as a solid phase support. These are affordable, simple to produce, 
and easy to use in remote settings. These same materials can be used in conjunction 
with electrospinning technology to develop novel platforms for the detection of 
mycotoxins.

Electrospinning is a technique that utilizes electrostatic force to process a variety 
of native and synthetic polymers into highly porous materials composed of nano-
scale to micron-scale diameter fibers. By nature, electrospun materials exhibit an 
extensive surface area and highly interconnected pore spaces and thus offer the 
advantages of high surface area-to-volume ratio for active reaction sites, tunable 
porosity and morphology, and high mechanical strength. For the ability to directly 
regulate the physical properties of an electrospun material through the manipula-
tion of the fundamental variables such as electrospinning solvent and the air gap 
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distance, accelerating voltage affords considerable control over the process. Further 
electrospun nanofibers can be functionalized very easily and materials can easily 
be combined together to make fibers and thus manipulate nanofiber composition 
to get the desired properties and function. Electrospun fibers can also be deposited 
unto other surfaces such as microfibrious mats. Electrospinning has shown great 
potential including water and air filtration as well as a gateway to the development 
and fabrication of physiologically relevant tissue engineering scaffolds, hemostatic 
agents, wound care products, and solid phase drug and peptide delivery platforms. 
Despite the growing research in this area, electrospinning techniques have not been 
widely employed for the development of LFIAs. Although the potential application of 
combining electrospun nanofiber membranes and biosensing has been recognized, 
limited studies have been done in this area of LFIAs. To date, electrospinning has not 
penetrated to any great extent into product lines designed for diagnostic and research 
applications.

Electrospun materials, by nature, exhibit an extensive surface area-to-volume 
ratios and therefore increase chances of interaction with target analytes such as 
mycotoxins [63]. Increasing the surface area of the detector substrate offers the 
advantage of increasing the number of sensing sites available without increasing the 
amount of overall sample required. A small volume electrospun mat can provide a 
very large surface for sensing and easy access for mycotoxins to the sensing sites [63]. 
The sequential deposition of the discreet, individual fibers that are formed in this 
process also results in a unique and complex interconnected network of pores. Thus, 
exploiting these characteristic to fabricate LFIA platforms designed for mycotoxins 
detection is desirable. The electrospun membrane can then be manipulated with gold 
nanoparticles (NPs) and antibodies to achieve functionality required for the myco-
toxin detection. Gold nanoparticles are the most preferred candidate materials and 
have been widely used for the fabrication of aflatoxin-sensing devices. Gold nanopar-
ticles offer excellent compatibility with antibodies, and their functionality remains 
unaffected even after immobilization. A fiber-based immunoassay system could also 
be incorporated in multiple configurations, which may not necessitate individual 
housing and packaging of tests.

Developing a fiber-based immunoassay system, by incorporating immunoas-
say technology that is currently used for diagnostic tests into a fiber-based system, 
presents a great potential. This could increase the sensitivity, decrease the number of 
components in manufacturing, reduce cost, and facilitate simpler and more com-
fortable sample collection to simplify the procedure. Electrospun membranes have 
been tested as immunoassay substrates. Polycaprolactone on nitrocellulose has been 
successfully electrospun membrane to form a hydrophobic coating to reduce the flow 
rate and increase the interaction rate between the targets and gold NPs-detecting 
probes conjugates [79]. This resulted in the binding of more complexes to the capture 
probes. With this approach, the sensitivity of the PCL electrospin-coated test strip 
was increased by approximately 10-fold as compared with the unmodified test strip. 
The approach holds great potential for sensitive detection of targets at point-of-care 
testing.

2.2.1.2 Improvement of detection in LFIAs

As there is an increasing need for high-performing LIFA in the clinical, environ-
mental, self-diagnosis, agriculture, and food safety areas, conventional LFIA having 
readout errors to the naked eye is up against some major problems such as poor 
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quantitative discrimination and low analytical sensitivity. To make the most out of 
LFIA’s advantages such as rapid point-of-care diagnosis, LFIA readers measuring the 
optical densities of the LFIA detection area have been developed for point-of-care 
applications [80] provided for quantitative or semi-quantitative analysis.

Further to provide the basis for a global monitoring of mycotoxins, highly sensi-
tive, low-cost diagnostic tests developed can also be linked to smart phones applica-
tions as shown in Figure 1. The resulting digital information can be transmitted to a 
database of mycotoxin occurrence developed country by country and thus improved 
communication channels within the food chain. This could lead to comprehensive 
information systems that can support farm management decisions and thus help pro-
ducers of many crops to produce higher quality and/or avoid losses, and also increase 
consumer confidence in agro-food products. A simple, rapid, and accurate one-dot 
LFIA detection method for AFB1 has been developed for point-of-care diagnosis [80] 
using competition between colloidal gold-AFB1-BSA conjugates for antibody-binding 
sites in the test zone. This was coupled with smartphone application for quantitative 
or semi-quantitative analysis.

2.3 Electrochemical detection of mycotoxins

Electrochemistry provides powerful analytical techniques that are sensitive, reli-
able, portable, and low-cost procedures that are associated with food safety [81, 82]. 
Electrochemistry deals with relationship between electrical energy and chemical 
energy and inter-conversion of one form to another. To transform the toxin interac-
tion to analytical signal, a variety of electrochemical techniques have been used.

Amperometry is an important electrochemical analysis method in food analysis. 
In amperometry, the potential of the working electrode is constant and the resulting 
current from Faradaic processes occurring at the electrode is monitored with the 
function of time. It has a working response over a wide range of mycotoxin concen-
trations that gives an improved signal to ratio since the current is integrated over 
relatively longer time intervals [83].

Figure 1. 
Low-cost rapid mycotoxin test system combined with ICT solutions.
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Voltammetry is another method in the analysis of mycotoxins. The current in the 
cell is measured with respect to the variation of the potential in the cell. Constant 
or varied potential is applied at the electrode surface, and the resulting current is 
measured with a three-electrode system (work, auxiliary, and reference electrode). 
Chemically modified electrodes are employed for highly sensitive electrochemical 
determination of mycotoxins. Hernandez-Hernandez et al. 2021 studied ZON using 
cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical 
impedance spectroscopy (EIS). The method for the determination ZON was devel-
oped and applied for the quantitative analysis with low detection limits and multiplex 
analysis [84].

2.3.1 Electrochemical sensors

A biosensor is an analytical device that incorporate a bio-component or bio-recep-
tor such as isolated enzymes, whole cell, tissues, aptamers with a suitable transducing 
system to detect chemical compound [85]. The numerous examples in the literature 
illustrate the high potential of the electrochemical biosensors in mycotoxin analysis, 
contributing to their sensitive determination in a variety of food and commodities. 
Measurement of the signal is generally electrochemical for biological, and this bio-
electrochemical serves as transduction component in electrochemical biosensors. The 
biological reaction generates change in signal for conductance or impedance, measur-
able current, or change accumulation, which can be measured by conductometric, 
potentiometric, or amperometric techniques. The interaction between the target 
molecule and the electrical signal of bio-component produced can be measured [86].

Immunosensors are devices based on the detection of analyte-antibody interac-
tion. Three main groups have been developed, which are luminescent or colorimetric 
sensors, surface plasmon resonance, and electrochemical sensors. An electrochemical 
immunosensor for the simultaneous detection of fumonisin B1 and DON has been 
designed and fabricated, which attained very low detection limits [87]. Furthermore, 
a third-generation enzymatic biosensor for quantification of sterigmatocystin 
(STEH), which was based on modified glassy carbon electrode, has been developed. 
The biosensor was also used to determine STEH in corn samples inoculated with 
Aspergillus flavus, which is an aflatoxins fungus producer [88].

2.3.1.1 Nanosensors

In many situations, it is necessary to detect multiple analytes or pathogens 
simultaneously, especially in mycotoxins detection where various mycotoxins can 
contaminate one single product. This would not be possible with conventional sen-
sors. Sensors in nanoscale are especially attractive for such purposes. Nanosensors 
are characterized by one of the following attributes: Either the size of the sensor 
or its sensitivity is on the nanoscale or the spatial interaction distance between the 
sensors and the object is given in nanometers. These have advantages of improved 
sensitivity, specificity, and limits of detection, and reduced assay complexity and 
cost. Relatively small amount of analyte is required to register a response due to the 
small area of the sensing surface. Recently, a CeO2 NPs-based sensor to detect OTA 
was developed [89]. The biosensor was assembled by functionalizing CeO2 particles 
with OTA-specific ssDNA aptamers resulting in higher dispersibility and activity. 
Changes in the redox properties at the CeO2 surface upon binding of the ssDNA 



87

Toward Safe Food Systems: Analyses of Mycotoxin Contaminants in Food and Preventive…
DOI: http://dx.doi.org/10.5772/intechopen.101461

and its target, measured using TMB, enabled rapid visual detection of OTA. In the 
presence of OTA, the ssDNA aptamer changed its structure from loose random coils 
to a compact tertiary form following target binding. As a result, a decreased catalytic 
effect against TMB oxidation was observed. The system was able to detect as low as 
0.15 nM OTA.

During fungal growth, carbon dioxide is secreted due to the metabolic activity of 
microorganisms. In particular, gas nanosensors can be applied to detect the presence 
of CO2 [89]. The detection of CO2 is critical for environmental monitoring, chemi-
cal safety control, and many industrial applications; hence, nanosensors have been 
developed to assess changes in CO2 concentration [90]. Electrochemical CO2 nano-
sensors have been developed based on the principle that when CO2 comes in contact 
with a semiconductor nanomaterial layer, a surface interaction may occur through 
oxidation/reduction, electron charge transfer, adsorption, or chemical reaction. The 
chemical interaction of the adsorbate (CO2) with adsorbent semiconducting nanoma-
terial causes a charge depletion layer with upward bending energy bands that lead to 
change in electrical properties [91]. Although literature is scarce on CO2 nanosensors 
associated with mycotoxin monitoring, there is a great potential in the area.

3. Preventive strategies

3.1 Food packaging

It is important to maintain the integrity of the food during storage and transporta-
tion through the supply chain before reaching the end consumer. Food packaging is 
one of the most critical steps in the food industry to protecting and preserving food 
commodities from any unacceptable alteration in quality and safety [92]. Traditional 
packaging systems such as use of polyethylene, polypropylene, and polyethylene 
terephthalate have several limitations related to extending shelf-life and maintaining 
the safety of food products. Thus, food packaging continues to evolve along with the 
innovations in material science and technology critical for food commodity preserva-
tion and effective distribution. Moreover, the increased desire of both food producers 
and consumers for quality food is encouraging researchers to seek novel, innovative, 
and resourceful food packaging systems with committed food safety, quality, and 
traceability and also to find ways to improve food quality while least compromising 
nutrition product value [93]. Innovative packaging systems facilitate communication 
at the consumer levels. These interventions and developments in food packaging must 
be commercially feasible and effectively acceptable, which must meet regulatory 
guidelines along with a justified outcome that outweighs the associated expenses of 
added novel technology [93].

Nanotechnology, in particular, has brought advances in the domain of food pack-
aging. It offers a variety of options in the improvement of food packaging based on 
functionality nanomaterials, which can significantly address the food quality, safety, 
and stability concerns and thus reduce food waste and economic losses associated 
with mycotoxin contamination.

Advanced technologies based on applications of nanomaterials for food packaging, 
including active and intelligent packaging systems, have been developed in response 
to increased concerns for food safety and stringent regulatory requirements, and 
market globalization [94].
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3.1.1 Active packaging

An active packaging is a designed packaging system that incorporates components 
that would release or absorb material into or from the packaged food or the food envi-
ronment [94] thereby stimulating actions, which extends the shelf-life, and improves 
or maintains food quality and safety and/or sensory properties of the food product. 
Nanotechnology can be used to incorporate the active constituent into a food package 
material. Active packaging incorporates robust ways to control oxidation, microbial 
growth, hydrolysis, and other degradation reactions. The most promising active 
packaging technologies applicable to mycotoxin control include antimicrobial packag-
ing, which significantly improve the micro-biological safety, oxygen scavengers, and 
moisture regulators/absorbers [94].

3.1.1.1 Antimicrobial active packaging

An antimicrobial packaging in particular antifungal active packaging is attrac-
tive in dealing with mycotoxins. This packaging allows its interaction with the food 
product or the headspace inside to reduce, inhibit, or retard the growth of spoilage 
or pathogenic microorganisms that may be present on food surfaces [95] and thus 
extends food shelf-life. Antimicrobial packaging could be achieved either by incor-
poration of nanomaterial active agent onto or applying a coating layer onto or within 
the packaging material. The active agent can inhibit the essential metabolic pathways 
of microorganisms or destroy cell wall/membrane structure. Higher surface area-
to-volume ratio of nanomaterials antimicrobial agents in comparison with classical 
material enables their efficient inhibitory activity against food microbes resulting in 
an enhanced reactivity as photocatalysts and improved interactions between NPs and 
microbial membranes.

Nanomaterials such as chitosan NPs, metal NPs (AgNPs, Copper NPs and gold 
NPs), and metal oxide NPs (TiO2, ZnO, MgO, and CuO) and CNTs are suitable agents 
that are well known for their antimicrobial activity and thus show great potential in 
providing antimicrobial and scavenging activity to food packaging. AgNPs are known 
to be inhibitory against multiple fungi [62, 96]. The AgNPs have been shown to 
inhibit fungal growth, when they are deposited over multilayered linear low-density 
polyethylene (LLDPE), and this resulted in 70% reduction of Aspergillus niger [76]. 
In another study, the application of 45 ppm Ag NPs caused a decrease in mycotoxin 
production (up to 80%) and changes in the enzymatic profile in Aspergillus niger 
[97]. The biosynthesized AgNPs showed outstanding activities for inhibiting four 
mycotoxigenic fungal strains (including Alternaria alternata, A. ochraceus, Aspergillus 
flavus, and Fusarium solani) [98]. Chitosan/silver, chitosan/gold, and chitosan/cin-
namaldehyde nanocomposite films have also demonstrated antimicrobial activity 
against Aspergillus niger [99]. TiO2 NPs, used as a food additive and for food contact 
material, have been applied to food packaging [92]. ZnO NPs have been an extremely 
promising antifungal agents for inhibiting the growth of mycotoxin-producing fungi 
[98]. CuNPs with the size range of 3–10 nm have also been found to have a superior 
antifungal activity toward Fusarium oxysporum [100]. NPs are especially attractive 
when exploiting eco-friendly energy-efficient, cost-effective, and green approaches. 
The use of extract of Cymbopogan citratus (DC) stapf, commonly known as lemon 
grass [100] and leaf extract of Cinnamomum camphora [101] in NPs synthesis, has 
been reported and has been found to be efficient in terms of reaction time as well as 
stability of the synthesized NPs. Essential oil-loaded biopolymeric nanocarriers also 
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show promising antimicrobial and antioxidant activity and are suitable material for 
active food packaging due to inhibition of microbial growth in different food prod-
ucts [102].

3.1.1.2  Incorporation of moisture repellents and moisture absorbers in food packaging

Excess water reduces food shelf-life as it can promotes fungal proliferation induc-
ing undesired changes in food quality. Thus, the moisture absorbers that are active 
non-migratory packaging and anti-wetting agents can be used in food packaging to 
reduce food water activity and provide an environment less suitable for mycotoxin-
causing fungi [94]. Anti-wetting/moisture repellents can be made up of hydrophobic 
coatings on the surfaces of packaging materials.

Another strategy could involve the preparation of nano-engineered silicate-based 
hybrids coated onto both the intercalated and exfoliated silicate-based nano-compos-
ites. These materials are known to play an important role as agents that prevent the 
permeability of gaseous agents (e.g., O2, CO2). An attractive feature of using nano-
engineered silicate-based hybrids arises from the fact that they are among minerals 
that are widely found in nature abundantly. Silicate minerals can have the surface 
easily modified due to the high possibility of ion exchange whereby a hydrophobic 
silicate can be modified/converted to an organophilic by exchanging a cation on its 
surface with an organic cation.

3.2 Smart packaging/intelligent packaging systems

In processing facilities, packaged foods are tested randomly during a production 
run. The downside to this is that there is no assurance that unsampled packages meet 
quality and safety standards. Recent efforts have thus been directed to the develop-
ment of intelligent packaging systems that allow for real-time monitoring of food 
quality and boosting communicating with suppliers or the consumer at any point of 
the supply chain, or at the time of use [103]. These give ability to continually monitor 
the content of a package headspace and also provide a means to assess the safety and 
quality of the contained food long after it has left the production chain [62]. This can 
assist in ensuring adequate control after delivery to the supermarket, which is often 
not possible.

Intelligent systems use different innovative communication methods, which 
include sensors (already discussed under 2.3.1.1), indicators, and data carriers, 
that can measure changes in the environmental conditions inside packaging. These 
systems are attractive in mycotoxin research. The inclusion of nanosensors especially 
in food packaging systems could help in detecting the spoilage-associated changes 
and mycotoxin-causing fungi and thus can be alerted consumer and producer on food 
contamination [104]. These selective and sensitive nanosensors have been efficiently 
incorporated into food packaging, applied as labels or coatings to add an intelligent 
function to food packaging [105].

4. Conclusion

Analytical detection methods for mycotoxin that are affordable, easy to oper-
ate, and including LFIAs and electochemistry have been discussed. LFIA especially 
offers point-of-care diagnosis, which could be affordable to laboratories and farmers. 
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Social Resilience in Local Food 
Systems: A Foundation for Food 
Security during a Crisis
Tanya Zerbian, Mags Adams and Neil Wilson

Abstract

The Covid-19 pandemic has presented new challenges for food production, 
distribution, and consumption and has exacerbated existing inequalities in access to 
food. However, it has also provided new opportunities for local communities to work 
differently, to increase collaboration, and to improve outcomes for those most in 
need. This chapter focuses on how various local food initiatives within a specific UK 
city, Preston in NW England, interact, cooperate and collaborate, and the changes to 
these interactions during a crisis. The findings derive from a social network analysis 
(SNA) conducted during summer 2020 examining how relationships changed during 
the crisis, and online semi-structured interviews. Using resilience as a framework 
to understand these dynamics, the chapter argues that social preconditions, such 
as a previously organised local food network in partnership with local authorities, 
have helped communities to self-organise and respond to difficult circumstances. 
Moreover, it also highlights the ways in which responses to major disruption (Covid-
19) can bring about the collective questioning of current models of emergency food 
provisioning and create stronger collaborative bonds within already organised net-
works. We demonstrate that such processes could potentially improve food insecurity 
outcomes by combining locally grown food and dignified food access options.

Keywords: food resilience, social capital, food security, local food systems, Covid-19, 
local food initiatives

1. Introduction

The global Covid-19 situation has presented new food production, distribution, 
and consumption challenges and has potentially exacerbated existing inequalities 
for those in deprived areas. Significantly, the implications of the Covid-19 pan-
demic on global food supply chains and food systems’ resilience have aggravated 
food insecurity indicators. As defined by the Food and Agriculture Organisation 
(FAO), food security is a condition that “exists when all people, at all times, have 
physical, social and economic access to sufficient, safe and nutritious food that 
meets their dietary needs and food preferences for an active and healthy life” ([1], 
p. 49). The FAO estimates that up to 811 million people worldwide faced hunger 
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in 2020 – up to 161 million more than in 2019 – as conflict, climate extremes, and 
economic  slowdowns, aggravated by the Covid-19 pandemic, continued to increase 
in frequency and intensity [2]. The World Food Program (WFP) calculated that the 
number of acutely food insecure people in the countries where it operates reached 
more than 271 million people directly due to the aggravating impact of the Covid-19 
pandemic. In the UK, it is estimated that the number of people experiencing food 
insecurity quadrupled due to lack of food in shops, economic impacts, and isolation 
brought about by the pandemic [3].

As well as these challenges, the Covid-19 situation presents new opportunities 
for local food initiatives to work differently, increase collaboration, and improve 
outcomes for those most in need. Local food initiatives usually refer to social innova-
tions that aim to address environmental and social issues derived from current food 
system structures, reconfiguring food supply chains and relations within a locality 
[4]. The collective responses of local food initiatives to the disruption caused by 
Covid-19 provide the perfect space to increase knowledge about how local food 
systems – collaborative networks that integrate individual local food initiatives efforts 
[5] – and could potentially lead to better food security outcomes. Case studies have 
increasingly documented how networked responses in diverse local communities 
during the Covid-19 crisis managed to respond to rising food insecurity needs and the 
opportunities this might provide for food systems change [3, 6]. Our research aimed 
to expand this body of literature by providing knowledge about how various local 
food initiatives interact, cooperate, and collaborate, how these changed during the 
Covid-19 pandemic and what this means for a local food system. To date, there are 
few studies that have investigated the changing structure of local food systems using 
a comparative research design before and during a disruption. Lessons learned from 
this examination might help local responses to future crises such as the climate crisis 
and other external stresses that affect food systems and society.

We focus on the local food system of the Local Authority Area of Preston in 
the Lancashire region of the UK. In the first section of the chapter, food security 
resilience is introduced. By providing an overview of the concepts of resilience and 
social capital, a theoretical framework is presented that is used to unpack the dynam-
ics of Preston’s local food system. The following section outline the methodology 
used to study Preston’s local food system – namely, a social network analysis (SNA) 
conducted during 2020, examining collaborative relationships before and during the 
crisis, and online semi-structured interviews with a subset of local food initiatives. 
Next, the results from the research are presented in order to illuminate the changing 
characteristics of the local food system and its potential outcomes. The final section 
returns to the concept of food security resilience, using social capital as a proxy, 
to highlight important lessons learned from the case study presented, namely the 
relevance of previous social preconditions to ensure adaptation and response.

2.  Social resilience, a key factor in addressing food security needs during  
a crisis

2.1 Food security resilience; beyond ecology

Resilience is a concept that holds different meanings depending on the various 
situations in which it is being used [7]. Ecology literature usually frames resilience as 
a technical concept that refers to the “capacity of a system to withstand shocks and 
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external pressures while maintaining its basic structure, processes, and  functions” 
([8], p. 601) In this context, resilience was perceived as an isolated ‘outcome’ rather 
than connected to specific abilities, as many academics and practitioners now rec-
ognise [9]. Resilience thinking has expanded from this initial narrow definition by 
integrating adaptability and transformability as crucial ingredients [10, 11]. Social 
theory has contributed to this reconceptualisation adding essential dimensions, such 
as agency and collective action, to the concept [12]. As such, resilience is defined 
at the communal rather than individual level, focusing on coordinated efforts and 
cooperative adaptation [13]. Here, resilience refers to the ability of a given community 
or group to cope with external shocks and disturbances to its infrastructure and 
functioning [10]. It involves both the capacity to learn and adapt to ongoing pressures 
using existing economic, social, and environmental resources while also developing 
new strategies and capabilities [11].

Both literature and practice have increasingly acknowledged the potential of 
resilience thinking to contribute to food security. Tendall et al. [14] develop the 
notion of food security resilience at the system level by breaking it down into four 
components: robustness (the capacity to withstand the disturbance in the first place 
before any food security is lost); redundancy (the extent to which elements of the 
system are replaceable, affecting the capacity to absorb the perturbing effect of 
the disturbance and avoid as much food insecurity as possible); flexibility and thus 
rapidity (or the speed with which the food system can recover any lost food security); 
and finally, resourcefulness and adaptability (how much of the lost food security is 
recovered). More broadly, it has been argued that food security resilience is “about 
the capacities of households and communities, to deal with adverse events in a way 
that does not affect negatively their long-term wellbeing and/or functioning” ([12], p. 
806). Although Tendall et al.’s [14] definition offers a strong starting point to under-
stand how particular local food systems have been able to respond to the Covid-19 
pandemic, resilience variables such as those proposed are difficult to observe and 
measure, and there is no current consensus on how to do so [7].

Therefore, to understand how local food systems can contribute to food security 
and what is needed to address external stresses, this study assessed the changes 
in resilience capacities (the inputs required to achieve resilience) of Preston’s local 
food system. Although these capacities cannot be regarded as a proxy for the actual 
resilience of a system, there is a direct linkage between them and the potential of a 
system to be resilient [7]. Thus, they are helpful variables for understanding why a 
particular system might successfully respond to a specific crisis. Building on litera-
ture that integrates social theory into resilience thinking, this study concentrated on 
social resilience capacities of local food systems using social capital as an analytical 
tool, which other scholars have regarded as a key feature of community and social 
 resilience [10, 12, 15].

Overall, there is not a universal definition of social capital [16]. Adler and Known 
[17] categorised definitions of social capital depending on whether their focus was on 
an individual or a collective group, and divided the definitions into three categories. 
The first refers to social capital as a resource that an individual has as a result of their 
external linkages with other actors [13]. The second category focuses on the structure 
of relations of multiple actors that give the collectivity cohesiveness, which facilitate 
common goals. In this category, social capital is defined as “the features of social 
organisation, such as trust, norms, and networks, that can improve the efficiency 
of society by facilitating coordinated actions” ([18], p. 167). It is thus defined by its 
function to facilitate certain action within a social structure [19]. The third category 
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of social capital refers to both external linkages and internal linkages of a social 
grouping. The current study adopts the second view of social capital, as it allows 
the analysing of local food systems’ structure and the collective characteristics that 
facilitate action in times of crisis. In this regard, it moves away from focussing on an 
individual resource pool to address adversity towards the social resilience capacities of 
local food systems as a whole.

To aid the analysis of social capital influence upon the response of local food 
systems to emergencies, two forms of social capital are examined: bonding and bridg-
ing social capital. Bonding usually refers to strong and emotional connections, such 
as friends or family, among individuals that commonly share similar characteristics 
in class, race, attitudes, and available information and resources [17, 18, 20]. Bridging 
describes loose relationships that enables information to be exchanged across diverse 
groups [16]. Bridging social capital, in contrast to bonding social capital, usually 
appears in more open networks, increasing chances to expand and access new rela-
tionships, information, resources, and opportunities [21].

2.2 The changing relationships of local food initiatives pre- and during Covid-19

The methodology used in this study involved a three-phase process. Phase I con-
sisted of an initial internet search to identify a preliminary list of local food initiatives 
supporting one or more areas that contribute to the sustainability and food security 
of the Preston, Lancashire area. Local food initiatives in Preston were identified based 
on their nature as a component of a local food system as characterised by Clément 
[22]. Clément identifies local food initiatives as those that focus on direct local food 
marketing, local food procurement, food access programmes, and food education and 
policy [21]. We added an overarching criteria of having a specific focus on improv-
ing food security and sustainability at the local level and follow ethical principles to 
differentiate them from the conventional food system [23]. We initially identified 
44 organisations in Preston that could be considered local food initiatives working 
within the local food system.

Phase II involved gathering survey data from key personnel working in these 
organisations to establish which local food initiatives have active relationships and 
collaborations and which are more marginal within Preston’s local food system. The 
survey identified how these connections have changed since the Covid-19 crisis 
developed and enabled comparison with pre-Covid-19 relationships. To do this, we 
asked questions relating to the scale of interactions between organisations before and 
during the crisis. To answer these questions participants had to indicate which option 
best described their relationship with other organisations in the local food system. 
The scale used in the study was derived from the four Cs of interorganisational part-
nering to respond to a disaster and Himmelman’s collaboration continuum [24, 25]. 
Reflecting increasing degrees of interaction and integration with other organisations, 
the options provided were ‘communicating’ (exchange of ideas and information), 
‘sharing’ (communicating and sharing of resources for mutual benefit), and ‘col-
laborating’ (communicating, sharing and working together to create something new). 
Based on the definitions of bonding and bridging social capital, collaborating refers to 
the former, while communicating and sharing to the latter.

The survey analysis was coupled with SNA to measure the social capital features of 
the local food system, following a network approach to social capital, which focuses 
on the patterns and collection of relationships within a group [26]. SNA has been 
identified as beneficial for demonstrating the relationships among food systems’ 
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actors both visually and numerically [27]. Gephi, an open-source platform for visual-
ising and analysing network graph data, was used to analyse network-based questions 
to assess the overall characteristics of the local food system and identify central actors 
within it. Of the 44 identified organisations, 21 local food initiatives completed the 
survey. Although there are various methods available to impute the missing data of 
non-respondents, doing so can create biased network measures and metrics [28]. 
Missing data in this context is missing at random and the probability of it being miss-
ing is unrelated to the value of the missing connections and observed organisational 
attributes [29]. Therefore, the analysis was based on the 21 responses from local food 
initiatives that we received. Phase III included semi-structured interviews with key 
stakeholders in the local food system and will be discussed further in Section 2.3.

2.2.1 The social network of Preston’s local food system

Data about social networks is depicted as sociograms. Sociograms are graphs 
showing network actors (in our case these are local food initiatives which are repre-
sented as ‘nodes’ in the network) and their relationships (these are the connections 
between the local food initiatives and are represented as ‘edges’) [30]. Relationships 
(edges) can be directed (having a certain quality that can be different in both direc-
tions) or undirected (where the type of relationship is not specified). We gathered 
information about both, as knowing the direction of the edges can provide informa-
tion about reciprocal relationships. Reciprocal relationships denote the level of trust 
between organisations because it reflects the cultivation and utilisation of tangible 
and intangible resources by network members for the common interest [16, 21]. 
Figures 1 and 2 illustrate the sociograms of the relationships among organisations 
before Covid-19 and during Covid-19. For the SNA, we concentrated on measures of 
connectivity and centrality1, as they represent some of the fundamental structural 
properties of importance to any network and have been used to clarify the vulnerabil-
ity of networks [30].

Table 1 shows the local food system’s connectivity network measures, compar-
ing pre-and during Covid-19. Network diameter is the longest distance between any 
two nodes (i.e., how many edges are between the two most distant nodes). A short 
network diameter means it is possible to move through the network in a very few steps 
through a small number of nodes and implies that an idea or resource will spread 
quickly across the network, signalling integration to the system [31]. The average 
path length is the mean distance between all possible pairs of nodes in the network; 
the closer to 1, the more connected the network [32]. In the case of Preston, with a 
diameter of 2 and an average path length of approx. 1.5 even before Covid-19, the 
local food system was already ‘compact’ [33].

Similarly, network density – the number of identified links divided by the maxi-
mum possible number of links [32] – remains between 0.44 and 0.45. This measure 
captures the bonding social capital within the local food system, reflecting sociologi-
cal ideas like cohesion, solidarity, and membership, by calculating how many edges 
exist between actors compared to how many edges between actors are possible; the 
closer to 1, the more connected the network is [34]. In terms of resilience, having a 
medium network density, low diameter, and average path length means that resources 

1 Connectivity is an aggregate metric that gives information about the cohesiveness of the network as a 
whole; the interconnectedness of actors. Centrality is a measure relating to individual nodes. It indicates 
which nodes possesses critical positions in the network [27].
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Metric Pre-Covid-19 during Covid-19

Network Diameter 2 2

Network Density 0.442 0.453

Average Path Length 1.568 1.553

Table 1. 
Connectivity measures in Preston’s local food system.

Figure 1. 
Sociogram pre-Covid-19 - Preston’s local food system.

Figure 2. 
Sociogram during Covid-19 - Preston’s local food system.
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can spread quickly between organisations. In times of crisis, such connectivity can 
facilitate rapid social action and setting up new processes and activities without the 
potential for duplication of activity and attendant waste of resources, making it easier 
to respond to changing situations such as Covid-19. This could explain the successful 
response to food insecurity described by participants (see Section 2.3.). Based on these 
measures, it could be argued that Preston’s local food system already possessed a strong 
level of bonding social capital, as it demonstrates collective cohesiveness. However, as 
will be seen next, this changes when looking at the types of relationships present.

Figure 1 illustrates the overarching interconnectivity between organisations of 
Preston’s local food system before Covid-19. The size of the nodes in the sociograms indi-
cates the importance of an organisation within the network. The edges (connections) 
are coloured based on the type of relationship: blue: communicating, red: sharing, green: 
collaborating. The local food system before Covid-19 already shows a high number of 
edges between the many organisations within it. Approximately half of edges were 
collaborative relationships, and the other half were communicating and sharing con-
nections (see Figure 1). Notably, the sociogram pre-Covid-19 presents a small network 
of organisations, which share collaborative ties with the same initiatives. In this regard, 
there was a strong presence of bridging social capital exemplified through weaker ties 
such as communicating or resource sharing, with a sub-group of organisations with an 
enhanced bonding social capital reflected through collaborative relationships.

Comparing the sociograms before and during Covid-19, it can be identified that 
the pandemic has affected the associations between local food systems’ members, 
although the overall features of the local food system remain the same. Significantly, 
it has increased the quality of interactions. Figure 2 illustrates a higher number of 
green coloured, collaborative relationships across the local food system, accounting 
for 60% of the edges. In this regard, many weaker connections in the form of sharing 
and communicating pre-Covid-19 were replaced by collaborations during-Covid-19, 
signalling the creation of bonding social capital from previous connections based on 
bridging social capital.

Despite the overarching interconnectivity between organisations within Preston’s 
local food system, it can be identified that a small number of organisations have par-
ticularly central roles in the network, which has been strengthened during Covid-19. 
To understand the role of specific organisations within the network, we used centrality 
measures to identify the most connected actors in the network that hold a significantly 
higher than average number of links [31]. In-degree centrality is the number of edges 
pointing towards a node, i.e., how popular or sought-after a given organisation is. Out-
degree centrality denotes the outgoing connections of a node with other organisations, 
which refers to the sociability or outreach of an organisation [31]. This is important 
to understand the social resilience capacities of a local food system, as it points to 
particularly influential and prominent actors that could facilitate rapid response, 
network organisation, or those holding the resources needed to adapt. Table 2 presents 
the degree centrality per organisation. The nodes in Figures 1 and 2 are sized accord-
ing to their in-degree centrality score, which indicates the number of incoming links 
a local food initiative possesses. From this, four organisations, the local authority, the 
food redistributor, CGA (a community housing association), and Let us Grow Preston 
(LGP - a network of community gardens), can be identified as having high levels of 
in-degree and out-degree centrality. As such, they hold an advantageous position 
concerning their roles and leadership within the local food system. This has remained 
during Covid-19, albeit with the scores increasing for each organisation, indicating an 
increased number of connections.
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Betweenness centrality measures how often a node lies on the shortest path 
between two other notes. This helps to identify the brokers or gatekeepers, those with 
links that stretch well beyond their local network neighbours, as these nodes are the 
critical actors on the path for routes of exchange. Eigenvector centrality measures the 
influence of a node in a network concerning the importance or connectedness of its 
neighbours [35]. Both betweenness and eigenvector centrality refers to the effect that 
an organisation may have within a network. Based on their eigenvector and between-
ness scores (see Table 2), the local authority and LGP are also the most strategically 
located overall to create links with other local food initiatives and share information 
and resources [31, 36]. The position of these organisations has been strengthened 
during Covid-19, indicating their potential role in structuring an organised response 
to the crisis, act as a bridge to facilitate information exchange and new information 
flows (bridging social capital), and increasing trustful connections (bonding social 
capital).

The following section uses data from semi-structured interviews to build on these 
findings and provide explanations for why Preston’s local food system has remained 
relatively unchanged in terms of overall characteristics, but more significantly 
changes in relation to the strength of ties. It explains how the previous structure of the 
local food system helped a coordinated response to the crisis, and the role of LGP and 
the local authority in facilitating coordination.

2.3 The importance of previous connections for self-organisation and adaption

In addition to the survey and SNA, we conducted semi-structured, in-depth inter-
views with a purposively selected subset of survey respondents. Of the 21 respondents 
to the survey, nine participated in this Phase. Additionally, to gain a deeper insight 
into Preston’s local food system, two local food researchers who had been involved in 
collaborative work within the local food system before Covid-19 were interviewed. 
Interviews lasted between 45 and 90 minutes, were conducted online following 
Covid-19 restrictions, and were recorded with the participant’s consent. Interviews 
were transcribed, and analysis was supported by NVivo software, following Stake’s 
[37] guidelines to qualitative case study analysis, which focuses on pattern recognition 
across the collected data. The use of case study analysis was intended to gather further 
explanatory details about the local food system and its changes.

As the SNA has shown, Preston’s local food system already had a high degree of 
connections before Covid-19, including both bonding and bridging social capital. 
This is mainly because Preston’s local authority had created a space in 2019 where 
local food initiatives within Preston could share their approach to food insecurity, 
could discuss various models of food aid provision, and foster mutual learning. 
According to participants, this initiative was taken up very positively by local food 
initiatives:

“My feeling is that they definitely, the meeting I went to, there was an enthusiasm 
around sharing and working together. There was a collective kind of wanting to do 
that […]” (local food expert).

This demonstrates the potential for developing bonding social capital was present 
before COVID-19, fostering stronger collective sharing and mutual learning. With the 
facilitation of the local authority, this embryonic food poverty alliance was working 
closely with LGP, a community gardens network initiated by the local authority, 
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to grow and collect surplus food from allotments and gardens to use the produce in 
food insecurity schemes and nutrition education. These events prior to Covid-19 
further suggest the centrality of local authorities in fostering coordinated approaches 
towards food-related issues and increasing social capital within local food systems. In 
addition, while the local food system was not necessarily demonstrating strong col-
laborative ties pre-Covid-19, as seen in the previous section, it reveals that providing 
opportunities to share information (bridging) is important in facilitating coherence 
between organisations and that can lead to increased bonding social capital in local 
food systems.

Interview findings corroborated the centrality of the local authority and the 
importance of previous relationships, as found through the SNA, to respond to the 
Covid-19 food insecurity crisis in the city. Covid-19 acted as a catalyst for the food 
poverty alliance by strengthening ties that pre-existed the pandemic. Pre-existing 
relationships that previously simply shared information, extended to collectively 
working towards a common purpose. In March 2020, the local authority called for a 
joint meeting of the food poverty alliance and other local food initiatives working on 
food access and LGP, leading to the creation of a WhatsApp group for coordination. 
Multiple interviewees reinforced the importance of the council’s leadership in ensur-
ing the successful organisation of networked responses:

“And that I think, really, it's just having that permanency, 'cause a lot of the organisa-
tions involved in the community food hub and the network are charity-based. So, 
they can't necessarily focus on that side of um, sort of leading on the project, so what 
[the local authority] have been doing is they've taken that kind of lead to coordinate 
things, and I think it definitely needs somebody like that to focus on it, 'cause we are 
all funding dependent, we might not be here tomorrow, but it still needs somebody to 
carry on and push that forward” (community food hub).

The importance of the local authority role in coordinating the food poverty alli-
ance is not only because many local food initiatives are reliant on external funding. 
Participants, including the local authority, perceived that the alliance was moderated 
and formed in an inclusive and accepting manner, leading to a feeling of building 
collective realities and a shared mission under a notion of diversity:

“And I think that is partly because from the onset I think we’ve all recognised that 
each of the groups are unique and offer their own individual services and I think that 
has been key. We are not, certainly the network isn’t trying to mould everybody to 
deliver one certain service. It’s actually recognising that everybody is […] unique and 
special in their own rights” (local authority).

This signals a high level of respect among the participants of the food poverty 
alliance, acknowledging the uniqueness of each. Significantly, this indicates that bond-
ing social capital and cohesiveness can still be present in non-homogenous groups, 
leading to a closely connected network, yet open enough to accept new entries. This 
acknowledgment of diversity within the alliance has led to the development of new 
connections. Interviewees agreed that Covid-19 prompted new relations between 
organisations, which might not have been considered previously. Covid-19 prompted a 
closer collaboration between food banks organised by diverse faith and ethnic groups 
and community gardens and sustainable food initiatives. This lead to a cross-fertili-
sation of beliefs, demographics, and purposes. In terms of social resilience capacity, 
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this meant that bridging social capital was invigorated, promoting  channels for the 
food poverty alliance to expand and potentially build stronger links with heterogenous 
groups. Indeed, the ability to respond quickly to Covid-19 in terms of food access was 
attributed to the strengthening of the relationships among these diverse groups:

“I know from an organisational point of view, how much I became under pressure at 
end of March to about July and then is continuing and couldn’t have done it without 
my partners and then having those conversations. And as you know, everybody was 
learning, we went from face-to-face meetings to learning a technology that nobody 
was au fait with […]. Even though, there were difficult times, we got to do it all.” 
(community centre).

This experience emphasises the importance of developing trust and mutual sup-
port in collaborative relationships. In Preston’s case, Covid-19 acted as a catalyst to 
reach higher levels of these attributes, helping member organisations to collectively 
overcome the challenges imposed by COVID-19 due to the increased strength of their 
connections. This increased coherence and thus new-found bonding capital among 
local food initiatives also meant a better response to food access concerns that might 
have been overlooked otherwise. Notably, this was related to the increased informa-
tion sharing among organisations and the exchange of food and resources. While 
talking about the benefits of joint coordination, one participant explained how, with 
the help of various providers, they were able to respond to a gap in food access for 
students in the city:

“It came to light through one of the other organisations… There is about three or 
four hundred students from South India who are in Preston and… The university 
were just, just ‘go away and leave us alone’. So, between us, between the various food 
providers we got on to the Vice Chancellor and said, ‘What are you doing? You should 
be helping these people’. And… The university said, ‘Oh, well we are shut down and 
we can’t do this, and we can’t do that…’ And we said, ‘Yes you can get a key and open 
the door to one of your big rooms and between us we will find food and the students 
can come to this one spot’” (community food market).

This communication between the food initiatives and the university ultimately 
led to a process being put in place to support these students. The university was not 
one of the organisations identified for the SNA as they are not a significant part of the 
local food system in the city, but this example illustrates how a local food system with 
strong bridging and bonding capital can swiftly identify and support other organisa-
tions outside of already established platforms. Furthermore, the ability to feed back to 
the food poverty alliance was highlighted as important for making sure that those in 
vulnerable positions were receiving food according to their needs, culture, and eating 
habits. Significantly, these examples elicited reflection across the local food initia-
tives, and led to discussions that questioned the adequacy of some of the models and 
food currently being used:

“So, in a crisis situation sometimes you have to do things because if it's a matter of 
you know somebody going hungry […] But I said that this is a plan strategy we need 
[…] be supporting our local small local businesses who are struggling, who may go 
out of business, who may be forced into poverty if we don't support them. So, you just 
perpetuate in that cycle and he, he's, I think he's going to get it now” (food hub).
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“I was having a meeting the other day and saying ‘yes, we are giving food parcels out, 
but what else goes with giving a food parcel, how are we making a difference other 
than putting that food on that table, but what else has that family learned? […] 
What else is happening in the house? Is there other issues? Who is actually talking?’” 
(community centre).

The above statements illustrate ways in which having spaces for discussion and 
knowledge exchange helps initiatives to move beyond a model of emergency food aid 
that mainly uses surplus food. Indeed, the prominent participation of LGP, which 
during the pandemic decided to grow as much food as possible and collect as much 
fresh local food from allotments and community gardens for the food poverty alli-
ance, has signalled a possible mechanism for introducing other local and sustainable 
food to address food insecurity needs. The local authority reflects this sentiment:

“And then of course, LGP have been key to this, because LGP work with all the local 
allotments […], so LGP have been providing all the food hubs with fresh produce 
and continue to do so. I know in some of the areas they’ve been talking about more 
community allotments, growing spaces, having gardens where they can grow their 
own produce and that will definitely without a doubt will be on the agenda going 
forward.” (local authority).

Although ‘it is by no means perfect’ and ‘there is still a lot to do’, as participants 
mentioned, the development of the local food system in Preston suggests the 
importance of developing both bridging and bonding social capital through strong 
collaborative links and information exchange across the diversity of organisations in 
the local food system to be able to respond better to future crises. Notably, the role of 
local authorities has been identified as key in such a process. More importantly, the 
Covid-19 pandemic has fostered the creation of spaces of mutual reflection, whereby 
the purpose and avenues of emergency food aid are reconsidered, and more sustain-
able and structural strategies are considered.

3.  Social resilience capabilities for improving food security outcomes 
during crises

This analysis of how the relationships between Preston’s local food initiatives 
changed because of the Covid-19 pandemic reveals the importance of how social 
resilience capacities can help communities better respond to shocks and disturbances. 
Within this local food system strong communicative, sharing, and collaborative 
relationships and connections were already present before the pandemic hit, with 
engagement occurring across an already highly connected network. Collaboration, 
mutual sharing, and communication between different types of local food initia-
tive indicate the presence of both bonding (strong collaborative connections) and 
bridging (loose relations through sharing and communicating) social capital before 
Covid-19. In particular, the prior formation of a food poverty alliance by the local 
authority provided the opportunity to construct a relatively cohesive response to food 
insecurity. Findings highlight that the critical component of these ties is the quick 
mobilisation of resources (e.g., food and information). This provided the capacity 
during Covid-19 to ensure food access across multiple communities during this major 
disruption to food systems and society’s structures. Reflecting on these features of 
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local food systems in relation to the literature on resilience and social capital, can help 
us better understand the role of networks of local food initiatives in adaptation, crisis 
mitigation and collective reflection and what these dynamics could mean for future 
successful food security responses.

Returning to the two types of social capital used to analyse the food security 
resilience capacity of Preston’s local food system, it can be argued that bonding and 
bridging social capital worked in complementary but distinct ways before and during 
the crises [21]. Bonding social capital, due to preparatory work of the food poverty 
alliance, helped the local food system adapt quickly to new ways of delivering food, 
whilst bridging capital helped integrate a more diverse set of local food initiatives. As 
explained by Putnam, bonding social capital fosters mobilising solidarity, allowing 
communities to ‘get by’, as in the case of increasing exchange of food and resources in 
Preston. On the other hand, bridging social capital is essential to ‘get ahead’, broaden-
ing identities and reciprocity across diverse groups [21]. In this regard, despite the 
presence of a relatively collaborative network before Covid-19, which others have 
argued can limit possibilities for expansion and inclusion [13], the presence of bridg-
ing social capital before Covid-19 might have helped the ‘openness’ of the alliance to 
create bridges across local food initiatives in terms of religion, type and beneficiaries. 
In addition, results show how a particular emergency can increase the level and type 
of social capital within local food systems, from loose connections based on informa-
tion sharing to collaborative ties, leading to greater bonding social capital. Increased 
bonding social capital has been related to trust and a sense of unity within communi-
ties [38]. Indeed, interviews highlight new levels of trust and respect among the food 
poverty alliance and across the local food system, working towards a common aim in a 
recognition of diversity as a result of newer collaborative relationships.

The literature on local food systems and local food initiatives has increasingly 
identified the potential benefits of increased collaboration between different types 
of organisations working on food-related concerns [39–41]. Our findings show that 
providing the space for local food initiatives to meet helps shape and develop relation-
ships. This has enabled discussions within the local food system about some of the 
disadvantages of food aid and the potential to develop avenues of support that can 
bring about better food insecurity solutions. In particular, this has demonstrated the 
possibility of creating a bridge between organisations working with vulnerable com-
munities and those focusing on local food, spaces which have previously been heavily 
criticised for being exclusionary and ‘elitist’ [42]. Moreover, food aid organisations 
have frequently been presented as supporting short-term strategies that concentrate 
on emergency patch work and sacrificing long-term solutions, thereby creating 
dependant and passive recipients of charity whilst also benefiting big corporations 
along the way [43, 44]. Providing spaces of deliberation for initiatives within the local 
food system to develop collective responses to food insecurity is shown to increase the 
possibility of questioning current models of food provisioning and to develop more 
imaginative structural solutions.

In addition, this study highlights the importance of a neutral organisation, with 
resources and strategically located in the local food system, to bridge ties between 
diverse organisations. Preston’s case showcases the role of city councils in developing 
social capital within local food systems [16]. This means that urban food governance – 
the modes of interaction within local food systems and the operational and decision-
making mechanisms that steer changes in it – have the potential to create synergies 
within local food systems [45]. Notably, given that local food initiatives often have 
limited capacities to manage collaborative spaces [46, 47], local authorities have the 
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advantaged position to adopt a leading role in forming partnerships and strategies 
within the local food system and more so in times of crisis. Moreover, the above find-
ings lend support to acknowledging the need for a coordinated response to emergency 
situations and crisis. However, this does not mean that, after crisis mitigation, no 
contingency plans should be adopted in these new collaborative spaces. Previous 
studies have highlighted the lack of consideration of vulnerabilities of food supply 
structures and crisis management plans in local food strategies and partnerships [48]. 
In this sense, local authorities should also take advantage of the collectivisation of 
food security responses to learn from the experience of the Covid-19 pandemic and 
ensure that structures, in combination with social resilience capacities, are in place to 
respond effectively to emerging risks.

Although the lessons learnt from Preston’s case reveal the importance of social 
resilience capacities and urban food governance in being able to respond and adapt 
to sudden emergencies to ensure food security, the long-term impacts of the changes 
Covid-19 has had on the dynamics of local food systems remain to be seen. Bonding 
capital could lead to a close network of those already established initiatives, with less 
opportunity for others to join. Higher levels of trust among the food poverty alli-
ance might also act as a barrier [36]. In particular, there is a risk of stagnation if the 
considerations resulting from the reflexive discussions and dialogue among local food 
initiatives does not lead to a broader focus beyond food poverty. Scholars indicate the 
deficiencies and challenges of a siloed focus of urban food governance spaces, such as 
diminishing its potential to create more transformative interventions [48, 49].

4. Conclusions

This article has sought to draw attention to the role of social resilience capaci-
ties in helping communities to self-organise and respond to difficult circumstances, 
especially during times of crises and disruption. This study is primarily aimed at 
revealing the structures needed to ensure that food access is guaranteed across diverse 
communities in all circumstances. Using SNA and semi-structured interviews with 
key actors within Preston’s local food system, this research has helped shed some 
light on the relevance of social capital, both bridging and bonding, in developing 
collective food security responses in times of crises. Although it is essential to ensure 
physical infrastructures such as food supply chains and storage are in place to support 
food security, building social infrastructures like cohesion and trust across local food 
systems should also become a priority in cities to support populations, particularly 
those most vulnerable, in disaster. A key actor in Preston in developing these pro-
cesses has been the local authority. As such, the research finds evidence good urban 
food governance is important for leveraging the collectivisation of food insecurity 
initiatives. Given that social capital can be fostered or deteriorated [16], a key focus in 
the future of local food systems, and urban food governance, should be on harnessing 
the new found bonding social capital to increase cohesiveness, but also seek to build 
up connections across diverse communities and local food initiatives.

While we acknowledge that our case may not be representative of all local food 
systems, it provides a place to begin unpacking the relevance of local food initiatives’ 
relations in addressing food security challenges. The inclusion of diversity within 
already established networks and alliances within local food systems can lead to 
collective reflexive processes and questioning of current approaches to food system 
deficiencies. Future research should examine how the increased collaborative ties 
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developed by the Covid-19 pandemic are affecting local food systems’ dynamics in 
the long-term and if these help move those systems beyond charity-based approaches 
to food insecurity. A particular focus should be if the increased connectedness of 
communities and local food initiatives due to solidarity remains even when external 
shocks are no longer a threat, working towards a collective effort to ensure food for 
all. With increased research in these areas and others, we will begin to better under-
stand the nuanced nature of social capital and local food initiatives relations for food 
security resilience and creation of long-term solutions to food insecurity within local 
food systems.
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Chapter 6

Self-Sustained Communities: 
Food Security in Times of Crisis
Kriengsak Chareonwongsak

Abstract

The COVID-19 pandemic has caused an increase in the number of poor people 
around the world and led to the risk of food insecurity on a global scale. Even in 
Thailand, a country where food production exceeds domestic demand, the COVID-19 
pandemic affects food security. The increased unemployment and the consequent loss 
of income resulting from the pandemics undermine food accessibility and afford-
ability for many people. This chapter addresses the problem of food insecurity in 
Thailand during and after the COVID-19 crisis. It provides an analysis of the current 
status of food insecurity and food system resilience in Thailand and suggests solu-
tions. It also proposes the adoption of a “Food Self-Sustained Community (FSSC)” 
model, which refers to the concept of building food security in a community. By 
planning and designing in advance, a community can switch its normal form of 
production seamlessly to a self-sufficiency model that prepares it for future crises, 
so that the community can produce enough food for all members without relying on 
sources outside the community.

Keywords: Food self-sustained communities, food security, food system resilience, 
crisis, COVID-19

1. Introduction

The spread of COVID-19 has severely affected the well-being of many people. It 
is not only the health effects but also the containment measures related to the pan-
demic that affects the economy. FAO estimated that 720–811 million people suffered 
from famine worldwide in 2020, a 9.9% increase from the previous year [1]. Even in 
Thailand, which can produce more food than its domestic demand, and by 2020 was 
the 13th largest food exporter in the world [2], in the face of the COVID-19 pandemic, 
it was reported that people consume less food or face starvation [3] disclosing a 
concern about access that surpasses availability.

In every crisis, food security awareness is raised and suggestions are made on how 
to solve the problems and develop food systems to ensure survival for countries’ popu-
lations. Many different proposals for food security have been advocated, ranging from 
global, country, community, household, to individual levels [4–8]. There are seem-
ingly opposite methods, such as market dependence or self-sufficiency [9], protection 
of domestic markets, and the liberalization of food trade [10, 11]. Players in the food 
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system may be centralized or decentralized, and large or small entities [12, 13]. Food 
production knowledge and technology may be modern or indigenous [14, 15].

The objective of this chapter is to review and analyze the impact of the COVID-19 
pandemic on food security in Thailand and review and analyze food system resilience 
and the challenges of building such resilience in a Thai context. Then, the Food 
Self-Sustained Community (FSSC) model will be discussed as an innovative approach 
to create community food system resilience and make communities competitive in 
normal times and self-reliant in food in times of crisis.

2. Analytical framework

The conceptual framework developed for considering the impact of the COVID-19  
crisis on food security in Thailand will be based on the relationship between food 
systems and food security. Food systems have the following elements and activities 
throughout the food supply chain:

• factors of food production (the supply of agrochemicals, such as fertilizers and 
pesticides, as well as animal feeds, water, and agricultural credit)

• food production (the methods by which agricultural products are produced, 
namely arable farming, horticulture, animal husbandry, fishery, and forestry),

• food processing (the conversion of agricultural products into consumable food, 
such as food manufacturing, food preparation, and food preservation),

• food stock, food markets, and trade (such as food distribution channels, food 
marketing and sales, food exports and imports, and food aid),

• and food consumption (including consumption behavior, demand, and purchas-
ing power).

These elements and activities are linked by food transportation, logistics, and 
finance [6, 16–18]. The four pillars of food security are food availability, food access, 
food utilization, and food stability [19].

Based on literature reviews [19–22], this conceptual framework assumes that 
the elements and activities of food systems and food security are related as follows 
(Table 1)—factors of food production, food production, food processing, and food 
stock are related to food availability and stability, as they are related to the supply of 
food products. Food consumption is related to food utilization. Food stocks, markets, 
trade, logistics, and finance are correlated with food availability, access, and stability 
because they are activities that relate to food distribution. In addition, the four pillars 
of food security are also interrelated, for example, food production and food stock 
affect food availability and food price stability, which affects food accessibility.

For the analysis of the impact of COVID-19 on the Thailand food system, the 
shocks on the food system are divided into four components—health crisis (the situ-
ation due to the outbreak), containment measures (pandemic control measures such 
as lockdown and the closing of borders), economic crisis (economic depression due 
to the effects of the outbreak and the containment measures), and the international 
situation and the response of foreign countries (Figure 1).
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An analysis of food system resilience will also follow the elements and activities of 
food systems, classified into three periods—pre-crisis, during the crisis, and post-
crisis. The term “crisis” means situations where the food system malfunctions and 
poses a risk of food insecurity due to COVID-19 outbreaks and the responses from 
governments and other sectors. The pre-crisis food system resilience consists of the 
ability to prevent crises (prevention), preparedness to deal with the crises (prepara-
tion), and the pre-warning system. Food system resilience during a crisis consists of 
protection from the impact of the crisis (protection), mitigating the effects of the 
crisis (mitigation), adaptation to cope with the crisis (adaptation), and recovery. 

Figure 1. 
Framework for analysis—The impact of COVID-19 on food security.

Food System Food Security

Availability Access Utilization Stability

Factors of production X X

Production and Process X X

Stock X X X

Market and Trade X X X

Consumption X

Logistics and Finance X X X

Note: Definitions of the four pillars of food security are based on FAO’s definition in “An Introduction to the Basic 
Concepts of Food Security,” 2008. Availability refers to the availability of a sufficient supply of food. Access refers to the 
ability of individuals to acquire sufficient food. Utilization refers to the ability of individuals to utilize food to achieve a 
state of nutritional well-being. Stability refers to the stability of the other three dimensions of food security over time.

Table 1. 
Relationship between the food system and food security.
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Post-crisis resilience analysis is unrealized. Therefore, the analysis is based on what 
has been learned (learning) by the authors to provide suggestions for improvement 
(transformation) of food system resilience in Thailand [23–25]. Other challenges 
affecting food system design are then analyzed, in particular the trade-off between 
the system goals and future risks for food security.

3. Impact of COVID-19 on the food system in Thailand

The COVID-19 outbreak in Thailand commenced in January 2020 and the govern-
ment announced a nationwide lockdown and closed borders for the first time in late 
March 2020 (these measures were relaxed 3–4 months later). In the first wave of the 
outbreak, 4237 people were reported as infected. A second wave of the pandemic 
occurred from late 2020 to March 2021, affecting some areas of the country. As a 
result, lockdowns were announced for five provinces that had experienced outbreaks, 
with a total of 24,626 people reported to be infected. Later, a third wave occurred, in 
April 2021, resulting in the infection of more than 2 million people, as of December 
2021 [26], and prompting the government to close down establishments, department 
stores, restaurants and announce the imposition of a curfew until the end of August 
2021. The medical care and state quarantine systems were unable to cope with the 
situation, therefore, it was necessary to switch to home isolation by allowing those 
without severe symptoms to be treated at home [27]. The Omicron variant has caused 
a 4th wave of the Covid-19 outbreak in Thailand, with more infections after the 
new year 2022. However, the number of infections in the 4th wave was not as high 
as expected and the symptoms of those infected are less severe, and therefore, the 
government relaxed closures and containment measures. Figure 2 shows the level 
of measures taken by the Thai government to control COVID-19 in line with the 

Figure 2. 
The Thai government’s responses to COVID-19 and daily new cases.
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severity of the outbreak [28, 29]. The pandemic and the government control measures 
have resulted in a generalized economic recession. These factors and situations have 
affected the food system and caused food insecurity in Thailand.

Note: The Containment and Health Index is a composite index that is calculated 
from 14 component indicators include eight indicators related to closures and 
containment measures (namely school closures, workplace closures, cancelation of 
public events, restrictions on gatherings, reductions in public transport, stay at home 
requirements, restrictions on internal movement, and International travel controls) 
and six indicators related to health measures (namely public information campaigns, 
testing policy, contact tracing, facial coverings, vaccination policy, and the protection 
of elderly people). The Economic Support Index is a composite index that is calcu-
lated from two component indicators related to economic measures namely, Income 
support and Debt/contract relief for households.

Data source: Hale, Thomas, Sam Webster, Anna Petherick, Toby Phillips, and Beatriz 
Kira (2020). Oxford COVID-19 Government Response Tracker, Blavatnik School of 
Government. Data use policy: Creative Commons Attribution CC BY standard.

3.1 Impact on factors of production

The COVID-19 outbreak has caused an increase in the prices of imported produc-
tion factors because of the imposition of restrictions to contain outbreaks of the virus. 
This has been especially the case in chemical fertilizers, which have seen large price 
increases since the middle of 2020, due to the reduced production of raw materials for 
fertilizer production and the increase in shipping costs due to container shortages for 
international shipping [30]. For example, the Urea price increased (in USD per metric 
ton) from $216 in May 2020 to $418 in September 2021.

Thailand is heavily dependent on imports of chemical fertilizers, which comprise 
almost all of the country’s total use [31]. This means that the country’s food system 
will be unable to avoid the impact of COVID-19.

Thailand’s agricultural sector faces a problem of labor shortage because most of 
the country’s farms are small and labor-intensive. They also employ a large number 
of foreign workers, often seasonal migrant labor [32]. The closure of the borders to 
contain COVID-19 caused foreign workers to panic and many left the country and 
were then unable to return to Thailand [33]. In the first 6 months of 2020, there was a 
reduction of around 545,000 foreign workers in Thailand or 18.2% of the total usual 
number of migrant workers in Thailand [34].

The agricultural sector is also at risk of a shortage of funding for the production 
of the next cultivation due to losses and lower household income. The increased cost 
of inputs, with a decrease in revenue due to reduced demand for food (because the 
lockdown measures have caused the economic recession and have limited the travel of 
foreign tourists), will cause food producers to suffer losses [35]. In addition, 76% of 
Thai agricultural households rely on nonagricultural income and 75% of the households 
have members working outside the agricultural sector [36]. Owing to the recession, 
nonagricultural workers now have lower incomes and there is increased unemployment. 
This will cause the total income of agricultural households to decrease as well.

3.2 Impact on food production and processing

The first wave of the COVID-19 outbreak caused the GDP of Thailand’s agricul-
tural sector in 2020 to contract by 3.3% compared to the previous year [37]. Factors 
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that contributed to the decline in agricultural GDP were border closure and lockdown 
measures [38]. However, effective control measures implemented in response to the 
first wave of outbreak increased the export of some food products, because Thai food 
products were trusted to be disease-free, while other food-producing countries had 
more severe outbreaks [39].

However, the second wave of the pandemic, which occurred at the end of 2020, cen-
tered on the fishing industry workforce cluster and the country’s large seafood wholesale 
market, severely affected seafood production and caused some countries to ban the 
import of seafood from Thailand [40]. Similarly, during the third wave of the pandemic 
outbreaks occurred in factories, including a large food-processing factory. As a result, 
the factories were shut down to disinfect and control the outbreak among workers, 
resulting in some food products being in shortage of supply for a period of time [41].

3.3 Impact on food stocks, market, and trade

In the macro view (national scale), food production in Thailand is sufficient to 
meet the needs of the country’s people. But in the micro view (household and indi-
vidual scales), some people face the problem of not having access to food. The risk of 
spreading disease in restaurants, wholesale and retail markets of agricultural products 
caused the government to announce the closure of these places from time to time to 
limit the spread of the pandemic, resulting in the blockage of the usual food distribu-
tion channels [42]. Although the government allowed restaurants and food shops to 
offer take-home and home delivery meals, home dining behavior resulted in lower 
consumption than eating at restaurants and food shops. In addition, at certain times 
COVID-19 also affected food price stability in Thailand. For example, the lockdown 
during the first wave of the outbreak resulted in soaring rice prices [43] and public 
anxiety led to food hoarding, resulting in short-term food shortages [42].

3.4 Impact on food consumption

The border closure and lockdown measures greatly reduced food demand due to 
the disappearance of about 40 million foreign tourists and exports. The economic 
recession caused by the pandemic control measures resulted in many workers suffer-
ing a reduced income and unemployment. It is estimated that up to 6 million workers 
experienced a reduced income or unemployment [44], especially workers in the tour-
ism sector. Affected people, especially the poor, unemployed workers, and vulnerable 
groups, have a reduced ability to buy food. A survey conducted by the International 
Health Policy Program found that as many as 85.4% of low-income residents in urban 
slums experienced food insecurity due to declining incomes, higher food prices, and 
difficulty in purchasing food [45]. Similarly, rural smallholder farmers engaged in 
monocultural agriculture were affected by the lack of channels to sell their produce. 
Reverse immigration of household members from the city to rural areas increased 
the pressure on rural households, due to increased household food needs [46]. These 
people experiencing economic hardships had to adjust their dietary habits by reduc-
ing their food consumption and switching to cheaper and less nutritious foods [45].

3.5 Impact on food logistics and finance

The COVID-19 crisis has affected the distribution of food by reducing the flow 
of food products and finance in the food system. Concerns about the spread of 
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pathogens through food transport have increased costs in food safety control pro-
cesses. The closure of food retail and wholesale markets has resulted in higher food 
transportation and distribution costs due to a lack of distribution centers [47]. Higher 
food logistics costs hinder access to food for people with lower incomes and lower 
their purchasing power.

The lockdown has also prevented some groups of people from accessing adequate 
and quality food because alternative food distribution channels have not been 
developed to replace the old channels that have been closed. For example, patients or 
people who are quarantined under the home isolation system have difficulty going 
out to buy food because the authorities require that they must be detained at home. 
However, no alternative food supply system was provided for this group of people 
[48]. Closing schools and replacing them with online learning means that schoolchil-
dren in poor families are not able to enjoy quality school lunches. People suffering 
from malnutrition have been unable to receive nutrients from medical services in 
hospitals because doctors and nurses have heavy workloads from caring for COVID-
19 patients and also due to the cutting of the public health budget allocated for other 
diseases [3].

4. Food system resilience in Thailand

The COVID-19 crisis has prompted a response from various sectors to intervene 
in the food system to address food insecurity and improve the adaptation of players 
and elements in the system. This section comprises a review and analysis of the status 
of food system resilience in Thailand, both before and during the crisis. Lessons 
obtained are then used to suggest changes to Thailand’s food system during the post-
crisis period.

4.1 Factors of production resilience

4.1.1 Pre-Crisis

Thailand’s food system is at risk of uncertainty. The agricultural sector has the 
highest number of poor people compared to other sectors. In addition, in this sec-
tor, the elderly account for 46% of the total workers and this percentage is likely to 
increase [49]. Half of the country’s farmers do not own their land and 56% of farmers 
owning land possess less than 10 rai (4 acres) of land [50]. Land use for energy crops 
and nonagricultural activities is also increasing, and only 22% of agricultural land is 
irrigated [51]. Moreover, most agricultural activities are dependent on inputs from 
foreign producers and large domestic companies, such as producers of chemical fertil-
izers, pesticides, plant breeding, animal breeding, and animal feed [52].

In the past, the government has continuously issued various policies and measures 
to solve these problems, for example, taxation of land and buildings to reduce the 
problem of landholding without use; provision of the Sor Por Kor 4-01 agricultural 
land title deeds to the poor; re-zoning of agricultural land use and zoning of food 
crops and energy crops; and development of water management systems and expan-
sion of irrigated areas [53, 54]. However, the solutions to the problems are still 
difficult to implement. As a result, alternative economy groups have offered food 
sovereignty as a solution as part of a campaign to enable small farmers to own food 
inputs independently of the monopoly of big business [55].
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4.1.2 During the Crisis

To cope with the COVID crisis, the government has taken measures to alleviate 
short-term shortages of production factors, such as a project to support subsidies for 
farmers, a moratorium on debt, a reduction of debt burdens, and extending the loan 
repayment period for Bank for Agriculture and Agricultural Cooperatives customers 
[56]. The border closure measure was relaxed temporarily to allow the importation of 
workers to work in the agricultural sector [34].

4.1.3 Post-crisis

The lesson is that Thailand is at risk of facing food insecurity due to its high depen-
dence on imports of food production factors from abroad, especially chemical fertiliz-
ers. At the national level, the development of the production capacity of agricultural 
inputs is therefore an answer to prevent shocks to the food system, such as the devel-
opment of the domestic fertilizer industry or promoting organic agriculture to reduce 
the use of agrochemicals. At the base level, it is difficult for small-scale farmers to be 
self-reliant on all inputs. But if farmers cannot control or rely on themselves in terms 
of all the factors of production, there is a risk that food production will be disrupted 
in times of crisis.

4.2 Food-production and food-processing resilience

4.2.1 Pre-Crisis

Although Thailand can produce more food than the demand, the risk is that 
the agricultural sector has the lowest productivity compared to other sectors. The 
agriculture sector accounts for 30% of the workforce, but only 10% of GDP [57]. 
Most farmers are smallholders, resulting in low productivity because they cannot use 
high-priced machinery and have to rely on foreign unskilled workers. Most agricul-
ture production is monoculture, resulting in low food diversity. Agricultural products 
in Thailand are concentrated on just 5 or 6 crops, some of which are non-food crops 
or those which are low in nutritional value. Vegetable farming occupies 0.9% of the 
total agricultural land use and concentrates on only eight types of vegetables [58]. In 
response, the government has promoted large farms to improve productivity and the 
use of agricultural technology. The Young Smart Farmer project was established to 
promote the new generation of farmers in the adoption of precision agriculture. On 
the other hand, some NGOs are trying to promote agroecological sustainable intensi-
fication [59].

4.2.2 During the Crisis

Rural areas with diverse food production or a food security system that had been 
set up in advance were less affected by the crisis. Meanwhile, urban slums offer less 
food security than rural communities and rural smallholders who cultivate monocul-
tures, and consequently, are affected to a greater extent. Some communities (such as 
the Karen community, Ban Pa Tung Ngam, Chiang Mai Province) were not seriously 
affected by the outbreak and lockdown measures because they had a self-sufficient 
production system and there was a system in place for those affected to receive assis-
tance. For example, highland hill tribe communities consist of largely self-sufficient 



127

Self-Sustained Communities: Food Security in Times of Crisis
DOI: http://dx.doi.org/10.5772/intechopen.104425

villages and have a culture of sharing food with the poor. These communities, in 
addition to producing enough food to consume in the community, can also share food 
with the people of other communities [60].

The outbreak also led to more qualitative improvements in food production, in 
particular a focus on the development of food safety standards [61]. Food production 
for export was also forced to develop safety and sanitation standards, especially fruit 
exports to China. In addition, the government requires large industrial plants to use 
“Bubble and Seal” measures to control the spread of the disease in factories [62]. This 
allows better control and limits the spread of the outbreak, but creates higher costs for 
entrepreneurs as well.

4.2.3 Post-crisis 

The lesson is that the economy of scale is important to the competitiveness of food 
production, but the economy of scope is essential to food availability and utilization. 
A community that can produce its own food will be less affected by unexpected shocks 
than communities that are unable to produce food at all. And communities that are 
prepared in advance are better able to cope with crises than communities that are not 
ready. Development of the resilience of the food system must be done before the crisis.

4.3 Food stock, market, and trade resilience

4.3.1 Pre-Crisis

Under normal circumstances, the market mechanism plays a role in ensuring food 
availability, stability, physical access to food through the reserve, distribution, and 
trade of food. Food access channels for consumers in Thailand are diverse, ranging 
from modern trade, e-commerce, community markets, and hawker stalls to mobile 
grocery stores. However, the channels through which farmers can sell their food prod-
ucts directly to customers and retailers are still limited. The controversy about the 
market system of agricultural products in Thailand concerns oligopoly or exploitation 
by middlemen or large businesses. Big agribusinesses will purchase food products 
only on a contract farming basis with the condition that the farmers must purchase all 
their inputs from those businesses. On the other hand, the big agribusinesses argue 
that the mechanism is like a service and a marketing guarantee to farmers, most of 
whom lack marketing capabilities [63, 64].

4.3.2 During the Crisis 

The COVID crisis has led to community adaptation. Community markets have 
been established on a local level by members of local communities for farmers to 
bring their products to sell locally, while some farmers have adapted to selling food 
products directly to consumers through networks of relatives and friends in cities 
and online systems or online marketplaces [65]. Meanwhile, some communities (such 
as Ban Pa Pae, Mae Hong Son Province) had already prepared food reserve systems 
to ensure that community members do not have shortages of the food products they 
need in times of crisis. For example, community food banks or rice banks, where 
people in the community stored rice in a collective barn for members to borrow for 
consumption, on the condition that it must be returned in kind, or as money, with 
interest in the following year [66].



Food Systems Resilience

128

4.3.3 Post-crisis

According to economic theory, fully competitive markets make food allocation 
and distribution more efficient. However, the agricultural markets in Thailand are 
not truly competitive [67]. Moreover, crises tend to affect food markets, to a greater 
or lesser extent. Therefore, having a food reserve system is essential for maintaining 
food security at all levels. In addition, the development of marketability, alternative 
channels, and reserve channels in selling the products of farmers and food producers 
are important steps, to create continuity in food production for smallholders and 
reduce food waste caused by unsold products.

4.4 Food consumption resilience

4.4.1 Pre-Crisis

The food access situation in Thailand is determined by economic factors rather 
than social factors. Thailand has reduced the number and proportion of the poor 
continuously. The number of people living below the poverty line has continued to 
decline from 34 million, or 65.17% of the country’s total population in 1988, to 4.3 
million, or 6.24% in 2019, but there are still 5.4 million near-poor people or 7.79% of 
the country’s population. The Thai government has provided income benefits that are 
quite inclusive for nearly all groups, from child support subsidies up to the age of 6, 
school lunch subsidies, a pension for the elderly and the disabled, to a living allow-
ance for the 14.5 million people who hold state welfare cards. Still, these programs 
provide a relatively limited amount of funding. Moreover, the identification of the 
poor is not entirely accurate, with inclusion and exclusion errors [68].

4.4.2 During the Crisis

The response to the impact of COVID-19 on food security in Thailand has 
emphasized the role of the government sector and demand-side interventions. For 
affected workers who are in the formal economy, unemployment compensation and 
cash transfer from the Social Security Fund will be provided. But Thailand also has 
a large number of informal workers, comprising around 54% of the labor force [69]. 
The government therefore issued economic remedial measures to address the impact 
of the pandemic and lockdown measures, including cash transfers, conditional cash 
transfers, reductions in public utility costs, a debt moratorium, and expansion of 
soft loans for businesses to maintain employment and maintain people’s ability to 
access food.

However, the government aid measures are not enough. Most of them are short-
term measures, lasting only 2–3 months during the lockdown. But the economic 
recession has caused a large number of people to be unemployed and revenues have 
declined for a longer duration than just during the lockdown period. During the 
first wave of the pandemic, 30.5 million people, or 40% of the country’s popula-
tion, received cash transfers. However, even though the government’s cash transfer 
measures have covered a large number of people, as many as 3 million people are still 
missing out on the state aid measures. These include marginalized people, bedridden 
patients, and those who cannot register for assistance [70].
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4.4.3 Post-crisis

The lesson is that tackling poverty and inequality including income insurance 
(unemployment insurance) is an important factor in reducing the impact of the 
crisis and maintaining people’s ability to access food. But a large number of informal 
workers creates asymmetric information problems, which prevents governments from 
helping people affected by food shortages. It also forces governments to take universal 
measures, which is ineffective in budgeting. The question is, for a developing country 
like Thailand with a large informal economy, how can the lack of information and 
income insurance for the poor, marginalized, and other vulnerable groups be solved?

4.5 Food logistics resilience

4.5.1 Pre-Crisis

Thailand lacks planning or preparation of systems for dealing with different 
types of crises, in particular, a system for allocation of aid and distribution of food 
and necessities to those affected by crises sufficiently and thoroughly. In several past 
crises, government measures to address food insecurity have been often ad hoc and 
failed to provide food for all of these vulnerable groups. Businesses and civil societ-
ies, therefore, had to come in and fill the gaps in food systems. However, it was often 
scattered, redundant, lacking in continuity and organization [71].

4.5.2 During the Crisis

The cooperation of government, business, and civil society has a role to play in 
closing the gaps in state measures that are inaccessible to some vulnerable groups. 
Civil society organizations that were taking care of vulnerable groups before the 
crisis play an important role in providing food through community kitchens and 
food banks to groups that often do not have access to government aid measures [72]. 
Networks of civil society organizations also play a role in matching food supply and 
demand, by purchasing food from smallholder farmers who are unable to sell their 
products for sale or distribution to people who need food [73]. Likewise, the armed 
services, including the air force and army, help facilitate food exchanges between 
far-flung communities, for example, using planes to transport rice products from hill 
tribe communities in the north in exchange for dried fish, which is a food product of 
maritime communities in the south [74].

Business organizations’ Corporate Social Responsibility activities include the dis-
tribution of supplementary food to different groups of people, as well as encouraging 
people to participate in food donation campaigns. One form of food donation that was 
very popular in the first wave of the outbreak was “Happiness-sharing Pantries”, plac-
ing cupboards in public places for people to donate or pick up food to consume [75]. 
However, the assistance was done by various groups of people in an ad hoc way, and 
there was no central cooperation and organization of assistance systems so that they 
were comprehensive, adequate, and continuous. One problem with the Happiness-
sharing Pantries projects is that some people took all the food from cupboards until 
there was nothing left to share with others. This problem caused donors to become 
discouraged and eventually ended the project [76].
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4.5.3 Post-crisis

The lesson is that cooperation between government, business, and people sectors 
is essential to building food security, especially the provision and delivery of food to 
vulnerable groups. A civil society organization that works closely with a particular 
community on an ongoing basis will access information on vulnerable groups and 
will serve as a mechanism that allows food to be delivered to those people who are in 
real need. But in the macro view, information systems about vulnerable groups and 
food aid delivery system design are required to make assistance available to everyone. 
Moreover, ensuring people’s food security should not be merely seen as a relief, but 
should also develop food self-reliance.

5. Challenges of building food system resilience in Thailand

Building food system resilience for food security in Thailand also faces challenges 
due to a trade-off, or conflict, between several issues, described in the following 
section.

5.1 Market vs. self-sufficiency

Controversies about food systems inevitably emerge during every crisis, when dif-
ficulties are created and many people are exposed to food insecurity risks. Proposals 
on the food system in Thailand vary between the two extremes of a continuum, 
self-sufficiency and free trade. The main controversy focuses on whether the Thai 
agricultural system should be one of market agriculture, which focuses on production 
for sale in response to market demand, or self-sufficiency agriculture, which focuses 
on production for one’s own consumption. If there is any leftover produce, then this 
can be sold [4].

The supporting rationale for the market-based production system is to create 
wealth through specialized production, which enables efficient use of economic 
resources. Market-based production provides food security because food production 
increases and prices are lower while consumers still have access to a variety of quality 
food through market mechanisms [77]. The potential negative aspect of this is that 
farmers who do not improve productivity could suffer lower incomes, putting them at 
risk of food insecurity.

However, it is argued that, under normal circumstances, the system of global 
food trade is not fully free and competition is not fair due to the implementation 
of measures to protect domestic agricultural markets and subsidize farmers within 
developed countries. In times of crisis, market mechanisms may fail, to the extent 
that farmers cannot rely on outside markets. Market-based production also makes the 
structure of food production homogenous. This makes it more dependent on food 
imports from foreign countries or from outside the area, which then increases the risk 
of food insecurity [78].

On the other hand, self-sufficiency production focuses on producing more diverse 
foods, which reduces the risk of food insecurity [79, 80]. The self-sufficiency produc-
tion system also focuses on mixed farming and animal husbandry by imitating nature, 
resulting in high quality and safe food production. It also creates food sovereignty 
by reducing dependency on imports and inputs from large companies and maintain-
ing the fertility of the soil, as well as water and ecosystems. However, the efficiency, 
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competitiveness [81], and producer motivation of self-sufficiency production have 
been questioned, because it is seen as requiring farmers to adopt a plain lifestyle 
without many amenities.

5.2 Macro versus Micro

There is a question about what level the unit of analysis on food security should 
be: individual, household, community, national or global. In the past, the food 
security concept emphasized a unit of analysis at the macro level, considering global 
or national food security. This can be observed from definitions, debates, policies 
recommendations, and the design of food security indicators, which generally focus 
on the national or international context, for example, the debates about whether 
to liberalize food trade or not and the development of international comparative 
food security indicators. Subsequently, there has been an increase in interest in food 
security at the micro level, that is at the community, household, and individual 
scales [14, 82].

Macro-level food security will ensure everyone in the world or an individual 
country has the opportunity for food security, but that does not mean it will always 
lead to micro-level food security, especially in times of crisis where food transport is 
limited or market systems have failed. Emphasis on achieving food self-sufficiency 
at the national level may distract governments from addressing food security at the 
household level [83]. Ensuring macro-level food security is often the role of the state, 
but, in practice, governments are often unable to ensure food security for all citizens 
because too large a unit creates asymmetric information problems. On the other hand, 
micro-level food security practices will help fill gaps that the government has failed 
to cover and alleviate the burden on the government [84]. There is still an argument 
that it is not possible, even at a national level, to be self-sufficient in all types of food 
[85]. The question is what is the optimal size of the analytical unit? Is it small enough 
to ensure that everyone is cared for and large enough to provide adequate food in 
terms of quality and quantity? In fact, food security at the household and individual 
levels cannot be guaranteed without national food security. Therefore, building food 
security may need to be undertaken at all levels but the question is how each level of 
food security should be organized.

5.3 Efficiency versus stability

A common phenomenon in Thailand is that the countryside serves as a social 
cushion in times of crisis. Under normal circumstances, many rural people migrate 
to cities in search of the better economic opportunities that they offer in comparison 
to rural areas. But every time there is a severe crisis, to survive, people migrate back to 
their rural homelands [86, 87]. This can be seen in the COVID-19 crisis, where, in the 
first wave of the outbreak in February–April 2020, it is estimated that 2 million people 
migrated back to the countryside, and, in the second half of 2020, a monthly aver-
age of 200,000 migrated back to the countryside [46]. However, this does not mean 
that everyone in the city has a country house to migrate back to. Consequently, many 
people in crisis-affected cities are still at high risk of food insecurity.

At present, the idea of urban farming is gaining more and more attention. But 
there is a question regarding whether it is necessary for households or urban commu-
nities to produce their own food. The price of land in the city is high, therefore, urban 
food production has a very high opportunity cost compared to rural food production. 
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However, urban food production has advantages in terms of transportation and logis-
tics costs. Would using urban land to produce food be more cost-effective than buying 
food from the countryside? On the contrary, if there is no preparation for hedging at 
all, urban communities will also suffer a lot of damage when a severe crisis occurs.

An interesting question is what should be the cost of hedging for food insecurity 
risks? The risk management principle states that the cost of hedging is equal to the 
likelihood of a crisis multiplied by the impact of the crisis. In history, severe crises 
are likely to occur only occasionally, or infrequently, but if they happen, the impact is 
so severe that there are many deaths. However, the changes in today’s world may be a 
catalyst for more frequent crises and increase the need for hedging.

Chareonwongsak [88] states that the world has entered the “Pandemic New 
Normal” era, where pandemics will become more frequent so that it becomes a new 
normal. The world is more connected and more people live in cities, making pandem-
ics easier to occur and spread faster. This is consistent with the “IPBES Workshop 
Report on Biodiversity and Pandemics,” which indicates that future pandemics will 
occur more frequently, spread faster, and inflict more damage [89]. There is the pos-
sibility of a black swan or an unprecedented crisis because there are new predispos-
ing factors, such as severe climate change and cyber-attacks on countries’ financial 
systems or food chains [90].

6.  Suggestions on building food system resilience in Thailand: the FSSC 
model

The fact that Thailand is a food producer and net exporter makes food security 
issues seem less of a concern. But the spread and impact of COVID-19 have helped to 
reveal the fact that the food system in Thailand is still vulnerable to food insecurity for 
many people. It also reveals the country’s under-preparedness to deal with crises. The 
weakness in the Thai food system is that the Thai government lacks information about 
people at risk of food inaccessibility due to the large proportion of informal workers 
while most of the workers in developed countries are formal workers. The government 
mainly uses macro-level measures, namely cash transfer, to address food inaccessibil-
ity. But there is a lack of an alternative system to distribute food to people who have not 
received help. In a world where crises are more frequent, food system resilience needs 
to be built to face crises of all forms and levels of severity as well as maintain food 
security for everyone, therefore, an innovative food system model is required. The 
food system must be developed at both the macro and micro levels and have the ability 
to maintain food security in both normal and critical times without exorbitant cost.

The FSSC model presented in this chapter is a proposal for developing food system 
resilience to protect food security in Thailand. This concept developed from a stream 
of several concepts—the Mid-stream economy [91], Self-sustained communities 
[92], and the Linked self-sustained communities [92], applying these concepts in the 
context of building food security.

This concept stream consists of four main components. First, strength-based 
production and liberalization of food trade to create wealth during normal times. 
Second, self-sufficiency in food in times of crisis and at all levels. Third, preparation 
of a switching mechanism/policy design for readiness in changing the mode, between 
liberalization in normal situations and self-sufficiency in times of crisis. And fourth, 
the interconnection of food systems between communities and between all levels to 
ensure food security at both micro and macro levels.
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The development of the FSSC aims to make area-based communities self- sufficient 
in food in times of crisis for a number of reasons.

First of all, future crises could limit domestic and international food trade and 
transport. For example, a hyper-inflation crisis or a cyber-attack on the financial 
system of the country or the world could make it impossible to use the money to buy 
food. Future pandemic crises could also force governments to use lockdown measures 
and close borders.

Secondly, the food system at the household level is usually too small to be self-
sufficient in food. Meanwhile, countries are too large to be aware of all information 
and to allocate timely assistance to all people during crises. Therefore, a community 
that is not so small that it cannot be self-sufficient, or so large that members are not 
related to each other, is the right unit to maintain food security in times of crisis.

Thirdly, building food security in communities in times of severe crises (which 
lead to food system failures through wars, disasters, hyperinflation, and similar 
events) must temporarily integrate all food system activities in the community, to 
shorten the food supply chain and to build the ability to supply enough food to the 
people in the community for a given period of time.

Fourth, communities should be self-sufficient in food only in times of crisis in 
order not to lose the opportunity to create wealth from carrying out economic activi-
ties according to the strength of the community during normal times.

The creation of the FSSC has the following strategic proposals:

6.1 Promoting integration into FSSC

FSSCs may be built on the base of existing area-based communities or create new 
ones by bringing together groups of people who are related and share the common 
intent to create an FSSC. FFSCs may develop on the concept of Work-Life Integration 
[93], by creating communities that facilitate people working and living in the same 
area, as well as the benefit of preventing the effects of epidemics that may occur in 
the future.

6.2 Designing food systems in the community

Ensuring that communities have enough food in times of crisis must come from 
setting goals. How many members does the community have? How much food, and 
how many different types are needed? How long should a community supply food to 
its members during a crisis? Communities must design and plan in advance where, 
in times of crisis, they will get their food from, what to produce, how to produce, 
how much, how to stock input and food products, and how to allocate food products 
to community members. However, the design of a community food system requires 
consideration of the conditions, constraints, and context of each community.

6.3 Joint production planning in the community

FSSC may be the solution to the problems in the Thai agricultural sector with 
many small farmers and elderly workers. FSSC promotes the integration of agri-
cultural farms for joint production planning, procuring, and sharing inputs and 
resources, including the use of technology and agricultural machinery together 
which will create an economy of scale. At the same time, farmers in the FSSC may 
plan to produce a variety of yields to distribute products together and share revenues 
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together. This will allow the community to produce a variety of food products. It also 
creates an economy of scope and diversification of risks.

6.4 Developing the FSSC system and infrastructure

Developing FSSCs to be able to switch to self-sufficiency, community systems, and 
infrastructures needs to be done in advance, such as community water storage, com-
munity seed banks, community gardens, community alternative energy generation 
systems, community food banks, community markets and food allocation systems, 
community data management and information systems (such as projections for 
production, stock, and community food needs), and community savings promotion 
and welfare systems.

6.5 Promoting education and R&D on FSSC

FSSC’s food production may be unique and differ according to the context and 
limitations of each community. In times of crisis, where communities cannot rely on 
sources or agents outside the community, the FSSC food production system tends 
to be a closed-loop food system, where the outputs and waste from one activity are 
inputs to other activities until it becomes a cycle or ecosystem. Food production in 
urban communities with limited space, technology, and methods needs to be devel-
oped to optimize the use of space. Also, training for members of the FSSC and the 
promotion of food system-related R&D in the FSSC needs to be supported.

6.6 Community development based on the strength of the community

In normal times, each FSSC should have a development and production approach 
that matches the strengths of the community. Each FSSC development should not 
have the same pattern or produce the same goods and services over and over. But each 
community should be developed according to its strength, ideology, wisdom, identity, 
value, image, and uniqueness. Thus, each FSSC will have a unique selling point that 
will enable it to create more added value for its products and services. Then, a strong 
economy in a community can also be a better shield against the impact of a crisis.

6.7 Design and preparation of switching mechanisms

The FSSC food system should be developed to be as competitive as possible under 
normal conditions to enable the FSSC to be able to produce and sell food continu-
ously, without much subsidization or intervention. However, during normal times, 
it is not necessary for every FSSC to produce all its own food requirements. But a 
switching mechanism must be designed and prepared to be able to supply food to 
the entire community in the event of a crisis, such as preparation of a community 
food reserve system, transformation of vacant spaces in communities and individual 
households into food production areas, changing the type of food produced to 
be more versatile, faster yielding, changing cultivation methods for higher yields 
(despite the fact that the product characteristics may not be as beautiful as before, 
such as smaller fruits, thinner vegetables), etc. The switching mechanism encom-
passes the development of leadership, management, morals, and community systems 
such as structure, processes, rules, and culture that encourage community members 
to be willing to switch to a self-sufficiency mode.
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6.8 Connecting FSSC networks

In fact, it is unlikely that each community will be able to produce food for its own 
consumption forever without having to rely on the world outside the community 
at all. Therefore, FSSCs should establish a network to link with other FSSCs and to 
enable the trading, exchange, and sharing of knowledge, resources, products, and 
risks. For example, food production planning between communities, the develop-
ment of food supply chains between communities, the development of food logistics, 
information and finance between communities, the organization of knowledge shar-
ing and resources among the communities, and the development of food exchange 
and sharing systems among communities in times of crisis. The link between FSSCs 
will help support the development of communities in normal times and increase the 
ability to self-sufficiency and restoration of the community’s food system in times 
of crisis.

6.9 Developing FSSC promotion policy

Governments should develop national policies to promote FSSC, including 
academic and financial support for FSSC transformation, developing prototypes and 
learning centers for FSSC in both urban and rural areas, designing urban develop-
ment and building a community that integrates both workplaces and living facilities 
in the same area, land use planning and zoning of food production, developing infor-
mation systems for food system management at the national level, developing early 
warning systems, developing public-private cooperation systems for food produc-
tion and distribution in a systematic, thorough and continuous manner, developing 
international food security cooperation, and the development of food diplomacy.

7. Conclusion

The COVID-19 crisis has affected food security and revealed the shortcomings 
of the food system in Thailand. The FSSC is an innovative idea resulting from the 
synthesis of the good points of various food economy systems, with the aim of ensur-
ing food security in both normal and critical times. The development of FSSCs also 
emphasizes preparation to prevent the impact of crises on food insecurity in com-
munities without creating excessive expenses or opportunity costs. In normal times, 
FSSCs can also connect to the global market to produce goods and services according 
to their strengths to create wealth. But communities are designed to be ready to adapt 
to self-reliance in times of crisis.

However, the FSSC model is still just a concept and it has never been implemented 
in practice. In addition, the concept development took place from the consideration 
of Thailand’s context, which is a country capable of producing enough food to meet 
overall domestic demand. Therefore, in applying this concept to other countries 
with different contexts, it is necessary to adapt it appropriately to the local context. 
Developing FSSCs involves not just the design of food systems, but the design of com-
munities, which is more complicated because it has to take into account the economic, 
societal, and political dimensions in each community and also the motivational 
dimensions, relationships, and other dimensions of human beings. Finally, the FSSC 
model also needs studies, research, and experimental development of the prototype 
to improve the model for practical application.
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The FSSC model and its associated thoughts have overlays and differentiated parts 
from City Region Food Systems (CRFS) supported by RUAF [94]. Both concepts have 
the same goals, namely food security, sustainable development, economic develop-
ment, and social inclusion and equity. FSSC has a focus on improving area-based 
community food security and extending communities’ connectivity. CRFS focuses 
on improving the food security of the city-center food system that is linked to the 
surrounding area. By successfully pushing the FSSC model, it is possible to learn from 
the CRFS, for example, building cooperation and inclusive participation, formulating 
an academic-based development strategy and taking into account the context of the 
food system in each area, developing the capacity of individuals and organizations 
involved, and building effective systems to drive the development.
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Chapter 7

Analysis of the Nexus between
Coping Strategies and Resilience to
Food Insecurity Shocks: The Case of
Rural Households in Boricha
Woreda, Sidama National Regional
State, Ethiopia
Adane Atara Debessa, Degefa Tolossa and Berhanu Denu

Abstract

This chapter reports on the coping strategies employed by households in the event
of food insecurity shocks and the nexus between the types of coping strategies and
resilience to food insecurity in one of the food-stressed woreda from Sidama National
Regional State, Ethiopia. The households use various consumption-based coping
strategies that run from compromising the quality of food-to-food rationing. Repeat-
edly occurring food shortage has also forced some households to employ resilience
erosive coping mechanisms such as selling reproductive assets. Such coping strategies
have an important implication on the household’s capacity to cope with the future
food insecurity-related shocks, with a statistically significant relationship between the
nature of coping strategies utilized in response to previous food insecurity-related
shocks and the household’s resilience to upcoming shocks. Coordinating crises
management based on humanitarian intervention with households’ livelihood assets
protection and resilience strengthening is the major policy implication of this study.

Keywords: households, coping strategy, resilience

1. Introduction

Food is the most basic need for survival, growth, and good health of human beings.
Freedom from hunger is the most fundamental human right that can be attained if an
individual is food secure [1]. However, a significant proportion of the world’s population
still lives under the situation of food insecurity. As it is clear from the FAO et al. [2]
report on the state of food and nutrition in the world, even the prospect itself is not
sufficiently bright to the extent expected. Five years after the world committed to ending
hunger, it has been learned that, the world is still off track to achieve this objective by
2030. Given the current pace, the world is making headway neither towards Sustainable
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Development Goal target 2.1, of ensuring access to safe, nutritious and sufficient food for
all people all year round, nor towards target 2.2, of ending all forms of malnutrition [2].

Looking at the trends and projections of the state of global food insecurity may
help to understand this claim. According to the same report, the number of under-
nourished people was 690 million in 2019 (60 million more than in 2014), and is
expected to exceed 840 million in 2030. When it comes to Africa, the continent’s share
of undernourishment prevalence for 2019 exceeds one-third of global undernourish-
ment with about 250 million undernourished people. This figure represents about 19%
of its overall population and is projected to be about26% in 2030 [2].

Various reports show that Ethiopia hosts a handful proportion of food insecure
people. For instance, WFP and CSA [3] report the persistence of poverty and food
insecurity despite the country’s efforts to counteract the situation. MOFED [4] reported a
level of food poverty prevalence of 33.6% in 2014 versus 31.8% in 2012/13. However,
Ethiopia is moving in a good direction to improve the situation. A joint report of WFP
and CSA [5], showed that the country has made tremendous socio-economic progress
that resulted in the reduction of the prevalence of hunger and undernourishment to
25.5%. Nevertheless, the country still embraces a noticeable level of food-insecure people.

Response mechanisms to food insecurity shocks varies based on the objectives of the
agents responding to it as well as the level at which they are targeted. As active actors/
agents/of their own, households employ various coping strategies (response mecha-
nisms) in the event of shocks that challenge their food security. According to Maxwell
and Caldwell [6], USAID [7], and Degefa [8], such strategies are not uniform and may
also not be equally sustainable, as in some cases they may erode household’s capacity to
withstand future food insecurity shocks. Although, effects of households’ coping mech-
anisms and resilience to future shocks have been widely discussed, mainly at the
conceptual level, empirical statistical evidences on the nexus are quite limited.

For instance, though Carter et al. [9] provide elegant theoretical explanation on the
linkage between shock-initiated coping mechanisms and a household’s resilience, the
unavailability of data on coping strategies constrains them from including this variable
in their estimation model. The study of Tran [10] fails to make the distinction between
positive and negative coping at the empirical level and focuses only on the immediate
positive effects to recover from shocks. However, a particular coping strategy, though
resilience erosive, can contribute to smooth current consumption and/or recovery from
shocks. Moreover, capturing resilience only through the recovery speed proxy is also too
simplistic. Thus, there is an increasing understanding of resilience as an ex ante capacity
of households to withstand the effect of shocks [11–16]. This way of conceptualizing
enables to better capture the essence of resilience as absorptive (buffering), adaptive, as
well as transformative capacity in addition to recognizing a futuristic nature. Consider-
ing this scenario, this chapter brings forward the linkage between resilience and coping
mechanisms, focusing on Boricha woreda as a case study. For that, the following
interrelated questions are discussed: (1) how do the study area’s households respond to
food insecurity shocks? (2) does the resilience level of households vary based on the
nature of previously employed coping mechanisms?

2. Linkage between household’s resilience to food insecurity and coping
mechanisms

Maxwell and Caldwell [6] identify four coping strategies that households employ
when they face food shortages or do not have the resources to purchase food. They
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include taking action on the quality of food to eat, looking for options that help
increase food supply, reducing the number of household members that they have to
feed through such mechanisms like sending some of them to neighbors’ houses, and
managing the deficit through mechanisms such as food rationing. Conceptually, these
strategies are consumption-based ones having a lesser impact on the households’
capacity to cope with future food insecurity shocks.

Carter et al. [9] put the households’ actions to cope with shock-induced food
security challenges in a certain rational decision-based logical order. As per this
source, initially households choose to depend on the markets and other institutions
that they have access to. To maintain their consumption standard without further
asset depletion, households with financial market access or access to informal finance
might borrow against future earnings. Resorting to insurance arrangements, seeking
for and receiving disaster aid as well as working for long hours are also coping
options that they can exercise before taking action against their productive assets.
Households without access to such options may opt to sustain their consumption by
drawing down on their assets: the decision which they argue can further increase the
sensitivity of assets and weaken the future. Finally, households may cope by reducing
consumption. This coping strategy can be the last option for those lacking other assets
or options and may also be pursued by households who are reluctant to increase their
future vulnerability due to depletion of the stock of assets. However, coping by
reducing consumption is regarded unfavorably as it does have multiple costs, i.e.,
immediate hunger as well as the long-term effect on children’s growth and
development [17].

To the linkage between coping mechanisms and shocks, it is postulated that
adverse events (shocks) may cause a decline in assets and incomes in the short-run
and might have negative effects on household livelihoods in the longer-run [10].
However, the extent of the effects, depends on the nature of the shocks, the asset
dynamics, as well as on the coping strategies employed. Carter et al. [9] opine that
when a given shock happens, it will have both direct and indirect impact on house-
holds’ resilience to future shocks. Firstly, the shock itself brings direct harm to the
quality of households’ asset. As households’ respond to shocks using their assets and
resources, the indirect impact comes via such responses to a particular shock. The
whole idea here is that the coping mechanisms used in response to food insecurity-
related shocks at a given point can cause a decline in the household’s ability to cope
with future shocks depending on the strategies employed in between two time
periods.

The origin of the concept of resilience is linked to the field of ecology. According to
Holling [18], in ecology, the term resilience is used as a measure of systems persis-
tence and capacity to absorb changes and disturbances and still retain the same
relationship with state variables. To a household’s food security, resilience has been
conceptualized as the ability of the household to maintain its food security withstand-
ing shocks and stresses, depending on the options available and its ability to handle
risks [11]. Accordingly, resilience is a multifaceted capacity: absorptive, adaptive, and
transformative. While explaining the linkage between the nature of coping strategies
and resilience, Frankenberger et al. [19] sustain those certain strategies may have
negative and permanent consequences to resilience. Positive coping strategies are
those based on available skills and resources, to face, manage and recover from shocks
and that do not compromise resilience. On the other hand, negative coping strategies,
if employed, undermine future options making it more difficult to cope with the next
shock or stress [20]. Hence, it can be argued that the resilience status of a household at
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a particular time point (resilience to future food insecurity shocks) is partly a reflec-
tion of the type of coping strategies previously employed. Figure 1 represents this
conceptualization.

3. Illustrative case

3.1 Description of the study area

The illustrative case is based on the data collected from one of the food-stressed
woredas from the Sidama National Regional State called Boricha woreda. As per the
CSA [21] report, Boricha woreda has a total population of 250,260 inhabitants, of
whom 125,524 are men and 124,736 women. Yirba is the administrative capital. The
area has two rain periods a year: the short rainy months (the belg rain-from March to
May) and the long rainy months (the kiremnt rain from June to October). The
remaining months constitute the dry season when both humans and animals face
water shortages. Besides that, Boricha woreda is known for unreliable rainfall patterns
(both in amount and periodicity) for a couple of years and associated food stresses.
Mixed subsistence agriculture supports the livelihood of the population. Enset and
maize are the two dominant food crops grown at the household level. Khat, coffee,
and livestock are also part of the household’s economy in the area through their
concentration is not uniform across all kebeles. Complete dependence on rain-fed
farming for subsistence together with rainfall variability exposes people to high risks
of harvest loss that easily translates into food insecurity [22]. There are 39 kebeles (the
lowest administrative unit) in Boricha woreda. Of these, three are urban and 36 are
rural. According to SNNPR [23] livelihood profile report, these Kebeles are classified
into three livelihood zones: Sidama Coffee Livelihood, Sidama Maiz Belt Livelihood,
and Agro-pastoralist Livelihood.

3.2 Methodological briefing

Based on insights from literature and the resulting framework presented in Figure 1,
it was assumed that the coping strategies employed by households in response to food

Figure 1.
Conceptual representation of food insecurity shocks-coping strategies-resilience nexus.
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insecurity shocks that happened at time (T0), can have an influence on the resilience
level at a time (T1) in a way that households with negative coping strategies at
T0scoreless on resilience at T1. As the households’ coping mechanisms are the response
actions to shocks, data can be captured usually ex post (or retroactively). Accordingly,
the linkage between the level of resilience and household coping mechanisms was
examined based on surveys before time T1 in response to various stressors/shocks
challenging their food security situation. Conceptually, the study examined the rela-
tionship between the nature of coping mechanisms employed at time (T0) and the
resilience status of households at the time (T1), the proxy of households’ capacity to
effectively respond to future food insecurity shocks.

The selection of the illustrative study was based on a cross-sectional survey
conducted by using structured questionnaires and key informants’ interviews. It
involved 420 randomly selected households from three randomly selected kebeles (one
kebele from each livelihood zone). As resilience is a multi-dimensional concept that is
not directly observable, it has to be measured through a proxy. To this end, the study
adopted the FAO’s Resilience Index Measurement Analysis Model (RIMA) originally
proposed and used by [11, 12]. The model quantitatively assesses household resilience
through latent variable modeling. Accordingly, in the study, resilience was treated as a
latent variable to be estimated by using seven indicators (dimensions): agricultural
assets, agricultural technology adoption, access to basic services, social capital, social
safety nets, adaptive capacity, income and food access. Each of these seven indicators
of resilience is a latent variable to be estimated using observable household-level
variables. Using the Principal Component Analysis (PCA), the estimation of resilience
score (index) was done hierarchically. First, an index for each of the above dimen-
sions of resilience was done separately using observable variables. Then, the resilience
score for each household was estimated with PCA based on the indices of those
resilience dimensions (indicators) (see Figure 2). All the seven indicator variables
were strongly loaded on the first component and the component scores were used as
resilience index for each household. The following path diagram (Figure 2) has been
adapted from [12], in order to visually depict this estimation procedure.

At the household level, the resilience index was estimated using the Eq. (1) below,
which was further transformed using the weighting mechanisms and applying the
Bartlett method of component scoring. The Bartlett method was selected as it
generally produces latent variable scores that are unbiased and univocal [24].

Figure 2.
Household’s resilience estimation procedure.
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Ri ¼ wAAAAi þwATAATAi þwABSABSi þwSCSCi þwSSSSi þwACACi þwIFAIFAi

(1)

where:
Ri = resilience of household i, AAi = agricultural assets, ATAi = agricultural

technology adoption, ABSi =access to basic services, SCi = social capital, SSi = social
safety nets, ACi = adaptive capacity, IFAi = income and food access, w ¼ Weight for
each indicator of resilience.

The surveys to analyze the coping mechanisms measurements included two sets of
questions: consumption-based (strategies employed in the last 7 days before the date
of the survey) and non-consumption based (strategies used in the last 2 years preced-
ing the survey date). The analysis of data on coping strategies was done descriptively
using percentages. The linkage between households’ resilience and the previously
employed coping mechanisms was examined using contingency table and chi-square
tests as well as using the odds ratio. In the analysis, households were categorized into
two groups: those who previously employed negative (resilience erosive) coping
mechanisms and those who did not employ such coping strategies over the past 2
years. In the current study, such categorization was done based on insights from
conceptual literature such as [7, 19]. Hence, based on these conceptual works, coping
strategies such as selling of reproductive animals, oxen used for farming, and land,
land rental, withdrawal of children from school, borrowing money at the high interest
rate, and diversion of loans from MFIs were treated as resilience erosive or negative
strategies. Accordingly, households who did use any of these coping strategies over
the past 2 years were classified under the negative coping category. Based on Guyu
and Muluneh [15] and considering the relative location of the surveyed households on
the latent variables (resilience scores,) the study households were categorized into
resilient and none- resilient groups.

4. Findings and discussion

4.1 Coping strategies adapted

Literature indicates that the response of households to food insecurity challenges
include different coping strategies. These may involve the modification of consumption
habits (consumption-based coping strategies) and/or use of the available resources
(non-consumption-based strategies). For instance, Christiaensen and Boisvert [25]
contend that when they anticipate food shortage people start to consider changing their
consumption habits rather than waiting until food is completely exhausted. Though
such change in the consumption habits is generally believed to be a short-term adjust-
ments, it could go long as a normal habit even in the situation where non-consumption-
based strategies too are activated. This is mainly true in the situation where a given
community lives under long standing food stress in terms of availability and/or access.
The point here is that though non-consumption-based strategies such as selling key
productive assets are used, foods obtained through such actions could still be subject to
consumption-based coping such as rationing. This can lead us to safely argue that the
two sets of coping strategies, consumption and non-consumption based, should not be
seen as completely isolated and mutually exclusive as they appear in the literature.
Notwithstanding the complexity here, the analysis of the household’s coping
strategies was done in light of the general assumption that households are rational
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decision-makers and thus, the first options are those with the least impact on livelihood
or future food security.

Consumption-based coping strategies constitute short-term alteration of con-
sumption patterns. Writers like Watts [26], Corbett [27], and Devereux [28] consider
them as easily reversible strategies that do not jeopardize long-term prospects as they
mostly do not require a commitment of domestic resources. The households’
responses summary (Table 1) indicates that 60.2% (253) of the households rely on
less preferred foods at least once in a week. 45.5% (191) reported that the consump-
tion of adults was restricted in favor of children. According to one of the elderly key
informants “during food shortage, usually mothers take the burden of not having to
eat giving priority to children and father”. Similarly, a total of 181 (43%) and 141
(33.6%) households limited portion sizes and reduced the number of meals. The
proportion of households who reported that they borrowed food or relied on the help
from a friend/relative and purchased food on credit was 39.5% (166) and 32.4% (136),
respectively. All the remaining coping strategies summarized in Table 1 were utilized
by a small proportion of the households. Only 7.6% (32) of the surveyed households
indicated that they relied on wild foods and/or immature crops. Probably, this could
be due to the timing of the survey, as it was conducted just after the harvesting period
(dry season). Similarly, only a small number of households, 17.9% (75), gave priority
to working members at the expense of non-working members, and only 1.7% (7)
fastens the entire day. Again, a relatively small proportion of total households, 13.6%
(57), consumed seed stocks held for the next season at least once a week. The propor-
tion of households who engaged in the coping behavior of sending family members to
eat elsewhere and begging was12.1% (51) and 2.6% (11), respectively. Such findings
could be because the experienced level of food insecurity might not be of the extent
that forces households to engage in such behaviors or due to the strong local culture
that discourages such practices.

Coping strategy Number/proportion of
households employed

Count Percentage (%)

Relied on less preferred foods 253 60.2

Borrowed food or relied on help from a friend/relative 166 39.5

Purchased food on credit 136 32.4

Relied on wild foods, hunt, or immature crops 32 7.6

Consume seed stock held for next season 57 13.6

Household members sent to eat else where 51 12.1

Household members sent to beg 11 2.6

Portion size at mealtimes limited 181 43

Consumption by adults restricted in order for small children 191 45.5

Priority given for working members of household at the expense of non-
working members

75 17.9

Meals eaten in a day reduced 141 33.6

Entire days skipped without eating 7 1.7

Table 1.
Consumption based coping strategies.
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Complementary and non-consumption-based coping strategies (Table 2)
included, selling reproductive animals at least once within the last 2 years period
(42.6%), and renting (10%) or selling (2.1%) their lands (10%). About 20.7% (87) and
21% (88) of the households had removed their children from school and borrowed

Coping strategies Number of households adopted

Count Percentage (%)

Sold reproductive animals 179 42.6

Sold oxen used for farming 98 23.3

Sold land 9 2.1

Rented out land 42 10

Removed children from school 87 20.7

Borrowed money at high interest rate 88 21

Sold small animals 158 37.6

Migrated to nearer areas to wage labor 80 19

Drawing on savings 20 4.8

Selling fire wood 140 33.3

Diverting loans from MFIs to consumption 8 1.9

Appealed for aid 217 51.7

Table 2.
Non-consumption based coping strategies used by households.

Figure 3
Household members taking fire woods collected form forests to market centers.
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money at high-interest rates respectively. A total of 37.6% (158) households reported
that they coped by selling small animals and about 19% (80) migrated to nearer areas
in search of wage labor. Almost none, 1.9% (8), of the households had engaged in the
coping behavior of diverting loans from Monetary Financial Institutions (MFIs) to
consumption and only 4.8% (20) households had drawn on financial savings to
respond to the food insecurity problem. This could be due to a lack of cash savings to
draw from and/or limited access to MFIs both of which are common in the rural
context. Nearly half, 51.7% (217), reported that they have appealed for food aid to
overcome food insecurity within the last 2 years. One-third of the households, 33.3%
(140), reported that they used selling firewood as a coping mechanism (see Figure 3).

According to the key informants, they collect fire wood from the forest around
Bilate River towards the border of Loka Abaya woreda and supply to Dila Anole and
Balela towns. From our discussions, we further learned that due to persistent food
stress, poor people have made collecting and selling fire wood as a regular source of
income for food purchase. However, the issue of concern exists. That is, if left
unchecked, such a heavily reliance on forests could wipe out the only left over of the
ancient forests in the area. Almost all elderly key informants stressed that in the past
most of the woreda had been covered by dense forests that hosted many wild animals
until the downfall of the emperor regime. But, the increasingly growing demand for
farm land since then has resulted in the clearance of forests to its demise.

4.2 Relationship between previously employed coping mechanisms and resilience
status (level) of the households

As referred above, several authors such as Frankenberger et al. [19], Carter et al.
[9], Tran [10], and USAID [7], pinpoint that the types of coping mechanisms
employed by households in response to previously happened shocks can affect their
resilience to future shocks.

Based on these conceptual backdrops, we have endeavored to understand how the
previously used coping strategies of households relate to their resilience status. To this
end, households were asked if they experienced one or more shocks challenging their
food security situation in the last 2 years preceding the survey and the responses are
summarized in Table 3. Most of the surveyed households, 79.3% (333), experienced
one or more types of shocks that they believe affected their food security situation.
Households have also identified a set of coping strategies employed in the past 2 years
to cope with food insecurity problems/shocks (Table 2).

When it comes to identifying negative coping strategies (erosive resilience), it
seems that literatures lack perfect unanimity. With the argument that they undermine
future options making it more difficult to cope with next shocks, Pasteur [20]

Variables Response Count Percentage (%)

If shocks affecting ability to feed HHs occurred within the
last 2 years

Yes 333 79.3

No 87 20.7

Number of shocks experienced* Only one 99 29.7 (23.6% of total)

More than one 234 70.3 (55.7% of total)
*List of shocks include crop failure, household member death, livestock death, and illness.

Table 3.
Previously experienced food security situation threatening shocks.
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considers strategies such as delaying medical treatment, exploiting natural resources,
taking children out of school, eating less, eating less nutritious food, and eroding
productive assets as resilience erosive coping strategies. However, some of the strate-
gies considered as negative coping here are consumption-based (temporary adjust-
ments on eating) that are considered by others as easily reversible. Specially, stage 2
and stage 3 coping strategies from the list identified by Watts [26] and Frankenberger
[29] are generally treated as erosive coping mechanisms. Based on the literature and
on study area’s context, selling reproductive animals, oxen, and land, or renting land,
taking children from school, borrowing money at high-interest rates, and diversion of
loans from MFIs to consumption were considered as negative (resilience erosive)
coping in this illustrative case. Accordingly, households were classified into two cop-
ing categories (Table 4): those who used negative coping in the past 2 years and those
who did not. As indicated in the table, 59.5% (250) of the households employed one or
more negative (erosive) coping strategies in the last 2 years preceding the date of the
survey.

The households’ resilience position (status) was determined based on their relative
resilience scores and using the criteria of [15]. Based on relative resilience score
(index) achieved by households, Guyu and Muluneh [15] classify four resilience
categories: Vulnerable (resilience index (RI) < 0.100). Moderately Resilient
(0.100 ≤ RI < 0.250), Resilient (0.250 ≤ RI < 0.500) and Highly Resilient (RI ≥
0.500). Using the resilience scores estimated through the Bartlett method in PCA and
applying these cutoff schemes, households are categorized into four categories
(Table 5). A very significant proportion of the surveyed households (61%) was not
resilient (or vulnerable to food insecurity shocks) and only 39% was resilient at
different levels. With these pieces of information on the nature of previously
employed coping and resilience status, now the discussion turns to examine the
relationship between the nature of coping mechanisms and the relative resilience
position (status) of the households. Our analysis proceeds with the proposition that
the nature of previously used coping strategies can affect the predictive resilience of
households (estimated at time T1) in the form that those with prior negative coping
strategies scoreless on resilience. Contingency Table and chi-square test statistic, and

Frequency Percent Valid percent Cumulative percent

Valid Non resilience erosive
(positive) coping

170 40.5% 40.5% 40.5%

Resilience erosive (negative)
coping

250 59.5% 59.5% 100.0

Total 420 100.0 100.0

Table 4.
Households by coping type.

Measurement Households by resilience category Total

Non resilient Moderately resilient Resilient Highly resilient

Count 256 22 18 124 420

Percent 61% 5.2% 4.3% 29.5% 100

Table 5.
Distribution of household resilience status.
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the odds ratio were employed to analyze and test this proposed relationship of the two
variables. Table 6 presents cross-tabulation of previously employed coping types and
households’ resilience levels. About 59.5% (250) of the households used one or more
types of erosive resilience (negative) coping strategies within the last 2 years. From
this group, only 19.6% (49) was found to be resilient (scoring relatively high on
resilience index) at time T1 (time of the survey). Most households, 80.4% (201), that
adapted one or more negative coping strategies were found to be non-resilient. On the
other hand, out of the total households who did not previously use negative coping
strategies, 67.6% (115) was found to be resilient at time T1 (scoring relatively high on
resilience index) against 32.4% (55) scoring relatively low on resilience (non-
resilient).

The Chi-Square test was run as a way of checking if the observed frequency (or
percentage) differences in the contingency table (Table 6) were statistically signifi-
cant. In statistical terms, it tests the implicit null hypothesis that there is no relation-
ship between types/nature of previously employed coping strategies and the resilience
status of the households. That is, it tests the hypothesis that the household’s resilience
score (status) at time T1 is independent of types of coping methods employed by a
household in response to shocks that occurred before time T1. The result of the Chi-
Square test (Table 7) revealed high significance for χ2 (1) = 98.149, P < 0.001
indicating an association between household’s resilience status and types of previously
employed coping strategies. Besides the association between these two variables, it
does not show the strength of the relationship that has been detected. Therefore, the
Phi test for 2 by 2 contingency table, was also performed [30] giving a noticeable level
of association between the household’s resilience level and types of coping strategies
previously employed (Table 8). The sign of the relationship is also as expected as the
two variables were coded similarly.

Coping type Total

Non-resilience
erosive (positive

coping)

Resilience erosive
(negative coping)

Resilience
level

Resilient Count 115 49 164

% within resilience level 70.1% 29.9% 100.0%

% within coping type 67.6% 19.6% 39.0%

% of Total 27.4% 11.7% 39.0%

Non-
resilient

Count 55 201 256

% within resilience level 21.5% 78.5% 100.0%

% within coping type 32.4% 80.4% 61.0%

% of Total 13.1% 47.9% 61.0%

Total Count 170 250 420

% within resilience level 40.5% 59.5% 100.0%

% within coping type 100.0% 100.0% 100.0%

% of Total 40.5% 59.5% 100.0%

Table 6.
Cross-tabulation of households’ resilience level and previously used coping strategy.
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Both association (Chi-Square) and strength of association (Phi test) tests
highlighted the existence of meaningful relationships between the two variables under
consideration. To further check the strength of association between the two variables
the odds ratio was used as a supplement to the Phi test. The odds ratio here refers to
the ratio of the odds that a household will be resilient to future shocks with no prior
use of negative coping strategies to the odds that a household will be resilient through
it previously used some kind of negative coping strategies. Based on frequencies in
Table 6, the odds ratio was computed as:

Oddsratio ¼ Odds of being resilient with no prior use of negative coping

÷Odds of being resilient with prior use of negative coping
(2)

Odds of being resilient with no prior use of negative coping

¼ Number of resilient households who didn’t use negative coping

÷Number of nonresilient households who did not use negative coping
¼ 115÷55 ¼ 2:0909

(3)

This ratio shows that the number of households who are resilient with no prior use
of negative coping is as twice as those who are non-resilient though they did not
employ negative (erosive) coping before. It is also possible to be resilient or non-
resilient to future shocks without prior negative (erosive) coping. However, it is more
likely to be resilient than non-resilient given the initial state (previous experience in
terms of coping type) is that of no negative (erosive) coping strategy.

Odds of being resilient with prior use of negative coping

¼ Number of resilient households who did use negative coping

÷Number of nonresilient households who did use negative coping

¼ 49=201 ¼ 0:24378

(4)

Value Df Asymp. Sig. (2-sided) Exact Sig. (2-sided) Exact Sig. (1-sided)

Pearson Chi-Square 98.149a 1 0.000 0.000 0.000

N of valid cases 420
a0 cells (0.0%) have expected count less than 5. The minimum expected count is 66.38.
bComputed only for a 2 � 2 table.

Table 7.
Tests of association between resilience status and coping type.

Value Approx. sig. Exact sig.

Nominal by Nominal Phi 0.483 0.000 0.000

N of valid cases 420
aNot assuming the null hypothesis.
bUsing the asymptotic standard error assuming the null hypothesis.

Table 8.
Test of the strength of association (resilience level and coping type).
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The ratio here shows that the number of resilient households experiencing previous
negative coping is about four times less than the number of non-resilient households.

Given the two pieces of information (odds ratios presented above) and referring to
the first equation, the odds ratio of interest here (the odds that a household will be
resilient to future shocks with no prior use of negative coping strategies to the odds
that a household will be resilient through it previously used some kind of negative
coping strategies) can be computed as follows:

Oddsratio ¼ 2:09090÷0:24378 ¼ 8:57 (5)

The odds ratio indicates that households who did not previously use negative
coping strategies were 8.57 times more likely to be resilient to future shocks. So, the
clear implication of this finding is that the type of coping mechanisms used in
response to given food insecurity-related shocks at a particular point in time can have
an impact on households’ ability to respond to the upcoming shocks. This finding is in
line with the Chi-Square test result above and the extant theoretical literature
discussed in the chapter.

5. Conclusion

Depending on the initial state of the households, some of the coping strategies can
lead to the poverty trap and erode the ability to cope with similar problems in the
future. If left uncontrolled, even the coping mechanisms with no immediate individ-
ual impact, like selling firewood, may not be environmentally sustainable. This is
especially true in the case of the study area as the source of firewood collection is,
mostly, the single leftover of the ancient forest, which is confined to marginal areas
around the Billate River. Additionally, the coping mechanisms utilized currently by
the households can have important implications on their capacity to cope with future
shocks, depending on their resource base. Hence, well-targeted interventions that go
beyond saving lives (humanitarian emergency) and focusing on livelihood assets
protection and capacity building to future shocks is the recommended policy option.
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Chapter 8

How to Build Food Safety 
Resilience in Commercial 
Restaurants?
Rayane Stephanie Gomes De Freitas and Elke Stedefeldt

Abstract

In this chapter, food safety is portrayed as an intrinsic component of food security 
and food systems. The objective is to discuss the ‘commercial restaurant’ system and 
the ‘kitchen worker’ subsystem from the perspective of building resilience in food 
safety. Relationship maps built for the system and subsystem guide the presenta-
tion and discussion of structural, organisational, social and symbolic aspects and 
elements. Resilience investigation is based on the references of the International 
Risk Governance Centre Resource Guide on Resilience and current and emerging 
topics related to food safety, such as risk perception of foodborne diseases, cognitive 
illusions, sociological aspects, social dimension of taste, humanisation and work-
ing conditions and precariousness of work in kitchens. In the final section, a list of 
recommendations for building resilience in commercial restaurants is presented to 
help researchers, decision-makers and practice agents apply this concept in their 
fields of expertise.

Keywords: food safety, food systems, restaurants, food handlers, foodborne disease

1. Introduction

There is an urgent need for food safety to be critically rethought in the twenty-first 
century, considering the breadth of systemic interconnections that predispose food, 
the environment, animals and humans to known and unknown hazards. These haz-
ards may be present in activities related to food production, processing, distribution, 
preparation and consumption. One of the barriers to the scientific advancement of 
food safety is that it is often not treated as an essential and indispensable component 
of food security in food systems.

However, these three components are inextricably linked. According to the 
report The State of Food Security and Nutrition in the World 2021, food security and 
nutrition embrace the right of everyone to access quality food based on practices 
that promote health and are environmentally, culturally, economically and socially 
sustainable, considering the lenses of food systems as essential to address recent 
issues [1]. Unsafe food exposes people to several diseases and malnutrition, and there 
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is a greater probability of these conditions worsening among the most vulnerable [2]. 
Quality food, on the other hand, corresponds to harmless food produced in a way that 
respects the interaction between man, animal welfare and environmental conserva-
tion, provides healthy food choices and encompasses the dimensions of food prefer-
ence, food preparation, feeding practices, food storage and water access [3, 4]. Food 
safety should be repositioned, because it is a component that undoubtedly makes up 
the triad, which includes food security and food systems, guaranteeing the human 
right to adequate food and health.

The crisis triggered by the COVID-19 pandemic exposed the fragility and unpre-
paredness of health services and the vulnerability of humans to the deficiencies 
caused by the current food system in several areas, making the words ‘foresight, 
preparedness, and resilience’ the new directive for leaders of global food systems [5]. 
Therefore, food safety needs to expand its scope of action, i.e. extend beyond the 
regulations that ensure the prevention of foodborne diseases (FBD) and also cover the 
long-term threats arising from risks associated with food, which affect the population 
and ecosystem at a global level [6].

Nowadays, people face an extremely complex paradigm, which will be dif-
ficult to understand and solve if it is only comfortably based on digital modelling, 
artificial intelligence, Big Data, large economic resources and food surpluses [5, 7]. 
This paradigm is imbricated by social and political aspects, which are erased by the 
dehumanisation of the people making up the systems due to the use of digital and 
technological resources in an issue that requires a broad approach on human values 
[7]. The systems’ resilience approach allows for incursion on aspects and elements 
that permeate multiple domains, such as social, psychological, physical and informa-
tion [8]. Nonetheless, the structural, organisational, social and symbolic domains that 
permeate commercial restaurants and kitchen workers, as a system and subsystem 
respectively, with focus on the issues of humanisation and the precariousness of work 
in the industry, have been scarcely investigated.

The theoretical references regarding resilience and aspects in relation to social and 
symbolic dimensions, respectively, which underpin the analyses presented here, are 
the two volumes of the International Risk Governance Center (IRGC) Resource Guide 
on Resilience [9, 10] and the social theory of the French philosopher and sociologist 
Pierre Bourdieu [11, 12]. In light of Pierre Bourdieu’s social theory, which describes 
the constant dialectics between the individual and the social world as modulators of 
actions, thoughts and judgements [11], the social and symbolic aspects present in the 
system (i.e. commercial restaurants) and subsystems (i.e. consumers, managers and 
kitchen workers) are presented and discussed in this chapter.

The National Academy of Sciences defines resilience as ‘the ability to prepare and 
plan for, absorb, recover from, and more successfully adapt to adverse events’ [13]. 
Food safety resilience in commercial restaurants was conceptualised based on this 
definition and following the proposition by Linkov et al. [8], which states that to 
operationalise the concept of resilience, it is necessary to describe the resilience of 
what, for what and for whom. We propose that the concept of ‘food safety resilience 
in commercial restaurants’ is the ability of a system to prepare proactively for an 
adverse event, whether of immediate scope (e.g. FBD, notifications, complaints or 
fines) or related to globally imminent crises in health and, in its occurrence, have the 
knowledge, skill and ability to absorb it, recover and adapt to the new state, ensuring 
the humanisation of individuals at all stages of the process.

Meal expenses outside home favourably influence the economy of a country and 
represent a significant part of family spending; however, eating out can present 
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risks to the consumers’ health [14, 15]. The commercial restaurants of interest in 
the present discussion comprise establishments outside the institutional scope (e.g. 
companies, schools and hospitals), focusing on self-service, à la carte, fast food and 
similar modalities.

We understand the need to view commercial restaurants as a large system to 
characterise their particularities and interconnections with other systems and 
subsystems. This broad and detailed knowledge has the potential to provide decision-
makers with information capable of minimising the vulnerability of places to external 
and internal shocks. The reference of resilience fits perfectly into this issue, since 
it seeks to investigate and manage systemic risks that are not easily detected using 
traditional risk analysis or that have low probability of occurrence but have serious 
 consequences [16].

The objective of this chapter is to present and discuss the commercial restaurant 
system and the kitchen worker subsystem (i.e. professionals directly involved in 
meal production) to provide the means for food safety to be humanised, critically 
rethought, repositioned in the face of the current interconnected scenario of food 
systems and resilient in the face of imminent disruptive events.

2. Commercial restaurants as a system

The commercial restaurant system anchors three fundamental subsystems: 
consumers, managers and employees (i.e. professionals directly and indirectly linked 
with meal production). The system shown in Figures 1 and 2 summarises the rela-
tions established between the system and subsystems. The construction of this system 
was based on the current scenario of restaurants in the city of São Paulo, SP, Brazil. 
São Paulo is recognised as the largest Brazilian metropolis with the largest number of 
inhabitants in the country, and although it is the economic heart of South America’s 
largest economy, holding the largest stock market and sheltering the headquarters for 
many companies overall Latin American, it has intense socio-economic and socio-
spatial inequalities [17, 18].

In its current conformation, this system is governed by competitiveness, in that 
each restaurant seeks to maintain its reputation and attract more customers than 
its competitors. To this end, the order of priorities for commercial restaurants is 
to guarantee tasty meals, cost-effectiveness in the production of each meal, rapid 
delivery, quality service, an environment that provides a pleasant experience to the 
consumer and finally, the safety of the food offered. However, the lack of food safety 
can ruin the image of a restaurant, causing layoffs, fines, notifications or even the 
closure.

2.1 Consumer subsystem

The consumer subsystem has an extremely relevant role, as consumers’ individual 
or collective decisions regarding food consumption and production have the potential 
to impact and even drive new practices towards food systems that provide healthy 
and sustainable meals [3]. However, consumers often do not recognise their role as 
protagonists within the system. Their order of priorities for choosing the restaurant is 
tasty meals, cost-effectiveness, service agility, helpful service, pleasant environment 
and food safety. Consumers have gaps in the knowledge that they can be sources of 
external contamination of food in restaurants through practices such as coughing, 
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sneezing, touching food with dirty hands, among other similar actions, and regarding 
a broad notion of risky situations and conditions for food contamination presented in 
sanitary laws. However, in case consumers experience an FBD or witness something 
that is inconsistent with food safety, they stop going to the place. Although food safety 
is least prioritised, it is relevant in the determination of the choice of restaurant.

Figure 1. 
Commercial restaurant system map—part 1. For a complete overview, see also part 2 (Figure 2).
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We state the need for public policies on food safety to empower consumers as 
agents of safe practices and advocates for change, through actions that generate 
knowledge about the impacts of unsafe food on food systems and human health.

Other external sources of contamination, such as the origin of the food, urban 
pests and the presence of domestic animals in the meal preparation environment, 

Figure 2. 
Commercial restaurant system map—part 2. For a complete overview, see also part 1 (Figure 1).
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are likely to affect the systems. It is possible to deal with these sources of contami-
nation that threaten food safety, as the infrastructure and economic resources of 
restaurants are available for such purposes.

2.2 Manager subsystem

Managers make up the most influential subsystem within the system, as they are 
responsible for organising and planning daily work, physical structure and human 
resources. For managers, the order of service priorities is established in the following 
sequence: profit, restaurant reputation, improving their competitiveness, consumer 
satisfaction, alignment with modern industry trends, food safety and employee 
welfare. The leadership style is crucial in building and maintaining resilient systems. 
Horizontal leadership organises the environment in a collaborative manner, provides 
improvements based on the opinion of all employees, shares food safety values 
with the whole team and ensures decent working conditions. This leadership model 
contributes to building resilient systems, as it recognises that food safety requires 
investing in employee welfare and workplace harmony.

Educational gaps (e.g. difficulties in interpreting texts, concepts and technical 
language in their daily application) in this subsystem can negatively influence busi-
ness management and the work environment, decreasing the incentive to follow food 
safety practices. It is noteworthy that the education of leaders is a step to be promoted 
constantly in a way that it covers contents beyond food safety. Themes that can be 
included to build resilient systems are meal production sustainability, water use 
awareness in the stages of food preparation, management of food quantities to avoid 
waste through disposal, use of sustainable packaging, reduction of ultra-processed 
foods in recipes, full use of food, waste management, conscious use of cleaning 
materials, food purchase from small producers and local traders, combating precari-
ousness of work in kitchens and humanisation of labour relations.

The social world, governed by visible and invisible structures, permeates the 
sphere of work with the particularities of family, friend and social class experiences 
and permanence in several areas. Bourdieu [11] proposes that human beings act, 
think, appreciate and notice the world through a lens called habitus, forged through 
their life experiences and the characteristics of the social class to which they belong. 
The social world is full of disputes for power positions, which establish the dominant 
and the dominated agents. Dominant agents with the largest amount of capital, 
i.e. concrete or abstract assets that are rare, scarce or valuable in their field (work 
industry), whether economic, social or cultural, govern the rules of the social space 
analysed [11]. The leadership is the dominant group, and through the recognition of 
their capital by the dominated group, they hold the symbolic power in restaurants.

However, the symbolic power relegated to dominant agents in this work industry 
often reverberates in dehumanising practices for the dominated, i.e. kitchen workers. 
These dehumanising practices, in terms of treatment, social interaction, guarantee of 
rights, valuation or recognition of work, undermine any possibility of building resilient 
systems. Resilience requires initiative and proactivity, as they are needed to develop 
adaptive systems that can respond to unavoidable events [19], and these elements are 
not likely to be developed in environments that dehumanise work teams. The question 
‘is it possible to deal or not?’ found in the system map (Figure 1), was proposed to raise 
the problem of the secular social paradigm established between managers and employ-
ees (dominant and dominated, respectively) on power issues, with the intention of 
overcoming it and subsequently achieving a desirable level of system resilience.
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2.3 Kitchen worker subsystem

This subsystem comprises highly complex relationships and singularities shaped 
by social, symbolic, educational, generational, cognitive and motivational aspects 
that are influenced by social incorporations in previous work, the dimensions of the 
act of cooking and food safety as millennial practices.

For better understanding, this subsystem has been subdivided into employees who 
have direct contact with food, i.e. who produce the meals, and employees who do not 
prepare food, but have indirect contact with it, such as cleaning staff, waiters, motor-
cycle couriers and cashiers. Both groups have common characteristics concerning 
the high probability of having educational gaps that hinder the monitoring of food 
safety practices and the motivation to participate in training in the area and having 
limited right to speak in their workplaces. Emphasis should be given to the fact that 
food safety can only be implemented in the foreground when all professionals can 
collaborate with the construction of food safety values and decisions appropriate to 
their own social contexts, regardless of their professional position at the restaurant 
[20]. Resilience must be the base of the pillars of a collective construction that does 
not scold or punish those who speak out and collaborate with their own work and life 
experiences. It is understood that on a micro scale (i.e. individual), resilience must 
operate considering human experiences, rights and well-being [21].

The service priorities of the group of employees who produce the meals are 
arranged in the following order: taste and seasoning of the meals served, agility 
to deliver the meals within the predetermined time and finally, food safety. In the 
Brazilian context, it has been noted that knowledge of food safety, having not been 
stimulated, presented and reiterated throughout the years of basic education, is out-
dated, creating a gap for its practical application and the recognition of its relevance.

There are two segments within the aforementioned group: kitchen workers who 
have never participated in food safety training and those who have already partici-
pated. Regarding the former, studies show that their level of knowledge about food 
safety and hygiene and their perception of FBD risk are low [22, 23]. Risk perception 
refers to the way people understand the likelihood of adverse events [24]. Safe food 
handling by the workers of this group is mostly supported by their perception of 
cleanliness of the premises and food instead of the perception of FBD risk. As a result, 
there is a greater likelihood of not identifying the hazards that cause FBD, whether 
chemical, physical or biological, and consequently, a greater risk of FBD.

At this point, we would like to conceptualise and characterise a variant of resil-
ience for the commercial restaurant system, the ‘non-resilient’. Non-resilient systems 
are inflexible and disharmonious environments, which undergo major infrastruc-
tural, economic, organisational and social impacts in the occurrence of an adverse 
event, as they lack the technological, human and financial conditions to improve the 
aspects that make up their systems. They may find themselves in a scenario of food 
production within the stipulated schedule, but in conditions wherein food safety is at 
high risk and working conditions can be precarious and dehumanised. The presence 
of researchers in the area (e.g. Nutrition, Veterinary Medicine, Biomedicine and Food 
Engineering) is considered a threat to these systems, which do not seek to improve the 
quality of meals offered to consumers and fear sanitary inspection acts, as they are 
aware of their non-compliance with food safety practices. Consumers are the main 
subsystem that can improve these systems through complaints; however, most are not 
likely to be addressed because of general system disorganisation, lack of resources and 
lack of food safety education by leaders and employees.
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Systems with kitchen workers who never participated in food safety training do 
not possess the desired characteristics for building and maintaining resilience.

It is essential to note the complex and interconnected web of relationships 
between elements and aspects belonging to the segments within this subsystem. 
Kitchen workers who have participated in food safety training tend to present char-
acteristics consistent with the type of training they have received. Effective training 
seeks, among its specificities, to be continuous, long-term and appropriate in method 
and content, and it aims to suppress practices that represent an FBD risk arising from 
family habitus, cognitive illusions and common sense regarding food safety, thus 
stimulating the autonomy of kitchen workers.

Cognitive illusions lead people to have judgements, perceptions or memories that 
differ from objective reality and occur involuntarily, being difficult to prevent [25]. 
Optimistic bias is the manifestation of a positive perspective regarding future events, 
and with it, a person feels protected from negative events or less susceptible to them 
[26, 27]. The illusion of control causes people to present an illusory perspective of 
control over situations that is incompatible with reality [28]. Both illusions have been 
documented in research with food handlers [29, 30]. Internal locus of control reveals 
whether a person notices that their actions stem from their own behaviours and not 
from external agents (e.g. luck, chance, fate, powerful people and superior beings) 
[31]. Research has shown that the internal locus of control is the most appropriate for 
kitchen workers, as they can take responsibility for the food safety practices adopted 
in the preparation of meals, which does not occur when they present an external locus 
of control [22, 32].

Fair and horizontal power relations between the dominant and the dominated 
created by the stimulus generated in the work team cause a multiplicity of actions and 
behaviours that positively influence the incorporation of knowledge regarding food 
safety practices. Harmonious environments that collectively encourage food safety 
can present resilience in the face of adverse events.

Symbolic gains have an indispensable role in the spheres of individual and col-
lective behaviour. The recognition given by managers, co-workers and consumers, 
understood here as capitals of this social space, legitimates the value of the work 
done. Therefore, the amount of capital possessed by each worker determines the posi-
tions in which they are distributed, and it may influence the group regarding leader-
ship in food safety and social support. Humanisation permeates symbolic gains, since 
recognition is inherent to human identity, and its absence can translate into a form of 
oppression, self-image depreciation and a reductive way of life [33].

Kitchen workers who receive effective food safety training and apply the knowl-
edge in their daily practice tend to have a long-term impact on safe food production, 
decreasing the risk of FBD. However, some gaps can still occur in the follow-up of 
safe practices because of both factors internal to the kitchen worker and factors 
external to them, which are inherent to the systems. Regarding internal factors, 
we understand that there are action thresholds, such as personal problems, lack of 
identification with the restaurant sector, tiredness, laziness and desire to leave early. 
Uncertainty is one of the crucial elements to understand, study and manage risks 
[34]. Uncertainty associated with the reference of resilience, especially regarding the 
flexibility of systems, helps understand that it is not possible to have total control 
of all risks and that adaptations are necessary [8]. Acknowledging the existence 
of these factors strengthens the means for decision-makers to adjust their actions, 
practices and training modes to anticipate adverse events that may arise from human 
 limitations relevant to the area.
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External factors are correlated to critical functions adjusted to the reality of each 
place that can result in shocks to commercial restaurant systems. The critical func-
tions identified so far are deficient infrastructure, failure to follow the rules in the 
sanitary legislations, lack of frequent training for all workers in the system, leadership 
that is not the example to be followed in food safety practices, top-down relationship 
of nutritionists with employees, lack of understanding and use of current food safety 
concepts, lack of conditions conducive to dignity at work, disharmonious interper-
sonal relationships, lack of response to consumers’ suggestions, lack of openness 
towards scientific research in the place and lack of planning and preparation for 
resilience.

While recognising the existence of critical functions of structural, organisational, 
social and symbolic orders, which hinder the construction of resilience, it is also 
realised that systems need to adapt because of their own characteristics, aiming at 
better preparation and planning for adverse situations.

Given this fact, two models of action for resilience can be implemented, the pas-
sive or the active. Martin [35] conceptualises two types of resilience in view of the ref-
erential of safety and risk. Passive resilience is established in the absorption of adverse 
events, rapid recovery and return to the state of normality or usual functioning, 
while active resilience, as an improvement, seeks to become stronger with the learn-
ing provoked by adversity, generating greater capacity to deal with future disruptive 
events [35]. Based on this reflection, we developed conceptualisations applied to food 
safety in commercial restaurants, which are as follows:

Passive resilience: Passive resilience is present in commercial restaurants in which 
no adaptations to improve the elements and practices are implemented after the 
adverse event, even though recovery occurs. Meal preparation happens within the 
stipulated period, but safe practices in food safety are not applied in most of them. 
A certain accommodation of the individuals of these systems is identified since the 
meals are delivered without major procedural difficulties, and there is no charge 
by formal agencies regarding full compliance with safe practices. In these environ-
ments, social relations between kitchen workers and managers are often conflicting, 
and there is no openness to conduct research because of the insecurity generated by 
the environment. In these restaurants, consumers act as the main agents capable of 
promoting changes related to food safety.

Active resilience: Commercial restaurants that are active resilient systems have 
high capacity to recover from and adapt to adverse events. They become consolidated 
in systems that are more flexible and open to changes that result in food safety and 
workers’ well-being. As a result, there is greater work organisation and higher level 
of alignment in structural, formative and interactional issues. Active resilience 
represents the ideal conditions of this type of system. In the occurrence of an 
adverse event, the restaurants that present this variant recover more quickly, which 
demonstrates that they have learned and are in better conditions to respond to new 
adverse events.

In the restaurant context, passive resilience is preferred over non-resilience. 
However, when active resilience is experienced, restaurants tend to be less vulner-
able to internal and external shocks that can disrupt normal functioning generating 
negative effects on the economy of the place, on workers and on the consumers’ 
health. Hence, it is recommended to manage systems with the construction of active 
resilience as an objective.

Studying kitchen workers who have participated in ineffective training has shown 
that it is, among several characteristics, unable to suppress negative influences on 
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food safety arising from family habitus and common sense, not periodic and constant, 
focuses only on passing microbiological scientific information and legislation, reaches 
a superficial level of knowledge and does not stimulate the autonomy of kitchen 
workers. They present medium to low-risk perception, absence of prospective risk 
thinking and greater influence of actions inconsistent with safe practices found in 
common sense and family habitus, such as defrosting at room temperature, reusing 
leftovers of ready-to-eat food, prolonged exposure of food to room temperature and 
not disposing of possibly contaminated food.

Moreover, restaurants wherein this scenario is a reality are highly likely to present 
a ‘non-resilient’ system, with characteristics of conservatism and inflexibility. These 
social spaces indirectly cause the suppression of kitchen workers’ right to speak about 
their working conditions and food safety, for fear of losing their job, reprisals or 
generating a bad reputation for their workplace.

A disharmonic or non-motivating work environment, an aspect that can be 
changed during the preparation stage for the construction of active resilience, com-
bines inappropriate and unfair conditions between leaders and employees, conflicts, 
swearing and disrespect among the team and the lack of shared values, practices 
and concepts in food safety from all those present in the workplace. Disharmonic or 
non-motivating environments dehumanise workers and cause precarious working 
conditions since job satisfaction is insufficient, and they have poor infrastructure (i.e. 
lack of equipment, utensils, space to work, thermal comfort, insufficient number of 
employees and high noise levels), which can lead to pain and occupational diseases 
[36, 37]. Furthermore, it is possible to find workers hurrying to meet the schedule 
for finishing the meals because of the lack of structure, which makes them more 
susceptible to errors, work accidents and the non-performance of steps essential to 
food safety.

Throughout the text, and also indicated on the system map (Figures 1 and 2), 
situations in which changes can be made and situations that are difficult to access 
because of their individual and particular character are highlighted. This holistic 
and integrated view of elements, factors and aspects enables decision-makers, policy 
makers and leaders of each system to identify the vulnerabilities present either on a 
micro (e.g. subsystems) or macro scale (economic sector of out-of-home meals and 
public health), contributing to food safety and food security in food systems.

3. Social and subjective aspects of the kitchen worker subsystem

Considering its high complexity and multiple singularities, a subsystem map 
(Figure 3) was developed to facilitate the visualisation of the elements pertinent to 
this subsystem. Only the aspects that have not yet been presented in the system will be 
depicted.

Meal taste and seasoning have been established as a priority of effort and commit-
ment from the perspective of the kitchen worker. Culinary knowledge comes from 
the culture of each nation and region passed on from generation to generation and 
transposed to the habitus. The social dimension of taste incorporates the habitus with 
food-related family practices and taste elements characteristic of each social class, 
reflected in lifestyle and preferences regarding product and food use and consump-
tion [12]. Knowledge exchange between individuals in the restaurants they work or 
have worked for enables cultural exchange, enriching the result of the meals and the 
learning of practices that can help or hinder food safety.
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The perception of cleanliness in the work environment and of oneself also acts as a 
guide for these practices, being shaped in the aforementioned basis and in the refer-
ential of dirt and cleanliness (i.e. purification) ancestrally brought by diverse cultures 
to culminate in what is now understood as hygiene [38, 39].

Self-efficacy, the foundation of human action, refers to how much a person believes 
in their own ability to control to some extent their functioning and that of the envi-
ronment, reaching spheres of motivation self-regulation through result expectations 
[40, 41]. It is believed that self-efficacy can modulate kitchen workers’ food safety 
practices as they envision benefits to consumer health, reducing multiple harms in 
their workplace and maintaining their jobs. Self-efficacy, when developed favourably, 
tends to reduce vulnerability to stress and depression and strengthen aspects of resil-
ience in the face of future adversity [41]. In a personal scope, resilience is defined by the 
Oxford Advanced American Dictionary as ‘the ability of people or things to feel better 
quickly after something unpleasant, such as shock, injury, etc.’ [42]. In the context of 
commercial restaurants, personal resilience is built owing to life and work experiences 
that enable kitchen workers to better withstand and recover to respond satisfactorily 
to the occurrence of an FBD, shocks of any order and stressful situations. In a systemic 

Figure 3. 
Kitchen worker subsystem map.
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way, micro (individual) and macro (systems) scale resilience are interrelated, and it is 
not possible to dissociate or compartmentalise them, since one affects the other.

Considering the precariousness present in the meals production sector, it is 
common to observe kitchen workers having double or triple shifts in order to ensure 
the livelihood of their families. These shifts can be composed of another work shift, 
temporary activities related to food production or in another sector and household 
and family care activities. It is necessary to emphasise that the political and employ-
ment scenarios affect the workload and quality of life of these workers. In addition, 
in the Brazilian context, this group is composed of people from low-income social 
classes, who often face the lack of adequate housing conditions, urban transport 
problems and difficulties in health care, among others. Such facts constitute the 
sphere of concerns that inhabit their daily lives and influence the structure that would 
be suitable for their full development and performance as workers. In food safety, 
resilience is also interconnected with broader national scenarios.

The life history of kitchen workers can also influence food safety decisions. Living 
in situations with food insecurity tends to generate resistance towards discarding 
food that is not in proper condition for consumption. Making an analysis based on 
the studies of the anthropologist and sociologist Goffman [43], kitchen workers often 
dislike interaction with the public, maintain a distance and are shy, which reflects 
in their preference to work in the back region (i.e. the kitchen) rather than expose 
themselves to judgements or false performances in the front region (i.e. the dining 
area with consumers), a fact which is also a product of their social position.

Finally, gender and age issues regarding kitchen workers are relevant in identifying 
obstacles to food safety practices. Older workers in the sector show an inclination to 
maintain the status quo of their practices, i.e. they are more resistant to changes proposed 
in view of food safety updates. This tends to occur because of the consolidation of a 
professional habitus throughout the years of their professional experience. Furthermore, 
because of their social position, they report that they consider themselves incapable of 
adapting to other jobs, performing functions that are not related to meal production 
[44]. Male and young workers are usually less resistant to changing their practices, 
both for being less influenced by the matriarchal reference to meal preparation and for 
having little or no previous experience with cooking. Knowing these facts enables the 
designing of strategies aligned to the needs of each profile, aiming to overcome socially 
constructed barriers and foster new practices for the construction of active resilience.

4.  Recommendations for building food safety resilience in commercial 
restaurants

Table 1 lists recommendations that can improve the development of public poli-
cies, legislation and guidelines for the meal production sector to contribute to the 
construction of active food safety resilience.

The recommendations to build food safety resilience in commercial restaurants are 
intended to promote the absorption, recovery and adaptation capacity of the systems 
in the occurrence of adverse events through preparation and planning at multiple 
levels of dimensions involving people, structure and organisation and by considering 
the interconnections with sustainability needed in the area. The steps of absorption, 
recovery and adaptation tend to occur in a more agile and collaborative manner when 
the people involved in the systems understand the scope of action required to build 
active resilience and put efforts to achieve it in their daily work practice.
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5. Conclusions

The concepts, elements, factors and knowledge that make up food safety resilience 
in commercial restaurants point to the fact that its construction needs to be based on a 
strong foundation to guarantee fair and appropriate conditions for working, learning 
about food safety and sustainability, humanising interpersonal relationships between 
professionals and providing an environment that facilitates collective decision-
making regarding food safety and its daily application.

As subsystems, consumers, managers and kitchen workers contribute according 
to their dispositions, capacities and perceptions to mitigate or intensify FBD risks 
and to create decent working conditions. One of the central characteristics of risk is 
uncertainty, which permeates the decisions of these three subsystems that can engage 
in building active resilience through their choices.

Recommendations for building food safety resilience in commercial restaurants

To provide all workers who make up the system with continuous education that is appropriate to their educational, 
management and food safety needs

To enable a work environment in which workers can exercise the right to speak without reprimands

To listen to all work team for collective decision-making on food safety organisation, planning and preparation

To share food safety and sustainability values with the entire team, aligning concepts on these topics

To stimulate means to make leaders, in micro or macro scale, a food safety example to be followed to motivate 
similar behaviour in the team

To provide structural and organisational means to implement food safety practices in the daily working routine

To make efforts to kitchen environments maintain horizontal relations between all positions, based on dialogue 
and qualitative listening regarding multiple needs and experiences

To combat the precariousness of the meal production sector through decent working conditions

To humanise relations between professionals in all positions based on respect for individuality, appreciation of 
their work and recognition of the importance of everyone’s voice in collective decision-making in food safety

To periodically investigate the system and subsystems for possible vulnerabilities concerning critical functions and 
new situations that may emerge

To have work plans for resilience preparedness and FBD prevention adapted to the reality of the systems and 
updated face of relevant changes, without being bound by time frames

To have a vision of the interconnection of systems (field production, food service production, storage, transport, 
distribution, water resources, environmental preservation, etc.), implementing actions that ensure sustainability 
at all stages

To become aware that the use of financial resources in measures or infrastructure to ensure food safety is proactive 
action to prevent financial and other losses to the systems

To develop guidelines and training in food safety that include not only microbiological aspects and sanitary 
legislation, but also cultural practices and experiences in preparing safe meals in the context of social interaction 
(i.e. with family, friends, celebrations, common sense, etc.) to contextualise these guidelines

To encourage interdisciplinary research allied to human sciences, which will focus on understanding the factors 
identified in Figure 1 as ‘is not possible to deal’

To encourage research on resilience in interconnected systems: food purchase, transport, distribution and other 
systems

Table 1. 
Recommendations to build food safety resilience in commercial restaurants.
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Chapter 9

Legumes Cropping and Nitrogen 
Fixation under Mediterranean 
Climate: The Case of  
Montado/Dehesa System
Fernando Teixeira

Abstract

Climate change contributes to the environmental pressures that the  
Montado/Dehesa systems are experiencing, leading to an impoverishment of the 
floristic composition of the understorey. The strongly acidic soils of these systems are 
associated with nutrient deficiencies, nutritional disorders and the toxicity of metals, 
especially Mn and Al; these problems are discussed with emphasis on the antagonism 
between Fe and Mn and the relationship between K concentration and Mg uptake 
and concentration. The potential for the use of the legume-rhizobia symbiosis to 
increase biological nitrogen fixation and avenues for research are discussed. The 
co-colonization of the roots of legumes with arbuscular mycorrhizal (AM) fungi and 
the effects on P and Mn uptake are discussed. A better understanding of the relation-
ships between soil pH, organic matter content (SOM), microbial community, soil 
P content and the plant strategies to mobilize it, as well as plant effects on the soil 
solution concentrations of Mn, is important for the management of these systems. 
The increase of biological nitrogen fixation in these systems, through the breeding of 
tolerant cultivars to acidic soils and a stepwise legumes enrichment, alongside soil fer-
tility management, may contribute to increasing biomass production, SOM content 
and overall ecological plasticity.

Keywords: sustainable agriculture, Montado/Dehesa, legume, biological nitrogen 
fixation, acid soil, Mediterranean climate

1. Introduction

Plant biomass production is strongly correlated with nitrogen (N) availability 
which, in most farming systems, is dependent on the use of N-fertilizers. These 
N-fertilizers are obtained, with few exceptions, from the Haber-Bosch industrial 
process of atmospheric N2 fixation which is energy demanding and responsible for 
1.44% of the global emissions of carbon dioxide (CO2) [1]. Contrastingly, most plants 
of the family Fabaceae (legumes), which comprises 751 genera and 19,500 species [2], 
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can establish symbiotic relationships with rhizobia bacteria capable of fixing atmo-
spheric N2 into ammonia (NH3), through the development of root nodules that host 
the bacteria (bacteroids). This symbiosis has been explored by humankind since 
the early beginning of agriculture and it still is an essential part of many traditional 
agriculture farming systems (e.g., see [3]). In the Mediterranean basin and Europe 
at large, the rise of modern agriculture, which cannot be decoupled from relatively 
cheap N-fertilizers, has driven the abandonment of legumes in the farming systems. 
Still, legume usage in the frame of mixed pastures, and forages, did not decline over 
time as steeply as grain legumes did [4].

The Montado (in Portugal) or Dehesa (in Spain), is an agro-silvopastoral sys-
tem, typical of the Southwestern part of the Iberian Peninsula, characterized by a 
savannah-like landscape, where the main tree species are cork and holm oak (Quercus 
suber and Quercus ilex, respectively), where it occupies an area of ca. 3.5 Mha [5]. 
The Montado/Dehesa is the result of the interaction of humans with the land, and it 
would not exist without it; cork and firewood harvesting, livestock, farming, pastures 
and cereal crops, among others, are activities that help to maintain the landscape 
features [5] and contribute to the rich biodiversity [6]. These ecosystems are pres-
ently under significant environmental pressures. Projections of the climate change 
in the Mediterranean basin show that in the decades to come the Iberian Peninsula 
will experience a reduction in precipitation and higher temperatures throughout the 
year (e.g., see [7]). Models suggest that these climatic changes will affect the distribu-
tion of the cork and holm oak, with an important reduction in the presence of these 
trees in the regions where they are presently found (e.g., see [8]). Other important 
environmental pressures on these ecosystems arise from the soil properties, affect-
ing their resilience, namely, the strongly acidic reaction (pH < 5.5). In these soils, 
manganese (Mn) toxicity is often pointed out as the main cause of the low biomass 
productivity of the pastures (e.g., see [9]). Legumes may help to improve N content 
and P availability (organic P) through their rich underground biomass and surface 
plant residues and, thus, increase SOM content and counteract soil acidification. This 
chapter focuses on the legume-rhizobia symbiosis under rainfed farming in the acidic 
soils of the Montado/Dehesa systems, conditioned by the Mediterranean climate. 
The legume-rhizobia and tripartite symbiosis with AM fungi and a set of factors that 
have been identified as particularly challenging for legumes production are briefly 
reviewed. Possible avenues of research are identified that may allow, in the future, 
to enhance biological N-fixation and biomass production in these systems through a 
stepwise, low-input, legumes enrichment strategy.

2. Root-nodule symbiosis as mitigation of environmental pressures

The biological N-fixation produced by the legume-rhizobia symbiosis may have a 
profound effect on the Montado/Dehesa ecosystem by increasing the N content of the 
system and its availability to grasses and other forbs, increasing the overall biomass 
production and the soil organic matter (SOM) content. The term rhizobia designate 
diazotrophic bacteria of two different classes of Proteobacteria, encompassing 
species and strains well beyond those of the genus Rhizobium. Rhizobia N2-fixation 
only occurs in the frame of the symbiotic relationship with legumes [10]. Legume-
rhizobia symbiosis is energy demanding for the plants, and thus, it only happens if 
there’s not enough nitrogen available (nitrate and ammonium) in the soil to meet 
the plants’ needs (e.g., see [11]). The bacteria in the symbiosis receive in exchange 
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photosynthates as a carbon source. The plants control the symbioses, and nodule 
 formation, through regulatory mechanisms, such as the “autoregulation of nodula-
tion” (AON), carbon and nitrogen regulation of nodulation, among others (e.g., 
[11]). For the symbiosis to occur, both the legume host and the microsymbiont must 
be compatible [12]. The soil and climate conditions found in the Montado/Dehesa 
will dictate if legumes sowed, even when inoculated with compatible rhizobia, will 
produce functional nodules, as the survival and thriving of both symbionts in the 
following years will only occur if both can cope with those conditions. In the next 
paragraphs, these environmental pressures are discussed along with the contribution 
of successful legume-rhizobia symbioses to mitigate them.

2.1 Soil reaction and toxicity of metals

Increasing SOM content may help to counteract soil acidification, to the extent 
that SOM constitutes an important proton buffer, and SOM depletion and low 
calcium (Ca2+) saturation of the cation-exchange capacity (CEC) of the soil [13] 
may constitute one of the main reasons for soil acidification in the Montado/Dehesa 
system. The high concentration of protons in the soil solution leads to the solubiliza-
tion of heavy metals that may become toxic to the plants, namely, aluminum (Al3+) 
and Mn2+ (e.g. [14, 15]). The concentration of these toxic elements that plants may 
endure will vary with species and cultivars but often they have much lower thresh-
olds than their wild counterparts (e.g., [16]). In low pH soils, nodule formation and 
nodule weight can be reduced by percentages above 90% and 50%, respectively [17]. 
Rhizobia bacteria can be found in a wide range of proton concentrations, with species 
(strains) surviving at pH values as low as 4 [18]. Nonetheless, soil acidification might 
have a profound effect on the survival of the bacterial strains present and thus on the 
occurrence of matching symbionts [19]. Bradyrhizobium spp. are, generally, more 
pH-resistant (tolerant) than Rhizobium spp. [17].

Proton [H+] concentration in soil solution and the interaction with other elements, 
namely Al3+ and Mn2+, affect plant growth. Aluminum [Al3+] has no known biological 
function (e.g., [20]) but it can impair plant growth when in relatively high concentra-
tions in the soil solution. The major factor affecting Al3+ concentration in soil solution 
is proton concentration and the presence of other ions that react with the dissolving/
precipitating surfaces [15], namely, SOM (e.g., [21]). pH values above 4.5–5.5 are 
considered as leading to the precipitation of Al3+which in relatively high concentra-
tions affects root elongation and root hair formation likely due to the binding to the 
pectic matrix of the cell walls, substituting Ca, and hence cell wall thickening and 
rigidity (e.g., [22, 23]). The aerial part of the plant is also affected by Al3+ via induced 
nutrient deficiencies of magnesium (Mg), Ca and P, phytohormones imbalances 
and drought stress [22], but transport to the shoots, with some exceptions, is usually 
limited [24]. Plant Al-tolerance is characterized by the production of root exudates, 
organic acids and mucilage capable to chelate Al3+, and by a lower CEC of the surface 
cell walls [22]. Pasture/forage legumes have different tolerance to different Al3+ 
concentrations. For example, the genus Trifolium has a higher tolerance than species 
of the genus Medicago (e.g., [25]), and very tolerant species, like Lupinus luteus (e.g., 
[26]), are capable of coping with Al3+ concentrations more than 20-fold than the most 
sensitive legumes. Wood et al. [18], working with Trifolium repens (white clover), 
observed an inhibitory effect of Al3+ on root hairs formation and root elongation, at 
concentrations of 50 μM and at pH 4.3 and 4.7, and no multiplication of Rhizobium 
trifolii and reduced nodulation for Al3+ concentrations of 50 μM at pH 5.5. Different 
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rhizobia strains have been shown to grow at much higher Al3+ concentrations than the 
host [27]. Manganese [Mn2+] plays an important role in plant growth, as a cofactor in 
many processes, from photosynthesis to the control of oxidative stresses (e.g., [28]); 
plant requirements of Mn are very low and a concentration of 50 μg Mn. g−1 shoot 
DM is considered sufficient for normal plant growth [29]. Mn2+ concentration in soil 
solution is pH related, with concentrations reducing sharply above pH values of ca. 
5–5.5 (e.g., [30]), but it is also dependent on the oxidation-reduction conditions of the 
soil (e.g. [14]), plant characteristics, namely, carboxylate exsudation behavior [30], 
and the microbiological activity (e.g. [31]). In studies with nutrient solutions, with 
similar ranges of pH and Mn2+ concentrations, it has been reported the inhibitory 
effect of Mn on the formation of root hairs of important commercial crops, such as 
soybean (e.g., [32]). Other studies, with similar Mn2+ concentrations, did not find 
any effect of Mn on root hairs formation or root elongation, e.g. in T. repens (white 
clover) [18]. Chen et al. [32] suggest that the soybean responses to Mn toxic con-
centrations, leading to the inhibition of root elongation, may be due to root cell wall 
modification and lignification. Many transporters can transport excessive amounts 
of Mn into the root cells, such as the iron-regulated transporters (IRT1), the “natural 
resistance-associated macrophage protein” (NRAMP), and many others [28]. The 
mechanisms of plant Mn-tolerance involve both, the ability to excrete and to store Mn 
in the cells. Nazeri et al. [33] observed a sharp decrease of Mn concentration in the 
roots of non-mycorrhizal Trifolium subterraneum after the supply of P, consistent with 
the excretion of Mn as no change in concentration of Mn in the shoots was observed. 
Although the mechanisms for Mn storage in the shoots are not known for most 
species, the ability to increase the concentration of carboxylate anions in the cells to 
chelate Mn is a possible explanation at least for some species [29]. Wood et al. [18] did 
not detect any effect of Mn at 200 μM on nodule formation in T. repens, for a pH range 
from 4.3 to 5.5. On the other hand, Izaguirre-Mayoral and Sinclair [34] observed that 
Mn at concentrations of 70 and 90 μM inhibited growth and nodulation of a soybean 
Mn-sensitive genotype but not on a tolerant genotype. Critical toxicity concentrations 
for Mn in the above-ground biomass range from 200 to 3500 μg.g−1 dry weight [35]. 
Some legume species are exceptionally tolerant to high leaf concentrations of Mn, 
above 7000 μg.g−1 dry weight (e.g., Lupinus albus) [29]. Keyser et al. [36] found no 
effect of Mn2+ (200 μM solution) in the growth of 23 strains of cowpea rhizobia and 
10 Rhizobium japonicum (Bradyrhizobium japonicum), although a slowed growth was 
observed when Ca2+ concentrations were also low. Wood et al. [18] did not observe 
any effect of Mn2+ (200 μM solution) on the numbers of R. trifolii, and no interaction 
with Ca.

2.2 Soil reaction, nutrient deficiencies and nodulation

Phosphorus [P] is an important element in molecules participating in the intracel-
lular buffering system (the conjugate acid-base pair H2PO4

−–HPO4
2−), in the energy 

metabolism of the cells (e.g., ATP, adenosine triphosphate), in the formation of 
nucleic acids, among others. In acidic soils, low available P in soil solution is mainly 
due to its retention as adsorbed P on the surface of soil particles of Al- and Fe oxides 
[37]. Some plant species can exudate to the rhizosphere important amounts of 
carboxylates that are capable to mobilize Al- and Fe-oxide-sorbed P and also organic 
P. The organic P is then hydrolyzed by phosphatases, which are exudate to the rhizo-
sphere. The inorganic P uptake by the plant occurs through a high-affinity inorganic 
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P transporter in the plasma membrane of the root cells, belonging to the PHT1 gene 
family [38]. This strategy of P-mobilization is accompanied by the mobilization of 
other nutrients such as Mn [29]. Another strategy most plants follow is the promotion 
of symbiosis with arbuscular mycorrhizal (AM) fungi capable of scavenging phos-
phorus (available P) [39]; this strategy will be discussed further ahead. The relative 
importance of each of these strategies of P uptake, for each plant species/cultivar, and 
the interactions with the environment, may have an impact on the availability of other 
nutrients, namely, Mn and their uptake. Plants must possess adequate levels of phos-
phorus (P) otherwise the N-fixation rate by the microsymbiont will be conditioned 
by P-availability. For example, the molybdenum-dependent nitrogenase requires for 
each mol of N2 reduction, 16 mol of ATP [40]. Nodulating plants allocate a substantial 
part of the P uptake to the nodules in soils with low available P [41] and P fertilization 
may have an important effect on biologically-fixated N (e.g. [42]).

Iron [Fe2+] is essential for biological N-fixation, for example, due to its role in 
the FeMo cofactor of nitrogenase [43] and the prosthetic group of the leghemoglo-
bin. Fe content and availability to plants in acidic soils are usually high, but plant 
Fe-deficiency can occur in sandy soils with high concentrations of Mn2+ in soil 
solution [44]. Legumes, like all dicots, mobilize Fe through the acidification of the 
rhizosphere; the mobilized Fe3+is then reduced to Fe2+ by plasma membrane reduc-
tases and the uptake happens through plasma membrane iron-regulated transporters 
(IRT1), in what is known as the strategy I of iron uptake [45]. Mn and Fe antagonistic 
relationship has been observed in many studies with legumes and non-legumes (e.g. 
[46]). Izaguirre-Mayoral and Sinclair [34] observed that: (i) a higher Mn concentra-
tion in the leaves of two soybean cultivars when in the presence of low Fe and high 
Mn concentrations in the culture solution and; (ii) a lower concentration of Fe in 
the leaves with increasing Mn concentrations in the culture solutions with high Fe 
concentration. In acidic soils, the Mn-induced accumulation of Fe in the roots may 
affect nodulation and nitrogenase activity.

Calcium [Ca2+] is an essential nutrient in plant cells, namely, by its structural role 
in the cell walls and membranes, and the signaling role in the cytosol [47]. Calcium 
also plays many roles in the nodulation process of legumes, viz., in the root hair 
deformation and entrapment of rhizobia soon after nod factor release by the rhizo-
bia [48]. The uptake of Ca2+ is mediated by plasma membrane transporters, the Ca 
channels [47]. These Ca channels may be permeable to Mn [28]. Nitrogenase activity 
can be reduced in acidic soils, particularly, if Ca concentration is low and at the early 
stages of plant development in common bean (Phaseolus vulgaris L. Dobruganca) [49]. 
Liming, to increase soil pH from 5.2 to 7.3, was shown to increase nodulation, root and 
shoot weight in 14 lucerne cultivars (Medicago sativa) [50]. Muofhe and Dakora [42], 
working with rooibos (Aspalathus linearis), observed a 27.2% increase in biologically-
fixed N in response to Ca supply.

Magnesium [Mg2+], besides its role in the chlorophyll molecule, and in a mul-
titude of enzymes, also plays an essential role in ATP; ATP, to become biologically 
active requires binding with Mg (e.g., [51]). Several studies show a negative effect 
of K on Mg concentration in the shoot tissues (for reviews see, e.g., [52, 53]. This 
interaction of K x Mg may be of significance because, in the acidic soils of the 
Montado/Dehesa, K availability might be high, and low Mg concentration in the 
plant shoots may have a significant effect on plant growth and nutritional value 
as feed. The Mg2+ transporter(s) responsible for uptake into the root cells is(are) 
poorly known (e.g., [52]), although there is evidence of Mg2+ transport through 
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Ca-channels [47]. Reduced translocation of Mg from the roots to the shoots, in 
presence of high K+ concentration, might be the cause [53]. According to an analysis 
performed by Rietra et al. [52] on 94 peer-reviewed papers and 117 interactions 
(synergistic, antagonistic or zero-interactions) on crop yields, no interactions were 
found between Mg and Mn.

Molybdenum [Mo] is essential for some enzymes found in plants, involved in 
nitrogen metabolism and phytohormones synthesis [54]. Mo, as seen for Fe, is essen-
tial for biological N-fixation due to its role in the FeMo cofactor of nitrogenase [43]. 
A molybdate transporter type 1 (MTR1), that is a molybdate-specific transporter, 
has been identified in Medicago truncatula, and their expression in the nodules was 
determined [55]. Mo availability to plants in the soil solution correlates positively 
with decreasing proton concentration, being highest for soils with pH > 6.6, and with 
the percentage of soil particles with diameters smaller than 20 μm [56]. Adhikari and 
Missaoui [50], working with 14 Lucerne cultivars (M. sativa), a species particularly 
sensitive to low pH, observed that plants grown in soils with a pH of 5.2 and Mo 
supplementation, had a statistically significantly higher number of nodules (53% 
more nodules) than the control.

2.3 Temperature

In the Montado/Dehesa, biomass accretion happens from fall through winter and 
spring. The length of the growing period will vary as there is no consistent rainfall 
pattern from year to year. The daily minimum soil temperatures in the Winter months 
are often well below 5°C at 2 cm depth (e.g., [57]). In mid-Winter, as the growth rate 
of legumes increases in responding to favorable temperature and water availability 
so increases the potential for biological N-fixation. Biomass accretion of the annual 
species of the understorey ends in late May or early June after soil-available water has 
been used and the air temperatures are still relatively mild.

The tolerance of rhizobia to low temperatures varies, with different minimum 
temperatures for growth as low as 5°C, and survival −10°C [58]. Gibson [59] studied 
the effect of time and temperature in nodule formation of four subterranean clovers 
(T. subterraneum) cultivars and three R. trifolii strains, and observed inhibition of 
nodule formation below root temperature of 7°C, and an increased time to nodule 
formation as temperatures decreased below 22°C (from 4.1 to 5.7 days at 22°C to 20.2 
to 24.2 days at 7°C); the author also observed that for plants with roots at 12°C, time 
to detect leghaemoglobin in nodules varied between 5 and 8 days (2–4 days for plants 
with root temperature of 22°C). Peltzer et al. [60], in a study with Lupinus angus-
tifolius cv. Yandee, observed that nodule initiation at temperatures between 7 and 
12°C failed due to insufficient exudation of flavonoids from the legume to activate 
nod factors of Bradyrhizobium. However, nitrogenase activity in nodules formed at 
adequate temperatures may occur at a much wider range of temperatures. Dart and 
Day [61] observed that nitrogenase activity, of nine different species, had a maximum 
for root temperatures of around 20 to 30°C, and that some species sustained nitroge-
nase activity for temperatures from 2 to 40°C; these authors also observed that at the 
temperature range of 2 to 10°C, this activity was only slightly reduced for Vicia sativa 
and T. subterraneum. In the winter months, low temperatures and relatively low light 
exposure of the understorey, as encountered in the Montado/Dehesa, is likely to affect 
the photosynthetic activity of legumes, and the carbohydrate content in the nodules 
(e.g., see [11]), affecting plant growth and nitrogenase activity.
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2.4 Water stress

Extended periods of low or no precipitation during the growing season are very 
common in the Montado/Dehesa region and can affect symbiosis. Unsaturated soil 
conditions, and soil texture (especially in clayey soils), conditioning the diameter and 
continuity of saturated soil pores, affect rhizobia motility [62]. Thus, in the presence 
of a low concentration of rhizobia per gram of soil, the initiation of symbiosis may be 
dependent on transient saturated conditions after rainfall. N-fixation of nodulated 
legumes may be severely impaired by drought, well before photosynthesis is reduced, 
and the mechanisms for this response are species-specific and not fully understood; O2 
limitation, C availability and N feedback mechanisms have been proposed as playing 
an important role in the regulation of nitrogenase activity during drought periods [63]. 
A better understanding of these mechanisms would allow faster and smarter breeding 
for drought-tolerant legume species. On the other hand, the Montado/Dehesa systems 
are located in peneplains, and waterlogging is a common problem in some areas. 
Waterlogging has a profound effect on aeration and the redox conditions of the soil that 
can impose high Mn2+ availability over time [14]. The nodules, in saturated soils, will 
be deprived of free O2, essential for the oxidation of the carbohydrates to produce the 
energy needed for the nitrogenase activity; also the diffusion of CO2 and H2, gases that 
can inhibit nitrogenase activity, will be hindered [61]. Roberts et al. [64] discuss the 
model/role of a gas diffusion barrier in the nodules, capable to maintain a microaerobic 
state, ca. 20 nM O2, under normal atmospheric conditions, that assure nitrogenase 
activity at suboptimal rates; changes of the O2 partial pressure of the atmosphere lead 
to short term changes of the gas diffusion barrier permeability and the rapid inhibition 
of the nitrogenase activity (transient and fully recoverable), or long term changes, 
leading to changes in the cellular and subcellular morphology, including the formation 
of lenticels and secondary aerenchyma on the surface of the nodules. Depending on the 
severity of the hypoxic conditions and the exposure time, the adaptation of the legume, 
regarding the number of nodules and nitrogenase activity, may not be sufficient and, 
depending on the species/cultivars, the recovery and survival might be compromised. 
Pampana et al. [65] observed that 5 days of waterlogging during the flowering period 
were sufficient to reduce the number of pods and seeds of white lupin plants almost 
three-fold, as well as seed weight and shoot and root dry matter. On the other range of 
the spectrum, Pugh et al. [66] observed that white clover (T. repens) grown under satu-
rated conditions from germination had, after 9 weeks, higher shoot dry matter than 
normally watered plants; the authors also observed that the plants normally watered 
had a substantial reduction of the acetylene reduction activity (an indicator of nitroge-
nase activity) when waterlogged (a reduction to 4%, when compared to previous activ-
ity) and that the acetylene reduction activity increased when permanently waterlogged 
plants were suddenly drained (a 250% increase). Both drought and waterlogging in 
the Montado/Dehesa are likely to affect the biological N-fixation although the effect of 
N-fixation on biomass yield requires further experiments allowing the separation of 
other effects on biomass yield (photosynthetic activity, nutrient uptake and transloca-
tion, root anoxia/hypoxia, and so on).

2.5 The importance of tripartite symbiosis

Legumes, besides symbioses with rhizobia bacteria, can establish symbioses with 
AM fungi in mutualistic relationships where the fungi increase the plant uptake 
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of water and nutrients, in particular phosphorus, and receive photosynthates in 
exchange [39]. Most plants are co-colonized by multiple AM fungi species and 
endemic AM fungi, well adapted to the soil conditions, will compete with inoculated 
AM fungi for mycorrhization of the roots [39]. These symbioses may be important for 
N-fixation if in the presence of low concentrations of plant-available P. The mycor-
rhizal component may account for much of the P uptake of legumes and the direct 
uptake can be residual. Nazeri et al. [33] showed that mycorrhizal plants of T. subter-
raneum, grown under low P-available conditions, had higher P concentration in the 
roots and shoots, and lower Mn concentrations, when compared with non-inoculated 
plants, indicating alternative strategies to acquire P. Alho et al. [67], studying the 
effect of intact extraradical AM propagules, in undisturbed soils, on the infection of 
T. subterraneum by the fungi, observed that plants infected with intact propagules had 
statistically significant higher P and N concentrations in the shoots (214 to 515% and 
203 to 479%, respectively), higher shoots and nodules dry weight (274 to 618% and 
398 to 640%, respectively), and much lower concentration of Mn in the roots (34 to 
56%) when compared to control (disturbed soil) 42 days after growth started; these 
authors observed also that the preceding plants, i.e. the plants grown to establish the 
mycorrhiza, being more or less mycoptrophic, affected the infection of T. subterra-
neum, with non-mycorrhizal species producing statistically significantly lower values 
for all those variables when compared with plants infected with intact propagules 
produced by mycotrophic species.

3. Gaps in current research

To increase the soil productivity in the Montado/Dehesa ecosystem, the correc-
tion of the soil reaction by liming is expensive but, where economically viable, it is 
effective, either with calcitic or dolomitic limes (e.g., [13]). However, the economic 
and social benefits of liming must be balanced with the ecological impact of this 
practice. From an ecological point of view, liming contributes to the emissions of 
greenhouse gases (GHG) from mining, transporting and incorporating the lime into 
the soil. Additionally, liming causes a marked stratification of the soil profile pH and 
the effects on the forest stand and acidophilic endemic species, in the long term, are 
unknown. On the other hand, liming potentially yield higher carbon sequestration 
(SOM), the improvement of several topsoil properties, higher feed production and 
quality (protein content), just to name a few. Unfortunately, although there are many 
metric approaches to quantify these variables there is no reliable model to assist in the 
decision to correct the soil reaction through liming in the Montado/Dehesa.

Alternatively, and although in a wider time frame, the benefits of liming can be 
achieved through higher SOM content (increasing CEC and the soil buffering capac-
ity) and the management of soil fertility and plant nutritional deficiencies. Endemic 
legumes species, with cultivars selected for the traits of interest, can increase the N 
content of the system and N availability to other forbs and grasses, and, along with 
the correction of plant nutrient deficiencies, enhance biomass production and SOM 
content. Seeding with no-till systems would allow the preservation of the SOM 
content, without the exacerbation of microbial activity. It would also allow a sequen-
tial introduction of the cultivars of interest, beginning with those species/cultivars 
that can tolerate the soil conditions and boost soil organic matter (cultivars selected 
aiming acid soils reclamation and tolerant to the low light conditions of the understo-
rey), creating favorable conditions for the survival of the rhizobia of interest (already 
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present or inoculated) and the preservation of AM fungi, in what can be defined 
as the first step in a stepwise legume-enrichment. These first introduced species/
cultivars would be kept through self-seeding by allowing narrow bands to grow to 
maturity (seed formation) when cutting the pasture for fodder (hay or silage), or 
by grazing the legume-improved pastures only in the Summer. After achieving a 
design threshold of SOM content, correlated with higher nutrient availability and 
soil buffering capacity, pH-sensitive cultivars, capable of higher biomass accretion 
and adapted for the multi-diverse environments of the Montado/Dehesa, namely, 
the light/shade exposure, could be sowed. This low-input strategy for legume-rich 
forage in the Montado/Dehesa would require multidisciplinary research. The next 
paragraphs will discuss avenues of research readily identifiable: (i) legume species 
and phenotypic traits; (ii) microsymbionts and symbioses; (iii) soil fertility and 
nutritional problems.

Legume species and phenotypic traits. In the Montado/Dehesa system, and 
conditioned by the spatial variability (environmental variability) caused by the 
forest stand, the best approach to improve biological N-fixation is through the use of 
mixtures of legumes with different phenotypical traits, capable of occupying these 
different environments. The plants’ genera and species that should be the subject of 
plant breeding, are not dissimilar from those in the mixtures of the Sown Biodiverse 
Permanent Pasture Rich in Legumes system (see [68]), namely, the genus Trifolium, 
which has many species that are, at least, naturalized in the Iberian Peninsula, and 
several other endemic genera, including Ornithopus, Lotus or Lupinus; however, 
breeding for the acidic conditions of the Montado/Dehesa should include traits such 
as low pH tolerance, Al tolerance, Mn tolerance (the storage capacity or exclusion of 
Mn), shade tolerance (photosynthetic efficiency), drought tolerance, waterlogging 
tolerance, high nutrient use efficiency, diseases and pests tolerance, matching rhizo-
bia (the persistence in the soil) and the potential to mycorrhizal symbiosis.

Pastures sowed with mixtures of legumes in the Montado/Dehesa, in soils with 
pH in water between 4.9 and 5.94, increased the biomass production by more than 
three-fold, as well as the SOM content, and the protein content of grasses and non-
legume forbs [69]. However, the positive effects observed in this study decreased 
continually from the first year onwards, suggesting the inadequacy of the cultivars 
sowed. From a stepwise legume-enrichment perspective, lupins may play an impor-
tant role in the first steps of legume enrichment. The Mediterranean basin is the place 
of origin of important annual lupin species, with an important genetic pool for plant 
breeders. For example, in 2009, the number of accessions (landrace and wild types) 
distributed among different institutions totalled 1804 in Portugal and 5057 in Spain 
[70]. Lupins are tolerant to acidic soils, with low available P, and can cope with very 
high concentrations of Mn in the shoot tissues (e.g. [71]). Thus, at least conceptually, 
well-adapted cultivars of lupins, with good biomass accretion, mixed with other 
highly tolerant hardy cultivars of other genera could be sowed, increasing SOM and 
nutrient availability, and establishing/increasing the microsymbionts population, and 
their ability to survive. In this respect, lupins do not possess very high specificity to 
their rhizobia microsymbiont, being able to establish symbiosis with several species 
of Bradyrhizobium [72].

Microsymbionts and symbioses. Through screening of acid-tolerant rhizobia 
strains present in these soils, their matching legume hosts and N-fixation efficiency 
may lead to the expansion of the area of legume-ameliorated pastures in the Montado/
Dehesa systems. In this respect, Bradyrhizobium species (and their hosts) may be of 
particular interest due to their higher tolerance to low pH soils [17]. Concerning AM 
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fungi, when breeding legumes for improved biomass yield, the best cultivars are likely 
to be deprived of the genetic apparatus that favors symbiosis or alter the regulatory 
mechanism (the thresholds), increasing the specificity or decreasing susceptibility 
with the microsymbionts (e.g., [73]). Thus, at least conceptually, breeding new culti-
vars of legumes from endemic wild types may preserve the ability of these cultivars to 
establish symbiotic relationships with the different AM fungi present in these soils. In 
mycorrhizal legumes, the symbiosis may have a profound effect on P and Mn uptake 
and concentration (e.g. [33, 67]). The work of Alho et al. [67], studying plants and 
their mycotrophic character, and the highly positive effect of intact mycorrhizal on 
the infection of T. subterraneum, supports the concept of a stepwise enrichment of 
legumes in the Montado/Dehesa, based on the plant species present at the begin-
ning of the process, and by the effect of no-till direct seeding of new cultivars to 
maximize mycorrhizal symbiosis. For annual legume crops, and especially under the 
Mediterranean climate and acidic soils of the Montado/Dehesa, the benefits from 
a tripartite symbiosis may be synergic, with an effect on biomass accretion caused 
by improved P uptake and N-fixation, much higher than the simple addition of the 
isolated effect of the microsymbionts, but this is yet to be demonstrated.

Soil fertility and plants’ nutritional problems. The management of soil 
fertility is paramount for increasing the productivity and sustainability of these 
systems. Where total P is extremely low, P fertilization is needed and may induce 
higher N-fixation. Nevertheless, as observed by Hernández-Esteban et al. [69], 
P-fertilization has only a limited effect on pasture productivity, and produced a 
higher effect when applied to sown legume pastures; the reasons for the low effect 
of P on natural pastures may have to do with the phenotypical traits of the wild flora 
which have evolved adaptation mechanisms to thrive in these poor and very dynamic 
environments. Even in strongly acidic soils, where the P-fertilizers are quickly 
adsorbed/precipitated in relatively insoluble forms, they will enter the soil’s P-pool 
and will be made available by the plants and microbes in the future. The P-mobilizing 
strategies of legumes, non-legumes and the microbial community (e.g. [74]), and 
their effects on Mn availability and uptake of the different groups (legumes, other 
forbs and grasses), justify a comprehensive study of the relationships between these 
and other variables. In this respect, the P distribution within the plant (P allocation 
to the shoots, roots and nodules) can become, as suggested by [37], a tool for the 
determination of the symbiotic efficiency and/or the adaptation of the legumes (host-
bacteria symbiosis) to the environmental conditions. Other plant nutritional disor-
ders that can be detrimental to plant growth and biological N-fixation, such as the Fe 
and Mn antagonism, or the inhibitory effect of high K+ uptake on Mg2+ uptake and 
concentration in the shoot tissues, should be further researched, as they can define 
new approaches to nutrient management, floristic composition of pastures, plant 
breeding, and others. The complexity of the relationships between different nutri-
ent uptake and the concentrations of these elements in the plant tissues poses many 
challenges, namely, for screening candidate cultivars. A high-throughput ionomic 
approach, and the correlations between these elements in the plant tissues, which are 
highly species- and environmental-specific, can be a very useful tool (e.g. [75]).

4. Concluding remarks

The potential for biological N-fixation with legumes in the Montado/Dehesa 
systems is lower than in more northern regions in Europe due to the erratic rainfall 
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patterns and the relatively low temperature during part of the growing season, and 
the poor and strongly acid soils. Increasing the potential N-fixation through liming is 
expensive and, in these sensitive biodiverse systems, with unknown consequences in 
the long term.

Legumes bred for tolerance to acid soils and associated metal toxicity, for drought 
and waterlogging, and for the low light conditions in Winter, could provide biodi-
versity and the potential to increase N-fixation in the multi-diverse environment, 
both spatial and temporal, of the Montado/Dehesa. A stepwise approach, through 
the use of no-till direct seeding, starting with the introduction of mixtures of hardy 
tolerant legume species/cultivars, and adequate soil and plant nutrient management 
can potentially create the soil conditions necessary for a second phase introduction 
of more sensitive legumes, but with higher biomass and N-fixation potential. Such 
a low-input strategy for legume-rich forage has the potential to increase the sustain-
ability and productivity of these systems, by increasing the contents of N, C and 
organic P.

The avenues of research that are needed may prove beneficial beyond the natural 
borders of the Montado/Dehesa, by identifying legume cultivars and rhizobia strains 
tolerant to strongly acidic soil conditions useful in other regions of the world.
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Chapter 10

Rust Disease Classification Using 
Deep Learning Based Algorithm: 
The Case of Wheat
Shivani Sood, Harjeet Singh and Suruchi Jindal

Abstract

Rusts are plant diseases caused by obligate fungi parasites. They are usually 
host-specific and cause greater losses of yields in crops, trees, and ornamental plants. 
Wheat is a staple food crop bearing losses specifically due to three species of rust 
fungi namely leaf rust (Puccinia triticina), stem rust (Puccinia graminis), and yellow 
rust (Puccinia striiformis). These diseases are usually inspected manually by a human 
being but at a large scale, this process is labor-intensive, time-consuming, and prone 
to human errors. Therefore, there is a need for an effective and efficient system that 
helps in the identification and classification of these diseases at early stages. In the 
present study, a deep learning-based CNN (i.e., VGG16) transfer learning model has 
been utilized for wheat disease classification on the CGIAR image dataset, containing 
two classes of wheat rust disease (leaf rust and stem rust), and one class of healthy 
wheat images. The deep learning models produced the best results by tuning the 
various hyper-parameters such as batch size, number of epochs, and learning rate. 
The proposed model has reported the best classification accuracy rate of 99.54% on 
80 epochs using an initial learning rate from 0.01 and decayed to 0.0001.

Keywords: food security, plant disease detection, wheat rust disease, deep learning, 
convolutional neural networks

1. Introduction

Rust diseases are the fungal diseases of plants, mainly grasses, caused by fungi. 
They affect the aerial plant parts especially leaves but can also attack stems and even 
flowers and fruits. They bear complex life cycles that require two alternative unrelated 
hosts. Rusts produce spore pustules which vary in color according to the rust species. 
About 7000 rust species are known to affect a variety of host plants globally. They can 
cause a wide range of symptoms depending upon the host species like the formation 
of Galls or swellings on the branches, formation of Canker on the trunks, and forma-
tion of Spores on the surface of the leaf. Leaf rust is also known as bown rust due 
to the brown color of circular urediniospores on the surfaces of the leaf of the crop. 
Yellow rust or stripe rust is characterized by the yellow color of stripes on the surfaces 
of the leaf. Stem rust is also brown and characterized by the patches of brown color 
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on the surface of stems. Many approaches are being deployed to combat the problem 
of these diseases which involves accurate phenotyping which means characterization 
of the diseases at field level followed by genotyping to find out the genes responsible 
for its cause. Many germplasm resources are being explored and screened by scien-
tists worldwide to find new sources of resistance. Precision phenotyping is the key 
requirement to achieve the goals. So far there are manual interventions involved to 
screen these diseases. But manual scoring of these diseases is a cumbersome job in 
large pre-breeding and breeding programs. Therefore, there is a strong need for high 
precision phenomics which involves imaging using high-quality cameras or equip-
ment followed by image analysis using newly developed software and tools. In today’s 
era of artificial intelligence, it is possible to explore high-end phenomics to achieve 
better yields of important crops like wheat. Many machine learning and deep learning 
models have been tested and tried to analyze and characterize wheat fungal diseases 
[1–4]. One of the main reasons for the popularity of these techniques is the use of 
GPUs (graphics processing units). The classification tools, computer vision, and 
GPUs are combined in a single framework called deep learning [5]. Deep learning-
based models have been used in the various applications of agriculture for end-to-end 
learning. With the use of GPUs, deep learning can give a better solution to the given 
problem in a shorter time [6]. The process of building such models is computationally 
challenging but using GPU power becomes very easy [7, 8]. Fungal diseases have been 
identified using image processing techniques on different horticulture and agriculture 
crops. Various feature extraction and classification algorithm have been used to detect 
the different types of fruits, vegetables, and cereal crops.

Among the various rust diseases, soybean-, coffee-, and wheat-rusts are the most 
damaging diseases. Therefore, the constant efforts are being done worldwide, to 
combat this problem. Wheat is one of the staple food crops in addition to rice and 
maize. The total area under wheat in the world is around 220 million hectares with 
a production of 772.64 million metric tons (2020–2021). Wheat rusts especially leaf 
rust, stem rust, and yellow rusts are major fungal diseases that affect the production 
of the wheat crop throughout the world particularly in South Asian countries [9]. As 
per the prediction of the Food and Agricultural Organization (FAO) of the United 
Nations, wheat production might not be fulfilled the requirement in near future due 
to rapid population growth [10, 11]. In this chapter we discuss the usefulness of deep 
learning-based algorithms to identify rust using wheat as a case study.

2. Computer vision approaches for plant disease identification

Human perception is based on the interaction between the brain and the eye. On 
the other hand, computer vision system (CVS) is used to emulate human vision for 
gathering information without physical interaction [12, 13].

It is also defined as the process of automatic acquisition, and analysis from image 
data. CVS emulates the dynamic vision system whose operation is very transparent 
and natural. The data is processed in various stages such as capturing, processing, and 
analysis of images. Figure 1 depicts the steps involved during image processing. In 
the first stage, image acquisition and pre-processing are involved. The images can be 
acquired using high-resolution cameras and sensors. Further, the images are pre-
processed through data cleaning, background removing, adding/removing noise, and 
also enhancing the quality of images. In the second stage, the images are segmented. 
The segmentation process involves extracting only important and useful information 
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from the whole image that further helps in the discrimination of classes. In the third 
stage, the high-level analysis is performed in which direct emphasis is done on the 
recognition (objects) and interpretation (making results). In a CVS, the following 
attributes contribute to decision-making: shape, color, texture, and also size.   Figure 2  
depicts the utilization of various artificial intelligence algorithms in plant disease 
detection. These algorithms are further divided into machine learning and deep 
learning-based classifiers. The description of these algorithms is illustrated in the 
coming subsections.   

  2.1 Machine learning based approaches 

 Classification is the process of dividing the dataset into different categories 
or groups by adding labels. Nowadays, the machine learning and deep learning 
approaches are performing well for classifying the algorithm images based on their 
category. Following are the machine learning algorithms which are used to classify 
plant disease and are based on supervised learning. Supervised learning is a type of 
learning where labels (category of images) are given along with input images. 

  2.1.1  k -Nearest neighbor 

 It is the machine learning algorithm used for classification and calculated by 
k -neighbors. It is mostly used in image processing, machine learning, and also for 
statistical estimation. This algorithm worked on the principle of calculating the dis-
tance between different data points using Euclidean distance and Manhattan distance 
[ 14 ,  15 ]. It works with the following steps: (a) getting data, (b) define  k  neighbors, (c) 
calculate the neighbor distance using Euclidean distance or Manhattan distance and 
(d) assign new instances to the majority of the neighbors.  

  Figure 1.
  Steps of image processing techniques.          
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  2.1.2 Decision tree 

 It is the algorithm of machine learning which comes under supervised learning to 
solve regression and classification-based problems. The decision tree is the graphi-
cal representation of pre-defined rules along with the solution. The graph of the 
decision tree has two types of nodes: one is decision nodes and another is leaf nodes. 
Additionally, the edges store the information of the answers to the questions, and 
leaf nodes store the actual output. In Sabrol and Kumar [ 16 ], Chopda et al. [ 17 ] and 
Rajesh et al. [ 18 ], the authors reported appreciable results in plant disease classifica-
tion and recognition.  

  2.1.3 Support vector machine 

 Support vector machine (SVM) is a very popular classifier used in statistical 
learning. The classifier aims to discriminate the classes from each other. In SVM, a 
hyperplane is used to discriminate one class from another. Those points which are 
close to the hyperplane are referred to as support vectors. The task of the SVM is to 
classify the different categories based on some features. Additionally, this algorithm 
performs well in extreme classes. Let us consider, color, texture, shape are some 

  Figure 2  .   
  Description of machine learning and deep learning algorithm used for plant disease detection.          
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features of a particular plant. If we consider two features such as color and texture to 
classify diseased and healthy leaves. To classify them, the optimal decision boundary 
is required. Optimal decision boundaries could result in greater misclassification for 
the new instance. Therefore, the boundary support vectors are very important than all 
the training examples. This algorithm works well for linearly separating data points 
whereas in some cases if the data points are not linearly separable then 2-dimensional 
(2D) feature spaces are converted into 3-dimensional feature spaces. But the only 
problem is that it is computationally very expensive. In addition to that, it provides 
kernel function which can reduce the computational cost to convert 2D feature space 
to 3-dimensional feature space. Using kernel function the dot product is performed 
between two vectors. Especially, this is used to transform non-linear to linear trans-
formation space. Various popular kernel functions are polynomial, radial basis, 
sigmoid kernels used to change 2D data to high dimensional feature space. Choosing 
the best kernel is a non-trivial task and is a hyper-parameter that can be selected by 
performing various experiments on the data. The main benefit of using SVM is that it 
is memory efficient and effective for high-dimensional feature space data.

2.1.4 Artificial neural networks

It is the special type of machine learning algorithm used for classification. The 
researchers have been working on artificial neural networks (ANNs) since the 
beginning of the 1980s [19]. ANNs are a special type of classification algorithm and 
their structure is inspired by the human brain. ANNs takes input from the external 
world in the form of feature vector or patterns. Each input value is multiplied by their 
corresponding weights that are summing with the bias value. Further, the result is 
mapped to the activation function (binary, sigmoid) and produced the output. Other 
than these algorithms, there are various algorithms available that reported appre-
ciable results in image recognition such as Random Forest, Naive Bayes, many more. 
Initially, we started with the study of traditional computer vision approaches used for 
plant disease detection. Plant disease can be caused by fungi, bacteria, and viruses 
from which fungi are the common disease organism. It is the type of disease that 
can be formed by taking energy from plants. The fungal disease has been identified 
using image processing techniques on different horticulture/agriculture crops [20]. 
To detect the different types of fruits, vegetable, commercial, and cereal crops that 
have been utilized using various feature extraction and classification algorithms. They 
achieved appreciable classification accuracy to identify the disease from horticulture/
agriculture crops. Han et al. proposed a novel technique for feature extraction using 
super-pixel and marker-controlled segmentation methods for the classification of 
yellow rust and septoria diseases. They have used SVM and ANN for these disease 
classifications. Their experimentation concludes that SVM classifiers outperformed 
well than ANN classifiers for the classification of disease [21]. Su et al. experimented 
with the detection of fungal yellow rust disease on wheat crops. The author collected 
RGB images with a high-resolution camera and there are a total of three different 
classes present in region of interest (RoI) as rust, healthy, and background. To moni-
tor the yellow rust, they used the U-Net deep learning architecture and the results 
were compared with the Random Forest algorithm. They found that U-Net-based 
segmentation outperformed spectral images. In their work, the average precision of 
81.06%, recall of 90.10%, and F1-score of 84.00% have been achieved to segment the 
disease from spectral images [22]. An application of Fuzzy C-Means clustering has 
been proposed as the model to identify the wheat leaf disease [23]. In their work, they 
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extracted inter- and intra-class features and further combined them to build a model 
for identifying the different wheat plant diseases. Although the traditional machine 
learning-based techniques are performing well for image classification, still there are 
certain limitations such as it requires manual feature extraction and is only suitable 
for small datasets, which may lead to the over-fitting problem [ 23 ,  24 ].   

  2.2 Deep learning-based approaches 

 Convolutional neural network (CNN) is a popular neural network, designed for 
solving computer vision problems. The architecture of CNNs is shown in   Figure 3    . 
The images are represented in the form of pixel values. In the convolution layers, the 
operation of convolution is performed i.e., the kernel is slide over the input image 
after choosing the padding and stride values at each layer. Thereafter, the power of 
non-linearity is to give the non-linear mapping with the input images in such a way 
that after the non-linear mapping it becomes linearly separable. ReLU activation 
function is used to change all the negative values to positive values. With this, the 
pooling layer is used to down sample the different feature maps for getting the most 
prominent features i.e., the convolution layer performs these triplet operations like 
convolution followed by ReLU and ReLU followed by pooling one after another. These 
triplets operations are typically stacked one after another and also based on these 
triplets, the depth of the neural network has been defined. After these layers, the 
network is followed by one or more fully connected layers which are responsible for 
classification.  

 To build the CNN model, all the above-mentioned parameters play a very 
important role. To build the custom CNN model, the numbers of convolution layers, 
max-pool layer, number of filter values, filter size, stride, padding, number of fully 
connected layers need to be specified. Increasing the number of convolution layers 
will produce different feature maps and also increasing the fully-connected layers 
increase the training time of the model. Although, the custom CNN model reported 
appreciable accuracy. The process of creating a custom CNN model takes more time. 
Therefore, the concept of transfer learning comes into the picture. Transfer learning 
is a concept of deep learning where the weights of pre-trained models are reused for a 
new problem. Every year, there is a competition held on the ImageNet dataset. Many 
researchers developed new models to classify the different objects of the ImageNet 
dataset and reported good classification accuracy and reduced error rate. There are 
variants of transfer learning models such as ResNet, GoogleNet, and EfficientNet 
varied in terms of the number of layers, filter size, number of filters used, stride, 
padding, and so on. Some of the few models are elaborated as given below: 

AlexNet : AlexNet model is a transfer learning model which is based on CNN’s and 
is proposed by Alex Krizhevsky for classifying the different objects of ImageNet Large 
Scale Visual Recognition Challenge (ILSVRV). Training can be performed on hun-
dreds of epochs. GPUs are the game-changer in deep learning. Using GPUs, the model 

  Figure 3.
  The basic architecture of CNNs.          
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will train in very little time and with less effort. AlexNet is the eight-layer network 
that has a further five convolution layers, and three fully-connected layers including 
the output layer. It used the ReLU activation function instead of the sigmoid function. 
In this model, the initial layers used variant sizes of kernels i.e., 11 × 11, 5 × 5, and 
3 × 3 to get different features maps as an output. Thereafter, fully-connected layers are 
used to train the model based on the extracted features.

VGG16: Visual geometry group (VGG) model is the first runner-up of the ImageNet 
dataset in 2014. It has 13 convolution layers, 5 max-pool layers, and 3 FC layers. The 
output layer used the softmax activation to classify the 1000 different objects. VGG16 
model is different from the AlexNet model in terms of kernel size and the number of 
layers. VGG16 model used the same kernel size whereas the AlexNet model used the 
different kernel size. Additionally, the VGG16 model is 16-layered but the AlexNet 
model is 8-layered architecture. In the present study, the VGG16 model has been 
utilized to classify the wheat rust diseases and the elaboration is given in Section 3.2.

Modern deep learning architectures are significantly popular to solve agriculture-
related problems. Sladojevic et al. developed a CNNs based model for plant disease 
classification. The model recognized 13 different types of plants. In their work, they 
used 30,880 images in the training and 2589 images for validation and reported a clas-
sification accuracy of 96.30% [25]. Zhang et al. proposed a deep learning model for 
the detection of rust disease of wheat crop from hyperspectral images. In their work, 
they automate the process of detecting yellow rust-captured images from unmanned 
aerial vehicle (UAV). Yellow rust is a fungal disease that can cause 100% loss for the 
wheat crop. The author used the Inception-ResNet model for feature extraction and 
reported the highest accuracy of 85.00% when compared with the random forest that 
was 77.00% [26]. A deep learning model has been built for grading wheat stripe rust 
disease [27]. In their work, they used different mobile devices to capture images and 
build their dataset, referred WSRgrading. It contained 5242 wheat leaf images at six 
different levels. They build and proposed the model by adding an attention layer in 
the pre-trained DenseNet model and build a new model named as C-DenseNet which 
has been reported a good classification accuracy of 97.99%. Genaev et al. classify 
the rust disease from the wheat crop. In their work, they used the CGIAR dataset, 
containing three classes (healthy wheat, leaf rust, and stem rust). They implemented 
the DenseNet transfer learning model and reported the F1-score and AUC of 0.90 and 
0.98, respectively [28]. Jia et al. in proposed the model for detection and segmenta-
tion of fruit features for optimal harvesting of apples using Mask R-CNN. ResNet 
model was used as the backbone of this network. The model was tested on 120 images 
and reported precision and recall rates of 97.31% and 95.70%, respectively [29]. The 
shortage of the wheat disease dataset motivated the researchers to create the dataset 
which should be publicly available for all [30]. They are motivated to collect more 
data that will help the research community for conducting the research competitions 
on wheat diseases classification. Finally, they attempted to prepare their WFD2020 
dataset which contains 2414 images. They performed their experiments using the 
EfficientNet CNN-based model and reported 94.20% classification accuracy.

In the recent decade, deep learning techniques are highly utilized for image pro-
cessing. Deep learning models are producing appreciable results than machine learn-
ing methods [31]. Figure 4 depicts the utilization of computer vision approaches (i.e., 
old machine learning methods and modern deep learning approaches) for the wheat 
crop. These statistics have been built based on work done from the period (2015 to 
July 2021) for classifying most of the wheat crop diseases. Deep learning approaches 
include CNN-based architecture such as VGG16, ResNet, Faster R-CNN, and so on. In 
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different circumstances, the traditional machine learning approaches include SVM, 
Random Forest, and so on. The analysis concludes that the modern deep learning 
architectures have been utilized more for classifying most of the wheat crops diseases 
as compared to traditional machine learning approaches.  

    3. Classification of wheat rust disease 

  3.1 Dataset description 

 There are standard datasets that are publicly available for research experimenta-
tion in the computer vision and image processing domain, such as PASCAL VOC [ 32 ], 
ImageNet [ 33 ], IMDB-Wiki [ 34 ], CIFAR [ 35 ], and PlantVillage [ 36 ]. CGIAR dataset 
is one of the dataset publicly available on  https://www.kaggle.com/shadabhussain/
cgiar-computer-vision-for-crop-disease  [ 37 ]. This dataset was further distributed 
in three different classes of wheat rust i.e., healthy wheat, leaf rust, and stem rust. 
A sample of each class is shown  in   Figure 5    . Most of the images in this dataset were 
collected by CIMMYT and its partners from Ethiopia and Tanzania. Additionally, a 
few images were sourced from the Google image database. The images in this dataset 
have the specific characteristics like (i) all are colored (ii) mixed format, (iii) differ-
ent orientation, (iv) variable quality, and captured with different resolutions. The 
datasets are already classified into two categories i.e., 876 images and 610 images for 
training and testing, respectively. From the training dataset (i.e., 876 images) a total 
of 863 images have been filtered and considered for training the model. In the present 
study, the 863 images dataset was further split for training and validation in the ratio 
of 3:1 (i.e., 75% data in training and 25% into validation).   Table 1     describes the class-
wise distribution of this dataset. It is a challenging task to build an efficient model 
that is capable to classify all three classes of images accurately.   

  Figure 4.
  Year-wise statistics publication of wheat disease detection.          
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   3.2 Methodologies used for training the model 

 Deep learning is a popular methodology used for image processing. In deep 
learning models, features are extracted automatically and little human intervention 
is required to train the model. Deep learning models are quite efficient to discover the 
internal structure or patterns of high-dimensional data. However, directly processing 
the original images leads to inappropriate recognition results, therefore, it is neces-
sary to pre-process the images before feeding them to the model. Pre-processing 
involves e.g. resizing, enhancing, or removing noise of the input images. It is worth 
mentioning that CNNs perform better for image recognition and classification. 
There are various transfer learning models which are based on CNNs like AlexNet, 
VGG16, GoogleNet, and Inception V3, that are pre-trained on the ImageNet dataset. 
ImageNet is the standard dataset that contains 1000 different categories of objects. 
CNN’s based transfer learning models reported appreciable results to classify 1000 
different objects present in the ImageNet dataset. In the present study, the VGG16 
model has been utilized and the architecture is depicted in   Figure 6    . This model is the 
composition of 16-layers (13 convolution layers, and 3 fully connected layers). In this 
model, the images are processed in standard size i.e., 224 × 224. The reason for resiz-
ing the fixed image size is to extract the uniform or equal feature maps at the end of 
the convolution process. This model used a fixed size of kernel i.e., 3 × 3. Sometimes, 
the kernel is referred to as a filter that is responsible for extracting features from the 
given images. These extracted patterns or features might be horizontal edges, vertical 
edges, and a combination of both. Initially, a convolution process has been performed 
to extract the features, and thereafter the classification is done. In the convolution 
operation, the kernel/filter is sliding over the image starting from the top left to the 
bottom right corner to extract the features.  

 The movement of the kernel is either pixel-wise or by skipping some pixels using 
stride values. If the stride value is 1 then the movement of the kernel is shifted by 
one pixel after another and if the stride value is 2, then the movement of the kernel 

      Class label Images Training set Validation set  

  Healthy wheat 142 105 36 

 Leaf rust 345 258 86 

 Stem rust 376 283 95 

 Total images 863 646 217  

  Table 1.
  Class-wise distribution of image dataset.  

  Figure 5.
  Sampled images of (a) healthy wheat plant, (b) leaf rust, and (c) stem rust.          
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is shifted by two-pixel values during the operation of convolution. The convolution 
layers are used to identify the pattern or features from the images which further help 
in discriminating the classes. The initial layers extract the general features like edges 
and the subsequent layers extract the domain-specific features. Each convolution 
block is followed by the max-pool layer which is used for down-sampling the feature 
maps. In this process, the dimensionality of the image is reduced by retaining the 
most prominent feature. At the end of the convolution layers, different feature maps 
are generated as an output. These feature maps are further flattened and mapped 
with a fully connected layer in the classification module. Here, the model has a feature 
vector of size 4096 neurons also referred to as dense layer. This feature vector is 
further passed to the next dense layer of the same size. Finally, the last layer neurons 
are fully connected to the output neurons by using the soft-max activation function. 
However, in the current study, we considered the three classes classification problem. 
Therefore, the output layer changed to three classes using the soft-max probability 
function. The actual learning starts from data using forward and backward passes. In 
the forward pass, input neurons are multiplied with the weight values and also apply 
the activation function as ReLU. ReLU activation function adds non-linearity to the 
model i.e., all the negative pixel-values become positive after passing through it. On 
the other hand, in backward pass back-propagation is used to minimize the loss value. 
In this process, weights and biases are getting updated from the last to the initial layer 
by calculating the gradients at each layer using a convolution operator. 

 To summarize this model, the important and noticeable point is that this model 
has a total of 14,789,955 parameters but 75,267 are trainable parameters and the rest 
are non-trainable, the reason is that using transfer learning, the already trained 
weights have been used during building the model. Therefore, the model is trained in 
less time with fewer number parameters.  

  3.3 Hyper-parameter tuning 

 Hyper-parameter tuning is the backbone of any deep learning model. Finding the 
best parameters is a very tedious task, it needs many experiments to be performed 
while building the model. Hyper-parameters include learning rate, batch size, loss 
function, number of epochs, and optimizer is usually considered for tuning the 
model. To build the classification model for three classes each hyper-parameter is con-
sidered within a specific range. In this way, several experiments have been performed 
to build an efficient model. After performing some experiments with the variation in 

  Figure 6.
  The architecture of VGG16 for wheat rust disease detection.          
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the given hyper-parameters, it was concluded that model accuracy is highly depen-
dent on the batch size, learning rate, number of epochs, and size of the dataset. In 
the present study, the following hyper-parameters has been utilized: batch size = 10, 
optimizer = Adam, loss function = categorical cross-entropy, initial learning rate = 0.01, 
decay learning rate = 0.0001, epochs = 80. Using these parameters, the model produced 
good classification accuracy.

4. Experimental results

4.1 Accuracy and loss results

As discussed in Section 3.1 image dataset of wheat disease classification has been 
utilized to train the model. We used the online google colab platform with GPU sup-
port. Among the performed experiments, we discuss the best one, which produces the 
highest training accuracy. Table 2 illustrates the training and validation accuracies 
obtained at different epochs (varied from 10 to 90) along with their loss values. Here, 
the training accuracy starts with 81.42% on 10 epochs and ends up with 99.54% on 80 
epochs. We continued to compute the accuracy for the 90 epochs also but did not get 
any significant improvement in training accuracy. Although more experiments could 
be performed by increasing the number of epochs, the accuracy obtained at epoch 80 
was quite promising. On the other hand, the validation accuracy fluctuating between 
74.76% and 79.05% at different epochs, as shown in Figure 7. Similarly, it was 
observed that the training loss decreases at every increasing step of the epoch (from 
10 to 80). Beyond that, the loss has started to increase. In contrast, the validation loss 
is fluctuating between 0.60 and 0.65 up to 40 epochs. Then, after 70 epochs it starts 
increasing rapidly (Figure 8).

4.2 Model evaluation

To test the performance of the trained model, we performed the test experiments 
on the validation data (i.e., 25% of the total dataset). In this way, a total of 36 sample 
images of healthy leaf, 87 sample images of leaf rust, and 94 sample images of stem 

Epochs Training accuracy (in %) Validation accuracy (in %) Training loss Validation loss

10 81.42 74.76 0.50 0.65

20 91.02 79.05 0.33 0.61

30 95.05 77.14 0.22 0.61

40 96.59 78.10 0.18 0.61

50 97.06 76.67 0.15 0.56

60 97.99 78.10 0.12 0.56

70 98.61 74.29 0.09 0.66

80 99.54 77.14 0.07 0.74

90 99.23 74.76 0.08 0.82

Table 2. 
Comparison of training accuracy, validation accuracy, and training loss, and validation loss at different epochs.
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rust have been considered. The evaluation of the testing results was done using a 
confusion matrix.   Figure 9     illustrates the accuracy and confusion with other intra-
classes, wherein, it is shown that leaf rust class samples are confused with stem rust 
class samples due to less variation between classes.  

  Figure 7.
  Representation of the comparison of training and validation accuracy.          

  Figure 8.
  Representation of the comparison of training and validation loss.          
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    5. Conclusions 

 To summarize this book chapter, different machine learning and deep learning-
based models have been discussed to solve plant disease classification and detection 
problems. Considering a case study of wheat rust diseases, a deep learning-based 
model is proposed to classify the different wheat rust diseases using a pre-trained 
VGG16 model. Based on the CGIAR dataset with three classes (stem rust, leaf rust, 
and healthy wheat), the proposed model has been optimized and produced the clas-
sification accuracy of 99.54%, and when evaluated on unseen data it gave a validation 
accuracy of 77.14%. This model will further help farmers or experts to diagnose 
disease in the early stages. Although these models give good training accuracy, they 
were not appropriate to classify stem- and leaf rust when result plot on confusion 
metrics. This is due to the fact that some images in this dataset contained multiple 
diseases, meaning that one image contained the features of both leaf- and stem rust. 
Detection and classification of the wheat rust disease in the early stages lead to high 
yield at the production level [ 38 ]. In the future, we will extend this work by collecting 
real-time images of wheat rust disease and also incorporating object detection-based 
algorithms such as Yolov3, Faster R-CNN, and Mask R-CNN [ 39 ] to exactly localize 
the location of the disease in the image.    

  Figure 9.
  Confusion matrix at epoch = 80.          
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