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Lusófona de Humanidades e

Tecnologias, Campo Grande 376,

1749-024

Lisboa

Portugal

Renata Puppin Zandonadi

Department of Nutrition,

Faculty of Health Sciences

University of Brasilia

Brasilia

Brazil

Raquel Braz Assunção Botelho

Department of Nutrition,

Faculty of Health Sciences

University of Brasilia

Brasilia

Brazil

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Foods

(ISSN 2304-8158) (available at: www.mdpi.com/journal/foods/special issues/Challenging Food

Security).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-3718-4 (Hbk)

ISBN 978-3-0365-3717-7 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/foods/special_issues/Challenging_Food_Security
www.mdpi.com/journal/foods/special_issues/Challenging_Food_Security


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Preface to ”Challenging the Status Quo to Shape Food Systems Transformation from a
Nutritional and Food Security Perspective” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

António Raposo, Renata Puppin Zandonadi and Raquel Braz Assunção Botelho
Challenging the Status Quo to Shape Food Systems Transformation from a Nutritional and Food
Security Perspective
Reprinted from: Foods 2022, 11, 604, doi:10.3390/foods11040604 . . . . . . . . . . . . . . . . . . . 1

Alessandra Fabrino Cupertino, Dayanne da Costa Maynard, Fabiana Lopes Nalon de
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Preface to ”Challenging the Status Quo to Shape Food
Systems Transformation from a Nutritional and Food
Security Perspective”

Food security and nutrition have been emerging as international priorities and have been widely

discussed to ensure food security (in all aspects). Efforts are being made to reduce hunger and

malnutrition to promote health for individuals, the population, and the planet and ensure strong

economies and sustainable development. Unfortunately, what we are experiencing today is that

the food system, involving agriculture, livestock, and the food and foodservice industry, as they

currently operate, creates challenges to ensuring food security and adequate nutrition. The necessary

investment is not always sustainable. Therefore, there is a need to positively change food systems

to ensure that the food produced is accessible, sustainable, safe, healthy, and equitable. Attitudes

and knowledge of health, food, and nutrition can be key factors in facing food insecurity in several

countries. To achieve this goal, attitude changes and improving knowledge about food (involving

knowledge of the food chain, health, nutrition, and sustainability) are imperative to face malnutrition

and planet degradation by promoting good food choices. In this sense, this book is composed of

23 papers on food systems and food and nutrition security aiming to connect the importance of

food systems to change nutrition and food security worldwide. This book involves authors from

19 different countries, including Bangladesh, Brazil, China, Greece, India, Korea, Malaysia, Nigeria,

Norway, Poland, Portugal, Korea, Russia, Saudi Arabia, South Africa, Spain, Taiwan, Thailand, The

Netherlands, and the USA, reinforcing that attitudes and knowledge of health, food, and nutrition

are key factors for facing food insecurity in several countries. The editors are grateful to their

families, friends, and colleagues for the support provided. We thank the Brazilian National Council

for Scientific and Technological Development (CNPq) for the scientific support of professors Raquel

Botelho and Renata Zandonadi. We would also like to thank and congratulate all the authors and the

entire MDPI team who allowed the construction of this book to become a reality.

António Raposo, Renata Puppin Zandonadi, and Raquel Braz Assunção Botelho

Editors
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Editorial

Challenging the Status Quo to Shape Food Systems
Transformation from a Nutritional and Food
Security Perspective
António Raposo 1,* , Renata Puppin Zandonadi 2 and Raquel Braz Assunção Botelho 2

1 CBIOS (Research Center for Biosciences and Health Technologies), Universidade Lusófona de Humanidades e
Tecnologias, Campo Grande 376, 1749-024 Lisboa, Portugal

2 Department of Nutrition, Faculty of Health Sciences, University of Brasilia, Brasilia 70910-900, Brazil;
renatapz@unb.br (R.P.Z.); raquelbotelho@unb.br (R.B.A.B.)

* Correspondence: antonio.raposo@ulusofona.pt

Keywords: consumer; environment; food policy; food production; food safety; food security;
nutrition; sustainability

Food security and nutrition have been prominent elements of the international devel-
opment agenda. Over time, however, development priorities and challenges have oscillated,
and the investment required has not been sustained. A broader consensus has emerged:
one that guarantees food security and, in all its aspects, reduces hunger and malnutrition
to promote strong economies, human and planetary health, and sustainable development.
Our moral imperative is to positively change food systems to ensure that the food we
produce is accessible, sustainable, safe, healthy, and equitable for everyone. Therefore, this
special issue about Food Systems and Nutritional and Food Security focuses on connecting
the importance of food systems to change nutrition and food security around the globe.

In this context, attitude and knowledge of health, food, and nutrition can be one of the
keys to facing food insecurity in several countries. Health and nutritional education are
imperative to fight malnutrition [1–4]. Knowledge in these aspects is essential in tackling
misinformation and promoting good food choices. Since birth, it can be constructed along
life using households, schools, the internet, and other channels to allow learning on food,
health, and nutrition and stimulate adequate food choices [1–7].

Adequate and healthy diets imply choosing and consuming balanced and adequate
foods on nutrients and amount, variety, and sustainable aspects. Therefore, achieving
the main social, economic, environmental, cultural, and security goals [1,3,6–16]. Food
production must also be alert to the waste produced in the food chain related to environ-
mental pollution and food waste that could be used to feed food-insecure people [10,15,17].
In order to support sustainable and healthy diets and food security, it is also essential
to search for alternatives to stimulate local production and regional food consumption.
Other priorities are reducing animal suffering and meat consumption, food production in
sufficient quantity and quality with the least possible waste production, and understanding
the main aspects of food, nutrition, society, and the environment [11–22].

During these past two years of the COVID-19 pandemic, the world has faced new
food security and safety challenges. Firstly, food sales worldwide became more complex,
and farmers faced many overstocked products leading to food loss [8]. On the other
hand, countries’ economic crisis conducted to more unemployment, therefore, more food
insecurity. Governments need to learn from this period and improve the food supply chain
with innovative techniques and logistics to have more organized food systems [8]. To
guarantee the four pillars of food security, availability, access, stability, and utilization, Sun
and Zhang [9] emphasize the importance of trade openness and sustainable food system
strategies. Guiné et al. [7] discuss that the agrifood supply chain should be improved

1
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through policies worldwide to promote access to healthy and sustainable food. Authors
also call the attention to researchers to rethink the four pillars of food security to include
new dimensions like climate change.
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Abstract: School meals should focus on quality of life issues, particularly on reducing food shortages,
overweight, obesity and its consequences. As an essential tool for quality assurance, creating the
menu is an activity of great complexity and requires multidisciplinary knowledge. This activity
covers the observation of countless aspects of quality, highlighting nutritional, sensory, cultural,
hygienic, and sanitary issues, among others. This study aims to identify and analyze instruments
and methods to evaluate school menus in different countries. The authors developed specific search
strategies for Scopus, Web of Science, Science Direct, Pubmed, Lilacs, ProQuest Global, and Google
Scholar. The included studies’ methodological quality was assessed using the statistical analysis and
meta-analysis review tool (MASTARI). A total of 16 cross-sectional studies met the inclusion criteria
and were analyzed. Brazil and Spain were the countries that presented the highest number of studies
(n = 5; 31.25% for each). The majority of the studies have a qualitative approach (n = 12, 75%), and
only 25% (n = 4) of the studies present quantitative assessment methods to evaluate school menus.
No school menu assessment tools were found to assess all aspects of menu planning. The results
show a lack of a methodology or of instruments for evaluating the menus offered for school meals
that can contribute to better dietary care offered to students.
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1. Introduction

Globally, inadequate nutrition is one of the main challenges representing a threat
to individuals’ health, including their well-being and productivity. This results in high
socioeconomic costs for societies in all regions of the world. Therefore, early healthy eating
habits are essential to reduce the risk of immediate and long-term health problems [1].

The school has a strong influence on the students’ behavior, and when their environ-
ment is adequate, it is considered favorable for the formation and consolidation of healthy
habits [2]. According to the Food and Agriculture Organization (FAO), about 40 million
children under five years are overweight, and about 120 million children (ages 5 to 10) and
adolescents (ages 11 to 19) are obese [1]. Based on the need to change this scenario, the
World Health Organization (WHO) defined in 2001 a global strategy for feeding young
children, considering respect, protection, and fulfillment of human rights. It recommends
that school menus prioritize promoting healthy and adequate food for children and adoles-
cents. Thus, it is recommended to use varied and safe foods, promoting eating habits that
contribute to students’ growth and development and academic performance [3].
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Despite the menu’s definition as a list of dishes of a planned meal, the menu goes
beyond its initial concept in the scholarly environment. It imposes itself as the vehicle
to ensure that school meals meet their proposed aims. The menu may offer foods that
contribute to the students’ health, considering nutritional, sensory, cultural, and micro-
biological aspects [4]. Therefore, the menu also contributes to the formation of healthy
eating habits and the preservation of the environment and of food culture, providing
nutritional education [5].

Planning and evaluating menus is essential to meet recommendations and contribute
to adequate nutrition. School environments must offer healthy and nutritious meals
through balanced menus. Families, educators, and governments from different countries
should contribute to the formulation, implementation, monitoring, and evaluation of a
comprehensive national policy on school feeding [3,6,7].

Despite the existence of criteria and different menu planning methods, there is
no consensus on the best protocol for evaluating them, especially concerning school
menus [8,9]. In general, in schools, a qualitative assessment of menus is prioritized. It
is not clear in the literature whether the assessment instruments meet the recommenda-
tions of school feeding programs regarding all their aims, nor how the instruments are
applied. It is unknown whether the existing instruments are used to evaluate the executed
or planned menus [10,11].

School menu evaluation protocols are essential to ensure their planning. These pro-
tocols, defined in this study as a systematic way of evaluating menus, also need to be
assessed, disseminated and implemented across different realities. Thus, it is essential
to know what protocols are available, what kind of instruments or methods, and how
they work, ensuring they comply with the WHO/FAO assumptions about healthy eating.
This study is justified by the need to understand how school menus are planned and
evaluated worldwide as they directly impact the quality of meals (breakfast, snacks, lunch
and/or dinner) served in schools. Therefore, the present systematic review’s objective is to
identify and analyze protocols for evaluating available school menus, with no restrictions
by country for studies included in the review.

2. Materials and Methods

This systematic review focused on protocols for evaluating school menus world-
wide. It was prepared according to the report items for systematic reviews and meta-
analyses (PRISMA) and its Checklist [12–16]. The protocol was performed according to the
following steps.

2.1. Eligibility Criteria

The inclusion criteria were studies of school menu assessment instruments and school
menus related to governmental school programs, with no date, language, or publication
status limits. The exclusion criteria applied were: (1) comments, letters, conference, review,
abstracts, and books; (2) studies in private schools, unrelated to government-subsidized
School Feeding Programs; (3) studies that were not performed on school food services;
(4) school health programs (Table S1—Supplementary Materials).

2.2. Information Source

Detailed individual search strategies were developed for each database: Pubmed,
Scopus, Web of Science, Science Direct, and Lilacs. A search for gray literature was carried
out on Google Scholar and for dissertations and theses in ProQuest Global. The last search
for all databases was carried out on 7 July 2020. Researchers carefully examined the selected
study’s reference lists for full reading if any study was not retrieved during the search.

2.3. Search Strategy

The appropriate combination of truncation and keywords were selected and adapted
for each database (Table S2—Supplementary Materials). Rayyan software (Qatar Computer
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Research Institute, QCRI) was used to select and exclude duplicate articles, and all biblio-
graphic references were included using the Mendeley desktop software. Table S2 shows
the search strategy used for the six databases.

2.4. Study Selection

The study screening process was carried out in three phases, with three independent
researchers. In phase I, researchers I (A.F.B.C.) and II (D.C.M.) independently selected the
articles according to their titles and abstracts. Articles that did not meet the previously
established inclusion criteria were excluded. In phase II, a third independent researcher III
(F.L.N.Q.) selected the conflicting articles from phase I. In phase III, the selected articles
were fully read, and those that met the inclusion criteria were included. Researchers I and
II critically evaluated the reference lists of the selected studies and extracted data. Other
than titles and abstracts written in English, translation was performed using the Google
Translator tool for studies written in other languages.

2.5. Data Collection Process

The selected studies’ following characteristics were collected: authors and year of
publication, country of research, objective, study design, type of protocol, and school
grade focus. The aspects assessed by the protocols were: nutritional, sensory, cultural,
sanitary hygiene, and sustainability. Calibration exercises were performed before starting
the review to ensure consistency between the two reviewers. Disagreements were solved
by discussion, and the third author (F.L.N.Q.) decided on disagreements when these were
not solved. These data were synthesized in a standardized table (Table 1).

Table 1. Characteristics of the studies included in the systematic review regarding menu planning evaluation.

Year Authors Country Study Design Subject Type of Protocol Specific Name Presence of Evaluation Criteria Type of Data

Instrument Method Yes No Nutritional Sensorial Cultural Sustainability Qualitative Quantitative

2015 De Mateo Silleras et al. [17–22] Spain Prospective
longitudinal study School menu X COMES YES NO NO NO X

2009 Dubuisson et al. [23] France Descriptive,
cross-sectional study

Elementary
school and high

school
X X YES NO NO NO X

2017 Evans and Cade [24] England Descriptive,
cross-sectional study

Scholars from 08
to 09 years X X YES NO NO NO X

2018 Llorens-Ivorra et al. [19] Spain Observational,
cross-sectional study

Primary school
(6 to 14 years) X EQMES YES YES NO NO X

2013 Patterson et al. [25] Sweden Experimental study Primary school X X YES NO NO YES X

2020 Martins Rodrigues et al. [2] Brazil Descriptive and
transversal study Pre-school X X YES NO NO YES X

2013 Longo-Silva et al. [14] Brazil Experimental study Public and
private schools X X YES YES NO NO X X

2015 Gregoric et al. [26] Slovenia Descriptive,
cross-sectional study

Primary school
(6 to 14 years) X X YES NO NO NO X X

2018 González et al. [18] Spain Descriptive,
cross-sectional study.

Primary school
(6 to 14 years) X X YES YES NO NO X

2019 Myers et al. [7] Australia Descriptive,
cross-sectional study.

Public and
private schools X X YES NO NO NO X

2015 Da Silva Bastos Soares et al. [13] Brazil Descriptive,
cross-sectional study. School menus X X YES YES NO NO X

2017 Moreira Sampaio et al. [15] Brazil Cross-sectional study School menus X X YES NO NO NO X

2015 Vidal et al. [16] Brazil Cross-sectional study School menus X X YES YES NO NO X

2015 Uriarte et al. [21] Spain Descriptive
cross-sectional study School menus X X YES NO NO NO X

2019 Soares et al. [20] Spain Transversal study School menus X X YES YES NO NO X

2012 Therre et al. [22] Germany Transversal study School menus X X YES NO NO NO X

2.6. Risk of Individual Bias in the Included Studies

The quality criteria were synthesized using a statistical review assessment instrument
(MASTARI) and the Joanna Briggs Institute protocol to assess the studies’ risk of bias. The
instrument for assessing the risk of bias included seven questions:

1. Were the analyzed indicators characterized?
2. Were the protocols implemented in the menu evaluation?
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3. Did the evaluated indicator respond positively to implementation?
4. Is the study design adequate?
5. Was the statistical analysis adequate to the objective of the study?
6. Did the results answer the main question?
7. In the case of school mentoring services, was a sample of establishments selected to

analyze the representative and randomly determined indicators?

After the analysis, the risk of bias was categorized (Table S3) as “High” when the
study reached up to 49% of “yes” scores; “Moderate” when the study reached 50–69% of
“yes” scores; and “Low” when the study reached more than 70% of “yes” scores.

3. Results

From the 3189 studies initially selected, 52 were selected via their abstracts. After
reading full texts, 16 studies met the eligibility criteria and were included in the systematic
review. Figure 1 presents a flowchart of the systematic review search process.
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Figure 1. Flowchart of the systematic review search process (adapted from the PRISMA protocol).

3.1. Characterization of Studies

The 16 studies were from Latin America, Europe, and Australia. There is a lack of studies
from North America, Central America, Asia, and Africa. The studies presented varied methods
for evaluating school menus and challenges in meeting the established recommendations.

Table 1 summarizes the studies included in this review concerning the country and the
type of instrument or method for menu evaluation. The studies included in the systematic
review were conducted in Brazil (n = 5) [2,13–16]; Spain (n = 5) [17–21]; Australia (n = 1) [7];
Germany (n = 1) [22]; France (n = 1) [23]; England (n = 1) [24]; Sweden (n = 1) [25] and
Slovenia (n = 1) [26], from 2009 to 2018 (Table 1).
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Brazil and Spain were the countries that presented the highest number of studies
(n = 5; 31.25% for each). In Brazil, the studies mainly discussed a checklist to evaluate
the school menu (n = 1) [2], adequacy of serving portions meeting the premises of the
national school feeding program (n = 1) [15], and the method of evaluating school menus
by the Qualitative Analysis of Menu Preparations (n = 3) [13,14,16]. In Spain, a Brazilian
researcher developed a study exploring a method related to the Spanish school feeding
program (n = 1) [20]. The study was conducted in a Spanish research center. The number of
studies and the public policy presence in studies of school children and adolescents justify
Brazil and Spain having the same number of studies (n = 5; 32.25%) [17–21].

In Slovenia, Gregoric [26] proposed an assessment of school menus in three stages.
The first was an interview with school managers, a qualitative assessment of menus via
the development of a menu quality index defined by food recommendations from the
National Dietary Guidelines (NDG). There is also a quantitative assessment of menus in a
random sample (considering their weight and nutritional quality). For this last stage, the
menus were randomly selected. The served portions were weighed, and the information on
recipe, preparation, and techniques was acquired by dietitians from the Institute of Public
Health using pre-established methodological instructions and ending with the calculation
of nutritional composition.

In Sweden, the study was based on six domains: food groups, nutritional adequacy,
food hygiene, eating behavior, sustainability, and political structure. These items were
distributed across 110 questions with an organizational, pedagogical, and nutritional
approach to be completed by schools. School menus can be classified as probably fulfilled,
possibly fulfilled, and unlikely to comply with the recommendations. In the nutritional
approach, fat, iron, vitamin D, and fibers were explicitly analyzed by adaptation to national
recommendations, which could be assessed as adequate, almost adequate, or inadequate.
The instrument used in this study is flexible and can be adapted to other realities, such
as other countries seeking this approach model. Access to the instrument is open and
available on the online platform [25].

The studies by Myers [7], Dubuisson [23], and Therre et al. [22], conducted respec-
tively in Australia, France, and Germany, similarly approach qualitatively data on school
menus in terms of variety, and quality of food, making a comparison with nutritional rec-
ommendations. They also approached food and dishes’ frequency, looking for information
to better evaluate the menu’s quality.

3.2. School Menu Assessment Instruments

The instruments used in these studies were: a dietary questionnaire (comedores
escolares—COMES) [17], EQ-MEs [19], both developed in Spain, Skolmatsverige [25] from
Sweden, and CheckList [2] from Brazil. Of the instruments for evaluating the school
menu, only 50% (n = 2) were identified as COMES and EQ-MEs. These are qualitative
instruments developed by researchers to evaluate menus regarding the country’s national
recommendations. Most of the studies have a qualitative approach (n = 13, 81.25%), and
only 31.25% (n = 5) of the studies present quantitative data (Table 1).

The studies by Da Silva Bastos Soares et al. [13], Vidal et al. [16], and Longo-Silva [14]
presented the Qualitative Evaluation of Menu Preparation (QEMP) as a method of qualita-
tive evaluation of menus using variables related to food and culinary method.

The study by Moreira Sampaio [15] brought a quantitative approach. It sought to
assess the portions’ nutritional composition, also evaluating the differences between the
offered menu and the planned menu. As a result of this study, two school menu proposals
were developed based on the nutritional recommendations of the National School Feeding
Program (PNAE) [27]. A list of substitutions for handlers to meet possible menu changes
was also developed.

Martins Rodrigues [2] proposed and validated a qualitative checklist instrument to
evaluate school menus, emphasizing nutritional, sanitary, and sustainability aspects. Based
on Brazilian legislation, an instrument with 136 questions was developed, which includes
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62 items divided into eight blocks for sanitary hygienic aspects, physical structure, types of
equipment, and utensils; 36 items divided into four blocks for nutritional aspects, school
menus, and nutritional recommendations for schoolchildren; and 38 items with approaches
to sustainability and good environmental practices. There are three possible answers for
each item: yes (adequate), no (inadequate), and does not apply. At the end of the checklist’s
application, the menu and the school food service are evaluated as excellent, good, regular,
bad, and terrible. The percentages of adequacy were: excellent—81 to 100; good—61 to 80;
regular—41 to 60; bad—21 to 40; and terrible—0 to 20.

Studies in Spain focused on developing researchers’ methods for qualitative evaluation
of school menus’ nutritional balance, meeting national recommendations [17–19,21].

Among the instruments developed in Spain, the COMES questionnaire [17] and the
EQ-MEs [19] qualitatively evaluate school menus. COMES includes a table with 15 items.
The first eight assess the frequency of food groups. The other seven assess the menus’
general characteristics such as fried food, various preparations/ dishes, food preferences,
menu rotation, and type of fat used.

The EQ-MEs complements the COMES, with a list of 17 items, specifying food
groups and culinary methods, based on recommendations from the Spanish govern-
ment and a panel of experts. The EQ-MEs assess the quality of school menus and
their suitability regarding nutritional aspects in the child population when compared
to national recommendations [17,19].

Recently, Soares et al. [20] developed a study in Spain to evaluate the implementation
of the Consensus Document on Food in Educational Centers (DCSECE), which includes a
minimum set of indicators for the evaluation and follow-up of nutritional recommendations
that serve to guide menu planning and how school canteens must respond.

Evans and Cade [24] developed a Quality Index (ranging from 0–21) as a dietary
assessment method with nutritional calculation. The portions were weighed, evaluated,
and scored using a list of thirteen nutrients and eight foods (five healthy and three re-
stricted/unhealthy). The studies by Myers [7], Dubuisson [23], and Therre et al. [22]
emphasize the variety of studies with a qualitative evaluation of school menus, and the
difficulty of extending this evaluation due to lack of data, little involvement of the nutri-
tion professionals in planning menus, and different realities in school environments and
public policies.

As for the evaluation criteria (nutritional, sensory, cultural, and sustainability), the
nutritional criterion was identified in all studies (100%), followed by the sensorial criterion
(n = 6, 37.5%) and the sustainability criterion (12.5%). No study evaluated the cultural
criterion. None of the studies presented three different forms of evaluation criteria.

3.3. Bias Assessment

The studies are heterogeneous, but most, 93.75% (n = 15), presented a low risk of bias,
and one presented a moderate risk of bias (Table S3—Supplementary File). All studies
evaluated specific methods of evaluating school menus and answered the main question
(Table S3—Supplementary File).

4. Discussion

This systematic review is the first to analyze how school menus are evaluated in some
countries. The results showed that Brazil and Spain were the countries that presented
the largest number of studies evaluating menus. In Brazil, adequate and healthy food is
a guaranteed right for students enrolled in public, philanthropic, and community orga-
nizations, in partnership with the government and guaranteed by the National School
Feeding Program. This is characterized as a long-term public policy in Brazil for food
and nutritional security and is considered one of the largest, most comprehensive, and
long-term programs in the area of school meals globally [28].

In Brazil, the increase in the number of overweight and obese children [29] and the
changes in the population’s lifestyle and eating habits resulting from growing urbaniza-
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tion reinforce the school’s important role in healthy eating habits and health promotion.
The school is an environment for health promotion and actions on food and nutritional
education [14]. These changes and the consolidation of public policies for schoolchil-
dren may justify the number of studies aimed at evaluating the school menu. How-
ever, none of the studies presented instruments or methods for evaluating the four menu
planning components.

Spain has one of the highest prevalence of overweight and obesity in Europe. Epi-
demiological studies show that 26.2% of children aged 6–9 are overweight, and 18.3%
obese [21]. In 2005, a consensus on school feeding was published in Spain. This NAOS
strategy (Nutrition, Physical Activity, and Prevention of Obesity) focused on healthy eating
habits in the school environment and physical activity to fight obesity. Thus, a consensus
document on food in educational centers (DCSECE) was defined. This contains a minimum
set of indicators for the evaluation and follow-up of nutritional recommendations that
guide menu planning and how school canteens should serve these menus [18,20,21,30].

In the NAOS strategy context, Spain consolidates itself with legal guidelines for
developing healthier school menus. Several organizations and entities in Spain have
developed systems for the supervision and qualitative assessment of school menus based
on food groups, type of fat, and fiber and sugar [17]. There is a need to improve evaluation
with a quantitative approach.

The other studies, unique among the countries of Europe and Oceania, present various
methods of evaluating school menus proposed by researchers to meet national recommen-
dations in the context of school meals. These include a frequency table with comparison to
national recommendations, a table of food groups compared to national recommendations,
a food group table correlated with a traffic light system, and a quality index of school meals
compared to recommendations. The approaches are qualitative and assess the nutritional
aspect exclusively, comparing these to nutritional recommendations [7,22–24,26].

Most studies, 81.25% (n = 13), presented methods for assessing qualitative data on
school menus, i.e., the evaluation of frequency, variety, and quality of food, compared
to the nutritional recommendations of the country of the study. These studies show the
difficulty of extending evaluation due to lack of data about composition and preparation
technique or from the Technical Preparation File (TPF). TPF is an instrument for promoting
health, based on specifying culinary preparations with registration of the components and
their quantities [31]. It also contains registration of the culinary techniques, the direct and
indirect cost, nutrients, and other information for the food and nutrition service. From
the TPF, it is possible to estimate the nutrients in the recipe and the portion, to guarantee
standardization, and to modify possible misfits. Thus, in the absence of TPF, it is not feasible
to accurately assess which nutrients make up a recipe [31]. Added to these difficulties are
the scarce involvement of dietitians in menu planning and the various different realities in
school environments when dealing with public policies [7,18,22,23,30].

The Qualitative Assessment of Menu Preparations (Avaliação Qualitativa das Preparações
do Cardápio—AQPC) [32] is an instrument of menu management to propose balanced meals.
It allows the assessment of the nutritional balance and sensory aspects of the menu, considering
colors, preparation techniques, repetitions, combinations, the offer of certain foods such as
fruits, vegetables, or types of meat, in addition to the sulfur content of the food [32]. The
focus is qualitative. The instrument fails to reach all the Brazilian school feeding program
recommendations, which presents quantitative, cultural, and sustainability parameters that
must be followed in all municipalities in the country [13,14,16].

The checklist instrument proposed by Martins Rodrigues [2] states that school menus
need to attend to nutritional, hygienic-sanitary and sustainability aspects. The instrument
brings a broad approach to all the inherent aspects of Food and Nutrition security. It is
not exclusive to the evaluation of school menus and also addresses aspects of the physical
structure of the food production area. The checklist allows for the registration of schools,
for the automatic calculation of the percentage of the evaluated blocks’ adequacy, and for
reassessments and long-term monitoring. With this assessment and its approaches illus-
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trating limitations, the school meal service becomes an appropriate environment focusing
on health, encompassing nutritional aspects and sanitary and environmental aspects.

Quantitative data studies [15,24,25] present nutritional calculation for some nutrients
such as macronutrients, iron, and vitamin D but do not assess consumption. The served
portion is evaluated and not the consumed portion. These studies quantitatively assess the
nutritional aspects of school menus and their adequacy given nutritional recommendations.

According to Moreira Sampaio [15], quantitative and qualitative evaluation is essential
for students’ growth and development and eating habits that will influence adult patterns.
Integrating all these aspects is needed to respect the right to healthy food established by the
ONU. From this perspective, school feeding seeks to contribute so that food and nutritional
security are guaranteed for all.

There is a lack of studies from North America, Central America, Africa, and Asia
regarding menu evaluation instruments or methods. Despite this, the USA has two school
feeding programs: the NLSP (National Lunch School Program) and the SBP (School Break-
fast Program) to ensure that children can access healthy balanced meals within schools.
As in other countries, in the USA, 31.8% of children and adolescents aged 2–19 years are
overweight or obese [33]. According to Belik [34], America has almost 20 counties with
School Meal programs; however, many programs only give small grants to needy schools.
The USA presents programs, but no instrument or method to evaluate the menus reported
in the literature [34].

In the world scenario during the COVID−19 pandemic, this is even a more evi-
dent need. Even before the Pandemic, a FAO [35] publication reveals that approximately
690 million people worldwide, the equivalent of 8.9%, were malnourished. The conse-
quences experienced by the most vulnerable populations in the pandemic, such as the
interruption of food supply and family income reduction, make access to adequate food
even more distant.

This new scenario reinforces the need to monitor and evaluate school feeding. In
this way, it will be possible to stimulate initiatives that respect the recommendations to
promote adequate and healthy food. The intended result is to decrease malnutrition and
reverse the negative trends of increasing obesity and other chronic diseases related to
food. It is crucial to seek this in order to meet what is advocated as a healthy diet, that
derives from an adequate nutritional supply and a socially and environmentally sustainable
food system [35].

According to Maynard et al. [36], sustainability integrates actions based on three
pillars: environmental, social, and economic. Its focus is on the pursuit of quality of life
and environmental balance [36]. Besides, Ginani et al. [4] reinforce the importance of using
regional foods as a sustainable way of promoting health. Therefore, a greater significance
of food is confirmed, which goes beyond the biological and establishes it as a social and
cultural act. Food is then an identity marker [4]. However, none of the analyzed methods
and instruments covered the cultural aspect, including regionality, and only 12.5% (n = 2)
observed the menu’s sustainability. This fact shows a gap in the field that must be quickly
filled, especially facing world events that affect all sustainability dimensions.

In addition to hunger, which causes a great social impact in itself, the environment
has suffered from long-term natural and human-made events [37]. The impact of these
aspects on the economy is noted in several sectors. Lost natural resources and increased
public health costs directly affect the development of areas that are no longer priorities.
All these aspects justify the need to value sustainable food systems and include them in
planning menus aimed at the community. In the case of children, it is possible to learn
about different topics in a transversal way. This also adds to what is recommended as
healthy eating.

The studies show the problems that make it impossible for schools to serve their
planned menus, failure to deliver goods, the degree of ripeness of fruits and vegetables,
and the planned menus’ low acceptability. In this context, the need for the dietitian’s
presence in the school environment is reinforced, playing an essential role in nutritional
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education and developing TPFs to guarantee adequate nutritional recommendations and
minimize the school’s negative impacts on the menus.

There are numerous dietary guidelines for proper planning of school menus, but a
nutritional assessment of these menus is still a challenge [14,38]. Progress has been made
to harmonize the menus provided in schools with standards based on scientific research
and nutritional recommendations to achieve adequate nutrition. However, an effort is still
needed to plan and evaluate school meals to meet all nutritional requirements, composition,
variety, conservation methods, diverse culinary techniques, origins and ethnicities, allergies
and intolerances, and hygienic-sanitary standards [39].

The menu stands out as an essential working tool to achieve nutritional recommenda-
tions. Planning the menu also contributes to achieving sensory, cultural, and sustainability
aspects. Thus, it is relevant to understand the planning of school meals, from food acqui-
sition to final distribution, considering the variables between who buys and distributes.
The nutrition professional must follow and participate in the whole process. They should
understand the seasonality of products, respect the mapping of farmers’ production to
ensure the supply of fruits and vegetables systematically, and monitor on-site the stages of
meals’ preparation and proper distribution [13,18,28].

Few studies present tools for evaluating menus, which, in turn, are mostly based
on nutritional criteria. A global assessment of the menu is necessary to offer healthy
meals. Thus, the school menu assessment instrument should include qualitative and
quantitative aspects, crossing over hygienic and sanitary, cultural and sustainability issues.
When planning the menu, using all these tools will allow a careful assessment to meet the
proposed objectives.

This review has some limitations since the studies from different countries were
collected on the mentioned platforms and, despite the abstract being in English, some
studies were written in another languages. Despite the usage of a translation platform,
some data could have been missed due to language barriers. There could also be school
feeding programs that present instruments or methods to evaluate their menus, but were
not published before the moment of this review search on databases.

5. Conclusions

There is a significant opportunity to serve healthy and tasty meals in school food
services, to possibly compensate for the user population’s daily nutritional deficiencies.
Considering that students spend most of their day at school, eating up to three meals, it
is imperative to control and evaluate school menus. This is the only way to guarantee
healthy eating habits, various food groups, safe food from the hygienic-sanitary point of
view, and respect for food and cultural habits. However, the present study did not identify
an instrument for evaluating school menus that contemplates a comprehensive approach
to aspects that involve adequate nutrition.

National school feeding programs should provide the evaluation stage as a decisive
part of planning menus. Countries such as Brazil and Spain, where a more significant
number of instruments have been identified, should serve as models to achieve school
feeding goals for all students.

Menu planning and evaluation must cover nutritional aspects and cultural, sensory,
sanitary, and sustainable principles. School feeding programs should encourage the devel-
opment of instruments and/or methods for evaluating menus to help dietitians better plan
menus for students.

Other search methodologies should be applied to identify school feeding programs
and search for instruments not published in the literature. Specific school feeding pro-
grams probably present other instruments or methods to evaluate their menus that are not
available in the literature. A search of nation’s websites regarding school feeding programs
could reveal how menus are developed and evaluated, gathering more information on
other methods not scientifically described in the literature. Dietitians around the world
could be developing or using different methods that could enrich this field of study. Thus,
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it is planned to gather other experiences in other countries not covered in this research. The
current results show a lack of menu evaluation and this could contribute to a population’s
nutritional inadequacy.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-8
158/10/2/374/s1. Table S1: Full-text excluded articles and reasons, Table S2: Indexers used to
select publications that jointly or separately address instruments and methodologies for evaluating
school menus, Table S3: The summarized risk of bias assessment of the studies included in this
systematic review.
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Zakł. Hig. 2015, 66, 367–371. [PubMed]

15





Citation: dos Santos, E.B.; da Costa

Maynard, D.; Zandonadi, R.P.;

Raposo, A.; Botelho, R.B.A.

Sustainability Recommendations and

Practices in School Feeding: A

Systematic Review. Foods 2022, 11,

176. https://doi.org/10.3390/

foods11020176

Academic Editor: Theodoros

Varzakas

Received: 8 December 2021

Accepted: 4 January 2022

Published: 10 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Review

Sustainability Recommendations and Practices in School
Feeding: A Systematic Review
Emanuele Batistela dos Santos 1, Dayanne da Costa Maynard 2 , Renata Puppin Zandonadi 2 ,
António Raposo 3,* and Raquel Braz Assunção Botelho 1,*

1 Department of Food and Nutrition, Federal University of Mato Grosso, Cuiabá 78060-900, Brazil;
emanuelebatistela.ufmt@gmail.com

2 Department of Nutrition, University of Brasília, Brasília 70910-900, Brazil; day_nut@yahoo.com.br (D.d.C.M.);
renatapz@unb.br (R.P.Z.)

3 CBIOS (Research Center for Biosciences and Health Technologies), Universidade Lusófona de Humanidades e
Tecnologias, Campo Grande 376, 1749-024 Lisboa, Portugal

* Correspondence: antonio.raposo@ulusofona.pt (A.R.); raquelbotelho@unb.br (R.B.A.B.)

Abstract: Considering the importance of schools for sustainable food offers and the formation of
conscientious citizens on sustainability, this systematic review aimed to verify the recommendations
on sustainability in school feeding policies and the sustainability practices adopted in schools. The
research question that guided this study is “what are the recommendations on sustainability in
school feeding policies and the sustainability practices adopted in schools?”. This systematic review
was prepared according to PRISMA, and its checklist was registered in PROSPERO. Specific search
strategies for Scopus, Web of Science, Pubmed, Lilacs, Google Scholar, and ProQuest Dissertations &
Theses Global were developed. The included studies’ methodological quality was evaluated using
the Meta-Analysis Statistical Assessment and Review Instrument (MASTARI). A total of 134 studies
were selected for a full reading. Of these, 50 met the eligibility criteria and were included in the
systematic review. Several sustainability practices were described. The most cited are school gardens
and education activities for sustainability. However, actions carried out in food services were also
mentioned, from the planning of menus and the purchase of raw materials (mainly local and organic
foods, vegetarian/vegan menus) to the distribution of meals (reduction of organic and inorganic
waste: composting, recycling, donating food, and portion sizes). Recommendations for purchasing
sustainable food (organic, local, and seasonal), nutrition education focused on sustainability, and
reducing food waste were frequent; this reinforces the need to stimulate managers’ view, in their most
varied spheres, for the priority that should be given to this theme, so that education for sustainability
is universally part of the curricula. The importance of education in enabling individuals to promote
sustainable development is reaffirmed in Sustainable Development Goal 4 (SDG 4). The development
of assessment instruments can help monitor the evolution of sustainable strategies at schools and the
main barriers and potentialities related to their implementation.

Keywords: school feeding; school meals; sustainability

1. Introduction

School feeding programs, widely spread across the globe, are recognized as an essential
strategy for achieving goals in various sectors of society, including education, health, social
protection, and agriculture. Recognized as the most prominent social protection network
globally, even with the effects suffered by the COVID-19 pandemic, they appear as a robust
investment in human capital that will guarantee the economic growth of nations [1]. The
relationship between school feeding and educational and nutritional outcomes is widely
investigated in the literature [2–5]. However, more recently, its role in conducting actions
aimed at sustainability has been studied to mitigate the global challenges that threaten
human and planet health in the 21st century [6–8].
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A product of the concern with the environmental impacts derived from the world
pattern of production and consumption in the second half of the 20th century, the term
sustainable development refers to satisfying the needs of the present without compromising
the ability of future generations to meet their own needs [9]. Integrating the sustainability
pillars is necessary to increase productive potential, guaranteeing equal opportunities for
all without putting the environment at risk [10]. The three main pillars (environmental,
economic, and social) have been studied for years, and, recently, the cultural and health
pillars were also linked to sustainability [11].

Through school meals and educational practices, students become aware of the impacts
of individual and collective choices [6,12–14], consequently generating better environmen-
tal, economic, and social outcomes. The essential role of education for achieving a more
sustainable future in environmental, economic, and social aspects was recognized by the
United Nations in the Decade of Education for Sustainable Development, which aimed to
integrate the values, principles, and practices of sustainable development in all aspects of
education [15]. Therefore, education for sustainability is a powerful tool capable of provid-
ing the knowledge, skills, and awareness needed by young people to deal with the various
problems that threaten the integrity of the planet and human health and well-being [16]. In
this sense, it is essential to conduct a process that considers, in addition to global issues,
those that are local and common to the participants’ routine and that integrates a holistic
perspective, allowing for informed decision-making, individually or collectively [15,17].
The literature also highlights the importance of using school meals as a tool for nutritional
education and education for sustainable consumption and practical learning activities, such
as school gardens, cooking activities, and field visits to small local farmers [6,12,18–20].

The relationship between sustainability and school feeding also occurs at the level of
decisions made at all stages of meal production. It is known that food production is associ-
ated with significant environmental impacts. Although elements before or after the meals’
preparation are responsible for most of these effects (such as field production, transport,
and food waste) [21–23], the choices made by school food services influence this dynamic,
determining the degree to which they employ actions to mitigate the environmental im-
pacts generated in this process. Some examples are the purchase of organic and local food,
encouraging the consumption of fresh vegetables at meals, controlling the supply of meat,
and actions such as adjusting portions, donating food, composting, purchasing products
with minimum packaging, recycling, and reducing energy and water consumption [24–30].

The adoption of sustainable practices often generates results that simultaneously reach
the different dimensions of sustainability. Reducing energy and water consumption in the
production of meals and adjusting the size of food portions, for example, can represent
actions of economic and environmental sustainability [29]. Also, the donation of food, raw
or prepared, provided that it is in perfect hygienic and sanitary condition, can be observed
from social and environmental sustainability perspectives [26,27].

Establishing a close relationship between school meals and small farmers to purchase
locally sourced food favors the increase in income and class organization. Consequently,
the economic development of the region, as well as contributing to the food and nutritional
security of farmers and their families [31,32], goes beyond environmental to social and
economic sustainability dimensions. Due to the benefits for both students and farmers
widely recognized in the literature, the practice of buying local food is encouraged by
public policies for school meals in different parts of the world [33,34].

Therefore, the range of activities involved with school feeding generates unique
challenges and opportunities from the point of view of sustainability in the environmental,
economic, and social dimensions [7,8,12,35]. In this sense, school feeding programs are
part of the strategies used to achieve the Sustainable Development Goals of the 2030
Agenda [36].

Although school feeding policies in some countries already present recommendations
on sustainability in their guiding principles [34,37,38], and the literature presents different
sustainability practices employed in this context, bringing to light a body of evidence on
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this topic will be helpful for decision-makers at the government level to create or even revise
guidelines for their school feeding policies, incorporating the principles of sustainability.
Therefore, the research question that guided this study is “What are the recommendations
on sustainability in school feeding policies and the sustainability practices adopted in
schools?”. In addition, the findings may help policymakers and members of the school
community, within their local context, in the development of sustainability practices linked
to school and school feeding. Considering the importance of schools to offer sustainable
food and in the formation of conscientious citizens who are able to act on the challenges
related to sustainability in the contemporary world [6], this systematic review aimed to ver-
ify the recommendations on sustainability in school feeding policies and the sustainability
practices adopted in schools.

2. Materials and Methods

This systematic review was prepared according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA), and its checklist [39] was regis-
tered in PROSPERO [CRD42021264978]. The protocol was performed according to the
following steps.

2.1. Inclusion and Exclusion Criteria

The inclusion criteria were studies that described the recommendations on sustain-
ability in school feeding policies and the sustainability practices adopted in schools, in
environmental, social, and/or economic aspects, with no date and language limits. Legisla-
tions of school feeding policies and programs found in the studies reference lists had their
full text analyzed to identify sustainability recommendations. The exclusion criteria were:
(1) comments, letters, conferences, reviews, abstracts, reports, undergraduate works, discus-
sion papers, and books, (2) studies carried out outside schools or in which the school was
not responsible for the action, (3) studies in which practices were not performed or studies
where activities were punctual, (4) studies focused on the supplier or that only reported
purchases, and (5) studies that did not describe sustainability practices (Appendix A).

2.2. Information Source

Detailed individual search strategies were developed for each database: MEDLINE
via Pubmed, Embase, Scopus, Web of Science, and Lilacs. A search for gray literature
was performed on Google Scholar and for dissertations and theses in ProQuest Global.
Additionally, we examined the reference lists of the selected articles as relevant studies
could have been missed during the data search. The last search in all databases was carried
out on 30 June 2021.

2.3. Search Strategy

The appropriate combinations of truncation and keywords were selected and adapted
for the search in each mentioned database (Table S1—Supplementary Materials). We
used Rayyan software (Qatar Computer Research Institute (QCRI)) to select and exclude
duplicate articles, and all references were managed by Mendeley desktop software.

2.4. Study Selection

Two phases were necessary for the selection. In phase 1, researchers I (EBS) and II
(DCM) independently reviewed the titles and abstracts of all references identified from
databases. EBS and DCM excluded the articles that did not meet the eligibility criteria. In
phase 2, the full texts of the selected articles were fully read by the same reviewers (EBS,
DCM), and only those that met the inclusion criteria were included. In both phases, the
disagreements were discussed until a consensus was reached between the two reviewers.
A third reviewer (RBAB) made the final decision in situations without consensus. EBS,
an examiner, critically evaluated the list of references of the selected studies. Additional
studies were added by the third examiner (RBAB) and the expert (RPZ).
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2.5. Data Collection Process

Two reviewers independently (EBS, DCM) collected the following characteristics from
the selected studies by authors and year of publication, country of research, the objective of
the study, methods, sustainability dimensions, and main results referring to the identified
sustainability practices. Calibration exercises were conducted before starting the review to
ensure consistency among reviewers. Disagreements were solved by discussion, and the
third reviewer (RBAB) adjudicated unresolved disagreements. These data were synthesized
by three reviewers (EBS, DCM, and RBAB) using a standardized table containing the follow-
ing information: reference, authors, year, country, objectives, type of school management
(public, private), teaching stage (according to the teaching stages of each country), partici-
pants (individuals, schools, or municipalities), sustainability dimensions (environmental,
economic, and social), and main results referring to the identified sustainability practices.

2.6. Risk of Individual Bias in the Included Studies

The quality criteria were synthesized using a statistical review assessment instrument
(MASTARI) and the Joanna Briggs Institute protocol to assess the risk of bias in the studies.
The instrument for assessing the risk of bias included seven questions:

1. Were the practices identified characterized?
2. Has the practice been implemented in schools?
3. Did the practices present a positive implementation response?
4. Was the study design appropriate?
5. Was the statistical analysis adequate to the objective of the study?
6. Did the results answer the main question?
7. In the case of the schools, was the sample of establishments selected for analysis

representative and randomly determined?

The categorization of the risk of bias followed the percentage of “yes” score: “High”
for up to 49%, “Moderate” for between 50 and 69%, and “Low” for more than 70%.

3. Results

The researchers retrieved 1763 studies from the electronic databases; 1319 titles and
abstracts were evaluated after removing the duplicates, and, after reading the abstracts,
134 studies were selected for a full reading. Of these, 50 met the eligibility criteria and were
included in the systematic review. At the same time, recommendations on sustainability
were found in 11 governmental school feeding policies or programs and 5 in other available
non-governmental school feeding programs/initiatives retrieved from the studies’ reference
lists (Figure 1). The latest available versions were evaluated for governmental and non-
governmental school feeding policies or programs.

3.1. Studies Characteristics

Regarding sustainability practices, the studies included (n = 50) were conducted
between 1991 and 2021, in the following countries: United States (n = 22), Brazil (n = 7),
Spain (n = 3), Italy (n = 3), South Africa (n = 2), Canada (n = 2), England (n = 2), Denmark
(n = 1), Finland (n = 1), Ghana (n = 1), India (n = 1), Japan (n = 1), Wales (n = 1), Kenya
(n = 1), and Tanzania (n = 1). A parallel study was carried out in the United States and
Cuba. The characteristics of the analyzed studies are presented in Table 1.
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Figure 1. Flowchart of the systematic review search process. Adapted from PRISMA protocol.
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In the United States, where the largest number of studies was identified (n = 22), sustain-
ability practices mainly involved educational activities for sustainability [20,44,53,56,57,59–61,69],
waste reduction [40–42,46,49,61,76], school gardens [20,46,55,59–61,64], and participation
in programs that promote closer ties between schools and producers [46,48,69,70,73,77].
Practices such as food donation [49,64,69,76], strategies for the rational use of water and
energy [42,61], the offer of vegetarian/vegan menus or with reduced meat supply [25,46],
and the use of local and organic foods (not mentioning participation in specific programs
for this purpose) [59] were less mentioned. The study was carried out in parallel in the
United States and Cuba in the context related to the experiences of urban school gardens in
Philadelphia (USA) and Havana (Cuba) [51].

In Canada, the identified sustainability practices (n = 2) involved school gardens,
purchase of local and organic foods, participation in programs that promote closer ties
between schools and local farmers, waste reduction, and the use of vegetarian dishes [24,71].
In Brazil, the only country in Latin America in which studies were identified (n = 7), the most
cited practices were related to school gardens [14,45,74,75,79] and educational activities
for sustainability, including training for those involved in the operationalization of the
National School Feeding Program (PNAE) [14,68,74,79]. However, the studies also cited
activities to reduce waste [14,45,75], use of local [14] and regional [62] foods, partnerships
for the development of sustainability activities (such as environmental preservation), and
to encourage both the use of organic food and to value the work of those involved in all
food production [68].

Among European countries, three studies were conducted in Spain and Italy, two in
England, and one in Denmark, Finland, and Wales. The most common practices involved
were buying local and organic food [8,30,47,58,67]. In Italy, socio-environmental criteria in
hiring school food services were also mentioned [47]. Among the European studies, prac-
tices linked to changes in menus or portions were also identified [8,26,27,52], sustainability
certification [26], waste reduction and energy and/or water savings [26,50], participation in
a program to encourage sustainable eating [12,54], school garden [50], and practices aimed
at social sustainability (such as food donation and the use of food from land confiscated
from criminal organizations) [8,26,27].

On the African continent, two studies were identified in South Africa [43,66] and
one in Ghana [63], Tanzania [78], and Kenya [65]. The identified practices focused on
activities related to school gardens [43,66,78]. However, the teaching of agroforestry prac-
tices, water-saving, and the development and adoption of a meal planning package nu-
tritionally balanced meals, with locally sourced ingredients, were also identified in the
studies [43,63,65].

Among Asian countries, one study was identified in Japan [35] and one in India [72].
In Japan [35], the study demonstrated that the reinforcement of social norms not to waste
and factors related to the planning of menus, pedagogical practices, and recycling and
composting activities, contributed to reducing the food waste in schools. In India, the
sustainable management of supply chains was studied based on one of the companies
responsible for the school feeding program, which considers the integration of economic
and non-economic issues in the generation of value in the supply chain [72].

In 20% of the studies (n = 10), it was impossible to identify information about the
responsibility for managing schools. Most studies were performed in public schools (64%;
n = 32). Studies conducted in public and private schools corresponded to 14% (n = 7), and
only one study was conducted in a private school. All stages of the education system,
including the earliest (pre-school) and the final years (high school), were mentioned, but
the stage referring to primary or elementary education was identified in most studies (68%;
n = 34). In 27.4% of the studies (n = 14), it was impossible to obtain this information. The
studies used quantitative (30%; n = 15), qualitative (48%; n = 24), or mixed methods (22%;
n = 11).
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3.2. Identified Sustainability Practices

The environmental dimension of sustainability was identified in all studies that cited
sustainability practices (n = 50), alone (26%; n = 13), or together with the other considered
dimensions. In most studies (44%; n = 22), it was possible to identify practices related to the
three sustainability dimensions (environmental, economic, and social). The combination
of environmental and social dimensions was identified in 14% of the studies (n = 7), and
the environment with economic dimension in 16% (n = 8). It is important to highlight
that for identifying the sustainability dimensions, some practices, in isolation, represented
the attendance of more than one of the mentioned dimensions. In contrast, in other
cases, the identification of different sustainability dimensions in the same study resulted
from different practices cited by the authors. Sustainability practices adopted in schools
are presented in Table 1. The activities were described according to the dimensions of
sustainability (Figure 2).

Figure 2. Identified sustainable practices in schools according to the environmental, economic, and
social dimensions.

The involvement with school gardens and education activities for sustainability repre-
sented the most commonly reported practices, being identified in 36% (n = 18) [14,20,24,43,
45,46,50,51,55,59–61,64,66,74,75,78,79] and 28% (n = 14) [14,20,35,44,51,53,56,57,59–61,69,74,79]
of the studies, respectively. Among the studies that described the use of school gardens,
8% (n = 4) [14,45,61,75] described the cultivation of organic foods and, in the context
of education practices for sustainability, travel field studies [59,60] and cooking activi-
ties [14,20,44,69] were also cited.

Another frequently cited category of sustainability practices concerns schools food
supply initiatives. Actions to purchase or encourage the employment of local or short-chain
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foods, including participation in programs such as “Farm to School” and “Fish to School”
were cited by 26% (n = 13) of the studies [8,14,24,30,46,48,59,67,69–71,73,77] and organic
foods were observed in 18% (n = 9) [8,24,30,45,47,58,59,67,68]. Participation in a sustainable
food consumption promotion program (4%; n = 2) was also identified [12,54]. Although
little mentioned, practices that integrated socio-environmental and economic dimensions in
the contracts (4%; n = 2), the use of regional (2%; n = 1), seasonal (2%; n = 1), and produced
foods in lands confiscated from criminal organizations, were also observed [8,30,47,62,72].

Regarding the adoption of measures to reduce waste, recycling [35,40–42,46,49,50]
and composting [24,26,35,46,49,61,76] were the most reported, described in 14% (n = 7) of
the analyzed studies. These represent important strategies for the control of organic
and inorganic waste. Food donation was a practice identified in 10% (n = 5) of the
studies [26,27,49,64,76] and food portion size adjustment in 6% (n = 3) [26,27,35]. Sharing
tables [76], single-course menu [8], reinforcement of social norms [35], donation of food
waste for animal feeding [49], team communication to adjust the amount produced, and
noise reduction in the cafeteria to allow a more comfortable environment [26] were also
identified practices for the reduction of organic waste, to a lesser degree than the others
previously mentioned. Other less cited practices involving the control of non-organic waste
generation were the use of reusable devices [40,45], the purchase of products in bulk or with
minimum packaging [24,40], the use of returnable bottles [14], reduced use of paper [26],
or the replacement of mineral water by filtered water [8].

The adoption of strategies that involved saving water or energy was cited in 10%
(n = 5) of the studies [26,42,43,50,61], represented by activities such as reduced use of
energy, energy audits, reduced use of water, and installing a cistern for collection rainwater
or irrigation system for water reuse.

As for menu actions, practical studies were identified as offering vegetarian/vegan
meals [24,46,52], reducing meat supply [25], planning a menu that included the exposure
of students to unfamiliar or unappreciated foods [35], and the adoption of a meal planning
package that facilitated the planning of nutritionally balanced meals with locally sourced
ingredients [63].

Although mentioned in only one study, partnerships for the development of sustain-
ability activities (such as environmental preservation) and certification were also identi-
fied [26,68].

3.3. Sustainability Recommendations in School Feeding Policies/Programs

Among the 11 policies under government responsibility identified in the studies
that mentioned sustainability recommendations, 73% (n = 8) were national in scope, 18%
(n = 2) state, and 9% (n = 1) municipal. The European continent had the highest number
of policies/programs (64%; n = 7), identified in Italy, England, Finland, Spain, Sweden,
and Germany [37,80–85]. School feeding policies/programs were also identified in Brazil,
Japan, and the United States [34,86–89] (Table 2).

The most mentioned aspects were the origin and type of food used in school meals,
such as organic, local or shorter transport distances, seasonal, agroecological, and sustain-
able [34,37,80–87]. Other examples cited in this category, although less frequently, were
reducing meat, increasing consumption of vegetables, reducing carbon emissions, typical
foods, and respecting local traditions [34,37,82,84,86].
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Regarding other non-governmental programs and initiatives (n = 5), two were identi-
fied in the United States [90,91], two were global in scope [92,93], and one was identified in
England [94]. The set of activities observed in these programs involved encouraging the
purchase of local, seasonal, and sustainable food [91,92,94], school gardens [91,94], visits
to local farmers [91,94], cooking and nutritional education activities [91,94], waste reduc-
tion [90], and specific actions for each school to train people to generate environmental and
sustainability awareness [93] (Table 3).

3.4. Risk of Bias

Among the studies analyzed, 49 had a low risk of bias and 1 had a moderate risk. All
studies implemented the practices and answered the main research question
(Table S2—Supplementary Materials).
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4. Discussion

In 2019, the EAT-The Lancet Commission established universal strategies and rec-
ommendations to achieve food system transformation, striving for human health and
environmental sustainability. The need to improve availability and access to healthy foods
from sustainable food systems and educate individuals on these topics using food programs
was reinforced [95]. Therefore, the school is an opportune locus for sustainability practices.
The environmental, economic, and social effects of the actions carried out in school food
services and the education process will echo both in society’s present and future.

Vegetable gardens and education activities for sustainability were the most cited
practices among the studies. School gardens are essential tools to support community and
school feeding programs by using their produce in student meals and training vegetable
growing skills [19,43,66]. However, the support of the school administration, the availability
of space and resources to purchase tools and supplies, teacher training, the integration of
the garden into the school curriculum, sharing activities with community members, and the
presence of a coordinator to organize activities are identified as key factors in determining
the results of the implementation and continuity of school gardens [66,96,97].

Education plays a central role in enabling students to think and act critically on cur-
rent and future global challenges, including climate change, environmental degradation,
biodiversity loss, poverty, and inequality [16]. Therefore, the literature has strongly recom-
mended and evidenced the association between school gardens and educational processes
aimed at health, environment, and sustainability [19,24,61]. Gonsalves et al. [19] emphasize
the role of school gardens “in environmental and nature education, in local food biodi-
versity and conservation, food, eco-literacy, diets, nutrition and health, and agricultural
education, contributing to the search for a food system more sustainable.”

The importance of education in enabling individuals to promote sustainable develop-
ment is reaffirmed in Sustainable Development Goal 4 (SDG 4). SDG 4 is integrated with
other indivisible goals, comprising the environmental, economic, and social dimensions of
Agenda 2030, an action plan for people, the planet, and prosperity [98].

In line with this purpose, schools can observe efforts to integrate environmental edu-
cation, ecological literacy, or education for sustainability in their curricula [14,56,57,60,69].
However, a recent study [99] that assessed the extent to which environmental issues are
integrated into primary and secondary education policies and curricula in 46 member
states of the United Nations Educational, Scientific, and Cultural Organization (UNESCO)
demonstrated that despite 92% of the documents making some reference to environmental
issues, the depth of this inclusion was low. Terms such as “climate change” and “biodiver-
sity” were rarely mentioned. What has been done is not enough to ensure that learning
helps in confronting current global challenges. The document recommends, among other
actions, that greater emphasis needs to be placed on environmental issues in education,
integrating them into curricula and overcoming the focus on cognitive knowledge, and
training all teachers and school leaders in education for sustainable development [99]. Also,
considering the food system’s environmental, economic, and social impacts, the efforts to
integrate themes involving sustainable food consumption into educational practices are
worthy of note [12,44]. These approaches are fundamental because education can increase
adherence to different sustainability practices since, although observed in this study, many
had a low frequency of realization.

The use of local or organic foods, often set by government regulations, stems from concerns
about students’ health, the living conditions of farmers, and the environment [34,47,48,70,100].
Initiatives involving the use of local and organic foods were also frequently cited among
the analyzed studies [8,14,24,30,47,58,59,67].

The creative food purchase policy incorporates social and environmental criteria
into the contracts, going beyond economic considerations and encouraging the purchase
of local food [33]. Examples of buying local and organic food are worldwide, as in the
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Brazilian case at the National School Feeding Program, where the purchase of food from
local farmers is a compulsory item provided in its legal framework. Organic food is
preferred in public purchases, the standardized instruments for this type of purchase in the
country’s program [34]. Through Home Grown School Feeding, the World Food Program
(WFP) works with governments in 46 countries to develop national policies that provide
adequate food for students and ensure local development by purchasing food from family
farmers [92]. There are also experiences linked to the Farm To School programs, which
purchase local food and develop educational activities related to agriculture, food, health,
and nutrition [70,71]. All initiatives that connect schools to family farmers are vital because
the benefits of school meals go beyond the boundaries of schools and reach family farmers.
These involve economic (increase in income, price support, and inclusion in the market),
social (food security, living conditions, and social inclusion), and environmental (crop
diversification and greater production of organic food) aspects [31].

Reducing food waste and controlling non-organic waste represent initiatives that
must be implemented in school food services. Studies in different parts of the world have
demonstrated that these places are major food waste generators, causing environmental,
economic, and social impacts [101–104]. Concerning non-organic waste, a study carried
out in northern Colorado, USA identified that factors such as the speed of the service
line, the quality of food, the cost, and the difficulty managers have in understanding the
impact of their decisions at a systemic level, affected the ability to reduce or recover these
wastes [105].

In our systematic review, composting was the most cited practice for reducing the
generation of organic waste and recycling non-organic waste. However, it is important to
highlight that even among the studies in which the performance of waste management
practices was cited, they were often not reported among the participants or were reported
by a minority of them [26,40–42,46,49,76], demonstrating that adopting waste reduction
strategies in school meals is not yet routine practice.

Among the strategies to promote the reduction of food waste, the literature discusses
the importance of integrating this theme and the sustainability of the food system in peda-
gogical practices, in addition to actions aimed at improving operations and planning, team
communication, and the involvement of students in waste management activities [35,102].
Food donation can represent a successful experience to mitigate the impacts of the produc-
tion of meals by reducing waste and serving people in vulnerable situations, with relatively
few investments [27]. However, the main barriers related to food donation and food re-
covery in this context involve concerns about responsibility, cost, inconsistent food waste,
policy confusion, and the sanitary quality of food [76]. As for non-organic waste, among
other recommendations, a study indicated that school food services could incorporate
packaging waste in purchasing processes, as they do not always control the packaging used
by manufacturers [105].

The adoption of some strategies related to saving water and energy was mentioned
among the analyzed studies. In school feeding, studies that reported the environmental
impacts of the choices made by food services regarding the origin and types of food pur-
chased (fresh or not, and from different groups, such as meat and vegetables) demonstrated
a significant contribution from phases before the production of meals [21,23,106]. However,
considering that during the production of meals both water and energy are essential factors
for the operation of the service, the training of a school’s employees and the monitoring
of the intended use of these resources is necessary. Instruments created to evaluate sus-
tainability practices in food services, which include among their analysis categories the
rational use of energy and water, are helpful tools in this regard [107,108].

Environmental and health damage to the population generated by how the food
system has been operated is already well established [109]. Two of the factors contributing
to the harmful effects of this modus operandi are meat production, especially red meat,
and food waste, which are responsible, among other factors, for a significant emission of
greenhouse gases into the environment and/or consumption of freshwater [23,106,110,111].
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Therefore, some practices related to the offer of vegetarian/vegan menus, with a reduction
in the meat offering, the adequacy of the portion sizes, or the adoption of the single-course
scholar menu have been reported in the literature [8,25–27,35,112]. Some instruments
have been proposed to allow the planning of more environmentally sustainable menus
based on reducing carbon and/or water footprints while addressing nutritional, economic,
and cultural dimensions [7,113–116]. In addition, the definition of criteria for planning
sustainable menus in the context of school meals has also been described [117].

Other less mentioned strategies involved using regional foods, environmental certifica-
tion, and the development of partnerships to carry out environmental preservation activities.

According to Morgan [118], “the creation of a sustainable school foodservice is the
litmus test of a country’s commitment to sustainable development, as it involves nothing
less than the health and well-being of young people and vulnerable people”. In this sense,
several efforts were made to strengthen the role of school feeding in achieving nutritionally
adequate diets for students and meet the principles of sustainability in the three dimensions:
environmental, economic, and social. However, it is noteworthy that, despite the general
premise established in the literature of the potential effects of sustainability practices in
school in mitigating global challenges, the wide scope of school feeding and the variability
of characteristics and challenges experienced between different regions of the globe, in-
cluding different regulations, economic, social, political and cultural conditions, demand
specific solutions, adapted to each local context.

5. Limitations

This review has some limitations. First, it was not possible to state that the school
feeding policies/programs that mentioned concerns about sustainability were exhausted,
since the policies were found in the studies reference lists that had their full text analyzed. In
addition, some of these policies, written in a non-English language, were translated through
a translation platform. Therefore, some information may have been lost due to language
barriers. Despite these limitations, these findings evidenced different recommendations
that reinforced the importance of actions, which ranged from the choice of sustainable
foods to the strengths of nutrition and sustainable consumption practices education.

6. Conclusions

There is an imminent need to ensure the prosperity of nations, anchored in the prior-
ities of protecting the health of people and the planet and guaranteeing adequate living
conditions, reducing social inequalities. It involves offering food in terms of education,
enabling students to make conscious choices consistent with this need. In this sense, schools
and school feeding programs have all the necessary characteristics for developing practices
that aim at sustainability in the environmental, economic, and social dimensions, given
their scope and the different perspectives that can be worked.

The present study identified sustainability recommendations in 16 governmental and
non-governmental policies/programs. Recommendations for purchasing sustainable food
(organic, local, and seasonal), nutrition education focused on sustainability, and reducing
food waste were frequent.

Several sustainability practices were described in this systematic review, such as the
use of school gardens and education activities for sustainability. Actions carried out in
food services were also mentioned, from the planning of menus and the purchase of raw
materials (mainly local and organic foods, vegetarian/vegan menus) to the distribution of
meals (especially practices to reduce waste organics and inorganics such as composting,
recycling, donating food, and adjusting portion sizes).

The findings reinforce the need to stimulate managers’ views, in their most varied
spheres of power, for the priority that should be given to this theme, so that education
for sustainability is universally part of the curricula, and so that food services can equip
themselves with the knowledge and tools necessary to carry out sustainability practices in
their daily activities.
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Lastly, further investigations to evaluate these practices are needed to examine the
evolution of their adoption and the main barriers and potentialities related to their imple-
mentation. With a specific look at the school field, assessment instruments can help with
this monitoring.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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review.
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Appendix A

Table A1. Full-text articles excluded, with reasons.

Author (Year) Reason for Exclusion

Alexandre et al. (2016) [119] 2
Amarante (2016) [120] 1
Andreatta et al. (2021) [121] 4
Anton-Peset, Fernandez-Zamudio and Pina (2021) [13] 2
Batlle-Bayer et al. (2021) [122] 3
Braun et al. (2018) [123] 4
Brena (2017) [124] 3
Carvalho (2009) [125] 5
Coleman et al. (2011) [126] 1
Colombo et al. (2019) [7] 3
Colombo et al. (2020) [127] 2
Constanty (2014) [128] 4
Constanty and Zonin (2016) [129] 4
Conner et al. (2010) [130] 2
Damapong, Kongnoo and Monarumit (2013) [131] 1
Dirks (2011) [132] 3
Eich (2015) [133] 5
Ellinder et al. (2020) [113] 2
Elnakib et al. (2021) [134] 2
Colombo (2021) [135] 3
Ferderbar (2013) [136] 2
Filippini et al. (2018) [137] 5
Fitzsimmons and O‘Hara (2019) [138] 4
Franzoni (2015) [139] 4
Gaddis and Jeon (2020) [38] 1
Ghattas et al. (2020) [140] 2
Granillo-Maciías (2021) [141] 3
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Table A1. Cont.

Author (Year) Reason for Exclusion

Green (2016) [142] 2
Gregolin et al. (2017) [143] 4
He (2013) [144] 1
Hendler, Ruiz and Oliveira (2021) [145] 3
Henry-Stone (2008) [146] 3
Hodgkinson (2011) [147] 3
Johnston et al. (2009) [148] 5
Jones (2012) [149] 5
Kipfer (2018) [150] 3
Koch (2000) [151] 2
Lalli (2020) [152] 5
Lauffer (2019) [153] 2
Lawless (2013) [154] 3
Lindgren (2020) [112] 3
Løes; Nölting (2011) [28] 1
Løes; Nölting (2009) [155] 1
McCarty (2013) [156] 2
Medina (2009) [157] 5
Melão (2012) [158] 4
Mikkola (2010) [159] 1
Moss Gamblin (2013) [160] 5
Mosiman (2014) [161] 4
Morgan and Morley (2003) [162] 1
Morgan and Sonino (2007) [33] 1
Morgan (2008) [118] 5
Mota, Silva and Pauletto (2021) [163] 5
Muansrichai, Panyasing and Yonvanij (2015) [164] 5
Nunes et al. (2018) [165] 4
Nuutila, Risku-Norja and Arolaakso (2019) [166] 3
Orr (2020) [167] 3
Otsuki (2011) [168] 4
Padilha et al. (2018) [169] 4
Osowski and Fjellström (2018) [170] 1
Polo et al. (2017) [171] 1
Prescott et al. (2019) [172] 2
Rambing et al. (2020) [173] 5
Redman (2013) [174] 2
Resque et al. (2019) [175] 4
Ribeiro, Ceratti and Broch (2013) [176] 4
Rodrigues et al. (2020) [107] 2
Santos et al. (2014) [177] 4
Schachtner-Appel (2019) [178] 2
Scott (2011) [179] 2
Silva and Sousa (2013) [180] 4
Silva and Pedon (2015) [181] 4
Silva, Gehlen and Schultz (2016) [182] 4
Silva, Dias and Amorim (2015) [183] 4
Soares (2011) [184] 4
Soares et al. (2017) [185] 4
Solof (2014) [186] 2
Szinwelski et al. (2015) [187] 4
Trott (2017) [188] 2
Turpin (2009) [189] 4
Vasconcelos, Vieira and Rodrigues (2014) [190] 2
Valadão and Sousa (2018) [191] 1
Wade (2019) [192] 3
Wickramasinghe et al. (2016) [193] 1

Legend—Exclusion criteria: (1) Comments, letters, conferences, reviews, abstracts, reports, undergraduate works,
discussion papers, and books, (2) studies carried out outside schools or in which the school was not responsible
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for the action, (3) studies in which practices were not performed or studies where activities were punctual,
(4) studies focused on the supplier or that only reported purchases, and (5) studies that did not describe
sustainability practices.
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Abstract: Bread is a food that is commonly recognized as a very convenient type of food, but it
is also easily prone to microbial attack. As a result of bread spoilage, a significant economic loss
occurs to both consumers and producers. For years, the bakery industry has sought to identify
treatments that make bread safe and with an extended shelf-life to address this economic and safety
concern, including replacing harmful chemical preservatives. New frontiers, on the other hand, have
recently been explored. Alternative methods of bread preservation, such as microbial fermentation,
utilization of plant and animal derivatives, nanofibers, and other innovative technologies, have
yielded promising results. This review summarizes numerous research findings regarding the
bio-preservation of bread and suggests potential applications of these techniques. Among these
techniques, microbial fermentation using lactic acid bacteria strains and yeast has drawn significant
interest nowadays because of their outstanding antifungal activity and shelf-life extending capacity.
For example, bread slices with Lactobacillus plantarum LB1 and Lactobacillus rossiae LB5 inhibited fungal
development for up to 21 days with the lowest contamination score. Moreover, various essential
oils and plant extracts, such as lemongrass oil and garlic extracts, demonstrated promising results
in reducing fungal growth on bread and other bakery products. In addition, different emerging
bio-preservation strategies such as the utilization of whey, nanofibers, active packaging, and modified
atmospheric packaging have gained considerable interest in recent days.

Keywords: bakery products; bio-preservatives; shelf-life; mold spoilage; antifungal activity; microbial
fermentation; active packaging

1. Introduction

For thousands of years, bread is still one of the dominant food sources of the human
diet, with the manufacturing of yeast-based and sourdough bread being one of the earliest
biotechnological mechanisms [1]. Amidst its medium growth rate (122,000 t in 2007 to
129 t in 2016), it earned approximately $358 billion in global revenue in 2016 [2]. It is also a
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magnificent energy source, including protein, iron, calcium, and various vitamins [3–6].
Commercially available bread and biscuits contain nearly 7.5 and 7.8% protein [7]. Bakery
products are ideal for fiber addition, as fiber intake has declined in the European diet
partially due to cereal adjustments.

Due to the easily spoiled nature of this food, its quality and palatability degrade dur-
ing preservation, resulting in changes in physiological, biochemical, sensorial, and micro-
bial properties [8]. Mold and fungal deterioration are the primary causes of significant
financial detriments in packed bread items. They may also be considered as mycotox-
ins sources [9], posing issues to the people′s health [10–13] and putting a significant fi-
nancial strain on bakeries. Penicillium (Penicillium chrysogenum, Penicillium roqueforti, and
Penicillium brevicompactum), Aspergillus (previously Eurotium), Wallemia, and other familiar
molds such as Rhizopus, Chrysonilia sitophila, and Mucor are the main genera involved
in the spoiling of bakery items [14–16]. Yeasts, specifically Saccharomycopsis fibuligera and
Hyphopichia burtonii, can also contribute to the “chalk mold” problem [7]. Due to these micro-
bial attacks, a high proportion of food waste is being produced around the globe. For example,
in Germany in 2015, 34.7% of total bread was lost [17]. Article [18] estimated losses of 10% in
Brazil and presumably other nations with a tropical environment. Additionally, mycotoxin
infection in food items is claimed to be a universal issue [19–22] and it occurs in nearly 25%
of all grain yields globally [23]. A study conducted in Poland identified nine categories of
causes of losses based on a quantitative study within the four considered sectors of the bakery
enterprise: (i) raw materials magazine—mechanical damage, magazine pests, spoiling, mold-
ing, and impurities; (ii) production section—hygiene and sanitary requirements, technical
breakdowns; (iii) final product magazine—damaged packaging, hygiene and sanitary require-
ments/food safety hazards, technical breakdowns; and (iv) final product transport—errors
in placed orders, damaged unit packaging, technical breakdowns, incomplete collective
packaging [24]. In all of them, mold and fungal deterioration may cause losses.

Today’s food industry faces a tremendous problem in producing goods that are not
only productive but also wholesome for customers, as well as much more long-lasting.
The use of organic preservatives has the feasibility of meeting both needs [25,26]. Nat-
ural antimicrobial preservatives have been the subject of extensive research due to the
growing evidence of the harmfulness of chemical preservatives and their impacts on con-
sumer health [27–29]. The restoration of chemical preservatives—such as propionates and
sorbates—in bread and other bakery goods is of considerable interest [25].

Chemical preservatives, such as calcium propionate, are commonly applied to expand
the microbial lifespan of bread [30,31]. However, prolonged exposure to chemical preser-
vatives may pose a health risk. Thus, using bio-preservation techniques on bread can aid
in solving this issue and preventing economic loss caused by fungi, mold, or yeast [32].
Bio-preservatives are organic resources that can be utilized to lower or eliminate microbial
populations while improving food quality. It is a revolutionary concept for processing
and preserving perishable fresh goods and is generally recognized as safe (GRAS) for food
usage. Numerous distinct studies have been conducted on bio-preservation. Thus, the
objective of this review was to integrate all studies conducted on the spoilage problem
of bread, as well as the preservation techniques, most notably bio-preservation, used to
extend its shelf life.

2. Materials and Methods

A search strategy was conducted on key literature databases such as SCOPUS, PubMed,
ResearchGate, and Google Scholar. The keywords mentioned in Table 1 were used to find
articles, starting with the primary keywords, then joined with the secondary keywords using the
set operator AND. Article references were also reviewed to evaluate other relevant publications.

The studies related to the spoilage and bio-preservation of bread were included in this
review. Additionally, some supporting facts about the varieties and economic relevance
of bread was added. It summarized only previously conducted, scientifically validated
findings. Articles published in regional languages have been excluded entirely. Papers
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that lacked sufficient data on the subject or failed to adequately characterize the impact
of bio-preservatives on bread were omitted entirely. This topic does not include articles
on chemical preservation of bread, nutritional analysis, bread formulation and innovation,
or functional aspects of bread. No papers with inconclusive outcomes were considered
for this article. Finally, to study this clean-level alternative, only works focusing on recent
advances in this field were cited, with the exception of a few fundamental principles.

Table 1. Keywords used for literature search.

Primary Keywords Secondary Keywords a

Bio-preservation of bread
Bread spoilage
Staling of bread

Bread preservation by natural anti-microbes
Mold spoilage of bread

Nanoparticles incorporated into bread
Bakery product storage life
Spoilage control of bread

Lactic acid bacteria used in bread preservation
Statistics on bakery waste

a Literature search was conducted by using primary keywords in combination with secondary keywords.

3. Bread and Its Types

The world’s expanding, aging, more urbanized, and nomadic population calls for a
more accessible, nutritious, and safe food supply. Consuming wholemeal or multigrain
bread may provide the most outstanding contribution to the necessary nutritional in-
take [33]. It is remarkable that white bread now surpasses pasta, pseudocereals, rice, and
tubers in terms of consumption.

There are several varieties of bread (Figure 1), with national and regional variants
on fundamental types and an abundance of specialty varieties, such as malt loaves, soda
loaves, milk loaves, fruit loaves, and cream loaves [34]. Additionally, there is high protein
bread, added malt grain bread, high fiber, multigrain bread, wheat germ bread, soft grain
bread, ethnic multigrain bread, slimming and healthy high fiber bread, bread for special
dietary needs, and cereal bread other than wheat crispbread. The bakery industry does
not use the same terminology to describe bread and its quality characteristics, leading to
misunderstandings regarding bread quality among consumers.

Figure 1. Different types of bread around the world.

The most prominent example references French bread, which in the United Kingdom,
is often referred to as baguette-style bread. In contrast, in the United States, the word
may apply to pan bread with lean (i.e., low-fat) formulas, such as those adopted to make
French toast. The term “French” bread is not as well understood in France as in the United
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Kingdom. Correspondingly, the conception of “toast bread” has a distinct connotation
in France, the United States of America, the United Kingdom, and elsewhere [35]. The
description of a specific bread type will always explain its substantial look, most often with
its outer structure. Consequently, the length and diameter of baguettes are often used to
classify them, whereas the pan form of other bread is used to classify Middle Eastern and
conventional Indian bread. Even surface markings may require definition, as the quantity
and pattern of cuts on the dough surface may become an essential aspect of the traditional
appearance of the product.

4. Economic Importance of Bakery Product

Bread is consumed in a diversity of shapes and forms all over the world, with an
average annual consumption of 70 kg per capita; however, Europe consumes less bread,
with an average annual consumption of 59 kg [36–38]. Bread products have evolved
into various shapes and flavors, each with its own unique set of features. It is more
favorable in an urbanized environment because it requires no additional preparation and
is immediately consumable. Bread consumption has already increased in areas where
it was previously considered a luxury item. For example, between 1980 and 2008, per
capita wheat consumption increased by 44% in Africa due to its convenience and ease of
preparation [39]. Annually, almost 9 billion kg of bread items are manufactured [40], with
an expected annual per capita intake of 41 to 303 kg [41]. Moreover, Asians are increasing
their bread consumption. The average volume of bread and bakery products consumed per
person is predicted to reach 120.5 kg in 2021 and an annual growth of 4.87% is estimated
from 2021 to 2026. Globally, the majority of income is earned in China (US $275,427 million
in 2021) [42]. It is worth noting that India produced 257 thousand metric tons of baked
goods in fiscal 2020, compared to 275 thousand metric tons in fiscal 2018 [43] in Europe;
the consumption of bread and bakery products climbed from 29,641 million kg in 2010
to 30,328 million kg in 2017 and is predicted to reach 30,352 million kg in 2021 [44]. In
Chile, people consume about 86 kg per capita/year of bread, the highest per capita among
Latin American countries. Argentina presents the second-largest consumption at 50 kg per
capita/year [45]. In Brazil, bread consumption is about 34 kg per capita/year.

5. Spoilage Concerns of Bread

Bread quality deteriorates after baking, resulting in significant monetary losses for the
bakery sector and the customer [46]. Bread spoilage is a complicated process that undergoes
chemical (changes in nutraceutical value, rancidity), physical (moisture redistribution, stal-
ing), and microbiological (yeast, bacterial spoilage, and mold) alterations and contributes
to the “staling process” of bread [11,47]. Staling shortens the shelf life of bread, which is
determined as the period that food remains “acceptable” for consumption under certain
storage conditions. Acceptable means retaining the desired sensory, chemical, physical,
and biological attributes in addition to being safe [48]. The other significant reason for the
reduction of the shelf life of bakery goods through post-baking storage is microbial spoilage,
which ultimately results in detectable mold growth and the generation of mycotoxins that
are not identifiable. High moisture levels (aw = 0.94–0.99) stimulate the development of
approximately all bacteria, yeasts, and molds [49–52]. We will review some of the most
familiar concerns about bakery spoilage in the following sections.

5.1. Physical Spoilage

Moisture absorption and loss can cause physical changes in low and intermediate
moisture products, as well as chemical and microbiological deterioration. As well, the
staling of bakery items is the most severe issue with physical deterioration [51]. The total
staling mechanism involves two distinct phenomena: the intrinsic firming of the cell wall
substance related to starch re-crystallization at the time of storage and the firming effect
induced by moisture migration from crumb to crust [17,53]. It has an eloquent economic
impact on the baking business. Furthermore, bread loses nutritional value and chemical
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stability after baking, usually linked with rancidity, particularly in bread processed with
whole wheat flour or possessing a high-fat content [54]. By breaking down unsaturated
fatty acids via malodorous aldehydes, autolytic free radicals, short-chain fatty acids, and
ketones are combined, leading to rancidity [55].

5.2. Chemical Spoilage

Rancidity is the most common type of chemical spoilage that occurs after baking
high-fat bread products [54]. It is known as lipid degradation, and it results in off-odors
and flavors. Rancidity lessens the bread′s shelf life and makes it highly unhealthy for
consumers. There are two different types of rancidity in general: oxidative and hydrolytic
rancidity [51].

Oxidative rancidity induces the degradation of unsaturated fatty acids by oxygen
using an autolytic free-radical process. As a result, foul-smelling aldehydes, ketones, and
short-chain fatty acids are produced. These free radicals and peroxides developed by
lipid oxidation may also negatively impact food composition by bleaching pigments (for
example, lycopene in tomato paste in pizza), deteriorating protein, and spoiling specific
vitamins (for example, vitamins A and E). In contrast to oxidative rancidity, hydrolytic
rancidity develops without oxygen triglyceride hydrolysis and the consequent discharge of
malodorous fatty acids and glycerol. Moisture and endogenous enzymes such as lipases
and lipoxygenases trigger rancidity problems.

5.3. Microbiological Spoilage

Bread ingredients promote the growth and proliferation of microbes during various
phases of bread preparation, processing, packing, and storage. Study [56] found that molds,
yeasts, and bacteria were the primary sources of microbiological spoilage in bread, and
that by using cluster analysis, the enzymic degradation induced by lipoxygenase may
be separated from each other and preserve bread analogs after 48 h, prior to apparent
indications of decomposition. They can survive in the baking environment and multiply in
various conditions, including those where other bacteria are not competitive [57].

Water activity (aw) has the most significant impact on the microbial spoilage of bakery
items. Microbiological spoilage is not an issue with low moisture bread items (aw 0.6).
The primary spoilage pathogens in moderate moisture (aw 0.6–0.85) are osmophilic yeasts
and molds. Mainly all yeasts, molds, and bacteria can thrive in high-moisture conditions
(aw 0.94–0.99) [58,59].

5.3.1. Bacterial Spoilage

Spore-forming bacteria are another source of concern for bread quality and safety. This
problem is specific to bakery goods with a high moisture content as most bacteria need
high aw to survive [51]. The key pollutants are ingredients and/or bakery equipment, as
spore-forming bacteria are almost certainly produced on the extraneous surface sections of
grains and in the surrounding air of the bakery [60].

Bacillus subtilis is the main cause of bacterial spoilage. Its spores form endospores,
which possibly sustain baking and sprout and develop inside the bread within 36–48 h,
forming the distinctive soft, fibrous, brown mass with a ripe pineapple or melon odor
leading to the exoneration of volatile components, for example, diacetyl, acetoin, acetalde-
hyde, and isovaleric-aldehyde [53]. Bacillus subtilis spores are heat-resistant; after 20 min
at 65 ◦C, 55% remain active in amylase [7]. Other Bacillus species have been identified
that cause bacterial spoilage of bread, including Bacillus amyloliquefaciens, Bacillus pumilus,
Bacillus licheniformis, Bacillus megaterium, and Bacillus cereus [60] (Table 2). According
to [61,62], B. amyloliquefaciens could be the primary species responsible for rope spoilage.
“Ropey” bread can be distinguished by brown to black discoloration, the release of a rot-
ten fruit odor, and the formation of sticky breadcrumbs as a result of protein and starch
degradation during bacterial growth [63,64].
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Table 2. Significant microbes responsible for microbial bread spoilage.

Major Spoilage
Concerns Spoilage Agents Influencing

Factor/Species
Properties of The
Microbe’s Colony Issues Reference

Physical Staling

Starch retrogradation
Moisture distribution

Protein
Baking process

Storage condition

Crust softening
Crumb firming [51,55]

Chemical Rancidity

Lipid
Oxygen

Short-chain fatty acid
aldehyde

Off-flavors
Off-odors

Loss of vitamin (A,E)
Protein degradation

[54]

Microbial Bacteria

Bacillus subtilis Irregular shape Rotten fruit odor
Sticky breadcrumbs
Protein degradation
Black discoloration

[7,60,65]Bacillus licheniformis White/dull color

Bacillus amyloliquefaciens Gram-positive

Bacillus pumilus Ellipsoidal

Mold

Rhizopus nigricans Grey, fluffy, fast
spread Mycotoxin

Product loss
Chalk mold

[66–69]
Penicillium expansum Blue/green, slow

spread

Aspergillus niger Black, fluffy,
sporehead

Cladosporium Dark green, flat,
spreads slowly

Yeast

S. cerevisiae Rapid growth,
thermotolerance

Chalky bread
White dot on bread

Esteric off-odor

[46,70–72]

H. burtonii
Scopsis fibuligera

P. anomala

Slow growth, low,
white, spreading

colonies

5.3.2. Fungal Spoilage

Wheat, rice, and maize are the three most significant cereal crops grown globally [63].
In the Western world, wheat is the most considerable cereal for making bread, accompanied
by rye. Barley, oats, and the gluten-free crops quinoa, millet, sorghum, buckwheat, and
amaranth are all important cereals [46,63]. The contamination of cereal grains and their
products occurs after harvest, during storage time, and pre- and post-processing. An
estimated 40 species of fungi have been discovered in baked goods, most of which are con-
sidered contaminants [64]. Among these, Penicillium, Aspergillus, Rhizopus, and Wallemia
are the most prevalent fungi species liable for the fungal deterioration of bread [8,14,15].
An illustration of fungal spoilage is shown in Figure 2. Some of the fungal spoilage types
are discussed below:

1. Mold Spoilage: Mold in bread is a serious concern as it creates mycotoxin, which is
harmful to public health [65–67]. Mold growth and mycotoxin production in crops and
foods are challenges in emerging countries in Africa and Asia, leading to increased
humidity and temperature [68,69]. It also shortens the shelf-life of bakery items
containing moderate and high moisture content. Most molds can generally grow at
aw values greater than 0.80, except for a few xerophilic molds, which may thrive at
aw values as low as 0.65. While baking, molds and spores may be rendered inactive.
However, since the environment within a bakery are not hygienic and might be a
source of contamination, the mold contamination of bread can occur during chilling,
slicing, wrapping, and storage [53]. Moisture precipitates on the inner area of the
package when hot bread is wrapped, promoting mold growth. The most frequent
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molds involved in bread spoilage are Rhizopus nigricans, which has fluffy white
mycelium and black spots of sporangia, and Penicillium expansum or P. stolonifer, and
Aspergillus niger, which has greenish to black conidial heads and are referred to as
“bread mold” [53,70,71] (Table 2). Aspergillus, Mucorales, Cladosporium, Penicillium,
and Neurospora species have all been found in wheat bread, with Penicillium spp.
being the most frequently occurring variety [11].

2. Yeast Spoilage: Yeast spoilage is the type of microbial spoilage with the lowest preva-
lence. It occurs most frequently during cooling, and more significantly, during the
slicing stage in the case of industrial bread. Off-odors in bread may indicate yeast
spoilage. Yeast spoilage can occur in two different forms of yeast [72]. (a) An alcoholic
or esteric off-odor is generally identified when fermentative yeasts cause spoilage.
Most seen is Saccharomices cerevisiae, which is commonly employed as baker′s yeast.
(b) The other type of contamination is due to filamentous yeasts. The familiar cir-
cumstance described as “chalky bread” develops in this situation, showing white
dots in the crumb. Mold growth is sometimes confused with this type of spoilage.
However, yeasts create single cells and reproduce through budding; thus, they can
be differentiated. P. anomala, Scopsis fibuligera, and H. burtonii promote the prime
spoilage of bread goods by growing in white, low, spreading colonies that symbolize
a scattering of chalk dust on the product surface. Visible yeast generation is typically
linked with goods with a high aw and short shelf life.

Figure 2. Fungal spoilage procedure. Adapted from ref. [73].

6. Bio-Preservation to Control the Spoilage of Bread

The bakery sector uses product reformulation, which is the most popular, practical,
and cost-effective solution to prevent post-baking contamination. This is done by lowering
the product’s aw and pH, which are related to the microorganisms’ shelf life. They also
use chemical preservatives directly in the product or on its surface to prevent bacterial
and microbial spoilage [51]. According to [74], chemical preservatives inhibit microbial
metabolism by denaturing cell protein or causing physical damage to the cell membrane.
Propionic acid, as well as its salt, are the most widely used chemical preservatives in bread [7].
It helps prevent mold deterioration and bread ropiness that occurs due to B. subtilis.

However, they are continually investigated due to the possibility of developing chronic
non-communicable diseases [75]. As a result, bio-preservatives have emerged as a favored
solution to these shortcomings, with the intention to generate “clean label” foods [15,76,77].
Bio-preservatives can also be adopted as natural antifungal substances to prevent fungal
degradation and prolong shelf life, reducing public health risks [2,12]. Bio-preservatives
such as lactic acid bacteria, essential oils, or natural nanoparticles are becoming more
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popular because of consumer apprehensions about applying chemicals in food. According
to [78–83], a good bio-preservative should have the following characteristics: it should have
an expansive antibacterial spectral range, be non-toxic to humans, be suitable for lower
doses, have some slight impact on product pH, not impair product odor, color, or flavor
at the proposed level of its use, be accessible in a dry state, have a higher water solubility,
be non-corrosive, be unreactive, and have no detrimental effects on fermentation or bread
character. We will review a few of the bio-preservatives in the following sections.

6.1. Microbial Fermentation

Traditionally, organic and flavorful bread with a long shelf life was achieved naturally
through an expanded fermenting operation: sourdough [11,84–89]. The word “sourdough”
describes a particular bread recipe in which flour, water, LAB, and yeast organisms are
fermented together [89–93]. Because of their remarkable antifungal activity, lactic acid
bacteria (LAB) and antagonistic yeasts have received particular attention among natural
agents [93–97] and are herein discussed below as well as presented in a tabular form
(Table 3).

Table 3. Preservation technique by microbial fermentation to improve bread shelf life.

Microbes Product Starter Culture Used,
Compounds

Shelf Life/Fungal
Inhibition Reference

Lactic acid bacteria

Pan bread Lactobacillus plantarum 7 days after baking, A. niger
growth was lower [98–100]

Quinoa and rice bread Lactobacillus reuteri,
Lactobacillus brevis. 2 days extended shelf life [93,101–103]

Bread Lactobacillus plantarum >14 days extended shelf life [104–107]

Gluten-free breads Lactobacillus amylovorus 4 days extended shelf life [99]

Bread
P. acidilactici KTU05-7, P.

pentosaceus KTU05-8, and
KTU05-10

8 days fungal growth
inhibition [100]

Bread Lactobacillus hammesii 6 days extended mold-free
shelf life. [108–111]

Bread Lactobacillus plantarum
1A7

Up to 28 days fungal
inhibition [104]

Yeast
Pan bread Penicillium anomala

SKM-T

Overall storage life is
6–8 days, when appearing

with fewer fungi count
[105]

Wheat sourdough W. anomalus LCF1695 Up to 14 days shelf life [104]

Lactic acid bacteria: LAB metabolic products enhance bread’s organoleptic and tech-
nological aspects, as well as its textural characteristics [81,82,112–116], along with its shelf
life, nutritional value [83,117–121], and beneficial aspect (anticarcinogenic and cholesterol
reduction abilities), during the fermentation of the dough [84–86,122–126]. They can also be
adopted to replace chemical preservatives, ensuring a clean label and increased consumer
acceptance [87,126–129].

Lactic acid bacteria (LAB) have been utilized in fermented foods for over about
4000 years [88]. It is naturally found in foods or introduced as pure cultures [89]. It is
also GRAS-certified (generally recognized as safe) and has an extended application history
in various cereal fermentations, particularly in the baking industry. LAB’s adaptability
is remarkable, not just in terms of catabolic and anabolic pathways but also in changing
environmental conditions [90,130–134].

It has also been employed as a starter culture in the food business for centuries,
which may produce several bioactive compounds, along with fatty acids, bacteriocins,
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organic acids, hydrogen peroxide, indole lactic acid, and phenyl lactic acid [91]. They also
have an anti-aflatoxigenic effect [92,135–138]. Particular lab strains that have gripping
bio-preservation action on bread when adopted as starter cultures include Lactobacillus
amylovorous DSM 19,280, Lactobacillus fermentum Te007, Lactobacillus acidophilus ATCC 20079,
Lactobacillus paralimentarius PB127, Lactobacillus brevis R2D, Lactobacillus rossiae LD108,
Lactobacillus hammesii, Lactobacillus paracasi D5, Pediococcus pentosaceus KTU 05-8 and
KTU 05-10, Lactobacillus pentosus G004, Lactobacillus plantarum, Lactobacillus reuteri R29,
Lactobacillus rhamnosus, Lactococcus BSN, Pediococcus acidilactici KTU05-7, as well as
Leuconostoc citreum C5 and HO12 [93,139–142]. Additionally, adding 15–20% sourdough
significantly (p = 0.0001) increased bread volume and crumb porosity, based on the LAB
strain, and reduced acrylamide formation by an average of 23% (for LUHS51 and LUHS206)
and 54% (for LUHS71 and LUHS225), respectively, in comparison with regular bread [94].
Also, the most dominating species of the conventional sourdough microbiota, Lactobacillus
sanfranciscensis, has been found to have a favorable impact on several important quality
features of sourdough, notably dough rheological qualities, bread texture and aroma, and
shelf-life conservation [95,96,143–145].

According to [97], LAB mix culture-activated bread samples could tolerate fungal
deterioration until the fourth day. It was also discovered that the primary products of LAB
fermentation, such as lactic and acetic acid, inhibited further fungal growth in Mucor sp. and
Rhizopus sp. by up to 40% and 20%, respectively, when compared to a control bread sample.
Also, the development of A. niger was observed in a study by [98,146]. They found that its
growth in pan bread containing LAB isolate was slower than the control bread without the
isolate after 7 days of baking. Moreover, the antifungal efficacy of Lb. amylovorus DSM19280
as a sourdough starter culture was evaluated by [99]. The result showed that, when it was
applied, the bread’s shelf life was increased by 4 days, relative to the control samples, which
had mold detectable after only 2 days. Moreover, [100,147] used P. acidilactici KTU05-7,
P. pentosaceus KTU05-8, and KTU05-10 strains on sourdough bread in another experiment.
Their findings showed that adding sourdough made with these strains in bread decreased
fungal deterioration more than control samples and suppressed fungal growth over an
8-day storage period, whereas control bread had visible fungi colonies. Furthermore, to
investigate the antifungal activity of Lactobacillus rossiae LB5 and Lb. plantarum LB1, bread
slices with Lactobacillus rossiae LB5 and Lb. plantarum LB1 were mixed with Penicillium
roqueforti DPPMAF1 by [101,148]. Mycelial development was seen in the wheat germ bread
sample after 21 days of inoculation with only a 10% contamination score. In comparison to
control samples injected with Cladosporium spp., Aspergillus clavatus, Penicillium roquefortii,
or Mortierella spp., [102] studied the implications of using two active propionate providers,
Lactobacillus diolivorans and Lactobacillus buchneri, in bread restoration, and discovered that
mold development was inhibited for more than 12 days.

• Yeast: Numerous authors have experimented with using incompatible yeasts as bio-
control agents. They can be used as bio-preservatives as they retain some of the
essential features that enhance their acceptability. They compete for nutrients with
fungal pathogens and their higher rate of nutrient utilization significantly contributes
to a bio-preservative nature. Yeast produces killer toxins, also called mycotoxins,
which showed bioprotective attributes against food spoiling microorganisms and
pathogens [149]. Some yeast genera produce extra- and intracellular compounds
which possess antibacterial properties. Production of ethanol of high concentration
and organic acids which results in the change of pH of the medium also responsible
for the effectiveness of yeasts as bio-preservatives [150]. Many of them can sustain
residence on dry surfaces due to their low requirements for water and nutrients [103].
With Lb. plantarum 1A7 as a starter, the yeast Wickerhamomyces anomalus LCF1695
(previously recognized as Pichia anomala) was occupied for sourdough fermentation.
It was found that when P. roqueforti DPPMAF1 was artificially inoculated (102 conidia
ml1) with this combination and stored at room temperature, the microbiological shelf
life was elongated to at least 14 days [104]. As well as Penicillium paneum KACC
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44834, outgrowth on white pan bread leavened with Penicillium anomala SKM-T was
significantly reduced compared to standard baker′s yeast, and improved the shelf
life [105]. In contrast, bread composed of propionic acid from cultured yeast extract
contained less ethanol and had a better shelf life against mold growth than bread
formulated with non-fermented yeast extract [106].

6.2. Plant Extracts as Bio-Preservative

Plant extracts have been extensively studied as bio-preservatives, as plants contain
many essential antifungal compounds, for example, phenolic compounds, glucosinolates,
cyanogenic glycosides, oxylipins, and alkaloids [46]; there is a thriving interest in natural
ingredients with multifunctional properties in food as well. Most edible plant parts include
trace amounts of plant defense substances (phenolic acids), categorized as hydroxybenzoic
and hydroxycinnamic acids [109]. Hydroxybenzoic acids are frequently found in larger
phenolic compounds, such as hydrolyzable tannins. Hydroxycinnamic acids occur as esters
of glycerol, tartaric, shikimic, and quinic acids, as well as glycosylated derivatives [110].
Plant extracts can inhibit harmful bacteria from adhering to the host cell membrane. As a
result, it reduces bacterial attachment to host cell surface membranes, and thus sometimes
it becomes a potential anti-adhesive agent [143].

Study [111] investigated the antifungal efficacy of different raisin extracts and by-
products in traditional bread. Compared to a sample containing no preservatives, the
bread produced with raisin paste and raisin water separate (7.5%) exhibited the best mold-
reducing abilities. Leaf extracts of cherry laurel (Prunus laurocerasus L.) were recommended
as potential bio-preservatives after demonstrating a very low MIC (mg/mL) against a
variety of bread spoilage fungi [112]. Further, [113] showed that bread produced with a mix
of sourdough and pea flour hydrolysate fermented by the antifungal strain Lb. plantarum
1A7 had the most extended shelf life. It is also effective against P. roqueforti DPPMAF1.
Moreover, bread formulations containing free or liposome-encapsulated garlic extract
(0.65 mL/100 g of dough) were found to be more microbiologically stable than controls,
inhibiting molds such as P. herquei, F. graminearum, and A. flavus for five days [12].

6.3. Essential Oil as Bio-Preservative

Plant essential oils are receiving much attention in the food sector because of their
potential as decontaminating agents, food flavoring agents, and natural food preservation
agents [114]. They are also GRAS (Generally Recognized as Safe) [115]. EOs are formed
from the largest category 1-phytoanticipins, intended antimicrobial elements found in
plants and applied in the food, pharmaceutical, agronomic, and cosmetic industries [116].
The other categories include (cat. 2) inducible preformed compounds and (cat. 3) phy-
toalexins, which comprise activated restraining substances when the plant is attacked by a
pathogen [117]. These substances can be found in the skins, shells, bark, and cereal bran of
fruits, vegetables, and plants [110].

Numerous research has been conducted to figure out the efficacy of essential oils
in enhancing the shelf life of bread (Table 4). Carvacrol and eugenol, two antifungal
components found in essential oils, could be regarded as powerful antifungal agents.
The inner mitochondrial membranes of fungal cells can be largely destroyed, while the
cell wall is completely destroyed by them [114]. Thus, essential oils work as antifungal
agents. The effects of thyme, clove, cinnamon oils, and orange, sage, and rosemary oils
on rotting fungi in rye bread have been examined. Oils of thyme, clove, and cinnamon
were known to suppress spoilage fungi, but oils of orange, sage, and rosemary had only a
minor impact [118]. Among them, the potential of using marjoram and sage essential oils
on bread is neglected owing to their low acceptability in terms of flavor and odor, despite
their demonstrated mold inhibiting capabilities [119]. Study [120] used a disc diffusion
experiment to study the antifungal effect of several EOs and reported that cinnamon and
mustard EOs might cause a 100% inhibition in P. roqueforti multiplication with only 1 µL of
EO introduced into the Petri dish system. In comparison, eugenol in cinnamon EO [121]
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and allyl isothiocyanate in mustard EO are the primary antifungal active components [120].
Furthermore, [122] investigated the antifungal activity of thyme essential oil in par-baked
bread (0, 15, and 30 g sourdough/100 g dough) using the macro-dilution method with
changed pH (4.8, 5.0, 5.5, and 6.0), aw (0.95 and 0.97), and temperature (22 and 30 ◦C).
Despite thyme oil′s strong in 1vitro potential, there was no noticeable shelf-life expansion
for par-baked bread. In the case of rosemary oil, [123] found that applying 50.0 µL/mL
rosemary essential oil inhibited both the Penicillium sp. and the Aspergillus sp. fungi
tested. After 8 days of preservation at 25 ◦C, the amount of fungal generation in the dough
containing pure oil and the dough containing microencapsulated oil decreased by at least
0.7 and 1.5 log cycles, respectively, in comparison to the control. A study by [124] evaluated
essential oils of oregano (Origanum vulgar) and clove bud (Syzygium aromaticum), which
were processed using low-speed mixing and ultrasonication to create coarse emulsions
(1.3–1.9 µm) and nanoemulsions (180–250 nm). The results showed that both essential oils
significantly reduced yeast and mold counts in sliced bread during 15 days. Apart from
this, bread was treated with lemongrass EO to the amount of 125 to 4000 µL/Lair where
P. expansum generation was inhibited for 21 days at 20 ◦C [125].

Although using essential oils in the bread industry has many benefits, one major
downside is that the consumer does not always appreciate the flavor and aroma they
impart. Article [126] documented color changes in food because of essential oils.

Table 4. Preservation of bread by plant essential oils.

Essential Oils Targeted Molds Results Reference

Thyme Aspergillus niger
P. paneum No noticeable shelf-life extension [122]

Lemongrass P. expansum Mold growth was inhibited for 21 days [125]

Rosemary Penicillium sp.
Aspergillus sp.

Fungal generation reduced by 0.7 and 1.5 log
cycles after using pure rosemary oil [123]

Clove bud and Oregano A. niger
Penicillium sp. Reduced yeast and mold growth for 15 days [124]

Marjoram and clary sage P. chrysogenum
Rhizopus spp. Shelf life 8 days [127]

Citrus peel General fungi Shelf life 4 days [128]

Cinnamon and mustard P. roqueforti 100% reduction of the targeted mold growth [120]

6.4. Animal-Derived Products

Cheesemaking generates a waste stream with a high biochemical oxygen demand,
whey, which is the liquid fragment produced after milk protein coagulation and is also a
contaminant to the environment [129]. In recent times, there has been a gush of attraction
in investigating and promoting natural antimicrobial compounds produced from food
industry by-products that prevent the production of fungi in food [103]. The antimicrobial
or antifungal compounds cause target cell membranes to permeabilize, resulting in holes,
cell leakage, and cell death [148]. This two-pronged strategy addresses the health problems
accompanied by chemical food additives by redressing them with natural preservatives,
thereby encouraging better food items and contributing to the prevention and reduction
of food waste [130,131]. Whey can be an intriguing technique for bread bio-preservation.
A study conducted by [132] exhibited that whey’s application as a bio-preservation agent
in bread improved shelf life by almost 2 to 15 days compared to bread that contained
0.3% calcium propionate and controlled untreated bread. Bread produced with goat whey
hydrolysate (HGW) and treated with toxigenic fungi was included in a shelf life study
by [133]. This study determined the effect of calcium propionate on fungal growth and
mycotoxin formation in bread. It was proven that bread containing HGW inhibited fungal
growth, with minimal inhibitory and fungicidal concentrations of 3.9–62.5 and 15.8–250 g
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HGW/L, respectively. In addition, HGW showed a 1-log reduction in fungal production,
85–100% mycotoxin generation, and a 2-day shelf life extension.

6.5. Nanoparticles

Efforts to provide effective bioactive packaging action and to prevent most biopreser-
vatives from degradation under harsh conditions, including high temperatures and high
humidity, may improve bakery products by implementing nanotechnology into the food
business, specifically by incorporating nanomaterials [75].

Diseta et al. [134] carried out a recent experiment to assess the antifungal efficacy of
nanocomplexes based on egg white protein nanoparticles (EWPn) and carvacrol (CAR),
bioactive compounds (BC), trans-cinnamaldehyde (CIN), and thymol (THY), as well as
their use as edible coatings on preservative-free bread. It was found that EWPn-CAR and
EWPn-THY nanocomplex coatings had higher antifungal efficacy, allowing the bread to last
an additional 7 days after application. Another study by [75] evaluated starch/carvacrol
nanofibers where nanofibers containing 30 or 40% carvacrol showed restriction zones with
limited generation and were successful in suppressing both fungi tested in the study. Be-
sides the fact, only bread evaluated with starch/carvacrol nonwovens with 30% carvacrol
had lower CFU values and no fungal development after 7 days (0 CFU). As well, incor-
porating nanomaterials into chitosan-based food wrapping techniques can help to inhibit
spoilage and pathogenic microorganism generation, enhance food quality and safety, and
lengthen the food shelf life. Based on the findings of study [135], it appears that chitosan-
based films, coatings (or treatment) have been applied to prolong the shelf life of fresh
produce, meat, bread, and dairy products. It could be a novel food packing system [136].
More recently, [137] studied the potential of expanding the shelf life of white bread by
employing paper packages modified with Au/TiO2, Ag/N-TiO2, and Ag/TiO2-SiO2. They
discovered that packaging with Ag/N-TiO2, and Ag/TiO2-SiO2 paper prolonged the shelf
life of bread by 2 days, while utilizing Au/TiO2 paper had no effect.

However, though nanoparticle-based packaging materials are increasing its wide
acceptance, there are still possibilities of migrating nanoparticles from packaging materials
to foodstuff. Considering human health effects, it is also essential to consider short- and
long-term toxicity studies. Nevertheless, it is not so easy to predict the NPs’ mode of
action due to their vast range of physicochemical and biological behaviors [145]. Different
countries are taking several robust regulatory approaches to cover all these issues. In the
US, FDA (Food and Drug Admininstration) looks into the size of the NPs ranging from
1 nm to 100 nm, external dimension(s) (up to 1 µm), properties, etc. [146]. Even in Europe,
stakeholders are demanding for greater transparency by either the labeling of products
containing NPs or making use of nanotechnology [147].

6.6. Other Novel Technologies

Dispersion from the wrapping material to the food surface is a significant issue when it
comes to the choosing and employment of plastic packaging substances for food packaging
(2002/72/EC) [138]. The initial purpose of food packaging is to denounce the reactions that
deal with the durability of the contents enclosed. Also, effective packaging selection and
optimization are critical for food manufacturers.

Nowadays, various packaging materials with varying barrier qualities are available for
food packaging, making the problem of selecting the best packaging material for a specific
food product more challenging than ever. We will be discussing a few novel technologies
of bread preservation below.

The existing packaging materials serve as a barrier to protect the bread from an adverse
environment and any spoilage. Among several novel technologies for bread preservation,
active packaging can either increase or observe the shelf life by actively interacting with it,
which usually necessitates the application of chemical compounds [139]. Active packaging
methods reduce bread spoilage by utilizing ethanol emitters, essential oil, and oxygen
absorbers with other antimicrobial factors as a coating in the packaging or edible films, or
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by inserting them into the packaging, for example, as sachets [46,139]. They offer several
benefits, along with the capacity to control the inner conditions of the package headspace,
the partial or total distribution of other chemical preservatives, as well as the expansion
of mold-free shelf life and the conservation of good sensory attributes for more extended
periods, allowing for faster stock rotation cycle times and the extension of the distribution
channel for bread item distributors [11]. Moreover, [140] studied the influence of active
packaging with a cinnamon essential oil label mixed with MAP on the shelf life of gluten-
free sliced bread in 2011. They discovered that active packaging extended the shelf life of
packed food while retaining the gluten-free bread’s sensory qualities.

The rising consumer concern about food preservatives is prompting an expansion
in demand for preservative-free goods. Modified Atmosphere Packaging is a substitute
to chemical preservatives for governing mold decomposition in bread items, aside from
their aw and pH, which is described as the process of enclosing a food item in a high gas
resistance film with the gaseous environment altered or regulated to reduce respiration
rate, lower microbiological development, and hinder enzymatic decomposition to extend
shelf life [141]. This mechanism involves injecting nitrogen (N2) and carbon dioxide (CO2)
into the environment where the food packaging is placed. These gases are generally
incorporated to appreciate the shelf life of bakery items by preventing fungal growth [138].
To determine which gases are the most successful in maintaining freshness, [142] compared
the shelf life of bread prepared and conserved under varying concentrations of gases.
They found out that the combination of 50% CO2 and 50% N2, with and without calcium
propionate, was most dynamic against mold and yeast growth, increasing the shelf life to
117% and 158% at 22–25 ◦C and 15–20 ◦C, respectively.

7. Future Aspects and Bio-Preservatives Use in the Food Industry

The fungus problem in bread is alarming, and controlling it is a massive challenge
for businesses. In another scenario, the value of functional foods has risen significantly in
recent decades, and it is foreseen to continue to grow in importance with the niche market’s
demanding consumers. So, to resolve this demand for functional and preservative-free safe
food, the ongoing experiment has concentrated on bio-preservation techniques to increase
the shelf life of bread. While bio-preservation has a long-term positive impact on food, it
also has certain limitations. The primary barrier to using essential oils (EO) in foodstuff is
that the individual compounds of EOs are insufficient to prevent microbial growth. The
antimicrobial activity of EO also depends on the application scheme and the matrix into
which it is put.

Furthermore, while spraying EOs to the surface, the active ingredients may get ox-
idized or volatilized. In addition, the antifungal possibilities and binding abilities of
mycotoxins are strain-specific despite the vast abundance of LAB. This should be con-
sidered when choosing LAB as starter cultures in foodstuff. Also, the use of antifungal
starter strains is confined yet, and additional experimentation is needed to enhance the
duration of shelf life of gluten-free bread. In the case of active packaging, adequate labeling
information with microbiological ecology must be provided. The price of food products
with active packaging must be controlled while keeping in mind consumer acceptances.
Finally, adapting and scaling up these technologies for industrial production would be
the most effective approach, with the potential to be employed in combination with other
technological hurdles, along with safety evaluation and risk analysis initiatives.

8. Conclusions

The pH, preservatives, and aw, along with the microbial ecology of the food material,
the redox state, the permeability attributes of the packing film, the gaseous status sur-
rounding the product, and the storage temperature, are all interconnected factors in food
deterioration and food safety. While new and evolving treatment processes can prolong
the shelf life of bakery items, they should not endanger the safety of the products. As a
result, the on-going study of the impact of these novel treatment methods on the safety
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and shelf life of high moisture bakery goods is mandatory at the government, industry,
and academic levels. This review addressed some of these novel methods, which may be
helpful to manage both the food safety and food spoilage problems. Moreover, depending
on the information accumulated here so far, these results may emerge to be a breakthrough
for producing natural, high-quality bread with slight allergenic components with extended
shelf life.
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Abstract: Although there are over 4000 potato cultivars in the world, only a few have been com-
mercialized due to their marketability and shelf-life. Most noncommercialized cultivars are pig-
mented and found in remote regions of the world. White-fleshed potatoes are well known for their
energy-enhancing complex carbohydrates; however, pigmented cultivars are potentially high in
health-promoting polyphenolic compounds. Therefore, we reveal the comprehensive compositions
of pigmented cultivars and associated potential health benefits, including their potential role in
ameliorating hunger, food, and nutrition insecurity, and their prospects. The underutilization of such
resources is a direct threat to plant-biodiversity and local traditions and cultures.

Keywords: anthocyanins; carotenoids; food and nutrition security; pigmented potatoes;
polyphenols; sustainability

1. Introduction

The COP26 Glasgow meeting could not have come at a better time, when extreme
weather events such as floods, uncontrollable fires resulting from heat waves, heavy
downpours, droughts, hurricanes, and heavy snow have become the new norm the world
over. In fact, the warmest temperatures, the highest sea level rise as well as warming,
and the consequent sea acidification over the past seven years have been the highest on
record [1]. Perhaps one of the major concerns about global warming is its negative impact
on livelihoods and, consequently, food and nutrition security. The COVID-19 pandemic
also came with devastating effects on the state of food security in the world due to strict
lockdown regulations. Reports indicate that world hunger increased in 2020 due to the
pandemic. More specifically, in the year 2020, undernourishment increased by 1.5%, with
218 and 418 million of these cases residing in Africa and Asia, respectively [2]. More than a
third of the world’s population did not have access to adequate food in 2020 and 12% were
severely food-insecure. Reports further indicate that due to financial and other factors,
healthy diets were out of reach for 3 billion people in the world in 2020 [2]. Unhealthy
diets cost governments billions of USD in health care annually. Therefore, climate heating,
extreme weather events leading to the loss of livelihoods and droughts, and increasing
global populations, among other factors, are making it nearly impossible to achieve the UN
SDGs to feed the world by 2030.

Malnutrition resulting from unhealthy diets, food insecurity, and other factors have
also been on the rise, with statistics indicating that in the year 2020 alone, overweight, wast-
ing, and wasting affected 5.7%, 6.7%, and 22% of children under 5 years, respectively [2].
Most of these cases emanate from Africa and Asia. Malnutrition resulting from diets that do
not supply a healthy amount of nutrients has become a major problem in the world today.
These diets are normally ladened with highly processed foods that are high in free sugars,
saturated fats, and salt and are very low in the recommended daily intakes of fruits and veg-
etables. Unhealthy diets are the major cause of noncommunicable diseases (NCDs). NCDs,
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which were associated for a long time with more developed and industrialized countries of
the world, have become epidemics the world over, including in those of the poor. Over 70%
of global mortalities have been linked to NCDs, and over 77% of these figures have been
reported in low- to middle-income countries [3]. Diabetes (1.5 million), respiratory diseases
(4.1 million), cancer (9.3 million), and cardiovascular diseases (17.9 million) dominate the
global NCD deaths [3]. Although some metabolic risk factors (such as hypertension, obesity,
and glycemia) and lifestyle behavior (including smoking, lack of physical activity, and
stress) do contribute to NCD, it must be noted that unhealthy unbalanced diets remain
the major cause. The WHO and many other organizations are teaming up to encourage
the consumption of healthy diets and making use of some indigenous underutilized foods.
Most of these foods have been proven to be healthy and have the potential to ameliorate
the current unhealthy societies that have been bred over the past few decades. Staple food
crops (potatoes, maize/corn, wheat, rice, cassava, sweet potatoes, sorghum, and yams)
are an important aspect of the diet because they supply the much-needed carbohydrates
for energy. However, these need to be nutritionally balanced and in the right quantities
to breed healthy nations. To fully appreciate and increase the pace toward a food- and
nutrition-secure world, these crops need to be understood and studied at length. Therefore,
in this review, we pay attention to the potato, with special focus on the little-known and
underutilized pigmented cultivars.

In general, the potato (Solanum tuberosum L.) is one of the most important food crops
that feed the world, after rice and wheat, with over a billion people being sustained by the
crop and production now exceeding 350 MMT annually harvested on 17 million hectares
of land, as shown in Figure 1 [4]. In the past ten years, statistics indicate that production
has increased by 11%. However, this is a decline in comparison with a 21% increase
that was reported by [5] between 1991 and 2007. Although there has been an increase
in potato production in the world, a 7% decline in total harvested area between 2002
and 2019 has been reported, as shown in Figure 2 [6]. Up-to-date statistics also indicate
that the world per capita consumption of potatoes was 32.3 kg in 2018, and this was a
decline by 3.76% from 2017 and 2.22% decline from 2008 [7]. Belarus (182 kg), Ukraine,
Rwanda, Latvia, Kazakhstan, Russia, Poland, Romania, Kyrgyzstan, and Peru are the top
ten highest-potato-consuming countries of the world per capita [7].

Figure 1. World potato production from 2009 to 2019 [4].
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Figure 2. Total area under potato production in the world from 2009 to 2019 [6].

In addition to being the largest vegetative-propagated crop worldwide, the potato
tuber has become an important staple in parts of the world where there is a limited but
increasing purchasing power, an increasing pressure on scarce land, and an increasing
demand for food [8]. This is because the potato is a short season crop and is often replanted
as a seed potato, in addition to requiring minimum inputs [4]. First used as food and
domesticated from the wild in the Andes region of South America over 8000 years ago, the
potato has adapted very well to all regions of the world, except in Antarctica where the
soil and conditions are untenable for crop production [5]. The crop was first introduced to
Europe in the 1570s after which it spread to the rest of the world in the late 17th century [5].
As shown in Figure 3, China, India, and Russia are the current top three potato producing
countries in the world [9].

Figure 3. World’s leading potato producers in 2019 [9].

Although over 4000 potato cultivars are known today, only a few have been success-
fully commercialized because of their shelf-life stability and marketability, and none of
these are pigmented [10]. For producers and sellers of potatoes, the ability to be stored
for long periods of time, a regular-sized tuber, multipurpose use, high production ratio,
and customer acceptance are some of the critical characteristics to consider to turn a profit
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and avoid wasting of the product [11]. Common potato cultivars are white-fleshed, while
the pigmented cultivars are rare. According to the same authors, potato farmers in the
world are reluctant to cultivate these pigmented potatoes due to their low yielding capacity,
as well as their susceptibility to diseases during seed multiplication. Therefore, in this
review, we explore pigmented potato cultivars and their possible role in food and nutrition
security. We bring to the fore the phytochemical characteristics that have been reported,
their biological activities, and how these can be harnessed into breeding healthier nations
of the world.

2. Pigmented Potato Cultivars

The literature does not give a specific total number of pigmented cultivars, although
a general number exceeding 4000 for all potatoes, including the white-fleshed cultivars,
has been reported in the world [12], and, according to [13], nearly 1000 Andean species,
many of which are pigmented. An exact number of pigmented species will most likely
remain elusive because most of these species are cultivated in remote regions of the world
for subsistence purposes and will remain hidden and/or be eventually driven to extinction
if nothing is done to preserve them. Variations of red, purple, blue, and yellow skin and/or
flesh have been reported in the literature as the dominant colors across the world (Table 1).
Pictorial examples of some pigmented cultivars from South Africa are shown in Figure 4.
These colors are mainly due to the presence of anthocyanins and other pigments. Although
it is assumed that at least 50% of the potato tuber is consumed fresh, this number is conceiv-
ably higher for pigmented potatoes [5]. This is because the white-fleshed cultivars can also
be developed into products and ingredients, animal feed, and industrial applications such
as starch. The white-fleshed cultivars are produced in millions of tons annually and, there-
fore, multiple uses can be generated. Pigmented cultivars are produced on a small scale
and, therefore, food applications dominate their uses. In fact, the internet is awash with
gourmet applications of the pigmented cultivars in high-end restaurants. Food lovers are
perhaps attracted by their unique and beautiful colors and, least of all, by their nutritional
and health benefits. Ref. [14] worked on extracts of red and purple cultivars as potential
food colorants. Such studies would bring to the fore the potential of these cultivars and
help to improve on their size, shelf life, and their marketability. Several genetic studies
have been undertaken on these species, including those of [15,16]. More research needs to
be channeled toward the development of better cultivars.

Figure 4. Some pigmented cultivars from South Africa.
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Table 1. Distribution of pigmented potato cultivars in various regions of the world.

Cultivar and Colour Country Ref.

1
Shepody, Desirée, 457-CON-1157, Corazón de buey, 302-UA-1634A, 304-UA-1135,
(Boyo de chancho, Michuñeroja, Meca de gato, Cacho azu, Corazón azul,
239-UA-1388, Chona negra, and Bruja

Chiloe Island and Valdivia,
Chile [17]

2 NA Louvain-La-Neuve, Belgium [13]

3 NA Louvain-La-Neuve, Belgium [18]

4 704,429-Guincho Negra, 700,347-SS-2613,
702,535-Sipancachi, 701,997-Sullu, and 703,905-Huata Colorada

Louvain-La-Neuve,
Belgium [19]

5
Waicha—Reddish Argentina [20]
Moradita—Purple

6 Spunta, CN1—Pink Sfax, Tunisia [21]

7 No data Global [22]

8

Purple (PA97B29-2, PA97B29-4, PA97B29-5, and PA97B29-6)
Washington, DC, USA [23]Red (PA97B29-3, PA97B35-1, PA97B35-2, PA97B36-3, PA97B37-2, PA97B37-3,

PA97B37-7, PA97B39-2, and NDOP5847-1)

9

Light Yellow (Adora, Divina, Fabula, Ilona, Morning gold, Provento, Satino, Yukon
Gold, and POR00PG4-2

Washington, DC, USA [24]Dark yellow (91E22, PA99P11-2, PA99P1-2, PA99P2-1, and POR00PG4-1)

Red and yellow (PO00PG9-1, PO00PG9-2, PO00PG9-3, PO00PG9-5, and PO00PG9-6)

10 38 Cultivars Washington, DC, USA [25]

11

Purple (PA97B29-2, PA97B29-4, PA97B29-5, and PA97B29-6)
Washington, DC, USA [26]Red (PA97B29-3, PA97B35-1, PA97B35-2, PA97B36-3, PA97B37-2, PA97B37-3,

PA97B37-7, PA97B39-2, and NDOP5847-1)

12 NA Colorado, CO, USA [27]

13 Hongyoung, Jayoung, and Atlantic Dae-GwalLyeong, Korea [15]

14 Hermanns Blaue, Highland Burgundy Red, Shetland Black, and Vitelotte Barum, Germany
0.6–46 mg [28]

15 NA Sevilla, Spain [29]

16 Congo—Purple Bergen, Norway [30]

17

Yellow (Innovator, Bintje, Challenger, Yukon, AR2009-10)

New Brunswick, Canada [31]

Purple (AR2, ADB)

White flesh, red skin (Norland)

Blue (Adirondack Blue)

Red (Adirondack Red, ADR),

18

Purple (705,534, 703,640, 706,726, 704,733, 703,862, and 704,133)

Lima, Peru [32]
Red (702,556, 706,630, 700,234, 705,841, 703,752, 703,695, 705,820, 704,537, 705,946,
705,500, 702,464, and 703,782)

Yellow (706,884 and 704,481)

19 Purple (Blue Congo, Blaue Veltlin, Blaue Schweden, Synkeä Sakari). Finland [33]

20 Purple (Blaue Elise, Blaue St. Galler, Blue Congo, Valfi, Violette, and Vitelotte) Red
(Herbie 26, Highland B. Red, Rosalinde, and Rote Emma) Prague, Czech Republic [34]

21
Light purple—KM

Obihiro, Hokkaido, Japan [35]
Medium-dark purple—H92
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Table 1. Cont.

Cultivar and Colour Country Ref.

22

Yellow (Agria, Russet Burbank, Lady Balfour, and Mayan Gold)

Czech Republic [36]
Purple (Violette, Vitelotte, Violetta, Valfi, Blue Congo, Blaue St. Galler, Olivia, and
Blaue Anneliese)

Red (Rosemarie, Rote Emmalie, Highland Burgundy Red, and Herbie 26)

Yellow with red spots (Mayan Queen)

23 Salad Blue, Shetland Black, Blue Congo, Blaue St. Galler, Highland Burgundy Red,
Violette, and Valfi, Vitelotte

Přerov nad Labem,
Suchdol, Valečov and
Stachy, Czech Republic

[37]

24 Hermanns Blaue, Vitelotte, Shetland Black, and Valfi Braunschweig, Germany [38]

25

Blue violet (Blaue Schweden, British Columbia Blue, Violettfleischige, 1.81.203–92N,
Blaue Mauritius, Bleu, Blaue Utwill, Peru Purple, Mesabi Purple Smith’s Purple, UAC
NEG 61, UAC CON 917, Weinberger Blaue, Mesabi Purple, Bells Purple, Magdeburger
Blaue, Shetland Black, Caribe, Purple and White, Mrs. Moerles Purple Baker, Long
Blue, Edzell Blue, Odenwa¨lder Blaue, Schwarze Ungarin, Arran Victory, UAC 1258,
Purple Fiesta, Viola, and Blaue Zimmerli). Red (Sangre, Kefermarkter Zuchtstamm,
and Red Cardinal).

Lenzen, Germany
0.01–1.57 g/kg [39]

26 Review Review [40]

27 Purple—Hongyoung, Red—Jayoung Korea [41]

28 WP (Ranger Russet), YP (PORO3PG6–3), and PP (PORO4PG82–1) Washington, USA [42]

29 White (Russet Burbank), yellow (PORO3PG6-3), and purple-flesh (PORO4PG82-1) Toppenish, Washington, USA [43]

30

Red—Hongyoung

Korea [44]Purple—Jayoung, clones Jje08-11,

DJ12X-5, and Jje08-43

31
Purple (Salad Blue, Vitelotte, Valfi, Blue Congo) Prerov nad Labem, Czech

Republic
[45]

Red (Rosalinde, Herbie 26, Highland Burgundy Red)

32
Purple (Blaue Elise, Blaue St. Galler, Blue Congo, Valfi, and Vitelotte) Přerov nad Labem, Czech

Republic
[46]

Red (Highland Burgundy Red, Herbie 26, Rosalinde, and Rote Emma)

33

Yellow (Agria, Russet Burbank, Valy, Salome, Bohemia, Axa, Jelly, Ditta, Bionta,
Kerˇkovsky’ rohlícˇek, Dali, and Mayan Gold)

Valečov,
Czech Republic [47]Red (Rosara, Rosemarie, Königspurpur, Highland Burgundy Red, Herbie 26, and

Red Emmalie)

Purple (Valfi, Violeta, Blaue Anneliese, and Vitelotte)

34 CO97226-2R/R, CO99364-3R/R, CO97215-2P/P, CO97216-3P/P, CO97227-2P/P,
CO97222-1R/R, Purple Majesty, Mountain Rose, and All Blue), and yellow (Yukon Gold) Colorado, USA [48]

35
Blue Congo, Highland Burgundy Red, Salad Blue, Shetland Black, Valf, Vitelotte,
Violette, Blaue St. Galler, Blaue Hindel Bank, Blaue Ludiano, Blaue Mauritius, Blaue
Schweden, British Columbia Blue, Farbe Kartoffel, Hafija, and Salad Red

Czech Republic [49]

36 HB Red, Rote Emma, Blaue St Galler, Valfi, Violette and Agria Czech Republic [50]

37 Vitelotte Noire and Highland Burgundy Red Milan, Italy [51]

38

Yellow (Agrie Dzeltenie, Prelma, Lenora, Brasla, Anuschka, Gundega, S04009-37)

Priekuli, Latvia [52]
Light yellow (S99108-8)

Purple (Fenton, Purple Fiesta, British Columbia

Blue, Purple Peru, and Blue Congo)

39
Red (Red Rodeo)
Yellow (Yukon Gold), and
Purple Majesty (CO94165-3P/P)

Washington, USA [53]
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Table 1. Cont.

Cultivar and Colour Country Ref.

40
Red—Herbie 26

Poland [54]
Purple—Valfi, Blue Congo and Salad Blue

41

Purple (Violettfleischige x Blue Marker-B, (Violettfleischige)-A1, (Blue Marker)-B,
Purple, Violettfleischige x Blue Marker-D, (Violettfleischige)-A2, Vitelotte, and Blaue
Ajanhuiri) Groß Lüsewitz, Germany [55]
Yellow (Bangladesh, Desiree, Early Rose, and Shetland Blau I,)

Red (Ko¨nigspurpur, Rote Emmalie, and Rosemarie)

42
Red (CO99256-2R, CO98012-5R, Colorado Rose, VC0967-2R/Y, CO97222-1R/R, and
CO97226-2R/R) Colorado, USA [56]

Purple (CO01399-10P/Y, AC99329-7PW/Y, and Purple Majesty)

43
Purple (All Blue and CO94165-3P/P)

Texas, USA [14]
Red (NDC4069-4 and CO94183-1R/R)

44 All Blue, NDC4069-4, Russian Blue, Purple Peruvian, COl11F2-1, COl12F1-1,
COl12F1-2, CO141F2-1, CO142F2-1, RC2003-2 Colorado and Texas, USA [57]

45
Purple (All Blue, Purple Peruvian, and RC2003-2)

Texas and Colorado, USA [58]
Red (NDC4069-4, CO94183-1R/R, and CO94183-1R/)

46 NA Oregon, USA [59]

47 NA Oregon, USA [60]

48 NA Oregon, USA [61]

49 Blue—Valfi, Blaue Elise, Bore Volley, and Blue Congo Přerov nad Labem, Czech
Republic [62]

50 Red—Rosemarie, Herbie 26, and Rote Emma Wrocław, Poland [63]

51
Red (Rosemary, Red Emmalie, and Red Cardinal)

Velestino, Greece [64]
Purple (Purple, Violetta, and Kefermarkter Blaue)

52

Purple (Moradita)

Argentina [65]Yellow (Waicha)

Red (Santa Marıa)

53 Rio Grande, Mountain Rose, R Burbank, R Nugget, Yukon Gold, and Purple Majesty Colorado, USA [66]

54 Yellow (Satina and Tajfun, and Jelly) Central Poland [67]

55 Purple Majesty, Yukon Gold, Mountain Rose Colorado, USA [68]

56 Zheshu 13, 33, 75, 81, 132, 259, 6025 An’ji, Zhejiang Province,
China [69]

57

Red (Red Emmalie, Tornado, and Laura)
Širvintos district,
Lithuania

[70]Dark purple (Violetta)

Dark-blue purple (Salad Blue)

58 50 cultivars Argentina [71]

59 Salad Blue, Pink Fir Apple, and Highland Burgundy Red Cape Town, South Africa [11]

60 Salad Blue, Pink Fir Apple, and Highland Burgundy Red Cape Town, South Africa [72]

61 Agata, Cherie, Kennebec, Monalisa, Red Pontiac and Spirit Barcelona, Spain [10]

62 Purple Cloud No. 1, Red Cloud No. 1, Yunnan Potato 303, Yunnan Potato 603,
S03-2677, S03-2685, S03-2796, S05-603, S06-277, and S06-1693

Chengdu, China
60–294 mg [73]

NA: Not Available.
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3. Antioxidant Activity in Pigmented Potatoes

Over the last decade, there has been a growing interest and preference of consumers for
food containing natural antioxidants for health and nutritional-related reasons. In any case,
food regulatory institutions demand that food products should contain labels that specify
the ingredients but should not include any health claims. However, whether the consumers
understand what antioxidants are remains an open question. In human physiology, normal
cellar metabolism produces reactive oxygen species (ROS), which play a positive role
in physiological processes but only in low concentrations [74]. In high concentrations,
these ROS become toxic and cause damage to proteins, DNA, and lipids [75]. Therefore,
antioxidants stop the damage caused by these ROS. Antioxidants are therefore a good
indicator of the health benefits that can be derived from the foods. A simple schematic
presentation of antioxidants is given in Figure 5, showing an overview of these compounds.

Figure 5. Schematic representation of antioxidants.

The rich antioxidant potential of pigmented potatoes in comparison with white-fleshed
cultivars has been scarcely reported in the literature. In fact, the study of [42] showed a
reduction in chronic disease susceptibility, inflammation, and cellular oxidative damage in
adult males. These authors’ study showed the antioxidant potential of pigmented potatoes.
Furthermore, the in vivo study of [35] revealed the high antioxidant activity of purple
potato flakes through RNA and linoleic acid oxidation inhibition. These authors further
showed that hepatic Cu/Zn-SOD, GSH-Px mRNA, and Mn-SOD expression is further
improved by the purple potato flakes’ antioxidant activity. More studies have shown
that pigmented potatoes possess high antioxidant activity and possess the potential to
reduce oxidative stress [17–19,25,35,48,49,53,66,73]. Therefore, the consumption of pig-
mented potato cultivars could potentially offer better health benefits in comparison with
the traditional white-fleshed cultivars. Health benefits associated with antioxidants such as
anticancer, antiaging, and anti-inflammatory activities could potentially be derived from
the consumption of these species.

4. Carotenoids

Several studies have reported on carotenoids in pigmented potato cultivars. This is
because carotenoids are the basic source of orange, yellow, and red pigments in plants and
are also widely distributed in nature, including in algae, bacteria, and photo as well as
non-photosynthetic organism tissues [76]. The basic structure of a carotenoid is shown in
Figure 6. Although α and β carotenes are known for provitamin A activity, they cannot
be synthesized by the body and therefore needs to be sourced from food. Carotenoids are
very common in vegetables and fruits such as peaches, spinach, apricots, carrots, butternut,
and sweet potatoes. Although over 700 carotenoids are known to exist in nature, about 24

78



Foods 2022, 11, 175

are common in the food that we consume and only four have been exhaustively studied,
viz., α-carotene, β-carotene, lycopene, lutein, and zeaxanthin [77].

Figure 6. General structure of carotenoids—β-carotene [78].

Based on their chemical structures, the role of dietary carotenoids in quenching harm-
ful reactive oxygen species (ROS) and intercepting toxic free radicals is well reported [79].
Carotenoids are therefore important natural antioxidants that form a strong defense against
harmful biological processes. The defensive role of carotenoids against muscular degen-
eration, cardiovascular diseases, and a wide range of cancers including uterine, lung,
colorectal, prostate, and breast have been reported [80]. Reports also reveal the protective
effects of lycopene, β-carotene, and lutein against the formation of erythema, which is
caused by exposure to UV light [81]. Therefore, it is not surprising that carotenoids play
a significant role in the cosmetics industry, which is worth billions of USD in the world
today [82]. Some of the carotenoids that the pharmaceutical industry has been able to
synthesize in the laboratory for the cosmetic industry include astaxanthin, β-carotene,
canthaxanthin, lycopene, and zeaxanthin [76].

Nevertheless, the current literature search revealed several studies that have docu-
mented carotenoids in pigmented potato cultivars. The study of [26] found that yellow-
pigmented cultivars possessed between 280% and 2000% more carotenoids than the white-
fleshed cultivars depending on pigment intensity. The intensely yellow cultivars possessed
more carotenoids, while lutein and xanthophyll were the dominant compounds. Some
authors profiled 60 pigmented potatoes and found that the major carotenoids to dominate
the cultivars were neoxanthin, lutein, and violaxanthin in 7, 16, and 37 cultivars, respec-
tively, and the total compositions ranged between 50.0 and 1552.0 µg/100 g [29]. Minor
carotenoids such as zeaxanthin, antheraxanthin, β-carotene, and β-cryptoxanthin were also
reported by the previous authors. In another study, Ref. [52] found that total polyphenols
and carotenoids increased in purple potatoes in response to conventional cultivation as
opposed to organic cultivation. These authors reported a positive correlation between the
color of the potatoes and polyphenol and carotenoid contents, although the carotenoids
ranged between 0.012 and 0.085 mg/100 g. The two-year study of [36] in the Czech Re-
public found that genotype, soil type, and year of growth in pigmented cultivars affected
the carotenoid contents and ranged between 0.779 and 13.3 mg/kg. Lutein dominated
the carotenoids in their study, while β-carotene, zeaxanthin, neoxanthin, and violaxan-
thin were also found but in marginal proportions in all the cultivars. Additionally, the
yellow cultivar Agria possessed higher levels than the blue and red types. To corroborate
this study, [67] found that location, genotype, period of growth, and their interactions
in Poland significantly affected carotenoid contents in some pigmented cultivars grown
in four different locations for three consecutive years. The contents were higher than in
the Czech Republic and ranged between 5.57 and 20.20 mg/kg, and lutein dominated
(2.92 to 6.66 mg/kg) more than zeaxanthin (1.44 to 3.05 mg/kg). The Belgian study of [18]
revealed that zeaxanthin and lutein contents in 23 pigmented cultivars ranged between
0 and 17.7 µg/g and between 1.12 and 17.69 µg/g, respectively, while β-carotene ranged
between 0.42 and 2.19 µg/g in 16 cultivars. β-carotene is rarely reported in potato tubers,
perhaps a strong indication of the elevated carotenoid contents in these species. The study
of [70] revealed that the carotenoids lutein and β-carotene were more elevated in pota-
toes cultivated under a biodynamic system, in comparison to those that were organically
produced. These studies indicate that carotenoids in pigmented potatoes are cultivar-,
pigment-, intensity-, and environment-dependent. The yellow-pigmented cultivars are
generally higher in carotenoids in comparison to other cultivars, and more so, the white-
fleshed type and lutein appear to dominate these compounds. In human physiology, lutein
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is found concentrated in the macula of the retina in the eyes. Although the precise lutein
role is not yet fully known and understood, its association with vision cannot be farfetched.
Therefore, the consumption of these carotenoid-rich potatoes could potentially act as a
buffer against the threat of lifestyle and diet-induced diseases and conditions and help in
the management and treatment of vision-related issues.

5. Anthocyanins in Pigmented Cultivars

Most phytochemical studies that have been conducted on pigmented cultivars are on
anthocyanins. This is because of the color of these species’ skin and/or flesh. Anthocyanins
are water-soluble phenolic compounds that fall under the flavonoid subgroup [83]. An-
thocyanins occur in plants as glycosides attached to a sugar group, as shown in Figure 7.
Located in the vacuole, these compounds give plants their distinctive color and are widely
distributed in vegetables and fruits, such as strawberries, blueberries, blackberries, cur-
rents, mulberries, blackcurrant, and red/blue grapes [84]. The purple to blue and red
pigments given off by the action of anthocyanins function to attract animals to consume
the fruits and aid in seed dispersal, while in flowers, pollinators are also attracted [83].
In addition, the bright colors help to absorb radioactive ultraviolet and blue-green light
and act as a plant sunscreen. Peonidin, petunidin, cyanidin, malvidin, delphinidin, and
pelargonidin are six widely distributed anthocyanins from a total of 17 that are known to
be found in nature [84]. However, [85] had earlier argued that there are nearly a thousand
anthocyanins in Kingdom Plantae. Nevertheless, when the pH is acidic, anthocyanins
are thought to exhibit a positive charge in their structure [84]. Furthermore, at pH < 2,
anthocyanins are said to exist as flavylium, a basic and stable compound. Consequently, an-
thocyanin’s bioavailability, metabolism, absorption, and biological responses are thought to
be influenced by these unique chemical structures [84]. According to the previous authors,
neutral and alkaline pH have a degrading effect on anthocyanins, with a bioavailability as
low as 0.1%. Understanding the behavior of this antioxidant is critical in understanding
its role in health and disease management, especially NCDs, which are often negatively
affected by poor and unhealthy diets. Several studies have documented the anthocyanin
antidiabetic, antiproliferative, and antioxidant, as well as improved insulin resistance in
nonalcoholic fatty liver disease (NAFLD), risk factor reduction in cardiovascular diseases
and an improvement in eyesight among other benefits [28,85,86].

Figure 7. Basic anthocyanin structure—flavylium [86].

As shown in Table 2, the current literature search was able to reveal petunidin, cyani-
din, delphinidin, petunidin, pelargonidin, peonidin, and malvidin that have been profiled
and quantified in these species. The study of [73] showed that anthocyanins were more ele-
vated in the skin of pigmented potatoes in comparison to the flesh. Jansen and Flamme [39]
also found the skins to contain more anthocyanins than the flesh, while the whole tuber
compositions lied between the skin and the flesh. The previous results have also been cor-
roborated by [71]. Therefore, the current literature search is a good indicator of the potential
of pigmented potato cultivars as health-bearing underutilized foods. Anthocyanins are,
in fact, the highest-consumed flavonoids with an estimated intake of 200 mg/d, therefore
making them valuable components of the diet [85]. The use of the skin for both food and
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industrial applications or color dyes should therefore not be ignored, as anthocyanins are
more elevated in these organs.

Table 2. Anthocyanins in pigmented potato cultivars.

Anthocyanin Ref.

Blue Petunidin, Cyanidin, Delphinidin, Petunidin, Pelargonidin, Peonidin, Malvidin [28,32,38,73]

Red Pelargonidin, Cyanidin, Delphinidin, Petunidin, Peonidin, Malvidin [28,32,38,73]

Purple Peonidin, Petunidin, Delphinidin, Petunidin, Pelargonidin, Peonidin, Malvidin [28,32,38,73]

Yellow Malvidin, petunidin, Cyanidin, Delphinidin, Petunidin, Pelargonidin, Peonidin [28,32,38,73]

Pink Cyanidin, Delphinidin, Petunidin, Pelargonidin, Peonidin, Malvidin [32,38,73]

6. Pigmented Potato Biological Activity

The antioxidant activity and anthocyanins contained in pigmented potatoes are a
good indicator of some potential biological activity. Few studies have been conducted to
determine the biological activities of these species; however, a few that have been conducted
open insights into endless possibilities on the applications of these species in diverse areas
of life. Anticancer studies of pigmented potato cultivars are scarce but look promising.
Although the in vitro study of [72] showed that the ethanolic extracts were minimally active
against the hepatocellular carcinoma cell lines, these need to be tested against other cell
lines to confirm these findings. The study of [68] showed a reduction in cancer incidence
and multiplicity, but in vivo, when they used the extracts of pigmented potatoes. The study
of [20] also revealed that the extracts of some pigmented potatoes were lethal against the
hepatocarcinoma (Hep3B) cell lines. Silveyra et al. [65] also showed that the skin and flesh
extracts of some cultivars possessed some antibacterial properties against E. coli. These
authors reported that the skin possessed more activities than the flesh extracts. These
studies are promising and should further be addressed toward other yet-to-be-researched
cell lines. Pigmented potatoes could potentially hold the key to solving the seemingly
never-ending cancer plague that the world is facing today. If polyphenols are profiled, some
of the compounds could be useful as anticancer compounds. Unfortunately, exploratory
studies to exhaustively profile polyphenols in these species are lacking. This knowledge
gap needs to be filled.

7. The Impact of Environmental, Genotypic, and Soil Types on Pigmented
Potato Characteristics

The effects of environmental factors on the growth of plants have been widely studied
and reported. A few studies of this nature have been conducted on pigmented cultivars,
and the results offer some insights into commercialization prospects of these species. Wit-
booi et al. [11] subjected pigmented potatoes to various root zone temperatures and found
that 24 ◦C significantly increased plant height and tuber weight in all cultivars, while 28 ◦C
increased polyphenols. Gutiérrez-Quequezana et al. [33] reported that 13 and 18 ◦C did
not affect either anthocyanins or polyphenolics; however, the increase in anthocyanins
at maturity in purple cultivars and high polyphenolics in the blue cultivars were highly
cultivar-dependent. In another study, Ref. [39] showed that nitrogen fertilizer did not affect
pigmentation in potatoes. Meanwhile, Ref. [26] reported that the growing environment,
including altitude and soil factors, significantly increase anthocyanin production but have
no effect on carotenoids. A Korean study [41] showed that anthocyanins responded well to
high-altitude areas in comparison to those cultivated in a low-lying area over a two-year
period and in 14 different locations. These authors also reported a negative correlation
between soil acidity and anthocyanin contents. However, in Poland, the effect of envi-
ronmental factors, genotypes, the year, and interaction of these factors had a significant
effect on carotenoid contents [67]. Andre et al. [19] showed that the effect of drought stress
on potato phytochemicals was highly cultivar-dependent and varied between cultivars.
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However, antioxidant contents were weakly affected by drought stress in yellow cultivars,
while polyphenols and anthocyanins were drastically reduced in purple and red cultivar
flesh. The study of [70] showed that organically and biodynamically produced cultivars
had higher anthocyanin and polyphenolic compounds, although biodynamic cultivars had
significantly higher carotenoids in comparison with the control. In a similar study, [52]
found that the conventional cultivation of pigmented cultivars increased total polyphenols
and carotenoids in comparison to those that were organically produced. In Texas and
Colorado USA, anthocyanins and polyphenols decreased in the tubers as they matured, but
the yield and compounds increased [58]. Harvesting time is thus useful if the maximum
compound yield is the objective. Some breeding studies have also been conducted on
high-anthocyanin-yielding clones to understand their breeding behavior. For example, [16]
characterized loci and genetically mapped the traits that influence anthocyanin pigmenta-
tion in potatoes. This study revealed that 21 pigmented out of 53 white cultivars shared
a common bHLH allele, and this indicates the contribution of this allele, but this is also
not adequate for completely pigmented cultivars. Studies on growth and physiological
response, and breeding lack coordination and are therefore difficult to conclude. Yield data
and the breeding of better yielding cultivars to aid in pigmented cultivar revitalization are
severely lacking. This again shows the lack of data and the knowledge gap that needs to be
filled by researchers around the world.

8. The Effect of Processing on Phytochemical Contents in Pigmented Potatoes

Potatoes including the pigmented cultivars need to be cooked (boiled, steamed, or
fried) or processed into products such as crisps before consumption. As such, phyto-
chemical compositions that are present before processing may change postprocessing and
these may further change during absorption in the small intestines [87]. The antioxidant
vitamin C, for example, is known to be heat-labile and, therefore, drastically deteriorates
during cooking [87]. Therefore, vitamin C can perhaps be extracted more from fruits as
they do not usually need to be cooked. In general, heat application is known to destabilize
anthocyanins [88]. For example, frying reduced anthocyanins by 38–70% [45]. An earlier
study of [46] had shown that anthocyanins were almost totally degraded by frying, while
polyphenols remained stable, and antioxidants were significantly reduced. In contrast to
these previous studies, [26] showed that anthocyanins increased in pigmented cultivars
during cooking, although carotenoids decreased. In the previous authors’ study, boiling
and microwaving significantly increased anthocyanins, while baking and frying did not
significantly lead to an increase in the compounds. Boiling, on the other hand, increased
antioxidant activity, while the other methods decreased these activities. However, the study
of [51] showed that there was no change in phenolic acids in pigmented potatoes during
cooking using the microwave or by boiling, while anthocyanins decreased by 16–29%. In
another study, [53] showed that, and refractive window drying, drum drying, and freeze
drying led to 23, 41, and 45% reductions in anthocyanin contents in pigmented cultivars,
respectively. However, phenolic acids and antioxidant activity were not affected by drying
in the previous study. The study of [47] reported that boiling and baking, respectively, led
to 92 and 88% reductions in carotenoids. However, lutein and β-carotene were the most
stable carotenoids in their study. The study of [54] also showed that snacks produced using
pigmented potatoes were 20–30% richer in antioxidants and anthocyanins than the controls
were, while polyphenols increased by up to 40%. Rytel et al. [63] reported that pre-drying
and peeling pigmented potatoes led to significant losses in anthocyanins (75%), while
polyphenols were significantly reduced (69%) by drying, blanching, and pre-drying during
industrial processing. However, Furrer et al. [31] had earlier reported that the industrial
processing of pigmented cultivars retained anthocyanins by 79–129%, while phenolics
were retained by 49–85%. Although these studies are variable, carotenoids appear to be
negatively affected by thermal processing, while polyphenols appear stable, and antho-
cyanins generally vary. As promising as these findings look, studies on the absorption and
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bioavailability of the compounds derived from pigmented potatoes need to be conducted
to understand their real effect on human physiology.

9. Conclusions and Prospects

Pigmented potato cultivars are rare, and few studies have been conducted to document
their characteristics. This review was able to reveal about 62 studies that have been
conducted on pigmented cultivars around the world. Therefore, the dearth in the literature
on physiological growth and yield, breeding, exhaustive secondary metabolite profiles,
nutritional contents, absorption, and bioavailability studies and many other important
studies is glaring. These studies would play an important role in revitalization efforts
and the eventual commercialization of these important species. More studies need to
be conducted to fill the missing knowledge gaps. The polyphenolic and antioxidant
(anthocyanins and carotenoids) studies that have been conducted so far reveal the superior
nature of these tuber crops in comparison with white-fleshed cultivars that are common
throughout the world, and that have gained popularity in other applications that are too
many to mention. Breeding studies need to concentrate on increasing the yield without
compromising the phytochemical constituents. Yield has been shown to be one of the major
factors limiting the commercialization of these species regardless of their promising health
attributes. The antiproliferative studies that have been conducted so far look promising,
but more could be done to reveal their full potential. The skins clearly contain higher
phytochemical and biological constituents than the flesh parts and, therefore, consumers
should be encouraged to explore the skins more. In addition, industrial applications of
the skins, for example, in colorants, is clearly a viable option. What is clear from the
work that has been conducted so far and the results is that pigmented potatoes are heavily
underutilized, and they need to be revitalized and consequently commercialized. Their
nutraceutical applications are glaring, and their functions potentially yield better results
than the traditional, white-fleshed types. Some of the fears of the continued neglect of such
species is extinction, and, if they go extinct, so do their potential food and nutrition security,
as well as health/pharmaceutical benefits. Pigmented potatoes should not remain in the
shadows, in high-end restaurants as gourmet foods, but should now trickle down to the
wider populace for consumption and with the possibility to eventually replace the white-
fleshed cultivars. Pigmented cultivars are healthier, and their consumption will potentially
help to breed healthier nations through decreased lifestyle diseases and conditions. The
proliferation of lifestyle diseases is costing governments billions in USD annually the world
over and this problem needs to be nipped in the bud before it gets out of hand.
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Characterization of bioactive compounds in colored potato (Solanum tuberosum L.) cultivars grown with conventional, organic,
and biodynamic methods. Sustainability 2020, 12, 2701. [CrossRef]

71. Valiñas, M.A.; Lanteri, M.L.; Ten Have, A.; Andreu, A.B. Chlorogenic acid, anthocyanin and flavan-3-ol biosynthesis in flesh and
skin of Andean potato tubers (Solanum tuberosum subsp. andigena). Food Chem. 2017, 229, 837–846. [CrossRef]

72. Witbooi, H.; Bvenura, C.; Reid, A.-M.; Lall, N.; Oguntibeju, O.O.; Kambizi, L. The potential of elevated root zone temperature on
the concentration of chlorogenic, caffeic, ferulic acids and biological activity of some pigmented Solanum tuberosum L. cultivar
extracts. Appl. Sci. 2021, 11, 6971. [CrossRef]

73. Yin, L.; Chen, T.; Li, Y.; Fu, S.; Li, L.; Xu, M.; Niu, Y. A comparative study on total anthocyanin content, composition of
anthocyanidin, total phenolic content and antioxidant activity of pigmented potato peel and flesh. Food Sci. Technol. Res. 2016, 22,
219–226. [CrossRef]

74. Mamta Misra, K.; Dhillon, G.S.; Brar, S.K.; Verma, M. Antioxidants. In Biotransformation of Waste Biomass into High Value
Biochemicals; Brar, S., Dhillon, G., Soccol, C., Eds.; Springer: New York, NY, USA, 2014.

75. Birben, E.; Sahiner, U.M.; Sackesen, C.; Erzurum, S.; Kalayci, O. Oxidative stress and antioxidant defense. World Allergy Organ. J.
2012, 5, 9–19. [CrossRef]

76. Prakash, D.; Gupta, C. Carotenoids: Chemistry and Health Benefits. In Phytochemicals of Nutraceutical Importance; Prakash, D.,
Sharma, G., Eds.; CAB International: Wallingford, UK, 2014; pp. 181–195.

77. Marhuenda-Muñoz, M.; Hurtado-Barroso, S.; Tresserra-Rimbau, A.; Lamuela-Raventós, R.S. A review of factors that affect
carotenoid concentrations in human plasma: Differences between Mediterranean and Northern diets. Eur. J. Clin. Nutr. 2019, 72,
18–25. [CrossRef]

78. ChemSpider. β-Carotene. Available online: https://www.chemspider.com/Chemical-Structure.4444129.html (accessed on 5
November 2021).

79. Faraloni, C.; Torzillo, G. Synthesis of antioxidant carotenoids in microalgae in response to physiological stress. In Carotenoids;
Cvetkovic, D.J., Nikolic, G.S., Eds.; IntechOpen: London, UK, 2017. [CrossRef]

86



Foods 2022, 11, 175

80. Kiokias, S.; Proestos, C.; Oreopoulou, V. Effect of natural food antioxidants against LDL and DNA oxidative changes. Antioxidants
2018, 7, 133. [CrossRef]

81. Stahl, W.; Sies, H. Carotenoids and flavonoids contribute to nutritional protection against skin damage from sunlight. Mol.
Biotechnol. 2007, 37, 26–30. [CrossRef]

82. Kambizi, L.; Bvenura, C. Medicinal plants for strong immune system and traditional skin therapy in South Africa. In Medicinal
Plants and the Human Immune System; Husen, A., Ed.; CRC/Taylor & Francis: Boca Raton, FL, USA, 2021; pp. 123–172.

83. Bvenura, C.; Ngemakwe Nitcheu, P.H.; Chen, L.; Sivakumar, D. Nutritional and health benefits of temperate fruits. In Postharvest
Biology and Technology of Temperate Fruits; Mir, S.A., Shah, M.A., Mir, M.M., Eds.; Springer: Cham, Switzerland, 2018; pp. 51–75.

84. Reyes, B.A.; Dufourt, E.C.; Ross, J.A.; Warner, M.J.; Tanquilut, N.C.; Leung, A.B. Selected Phyto and Marine Bioactive Compounds:
Alternatives for the Treatment of Type 2 Diabetes. Stud. Nat. Prod. Chem. 2018, 55, 111–143.

85. Valavanidis, A.; Vlachogianni, T. Chapter 8: Plant Polyphenols. Recent Advances in Epidemiological Research and Other Studies
on Cancer Prevention. Stud. Nat. Prod. Chem. Bioact. Nat. Prod. 2013, 39, 269–295.

86. ChemSpider. Flavylium. Available online: https://www.chemspider.com/Chemical-Structure.128674.html?rid=18e11ee5-0ecf-
4264-bc49-ed7446fbe36e (accessed on 4 November 2021).

87. Bvenura, C.; Sivakumar, D. The role of wild fruits and vegetables in delivering a healthy and balanced diet. Food Res. Int. 2017,
99, 15–30. [CrossRef] [PubMed]

88. Patras, A.; Brunton, N.P.; O’Donnell, C.; Tiwari, B.K. Effect of thermal processing on anthocyanin stability in foods; mechanisms
and kinetics of degradation. Trends Food Sci. Technol. 2010, 21, 3–11. [CrossRef]

87





Citation: Lu, Y.; Zhang, Y.; Hong, Y.;

He, L.; Chen, Y. Experiences and

Lessons from Agri-Food System

Transformation for Sustainable Food

Security: A Review of China’s

Practices. Foods 2022, 11, 137.

https://doi.org/10.3390/

foods11020137

Academic Editors: António Raposo,

Raquel Braz Assunção Botelho and

Renata Puppin Zandonadi

Received: 7 December 2021

Accepted: 2 January 2022

Published: 6 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Review

Experiences and Lessons from Agri-Food System
Transformation for Sustainable Food Security: A Review of
China’s Practices
Yujia Lu 1, Yongxun Zhang 1, Yu Hong 1 , Lulu He 2 and Yangfen Chen 1,*

1 Institute of Agricultural Economics and Development, Chinese Academy of Agricultural Sciences,
Beijing 100081, China; 82101201652@caas.cn (Y.L.); zhangyongxun@caas.cn (Y.Z.); hongyu@caas.cn (Y.H.)

2 College of Humanities and Development, China Agricultural University, No. 2 Yuanmingyuan West Road,
Haidian District, Beijing 100094, China; helulu@cau.edu.cn

* Correspondence: chenyangfen@caas.cn; Tel.: +86-0108-2106-162

Abstract: Food system transformation has been a widely discussed topic in international society over
time. For the last few decades, China has made remarkable achievements in food production and has
contributed greatly to the reduction in global hunger and poverty. Examining experiences and lessons
from China’s food security practices over the years is helpful to promote a national food system
transformation for China, as well as other developing countries. This study systematically reviews
the literature on Chinese food security studies, with the aim of assessing China’s food security
achievements and examining the remaining and emerging issues in the pursuit of food system
transformation. The results show that China has continuously promoted food system transformation
in land consolidation, agri-food production technologies, management and organization modes,
food reserves, trade governance, and food consumption. These transformations ensure not only
food availability, timeliness, and nutrition, but also in terms of the ecological, social, and economic
sustainability, feasibility, and justice of food security. However, China is also confronting new
challenges in food security, for example, malnutrition, environmental unsustainability, and reductions
in diversified agri-food. In the future, China is expected to be committed to promoting healthy diets,
sustainable agricultural production, climate change mitigation, and the reduction of food waste and
loss to enhance its agri-food system’s resilience.
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1. Introduction

Achieving the goal of global food security, together with environmental sustainability
and socio-economic justice, is one of the greatest challenges for human beings in the 21st
century [1]. There are several factors impeding progress toward achieving global food
security and nutrition targets. For instance, starting from 2019, it is estimated that the
outbreak of the COVID-19 pandemic has led to an increase in undernourishment from
8.4 to 9.9% worldwide, leaving nearly 2.37 billion people without access to adequate food
supplies, while 2.2 billion adults are overweight [2–4]. Human activities directly affect
more than 70% of global ice-free land at present, and up to one-third of the terrestrial
net primary productivity is being used for food, feed, fiber, timber, and energy [5]. Food
systems that rely heavily on chemical fertilizers, pesticides, and antibiotics [6] have driven
the widespread degradation of land, water and ecosystems, high greenhouse gas (GHG)
emissions, biodiversity losses [7], and the spread of pathogens [8], which in turn lead to
food insecurity in many countries [9]. It is projected that climate change will cause about
250,000 deaths each year, resulting from malnutrition, malaria, diarrhea, and heat stress,
between 2030 and 2050 [10].
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Food security itself is a multi-dimensional concept, with goals ranging from ensuring
survival and health to gradually considering food preferences, involving food accessi-
bility, availability, utilization, and stability [11], and it operates within social, economic,
environmental, and political contexts [12]. It is inconclusive how analysts should rank
the various indicators that influence food security [13], which can only be achieved when
the specific objective is clearly stated [14]. It will be more valuable for policy guidance
to identify clearly with food security’s meaning, limitations, and interaction approaches
with non-food factors, from a systematic perspective [15]. Globally, the in-depth structural
transformation of agri-food systems is expected to be achieved in the future in a more
inclusive way [1], i.e., delivering healthy food for human beings, and that it should be
resilient to shocks from climate change, economic risk, and market failures [16].

Current trends in poverty, malnutrition, climate change and economic turmoil have
driven global food insecurity [17], suggesting widespread failures in food systems [1]. The
COVID-19 pandemic continues to expose the weaknesses of current global food systems
and heighten concerns over food security risks, especially in low- and middle-income
countries [18]. It has been observed that the evolution of our food systems should shift from
exclusively boosting production to nourishing people in a more inclusive and sustainable
approach, to ensure that future generations will be better provided for [19]. As food
system transformation is expected to reflect the approach of pursuing social, environmental,
nutritional and health outcomes and potential influences, ensuring global food security to
achieve the Sustainable Development Goals will depend on the potential of food systems
to increase the efficiency and resilience of the food supply chain.

The ability to deliver affordable and nutritional food and the resilience to adapt
to a new normal of regional food systems varied considerably as a result of numerous
interacting factors, such as agricultural resources, socio-economic context, and policy
orientation [20]. As mentioned earlier, China has made tremendous progress in reducing
hunger and food insecurity in recent decades. The total number of undernourished people
in China fell from 289 million in 1990–1992, to 125 million in 2016–2017 [21]. Chinese food
systems may have global implications, as the country is the largest producer, importer,
and exporter of many food commodities, and is the biggest GHG emitter from agri-food
systems [22]. More importantly, China has increasingly become a key global player and is an
increasingly influential actor in global agri-food network governance, through participating
in world cooperation, initiatives, and activities [23]. China and India are considered the
countries that are best equipped to instigate food system changes, because they have the
necessary “technological capacities, state-regulatory systems and socio-economic need” [24].
Therefore, it would be valuable for other developing countries to analyze the experience of
China’s food system transformation, although there is no one-size-fits-all solution for all
countries. Policymakers will need to assess their own context-specific challenges to achieve
the required transformations [25].

Considering a food system captures all the elements and activities that relate to the
food supply chain and the outputs of these activities, including the socio-economic and
environmental outcomes [26] (Figure 1). This paper will systematically review China’s
experiences from the perspective of the food supply chain, including food production
and management, food reserves, food trade and circulation, as well as food demand and
consumption, and then summarize the challenges it faces, the achievements and outcomes
of food security in China. It is expected to provide details of real experiences and lessons
for global poverty reduction and malnutrition elimination in developing countries.
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At the inclusion step, the latter articles were carefully reviewed and all the results 
presented in this study are based on the analysis of these 96 articles. 

3. Results 
3.1. China’s Food Security Challenges 
3.1.1. Increasing Pressure on Resources 

Firstly, the deterioration in the quantity and quality of natural resources in China has 
been attributed to the main constraints on food production. According to the third 
national land survey, the total area of cultivated land in China was about 0.13 billion ha 
in 2019, which is 7.53 million ha less than that in 2013. The per capita of arable land 
decreased from 0.106 ha in 1996 to 0.085 ha in 2018, approximating 46.3% of the world’s 
average. Regarding the current state of land productivity, it was reported that high-
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2. Materials and Methods

We conducted extensive literature reviews constituting four steps: identification, screen-
ing, eligibility, and inclusion [27], in order to identify peer-reviewed journal articles and
gray literature documents that reported the transformation of the food system in China. At
the identification step, in the WOS Core Collection, we set the themes as “food security”,
“food system”, and “China”. In total, 1323 documents were found, of which 469 belonged
to the environmental sciences category. Then, by resetting the themes as “food security”,
“food system transformation” and “China”, 43 documents were found. In the CNKI-CSSCI
collection, we set the themes as “food security” and “food system”, resulting in 36 docu-
ments. For the sake of the comprehensiveness of the included body of literature [28], grey
literature was retrieved by searching Google Scholar and the websites of five organizations,
including the UN Food and Agriculture Organization (FAO), the International Panel of
Experts on Sustainable Food Systems (IPES-Food), the Intergovernmental Panel on Climate
Change (IPCC), the World Health Organization (WHO), and the Global Nutrition Report.
The objective of this paper was not specifically to assess the effect of China’s food policy,
but instead to analyze the experience of China’s food system transformation from the per-
spective of the supply chain, including both policy innovation and informal trends, and to
obtain enlightenment on global food security governance, including experience and lessons.
During the screening and eligibility steps, we reviewed the titles and abstracts of identified
articles and examined citations from documents for additional references, after which 96
articles were retained. At the inclusion step, the latter articles were carefully reviewed and
all the results presented in this study are based on the analysis of these 96 articles.

3. Results
3.1. China’s Food Security Challenges
3.1.1. Increasing Pressure on Resources

Firstly, the deterioration in the quantity and quality of natural resources in China has
been attributed to the main constraints on food production. According to the third national
land survey, the total area of cultivated land in China was about 0.13 billion ha in 2019,
which is 7.53 million ha less than that in 2013. The per capita of arable land decreased
from 0.106 ha in 1996 to 0.085 ha in 2018, approximating 46.3% of the world’s average.
Regarding the current state of land productivity, it was reported that high-quality farmland
and reserve land have little room to improve in terms of productivity, while there have
been increasing restrictions on low- and medium-level field transformation. These changes
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have increased concerns about the future development of agricultural production [29].
Secondly, population growth, rising household incomes, and changing dietary patterns
will contribute to an increase in the demand for food. With the two-child policy scenario in
China, it is estimated that food demand will reach its peak at 39.26 million tons by 2030 [30].
The food consumption pattern in China has gradually transformed from a vegetable-based
dietary structure to an animal-based one [31,32]. With the expansion of urbanization,
Chinese meat consumption is anticipated to arrive at its peak of 123.44 million tons in 2030,
leaving great scope for growth in demand for dairy and aquatic products [33].

3.1.2. Smallholder Vulnerability

Small-scale farmers still play a critical role in reducing rural poverty and ensuring
national food and nutrition security [34]. One problem is that with China’s aging pop-
ulation, many formerly rural laborers have moved to urban areas, and most rural areas
face prominent non-agricultural livelihood transformations, leaving questions such as:
“Who will cultivate the land in China?”, exerting a negative impact on the domestic food
supply [35,36]. In 2018, 59.3% of the rural employed population were engaged in primary
industry. Since 2015, the wage incomes of farmers have exceeded the operating income,
accounting for 41% of the total income in 2018 [37]. Another issue is that resources are
re-allocated from low-profit industries (agriculture) to high-profit industries [38]. The
average cost of cultivating crops (16633.5 yuan/ha) in 2019 was 2.2 times above that in 2001;
the average net profit was a negative value from 2016 of minus 457.5 yuan/ha in 2019 [39].
In addition, global socio-economical change, and low levels of adaptive capacity caused by
inequality and poverty, will exacerbate the challenges that smallholders already face [40].

3.1.3. Increasing Ecological Impact

Ecological problems resulting from the misallocation of resources and food loss in the
supply chain are increasingly prominent in China. On the one hand, the rapid changes in
grain production patterns in China have increased the vulnerability of the food system. The
gravity center of China’s grain production has gradually shifted to the north away from the
south, and the role of the northern part of China has changed from a major grain-consuming
area to a major grain-producing zone [41]. However, water resources in northern regions
account for approximately 19% of the total water resources in China, while cultivated
land area accounts for 60% [42]; the food provision in Northeast China is approaching
its maximum potential capacity. Therefore, it is not wise to rely solely on food provision
increases in North China [43], which may increase risks such as water shortages and
ecosystem deterioration, and eventually reduce the comprehensive production capacity of
grain as well as increase the cost of access to food [33,43]. On the other hand, approximately
one-third of the food produced globally for humans is lost or wasted along the food supply
chain [44]. Between 2014 and 2018, approximately 27% of China’s total food production was
lost or wasted annually, making up about one-quarter of the world’s total food losses [45].

3.1.4. Dynamic Global Agricultural and Food Policies

With the growth of globalization, the depth of the impact of the global economic and
trade environment on China’s food security has increased significantly. China’s agricultural
imports reached USD 170.8 billion in 2020, a 14-fold increase over that in 2001. The import
of grain, cotton, oil, sugar, and milk was equivalent to the output of more than 66.7 million
ha of cultivated sown area of agricultural land, accounting for 40% of the total planting
area of domestic crops [46]. Of these, soybean imports exceeded 100 million tons in 2020,
equivalent to 5.1 times that of domestic production. Global food supply chains expose
vulnerability as a result of the high concentration of natural resources, unchangeable
marine transportation, and unpredictable international situations. In addition, China’s
participation in global food governance is challenged by international society, with opinions
such as “neocolonialism” and “land grabbing” being voiced, and domestic policies are
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strictly bound by international regulations [47]. These challenges work together to limit the
feasible space for China to use the international market to ensure food security.

3.2. China’s Food Security Practices
3.2.1. Land Consolidation

Rural development has long been the priority of national planning in Chinese policy.
Land consolidation is recognized as a positive factor with economic, social, ecological,
and psychological effects around the world [24], one that involves land redistribution and
infrastructure construction, and that could be an ideal tool to improve the efficiency of land
use and the revitalization of rural areas [48,49]. After establishing a system for separating
the ownership rights, contract rights, and management rights for contracted rural land,
the Chinese government has implemented an overall plan for land use throughout the
country. Since 2004, with the implementation of land remediation measures such as
“Permanent basic farmland protection”, “Balancing the occupation and replenishment of
arable land”, “Building High-Standard Basic Farmland”, and a compensation system for
the people responsible for making it work, China has gradually formed a complete system
of farmland protection policy, which has basically achieved no reduction in the cultivated
land area [50]. Abiding by the principles of basic food self-sufficiency, based on domestic
grain production, China practices the strictest farmland protection system and employs
a strategy of sustainable farmland use to increase farmland productivity [51]. Recently,
China announced the implementation of “Preventing the use of arable land for non-farming
purposes” in the 2020 Annual Central Economic Work Conference to protect the soil fertility
of cultivated land by means of crop rotation, according to regional climate, crop types and
soil characteristics.

Land policy in China is now focused on the trinity of quantity control, quality manage-
ment, and eco-environmental protection [52]. At the same time, a series of research projects
on land consolidation was carried out following policy orientation, including “non-grain”
production behavior [53], agricultural layout optimization [54], land-function zoning [55],
and spatial feasibility [56]. Most of these studies were aimed at exploring theoretical sup-
port and feasibility evaluations for policymaking from diverse perspectives and multi-scale
approaches, and recently began to focus on the relationship between land ecology and
food security [57,58]; however, most of the studies were limited to describing the subject
as well lack specific trade-offs between policy objectives. Meanwhile, it is argued that
many practices did not do well in terms of environmental protection, although China has
turned to comprehensive land consolidation in terms of policies and ideology, for which
food security seems to be the main goal of land policy in China, rather than promoting
ecological protection [59,60].

3.2.2. Production Technologies

At first, traditional agriculture focused on improving resource utilization efficiency and
intensification to increase domestic food supply, to satisfy the diverse agri-food demand,
resulting in high environmental costs and large-scale resource pressures. It is less likely
that “high input–high output” farming will be the future of China’s agriculture. After
experiencing severe climatic warming and resources limitations, China has begun to explore
a sustainable agricultural transformation, based on the principles of “high crop productivity
and high resource-use efficiency” (that is, the so-called “double-high” technology system)
since 2005 [61], setting national mitigation targets to reach peak carbon dioxide emissions
before 2030 and as a means to achieve carbon-neutrality by 2060 [62]. The innovative
trajectories of “double-high” agriculture have effectively improved the soil quality, nutrient
use efficiency, and adaptation to climate change. As food security is and will be part of the
primary agenda, research and policies have shown a gradual emphasis on environmental
protection and ecological diversity.

Firstly, much effort has been made in past decades to increase the soil carbon content,
including crop straw incorporation, conservation farming, and organic fertilizer application.
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Soil organic carbon content has increased by 1.5–2 g·kg−1 in most cropping areas in China
except the northeast, which means that Chinese success in grain production has also
contributed greatly to carbon emission mitigation by improving soil fertility during the
past two or three decades [62]. Secondly, a series of technological and policy innovation in
nutrient management have been developed since 2004 to increase nutrient-use efficiency in
China’s grain production [63], including the Zero Increase Action Plan, a project comprising
10,000 mu (≈667 ha) high-yield demonstration areas, farmland protection and quality
improvement project, etc. The increase in grain production in China indicates a shift
from a quantity-driven, highly resource-dependent, extensive development model to a
sustainable intensification model [64]. Thirdly, the Chinese government proposed a new
agricultural pattern, namely, Climate-Smart Agriculture (CSA). This was promoted by the
FAO to develop agricultural strategies for sustainable food security under the threat of
climatic warming, involving policy and mechanism creation, technology integration and
demonstration, and institutional capacity-building. China has carried out a large-scale
demonstration of the application of climate-smart agriculture in its main grain-producing
areas. In the project areas, grain production has increased by more than 5%, with the soil
organic carbon content of farmland increasing by 10% [65].

3.2.3. Organization Mode

Existing literature has discussed repeatedly the disconnection and limitations of
smallholders, focusing on the causes, necessity, and production vulnerability of a small-
scale peasant economy, exploring the path needed for smallholders to integrate into a
sustainable agri-food system from political, economic, and ecological perspectives. Several
social innovations concerning the smallholder gap between urban markets and rural regions
have been developed, to rebuild a more inclusive and just food system [66]. In recent
decades in China, new operators of agriculture, including family farms, cooperatives, and
“dragon-head” enterprises are emerging. They have the potential to construct large-scale
and intensive production bases, disseminate technology to farmers to a large extent through
a radiation-driven system, and obtain more market information and policy support [67],
although many scholars consider that smallholders are concealed by the capitalist markets
that differentiate, destabilize, and transform the meaning of household production [38].

It is clear that e-commerce, as a new mode of alternative food network (AFN), has
become a new and effective way to help smallholders to get access to markets. The
meteoric rise of “Taobao villages”, representing highly concentrated rural e-commerce
centers, has been enabled in part by land consolidation projects [68]. With the implemen-
tation of a national rural development project since 2013, a series of government-support
measures, like the provision of relevant village-level training courses, have been tack-
ling the problem of connecting smallholders to the market, so as to reduce poverty and
rural inequality [69], to improve vulnerable groups’ green credentials and safe produc-
tion [70], and to make a revolutionary change to the supply chain through eliminating
profit-sapping intermediaries.

Since smallholders have a willingness to protect themselves from the lack of food
safety from an increasingly fragmented food system, a “bottom-up force of social self-
protection” has gradually developed [71]. Some rural producers have adopted a “one
family–two system” approach to farming. Agricultural outputs, produced by conventional
methods relying on intensive agrochemicals, are usually sold to the market while those
cultivated using organic fertilizers (e.g., manure) are left for self-consumption [72]. This
represents an emerging folk practice in China’s food system transformation, to ensure food
security and food safety. These changes need policy support for organizing farmers to
connect with larger consumer groups in the future.

Smallholders play multiple roles in China’s food system. Firstly, smallholders have a
resilient social foundation as an essential provider of domestic food output. Secondly, the
low income of rural households, caused by inefficient agricultural benefits, restricts their
access to adequate, nutritious, and healthy food. Considering the specific characteristics
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of smallholders in the agri-food system, it is important to explore an efficient mechanism
to integrate them, to improve production efficiency and household income. In recent
years, this topic has been gradually linked with emerging technology, such as the Internet
and e-commerce. Thirdly, there has also been a spontaneous reform force from bottom
to top, creating a positive economic and ecological impact. In the future, the digital gap,
connection mechanisms, and risk management may be an important field of research, and
the role of government policy in the connections among various subjects will also become
an explorable theme, to find ways for smallholders to bridge the gap.

3.2.4. Food Reserves

The Chinese government has built food reserve systems consisting of a central reserve
and a local reserve with different functions. The central grain reserves are designed to
satisfy the basic needs of consumers, to respond to disasters and wars; this is the “ballast
stone” of national food security. The national reserves can generally meet demotic food
consumption for one year [73]. Local grain reserves are expected to counter emergencies in
the regional market, stabilize grain prices, and guarantee supply. Meanwhile, China has
an established processed grain reserve system for emergency supply for 10 to 15 days in
large and medium-sized cities and areas that are prone to price fluctuations; this covers an
emergency reserve, processing, and distribution system [74]. Since the implementation of
minimum purchase prices and temporary purchase and storage policies in 2004, a modern
grain reserve system integrating central, local, and social resources has been established,
which can not only resist the fluctuation of grain prices but also calmly deal with natural
disasters and the global food crisis.

The food reserve and circulation systems in China have shown flexibility and effec-
tiveness when responding to major events. Since the COVID-19 pandemic, China has
established a coordination mechanism to ensure food supply that involved nine provinces
and 500 enterprises for prioritizing the shipment of supplies in times of emergency. The
mechanism involved coordination between the central government and local governments,
and joint actions by the government and private enterprises [75]. It boosted the supply of
grain and cooking oil, released central government reserves of frozen pork, and raised the
vegetable supply capacity in some provinces [76]. Local governments launched emergency
reserves to further expand the scale of grain reserves by coordinating the transfer of other
cities’ grain resources, supporting the resumption of grain enterprises, encouraging enter-
prises to expand production capacity, and increasing stocks. The government also set up a
“green channel” for food transportation, to resolve the difficulties caused by “lockdown”
affecting grain transportation. Other measures, e.g., food monitoring systems, public opin-
ion guidance, and temporary subsidies were implemented to guarantee food consumption
and ensure food safety in terms of epidemic prevention [77].

The food reserve policy reflects China’s top-down control and management of food
security. It is a key means by which to solve the problem of the imbalance between
provincial production and demand and the internal food shortage. Many researchers
have deconstructed the behavior, layout, and structure of food reserve systems for the
reflection and optimization of policymaking, mostly based on qualitative analysis [78,79].
The security of the food supply chain has suffered from multiple challenges, such as natural
disasters, health events and policy intervention, highlighting the importance of a reasonable
reserve scale and the smooth circulation of the food system. At the same time, cooperation
in the whole supply chain will become more complex, requiring multidisciplinary methods
to explore risk-response strategies, and the quantitative analysis of food reserve scales and
ecological impact needs to be incorporated into the analysis framework of the food system.

3.2.5. Trade Governance

Changes in the diet of residents may lead to a large gap between supply and consump-
tion in feed grain [80], while the global food trade provides an opportunity to alleviate
the pressure [81]. In 2013, the Chinese government established a national food security
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strategy, characterized by self-sufficiency, based on domestic grain production, guaranteed
food production capacity, moderate imports, and technological support. Since 2015, China
has signed agricultural cooperation agreements with 86 countries along the “Belt and
Road”, and has invested in more than 820 agricultural projects. The total investment stock
was more than USD 17 billion, and the total agricultural trade within the co-construction
countries was around USD 95.79 billion in 2020 [82].

Among the countries along the “Belt and Road”, Russia, Ukraine, Kazakhstan, Ro-
mania, Bulgaria, and other emerging grain exporters are not under the comprehensive
control of international grain traders. China has strengthened its in-depth cooperation
with these countries in all aspects of the industrial chain, including breeding, processing,
warehousing, and logistics, etc. The Chinese government has also participated in the
construction of its food industry systems and supply chains through investment, trade, and
technology transfer [83]. China has included trade in services within the category of “com-
prehensive agricultural trade”, providing developing countries with full-cycle solutions for
industrial chains through foreign aid channels, and realizing dislocation competition with
multinational giant companies [84].

Many studies have examined the economic and ecological impacts of the moderate
import strategy of China. They suggest moderately reducing the pursuit of a high self-
sufficiency rate in terms of food, because this reduces the environmental cost of domestic
production and gives consumers more diverse and low-cost food. To protect the safety of
the global supply chain while expanding food imports, many researchers have focused on
location choices, the layout optimization of global investment, and the “Belt and Road”
cooperation promotion strategy. Through practices that include taking part in the initiatives
of international organizations, promoting international food regulations, and providing
international food aid, China’s role in world food security governance has changed from
that of a passive participant to an active builder, which has played a positive role in
promoting the transformation of world food security governance in a direction more
appropriate for developing countries.

3.2.6. Food Consumption

Food waste and loss have become a matter of public concern because they have led
to nutrient losses and the inefficient use of resources, including farmland, energy, water,
and fuel for food production [85]. Xue et al. found that 17% of food loss and waste was
generated at the consumption stage, of which 77% occurs in out-of-home activities; these
figures are much higher than those in industrialized countries. One possible reason is
the increase in dining out in China. They also pointed out that halving food waste at the
consumption stage would reduce almost the same amount of GHG emissions as halving
food loss and waste from the production to retail stage [45]. In responding to food waste
and loss, China has taken several measures. For example, the Chinese Anti-Food Waste
Law has been issued and was implemented in April 2021. More recently, an action plan
was issued in November 2021, proposing that food should be saved throughout the entire
food chain and establishing a standard and a monitoring system for reducing food loss
and waste. However, compared with the food production section, Chinese policies and
practices have paid less attention to the trend of increasing nutrition and healthy demand
in terms of food consumption, which is a major source of food waste [86]. There are
a number of studies on food waste in China from the macro-level that have assessed
its economic and environmental impacts, while few studies have been conducted at the
household level. These micro-level studies suggested that educating consumers to foster a
green diet and improving dietary knowledge would help to reduce chronic disease and
food waste [87,88]. There are several challenges in reducing food waste, apparent from
international experiences. These are food waste measurement, quantifying the benefits
and costs, examining external connections in the food value chain, and learning how to
balance the trade-offs between efficiency, food security, and environmental objectives [89].
Considering that the study of food waste may be a good way to combine production
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and consumption for systematic research, it is necessary to integrate multidisciplinary
methods from fields such as geography, resources and the environment, economy, and
society, etc. Lastly, including factors such as institutional design, economic behavior,
technical constraints, and social cognition would be helpful in future research to examine
the underlying reasons behind food waste.

As China’s food production and consumption systems have rapidly transformed,
sustainable food consumption has become a key issue of global concern [90]. The problem
of unreasonable dietary structure has gradually been exposed, while the upgrading of food
demand from residents has led to the concept of “hidden hunger”, from the perspective
of nutrition [73]. Food availability does not guarantee its access [91], which also depends
on various factors, such as food allocation, intra-household behavior, and individual food
preferences [92]. Thus, anthropometry and household observation aimed at nutritional
monitoring can be regarded as an essential supplement of food security measurement.
To effectively promote nutritional improvement, China has launched a series of nutrition
improvement projects, including nutrition intervention for children and infants, popular-
izing nutrition knowledge, and supporting the nutrition industry [93]. The heights and
weights of children in the pilot areas of the nutrition improvement projects in 2019 have
increased significantly, according to the Chinese Center for Disease Control and Preven-
tion [94]. Overall, China still pays more attention to food quantity security, but there is a
lack of pursuit of inclusiveness and sustainability on the consumption side compared to
developed countries, although in recent years, some scholars have called for more attention
to be paid to nutritional health and dietary structure at the household level, to establish a
nutrition-oriented food production system and a healthy dietary structure [90]. Therefore,
many issues, such as food supply and demand aimed at an overall nutritional goal, the
trade-off between food quantity security and nutrition orientation, and long-term nutrition
monitoring at both household and individual levels, need to be further studied.

3.3. China’s Food Security Achievements and Food System Transformation

China’s food security has made great progress in terms of four dimensions: availability,
accessibility, affordability, and stability. Firstly, China has achieved self-sufficiency in grain
supply in a relatively short period. In 2020, its total grain output was 2.2 times more
than that in 1978 (Figure 2). Per capita grain output was around 474 kg, well above the
world average of 400 kg [95]. Secondly, the per capita consumption of grains (rice, wheat,
corn, barley, oats, etc.) in 2020 was 128.1 kg, approximately 7.8% less than that in 2013,
while the per capita consumption of poultry, eggs, aquatic products, and milk and dairy
products in 2020 had increased by 76.4, 56.1, 33.7 and 11.1%, respectively (Figure 3). The
average daily energy intake of an adult was 2,172 kcal, and the intakes of protein, fat and
carbohydrate were 65 g, 80 g, and 301 g, respectively, according to the National Health
Commission’s standard. Thirdly, remarkable achievements have been realized in terms of
targeted poverty alleviation in China. The per capita disposable income of the rural poor
increased from 6,079 yuan in 2013 to 12,588 yuan in 2020, with an annual increase rate of
11.6% [96], making food in the market more affordable. Lastly, extensive (mal)nutritional
improvement programs implemented in poor areas have contributed tremendously to the
improvement of local residents’ nutrition and health conditions [95].
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At present, the transformation of China’s food system is still in the exploratory stages,
with certain characteristic principles:

(1) Health and nutrition. The supply-side reform promotes healthier and nutritious
food, according to the changing demand of residents, and supplements the shortage of
diverse agri-food through international trade and investment;
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(2) Inclusivity and fairness. Poverty alleviation policies improve the ability of the poor to
obtain food and expand the employment opportunities of vulnerable small farmers through
skills training, knowledge studies, and the cultivation of new subjects, so as to ensure the
fairness and justice of food security on both the food supply side and the demand side;

(3) Sustainability in all dimensions. China has reduced carbon emissions and op-
timized the allocation of global resources through ecological innovation, the reduction
of food loss and waste, and international resources usage to promote agricultural green
development;

(4) Diversity and resilience. China’s food systems have been reoriented around
the principles of diversity, multi-functionality, and resilience, to sustain yields and agro-
ecosystems in the longer term, and support diverse and nutritious diets;

(5) Social and technological innovation. China’s eco-technological innovation has
provided more healthy and nutritious food, and the development of digital agriculture
provides opportunities for small farmers to innovate their business models.

An agri-food system transformation around these principles can gradually ensure
sustainability in environmental, health, social, cultural, and economic dimensions, and will
eventually reinforce the ability to support national food security.

4. Conclusions and Recommendations

This paper summarizes China’s food security practices from the perspective of the
supply chain, including land consolidation, production technology, organization modes,
food reserves, trade governance and food consumption. The experiences and lessons to
be drawn from these policies may contribute to the transformation of the global agri-food
system in the following ways:

(1) Top-down and bottom-up forces are collectively shaping the transformation of
China’s agri-food system as a whole. The standards in the utilization and allocation of agri-
cultural resources, established through top-down power, have set the baseline for domestic
food supply. The bottom-up reform force, involving the spontaneous evolution of business
models, benefit mechanisms and alternative markets, has increased the possibilities of
realizing food safety and environmental sustainability;

(2) China has significantly strengthened its food security and ecological sustainability
through expanding food imports. An external food supply eliminates some negative
ecological impacts on agricultural production but also increases risks from foreign markets
and global economic crises. Therefore, it is crucial for developing countries to improve the
efficiency of foreign agricultural investment and participate in global policymaking;

(3) The vulnerability of the global supply chain exposed by the COVID-19 pandemic
enlightens us as to the necessity of improving food reserves and rapidly responding to a
sudden shock. The food supply in China during the COVID-19 pandemic offers a good
demonstration that the resilience of the agri-food system matters.

At present, China’s food system still faces many challenges, including resource and
environmental pressure from, e.g., groundwater overexploitation; pesticide and fertilizer
overuse; socio-economic challenges, for instance, smallholders having less motivation to
grow grain and the lack of innovativeness in the seed industry; trade challenges, such
as pressure from international public opinion and tighter import and export regulations.
These challenges have directly and/or indirectly led to malnutrition and an unsustainable
and inefficient food system. To maximize the potential of agri-food system transformation,
more efforts are suggested regarding further studies: (1) to seek integrated solutions
through holistic and systematic thinking; (2) to conduct multi-disciplinary cooperation
from economics, ecology, politics, geography and other disciplines; (3) to design multi-scale
research, e.g., a global-national-local-individual approach is needed to identify the potential
challenges and outcomes; (4) to take the mutual support of policy innovation and civil
reform into consideration, since the decision-making of actors and power relationships in
the system should not be neglected.
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Abstract: Knowledge and attitude are essential components of food security as malnutrition remains
a critical public health concern among adolescents. The study evaluates the effectiveness of a Triple
Benefit Health Education Intervention on knowledge, attitude and food security towards malnutrition
among adolescent girls. This was a cluster randomized controlled trial among 417 randomly selected
adolescent girls aged 10 to 19 years old in Maiduguri, Borno state, Nigeria from October 2019 to
March 2020. About 208 respondents were assigned to experimental while 209 to control group,
respectively, using an opaque sealed envelope. A structured questionnaire using KoBo Collect
Toolbox was used for the collection of data at baseline, three and six-months post intervention while
the data collected were analyzed using generalized estimating equation (GEE). The outcome of the
baseline shows no statistically significant difference in sociodemographic characteristics, knowledge,
attitude and food security between experimental and control groups. The study reveals a statistically
significant difference between experimental and control groups for knowledge (p < 0.001; p < 0.001),
attitude (p < 0.001; p < 0.001) and food security (p = 0.026; p = 0.001) at three and six-months post
intervention, respectively. The triple benefit health education intervention package employed in this
study can serve as an intervention tool to combat malnutrition among adolescent girls in Nigeria
at large.

Keywords: triple benefit health education intervention; adolescent girls; knowledge; attitude; food
security; KoBo Collect Toolbox; generalized estimating equation

1. Introduction

Adolescents are the nation’s future, so there is a need for them to have an adequate
knowledge of, and attitude towards, the importance of balanced diet and the importance
of food security in terms of its availability, accessibility, affordability and utilization, as
it forms the basis for a healthy life, mental development, intellectual abilities, physical
growth and strength to cope with daily activities [1,2]. The effect of malnutrition and
food security among adolescents, and especially during their childhood years, is apparent.
Food insecurity at the adolescent stage is the possible cause of numerous chronic diseases
during adult life. Preventive effort to minimize both short and long term consequences of
malnutrition should start at the early childhood stage, all through adolescence and even
beyond, to the benefit of health and later life [3–5]. The adverse effect of malnutrition
with an increasing trend among adolescents globally reflect poor knowledge, attitude and
insufficient food intake [6]. The various forms of malnutrition are persistent and co-exist
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within various families, communities, regions and countries of the world. Nearly one
third of the world population are facing one or more forms of malnutrition, and with
this rising trend malnutrition may rise to one half by 2030, rendering the objective of
ending malnutrition by 2030 unachievable. The negative health effect of malnutrition, the
risk of premature death and the prevalence of non-communicable diseases is increasingly
becoming unbearable in middle and low income countries [7–9].

Globally, it has been reported that many children and adolescents (young people) are
not able to develop and grow to reach their full potential and become productive in life
due to an inadequate diet to meet their daily nutritional needs. In order for children and
adolescents to have good nutritional intake, it is important for them, especially adolescent
girls, to have a nutritious, affordable, safe, and sustainable diet to meet their everyday
needs. The triple burden of malnutrition (undernutrition, over nutrition and micronutrient
deficiency) has become a threat to the growth, development and survival of children and
adolescents, further endangering the productivity of nations, as a result of the poor quality
and quantity of diet consumed [10]. Knowledge and attitude are significant components in
the transformation of food security especially among children and adolescents who will
have to be accountable for the implementation of most of the nutrition related policies
as they advance towards their maturity. Healthy and sufficient nutrition is indispensable
for children and adolescents at all stages of their growth and development, from playing
to learning and being happy [11]. Findings from a study on high-return investments
in school health regarding increased participation and learning suggests that the first
1000 days is important in a child’s life, but not sufficient for the survival of the child.
Investment in the 8000 days of childhood through adolescence requires intense intervention
in three possible stages. Phase one (5 to 9 years) is when mortality rate is higher due
to malnutrition and infection, thereby restraining growth and development, referred to
as middle childhood growth and consolidation stage. Phase two (10–14 years) is the
growth spurt stage when adolescents require an adequate and balanced diet for their
healthy growth and development. Phase three (15 to 19 years), also called the growth
and consolidation stage, supports the maturation of the brain, emotional control and
socialization. The suggested 8000 days will enable a catch up from growth failure at the
early stage [12–14]. Poor diet as a result of food insecurity, poor knowledge and attitude
are the major underlying causes of malnutrition, with high economic costs, placing the
burden of intergenerational malnutrition across generations to come in the future [7].

Health education intervention for adolescents in a school setting provides them with
the required skills, knowledge and attitudes for healthy selection and utilization of food.
Unhealthy selection of food, inadequate information on the importance of food and food
groups, malnutrition and its consequences and lack of a kitchen garden among adolescents
can increase the burden of malnutrition, which can be mitigated through health education
intervention. Previous studies have revealed that health education intervention lays a
foundation for the improvement of nutritional knowledge and attitudes relevant to healthy
living [1,15–17]. Addressing the root causes of malnutrition requires a common under-
standing of the problems and the possible solutions therein, health education intervention
across all age groups, both in school and out of school, and the political will in terms of
governance, implementation and alignment of policies [8]. The rising trend of poverty and
low income has remained a complex, chronic and pervasive problem; an estimated 40.1%
of the Nigerian population live below the poverty line where children from the poorest
economic quartile were reported to be four times more likely to be malnourished compared
with children from the richest households. Malnutrition is a serious consequence of food
insecurity [18,19]. The level and dimension of hunger and food insecurity have become a
public health concern in Nigeria. Agricultural production in Nigeria is largely dependent
on rainfall at a subsistent level on a small scale. Government investment in agricultural
production has not contributed to the reduction of malnutrition significantly to meet the
national development goal, as the inadequate storage system, crop seasonality, and inade-
quate transport system has significantly influenced food distribution in Nigeria [18,20,21].
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Persistent humanitarian crises especially in the north-eastern part of Nigeria have greatly
exposed the people to untold hardship.

Since there are high burdens of malnutrition among children and adolescents that
may heighten health related problems, there is need for nutrition sensitive intervention,
especially in low and middle-income countries, which must be addressed as a priority.
The sustainable development goals have pointed out ways of reducing the determinant
of malnutrition, including no poverty, no hunger, quality education, and gender equality,
but for the adolescent age group social determinants and nutrition sensitive intervention
must be addressed to improve their health and wellbeing. Healthy adolescents who are
protected from morbidity and early pregnancy are less likely to develop all forms of
malnutrition during adolescence and adulthood, and more likely to reduce the occurrence
of non-communicable diseases, have optimal maternal and birth outcomes, and enjoy
increased productivity and work capacity [6].

There are no existing data on the overall current prevalence of malnutrition, knowl-
edge, attitudes and food security related issues among adolescents in Nigeria. The trend of
malnutrition among women aged 15–49 years, with adolescents included, has been stable
for the past 10 years, reporting 12% from 2008 to 2018 [22]. Furthermore, the prevalence of
acute malnutrition among older adolescents was 19% and about four times higher com-
pared to 4% among adult women aged 20–49 years in Nigeria. About 6.1% out of 14% of
women between 15–49 years pregnant particularly in the northeast and northwest Nigeria
were adolescent girls aged 15–19 years old. More so, anemia is also a trending concern
among 58% of women aged 15–49 years leading to increased burden of maternal mortality,
poor birth outcome and reduced productivity [22,23]. Childbearing among adolescent girls
is significantly associated with a high risk of pregnancy complication outcome [24]. The
findings from the 2018 national survey call for urgency in the development of an inter-
vention to improve nutrition related knowledge and attitude among adolescent girls for
better health, birth outcome and nutrition throughout their life cycle. Taming malnutrition
among adolescent girls is key to improving the nutritional status of the family and the
entire population.

There are several policies and programs put in place by the Nigerian government to
address the problem of malnutrition among children including the national policy on food
and nutrition in Nigeria [25,26], the national strategic plan of action (health sector response),
the food security bill, the National Plan of Action on Food and Nutrition in Nigeria and
the micronutrients control program, among others, to address the issue of malnutrition
and food insecurity at all levels in Nigeria [27]. Nevertheless, the implementation of
these programs and policies continues to be a challenge, with a persistently high level
of malnutrition among children [27–29]. There are no existing nutrition programs and
policies for adolescents as the national food and nutrition policy in Nigeria made little
or no reference to nutrition-related issues regarding this important specific population
(adolescents). The strategic plan of action and most of the intervention target children
that are below the age of five years, pregnant and lactating women, failing to notice the
plight of adolescents. There is a need to revisit the national strategic plan of action in
Nigeria to include interventions targeting adolescents for the good of the future, in all its
seriousness. Nonetheless, amid the trending burden of malnutrition, there is no existing
comprehensive health education program on malnutrition targeting adolescents in Nigeria;
though there are policies to reduce the burden of malnutrition, the implementation is
still a challenge. The triple benefit health education intervention was introduced to look
beyond the 1000 days of the child’s life (from conception to the second birthday), before the
preconception period to productive adult life in the future, and the health and wellbeing of
their offspring.

Usually, researchers incorporate a theory-based approach for their research to be
successful. The information, motivation, behavioral skills model (IMB) has been used in
promoting nutrition-related practices and the development of preventive intervention [30].
Although the IMB model works at the individual level, the construct of the theory is useful
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in presenting health behavioral changes through making individuals well informed by
using their attitude and perception as motivation to make them comply and act, thus
possessing the essential behavioral skills for effective achievement. The information, moti-
vation, behavioral skills model was used in developing the Triple Benefit Health Education
Intervention to improve knowledge, attitude, and food security among adolescent girls.
The study is named Triple Benefit because it will improve the health of adolescent girls
now, improve their productivity and well-being when she fully-grown in the future and
minimize health threats and improve nutritional status and wellbeing of future offspring.
Knowledge, attitude and food security towards malnutrition and nutrition-related studies
among adolescents have not yet been studied in the north-eastern part of Nigeria com-
prising Borno, Yobe, Adamawa, Bauchi, Gombe and Taraba states from the 36 states in
Nigeria. The study tends to look at what is the effectiveness of the Triple Benefit Health
Education Intervention on knowledge, attitude, and food security regarding malnutrition
among adolescent girls in Maiduguri Metropolitan Council, Borno State, Nigeria.

2. Materials and Methods
2.1. Study Design and Population

A school-based single blinded cluster randomized controlled trial designed was used
to evaluate the effectiveness of the triple benefit health education intervention among
adolescent girls in four randomly selected secondary schools in Maiduguri, Borno state,
Nigeria. A two population proportion formula was used to calculate the population
size [31], based on previous study [32], considering effect size = 1.3, and non-response rate
of 20%, giving a total population size of 424.

2.2. Inclusion and Exclusion Conditions

Inclusion criteria were government secondary schools, schools with full secondary
school, schools with boys and girls or girls school only, schools within Maiduguri only
and adolescent girls between 10 and 19 years old. Schools not owned by the government,
primary schools and schools with women and not girls were excluded.

2.3. Duration of Study and Recruitment of Participants

This study was conducted between October 2019 and March 2020. A two-stage
sampling method was adopted to randomly select four schools using a software number
generator, and a total of 424 were randomly selected from six arms of the schools (JSS1 to
SS3) to partake in the study. About 212 participants were recruited into the experimental
group and 212 into the control group; each group was allocated using the simple random
method, the allocation was performed as a cluster into the experimental and control groups
using opaque sealed envelopes. However, 417 were eligible for participation in the study.
Seven participants were excluded from the study, of which three were more than 19 years
old, while parents of the four students did not give their consent. About 417 respondents
brought back the signed consent form. Participants were interviewed using KoBo Toolbox
at baseline with 208 in the intervention group and 209 in the control group, respectively.

2.4. Intervention Stratebt

The triple benefit health education intervention module was guided by the informa-
tion, motivation, behavioral skill (IMB) theory to educate adolescent girls on knowledge,
attitudes and food security. The experimental group in this study received the triple ben-
efit health education intervention twice in a month for three months. The module was
developed with the clear intention of reducing the burden of malnutrition and ultimately
improving the health, well-being and the health of the future offspring of adolescent girls.
The Triple Benefit Health Education Intervention module was subdivided into six mod-
ules and was conducted for three months with the experimental group by the facilitator.
Each session lasted for 1 h:30 min, and the topics covered in the sessions are presented
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in Table 1. The control group received education twice a month for three months on
malaria prevention.

Table 1. Illustration of Triple Benefit Intervention Module using Information Motivation Behavioral
Skill Model.

Module Theory Construct Content Strategy Estimated Time

Module 1 Information and
behavioral skills

Definitions, forms and causes of
malnutrition

Lecture, brainstorming and
discussion

1 h
30 min

Module 2 Information and
behavioral skills

Sign, consequences and prevention
of malnutrition

Lectures, brainstorming and
role play

1 h
30 min

Module 3 Information and
behavioral skills

Food Groups (macro and
micronutrient). matching food 1 h

30 min

Module 4 Motivation
Prevention of malnutrition,

participant’s experiences and those
of other adolescent girls.

Brainstorming, discussion 1 h
30 min

Module 5 Information and
behavioral skills

Intergenerational Cycle of
Malnutrition, Food Groups by Food
and Agriculture Organisation of the

United Nations (FAO),

Lectures, discussion and
kitchen/backyard garden.

1 h
30 min

Module 6 Motivation

Precautionary measures, the norms
of their community, and best ways

they can spread what they have
learnt to their families and peers for

sustainability.

Brainstorming, discussion 1 h
30 min

2.5. Study Instruments and Variables

A questionnaire was used for the collection of data, using KoBo Toolbox, on sociode-
mographic characteristics, knowledge, attitude and food security. The questionnaire was
developed by the researcher in English.

2.5.1. Demographic Features

This segment comprises 15 questions on sociodemographic characteristics including
age, ethnicity, class in school, religion, household size, place of residence, household
income, head of household, age of father, father’s education, father’s occupation, age of
mother, mother’s education, mother’s occupation, and family type. This section has both
nominal and continuous scale variables.

2.5.2. Knowledge, Attitude and Food Security

The knowledge questionnaire was adapted from the Food and Agricultural Organiza-
tion of the United Nations [33] and consists of 28 questions with yes, no, or don’t know as
options; yes responses were scored one while no or don’t know were scored zero. Total
score for knowledge was 28; scores less than 50% were considered as poor knowledge,
while scores greater or equal to 50% were considered good knowledge [34].

In this study the attitude questionnaire was adapted from the Food and Agricultural
Organization of the United Nations [33]. Attitude questions consist of 17 statements on a
five point scale from strongly disagree to strongly agree (1 to 5). The total attitude score
was 85; scores less than the mean score were considered poor attitude while scores equal or
greater than the mean were considered as showing good attitude [35].

Food security questions were adapted from those for older children [36] and consist
of nine statements with options as never, sometimes and a lot, with scores of 1, 2 and 3,
respectively; never was recoded as ‘0’, sometimes and a lot were recorded as ‘1’. Food
security has a total score of nine; 0 to 1 were considered food secure, 2 to 5 low food secured
and 6 to 9 very low food security, respectively [37].
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2.6. Data Collection and Analysis

Data were collected at baseline, three and six-month post intervention using KoBo
Toolbox and were analyzed using SPSS version 25. Variables that are continuous were
presented as mean and standard deviation before being categorized, while categorical
variables were presented in the form of frequency and percentage. The differences between
experimental and control group for each demographic feature were determined using
Chi-square at baseline, whereas for differences in overall scores between experimental and
control group for knowledge, attitude and food security at baseline, independent t-test
was used. A generalized estimating equation was used to evaluate the changes between
experimental and control group at three and six-months post intervention. Statistical
significance was determined using p-value < 0.05 for all the comparisons in this study.

2.7. Ethics

Approval for ethics was obtained from Universiti Putra Malaysia Ethical Committee
UPM/TNCPI/RMC/JKEUPM/1.4.18.2 (JKEUPM). Permission was obtained from the Min-
istry of Education. Written consent from parent/guardian and respondents was obtained
before the intervention. The study was also registered with Pan African Clinical Trials
Registry (PACTR201905528313816).

3. Results

This study evaluates the effectiveness of a triple benefit health education intervention
in improving knowledge, attitude and food security among adolescent girls. Out of a total
of 424 participants, 417 gave their consent to partake in the study. A total of 208 were
assigned to the experimental group, while 209 to the control group. There was a response
rate of 100% at baseline, 98.1% at three-months and 96.6% at six-months post-intervention
in both groups, respectively. Intention to treat analysis was employed and all randomized
participants were included in the analysis by the imputation of the mean of the responses
at three and six-months post-intervention [38]. The proportion of missing data due to
attrition was 4% in the experimental group and 2% in the control group.

3.1. Baseline Results
3.1.1. Sociodemographic Characteristics at Baseline

Table 2 reveals the baseline demographic features of respondents in the experimental
and control groups. There was no statistically significant difference in socio-demographic
characteristics between experimental and control groups at baseline.

Table 2. Baseline Comparison of Sociodemographic Characteristics Between Intervention and Con-
trol Groups.

Variables Experimental
n (%)/Mean ± SD

Control
n (%)/Mean ± SD

Total
n (%) X2/t p-Value

Age of adolescent girls (Years) 15.0 ± 2.0 15.0 ± 2.0 −3.390 e 0.697
Early adolescents (10–13) 55 (26.4) 52 (24.9) 107 (25.7) 0.171 d 0.918

Middle adolescents (14–16) 101 (48.6) 102 (48.8) 203 (48.7)
Late adolescents (17–19) 52 (25.0) 55 (26.3) 107 (25.7)

Class a 0.704 d 0.983
JSS1 36 (17.3) 31 (14.8) 67 (16.1)
JSS2 39 (18.8) 41 (19.6) 80 (19.2)
JSS3 32 (15.4) 30 (14.4) 62 (14.9)
SS1 29 (13.9) 30 (14.4) 59 (14.1)
SS2 45 (21.6) 47 (22.5) 92 (22.1)
SS3 27 (13.0) 30 (14.4) 57 (13.7)

Ethnicity 10.494 d 0.232
Bura 35 (16.8) 16 (7.7) 51 (12.2)

Kanuri 61 (29.3) 76 (36.4) 137 (32.9)
Hausa 13 (6.3) 13 (6.2) 26 (6.2)
Marghi 18 (8.7) 21 (10.0) 39 (9.4)
Shuwa 13 (6.3) 18 (8.6) 31 (7.4)
Fulani 17 (8.2) 20 (9.6) 37 (8.9)
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Table 2. Cont.

Variables Experimental
n (%)/Mean ± SD

Control
n (%)/Mean ± SD

Total
n (%) X2/t p-Value

Chibok 14 (6.7) 11 (5.3) 25 (6.0)
Gwoza 20 (9.6) 18 (8.6) 38 (9.1)

Other ethnic groups b 17 (8.2) 16 (7.7) 33 (7.9)
Religion 0.035 d 0.851

Christianity 57 (27.4) 59 (28.2) 116 (27.8)
Islam 151 (72.6) 150 (71.8) 301 (72.2)

Place of residence 1.991 d 0.158
Rural 30 (14.4) 41 (19.6) 71 (17.0)
Urban 178 (85.6) 168 (80.4) 346 (83.0)

Household size 0.021 d 0.989
≤5 members 15 (7.2) 15 (7.2) 30 (7.2)
6–8 members 77 (37.0) 76 (36.4) 153 (36.7)
≥9 members 116 (55.8) 118 (56.5) 234 (56.1)

Monthly income 1.578 d 0.664
Less than ₦18,000 53 (25.5) 44 (21.1) 97 (23.3)
₦18,000–₦30,000 65 (31.3) 69 (33.0) 134 (32.1)
₦31,000–₦50,000 38 (18.3) 36 (17.2) 74 (17.7)

₦51,000 and above 52 (25.0) 60 (28.7) 112 (26.9)
Head of household 2.466 d 0.291

Father 185 (88.9) 176 (84.2) 361 (86.6)
Mother 16 (7.7) 20 (9.6) 36 (8.6)

Relations 7 (3.4) 13 (6.2) 20 (4.8)
Age group of the father (Years) 54.1 ± 9.6 54.6 ± 9.9 −0.534 e 0.593

35 to 44 28 (13.5) 25 (12.0) 53 (12.7) 0.211 d 0.646
≥45 180 (86.5) 184 (88.0) 364 (87.3)

Education of father 7.482 d 0.112
No education 25 (12.0) 25 (12.0) 50 (12.0)

Informal education 17 (8.2) 33 (15.8) 50 (12.0)
Primary education 6 (2.9) 8 (3.8) 14 (3.4)

Secondary education 78 (37.5) 61 (29.2) 139 (33.3)
Tertiary education 82 (39.4) 82 (39.2) 164 (39.3)

Occupation of fathers 6.324 d 0.097
Civil service 75 (36.1) 90 (43.1) 165 (39.6)

Trading/business 95 (45.7) 98 (46.9) 193 (46.3)
There Farming 21 (10.1) 12 (5.7) 33 (7.9)

Other occupation c 17 (8.2) 9 (4.3) 26 (6.2)
Age group of the mother (Years) 41.6 ± 8.1 40.9 ± 8.3 0.850 e 0.396

≤34 29 (13.9) 39 (18.7) 68 (16.3) 1.990 d 0.370
35 to 44 102 (49.0) 92 (44.0) 194 (46.5)
≥45 77 (37.0) 78 (37.3) 155 (37.2)

Education of mothers 7.743 d 0.101
No education 39 (18.8) 41 (19.6) 80 (19.2)

Informal education 26 (12.5) 44 (21.1) 70 (16.8)
Primary education 13 (6.3) 9 (4.3) 22 (5.3)

Secondary education 81 (38.9) 80 (38.3) 161 (38.6)
Tertiary education 49 (23.6) 35 (16.7) 84 (20.1)

Occupation of mothers 0.378 d 0.945
Civil service 56 (26.9) 55 (26.3) 111 (26.6)

Trading/business 68 (32.7) 64 (30.6) 132 (31.7)
Farming 15 (7.2) 15 (7.2) 30 (7.2)

House wives 69 (33.2) 75 (35.9) 144 (34.9)
Family type 0.194 d 0.660
Monogamy 123 (59.1) 128 (61.2) 251 (60.2)
Polygamy 85 (40.9) 81 (38.8) 166 (39.8)

single parenting

a Junior secondary school (JSS), Senior secondary school (SS) b Karekare, Kilba, Minchika, Manga, Tambai, Yoruba,
Mandara, Basaye, Angas, Terawa, Kanakuru, Nupe. c Malami (Voluntary Quranic teacher), d Chi-square, e t-value,
SD = Standard deviation.

3.1.2. Knowledge, Attitude and Food Security at Baseline

Table 3 indicates that the mean ± SD for knowledge score between experimental and
control groups at baseline was 8.87 ± 4.3. The scores range from 0 to 19. There was no
statistically significant difference between experimental and control group at baseline for
knowledge (p = 0.589). The mean ± SD for attitude score between experimental and control
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group at baseline was 53.36 ± 5.0. The scores range from 41 to 70. There was no statistically
significant difference between experimental and control group for attitude at baseline
for attitude (p = 0.744). The mean ± SD for food security score between experimental
and control group at baseline was 5.49 ± 3.5. The scores range from 0 to 9. There was
no statistically significant difference between experimental and control groups for food
security at baseline (p = 904).

Table 3. Mean Scores for Knowledge, Attitude and Food Security at Baseline.

Variable Experimental
Mean ± SD (n = 208)

Control
Mean ± SD (n = 209)

Overall Sample
Mean ± SD (n = 417)

Minimum-
Maximum t p-Value

Knowledge 8.75 ± 4.2 8.98 ± 4.3 8.87 ± 4.3 0–19 0.540 0.589

Attitude 53.28 ± 5.1 53.45 ± 4.9 53.36 ± 5.0 41–70 0.327 0.744

Food security 5.51 ± 3.4 5.47 ± 3.6 5.49 ± 3.5 0–9 −0.120 0.904

t = independent t-test.

3.2. Effectiveness of Triple Benefit Health Education Intervention on Knowledge, Attitude and Food
Security among Respondents

The participants in the experimental and control groups were compared on knowledge,
attitude and food security towards malnutrition at three and six-month post intervention
using generalized estimating equation (GEE). The following are the results of the changes
in knowledge, attitude and food security at 3 and 6-month post-intervention.

3.2.1. Comparison of Knowledge between Experimental and Control Groups and Time
Points (Baseline, 3 and 6-Months Post-Intervention) Respectively

Table 4 shows that participants in the experimental group have higher odds of having
good knowledge compared to control group (AOR = 6.380, 95% CI: 4.665–8.725, p < 0.001).
Participants at 3 and 6-month post-intervention have higher odds of having good knowl-
edge compared to participants at baseline respectively (AOR = 9.595, 95% CI: 6.371–14.449,
p < 0.001; AOR = 14.993, 95% CI: 9.919–22.662, p < 0.001).

Table 4. Comparison of Knowledge of Malnutrition between Groups and Time Points using GEE.

Variables B SE
Crude

Odd Ratio Exp (B) Wald Chi-Square 95% CI p-ValueLower Bound Upper Bound

Groups
Control Ref
Experimental 1.853 0.160 6.380 134.597 4.665 8.725 <0.001 *
Time points
Baseline Ref
3-months Post-intervention 2.261 0.209 9.595 117.194 6.371 14.449 <0.001 *
6-months Post-intervention 2.708 0.211 14.993 165.012 9.919 22.662 <0.001 *

* Significant < 0.05; SE = Standard error; CI = Confidence Interval; Ref = Reference category; B = Unstandard-
ized beta.

GEE was used to assess the effectiveness of the Triple Benefit Health Education Inter-
vention on knowledge from baseline to three and six-months post-intervention adjusted
with covariates. Factors with p < 0.25 at a univariate level were tested as the covariates
in the final model. Table 5 shows the knowledge of participants between experimental
and control groups from baseline to three and six-month post-intervention adjusted with
covariates. There was no significant difference between experimental and control group
for knowledge (AOR = 1.063, 95% CI: 0.594–1.901, p = 0.837). Participants at three and
six-months post-intervention have higher odds of having good knowledge compared to par-
ticipants at baseline respectively (AOR = 4.164, 95% CI: 2.321–7.471, p < 0.001; AOR = 5.805,
95% CI: 3.204–10.515, p < 0.001).

112



Foods 2022, 11, 130

Table 5. Effectiveness of Triple Benefit Health Education Intervention on Knowledge towards
Malnutrition between Groups and Time Points (baseline, 3 and 6-month post-intervention) adjusted
with Covariates using GEE.

Variables B SE
Adjusted Odds Ratio

Exp (B)
Wald Chi-Square

95% CI
p-Value

Lower Bound Upper Bound

Intercept −3.078 0.413
Groups
Control Ref
Experimental 0.061 0.297 1.063 0.042 0.594 1.901 0.837
Time points
Baseline Ref
3-months Post-intervention 1.426 0.298 4.164 22.882 2.321 7.471 <0.001 *
6-months Post-intervention 1.759 0.303 5.805 33.656 3.204 10.515 <0.001 *
Interaction
Control * baseline Ref
Experimental * 3-months
Post-intervention 1.483 0.413 4.407 12.929 1.964 9.893 <0.001 *

Experimental * 6-months
Post-intervention 2.238 0.446 9.379 25.212 3.915 22.471 <0.001 *

Class a

JSS1 Ref
JSS2 0.458 0.269 1.580 2.905 0.934 2.675 0.088
JSS3 −0.023 0.295 0.977 0.006 0.548 1.743 0.937
SS1 0.586 0.296 1.797 3.928 1.007 3.208 0.047 *
SS2 0.631 0.257 1.879 6.019 1.135 3.109 0.014 *
SS3 0.454 0.285 1.575 2.537 0.901 2.755 0.111
Ethnicity
Bura Ref
Kanuri −0.021 0.252 0.979 0.007 0.597 1.605 0.932
Hausa −0.672 0.393 0.510 2.927 0.236 1.103 0.087
Marghi −0.080 0.343 0.923 0.054 0.471 1.809 0.816
Shuwa −0.761 0.396 0.467 3.665 0.214 1.018 0.056
Fulani 0.351 0.367 1.420 0.913 0.691 2.918 0.339
Chibok −0.776 0.357 0.460 4.717 0.228 0.927 0.030 *
Gwoza −0.078 0.093 0.925 0.063 0.505 1.697 0.802
Other ethnic groups −0.295 0.377 0.745 0.611 0.356 1.559 0.434
Food security a

Very low food secured Ref
Low food secured 0.246 0.197 1.279 0.632 0.870 1.881 0.210
Food secured 0.656 0.197 1.926 1.042 1.309 2.835 0.001 *
Information a

Poor information Ref
Good information 0.812 0.175 2.252 21.644 1.600 3.170 <0.001 *
Motivation a

Poor motivation Ref
Good motivation 0.680 0.184 1.973 13.688 1.377 2.829 <0.001 *
Behavioral skills a

Poor behavioral skill Ref
Good behavioral skill 0.383 0.173 1.466 4.902 1.045 2.057 0.027 *

* Significant < 0.05; SE = Standard error; CI = Confidence Interval; Ref = Reference category; B = Unstandardized
beta; QIC = 1150.370; QICC = 1148.529, a Covariates.

There was a significant interaction at three and six-month post-intervention; partici-
pants at three and six-month post-intervention have higher odds of having good knowledge
compared to control group at baseline, respectively (AOR = 4.407, 95% CI: 1.964–9.893,
p < 0.001; AOR = 9.397, 95% CI: 3.915–22.471, p < 0.001).

Participants in SS1 and SS2 have higher odds of having good knowledge compared to
those JSS 1 (AOR = 1.797, 95% CI: 1.007–3.208, p = 0.047; AOR = 1.879, 95% CI: 1.135–3.109,
p = 0.014). Participants from Chibok ethnic group have higher odds of having good
knowledge compared to those from Bura ethnic group (AOR = 0.460, 95% CI: 0.228–0.927,
p = 0.030). Participants in food secured level have higher odds of having good knowledge
compared to those in very low food secured level (AOR = 1.926, 95% CI: 1.309–2.835,
p = 0.001). Participants with good information have higher odds of having good knowledge
compared to those with poor information (AOR = 2.252, 95% CI: 1.600–3.170, p < 0.001).
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Participants with good motivation have higher odds of having good knowledge compared
to those with poor motivation (AOR = 1.973, 95% CI: 1.377–2.829, p < 0.001). Participants
with good behavioral skills have higher odds of having good knowledge compared to
those with poor behavioral skills (AOR = 1.466, 95% CI: 1.045–2.057, p = 0.027).

3.2.2. Comparison of Attitude between Experimental and Control Groups and Time Points
(Baseline, Three and Six-Months Post-Intervention) Respectively

Table 6 shows that participants in the experimental group have higher odds of having
good attitude compared to control group (AOR = 2.002, 95% CI: 1.619–2.476, p < 0.001).
Participants at three and six-months post-intervention have higher odds of having good
attitude compared to those at baseline respectively (AOR = 1.949, 95% CI: 1.451–2.616,
p < 0.001; AOR = 2.276, 95% CI: 1.692–3.060, p < 0.001).

Table 6. Comparison of Attitude towards Malnutrition between Groups and Time Points (baseline to
three and six-months post-intervention) respectively using GEE.

Variables B SE
Crude

Odd Ratio Exp (B) Wald Chi-Square 95% CI p-Value
Lower Bound Upper Bound

Groups
Control Ref
Experimental 0.694 0.109 2.002 40.970 1.619 2.476 <0.001 *
Time points
Baseline Ref
3-months Post-intervention 0.667 0.150 1.949 19.702 1.451 2.616 <0.001 *
6-months Post-intervention 0.822 0.151 2.276 29.597 1.692 3.060 <0.001 *

* Significant < 0.05; SE = Standard error; CI = Confidence Interval; Ref = Reference category; B = Unstandard-
ized beta.

GEE was used to assess the effectiveness of the Triple Benefit Health Education
Intervention on the attitude of participants from baseline to three and six-months post-
intervention adjusted with covariates. Factors with p < 0.25 at a univariate level were tested
as the covariates in the final model. Table 7 shows the attitude of participants between
experimental and control groups from baseline to three and six-months post-intervention,
adjusted with covariates. There was no significant difference between experimental and
control groups for attitude (AOR = 1.000, 95% CI: 0.674–1.482, p = 0.998). Participants
at three-months post-intervention have higher odds of having good attitude towards
malnutrition compared to those at baseline (AOR = 1.624, 95% CI: 1.807–2.428, p = 0.018).

There was a significant interaction at three and six-months post-intervention; par-
ticipants at three and six-months post-intervention have higher odds of having good
attitude compared to control group at baseline (AOR = 1.367, 95% CI: 1.747–2.501, p = 0.017;
AOR = 3.076, 95% CI: 1.636–5.785, p < 0.001), respectively.

Islamic participants have higher odds of having good attitude compared to those
from the Christian religion (AOR = 1.505, 95% CI:1.189–1.903, p = 0.001). Participants
with normal BMI have higher odds of having good attitude compared to underweight
(AOR = 1.480, 95% CI: 1.107–1.978, p = 0.008). Participants in low food secured level have
higher odds of having good attitude compared to very low food secured level (AOR = 1.414,
95% CI: 1.031–1.939, p = 0.032). Participants with good information on malnutrition have
higher odds of having good attitude compared to those with poor information on malnu-
trition (AOR = 1.645, 95% CI: 1.271–2.128, p < 0.001).

3.2.3. Comparison of Food Security between Experimental and Control Groups and Time
Points (Baseline, Three and Six-Months Post-Intervention) Respectively

Table 8 shows that participants in the experimental group have higher odds of being in
food secured level compared to control group (AOR = 4.688, 95% CI: 3.654–6.015, p < 0.001).
Participants at three and six-months post-intervention have higher odds of being in food
secured level compared to those at baseline respectively (AOR = 1.356, 95% CI: 1.037–1.771,
p = 0.026; AOR = 1.589, 95% CI: 1.223–1.064, p = 0.001).
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Table 7. Effectiveness of Triple Benefit Health Education Intervention on Attitude towards Malnu-
trition between Groups and Time Points (baseline, three and six post-intervention) adjusted with
Covariates using GEE.

Variables B SE
Crude

Odd Ratio Exp (B) Wald Chi-Square
95% CI

p-Value
Lower Bound Upper Bound

Intercept −1.237 0.210
Groups
Control Ref
Experimental 0.000 0.201 1.000 0.000 0.674 1.482 0.998
Time points
Baseline Ref
3-months Post-intervention 0.248 0.205 1.624 5.596 1.087 2.428 0.018 *
6-months Post-intervention 0.485 0.216 1.282 1.324 0.840 1.957 0.250
Interaction
Control * baseline Ref
Experimental * 3-months
Post-intervention 1.124 0.308 1.367 5.027 1.747 2.501 0.017 *

Experimental * 6-months
Post-intervention 0.312 0.322 3.076 12.160 1.636 5.785 <0.001 *

Religion a

Christianity Ref
Islam 0.409 0.120 1.505 1.027 1.189 1.903 0.001 *
Nutritional status (BMI
percentile) a

Underweight Ref
Normal 0.349 0.148 1.480 7.012 1.107 1.978 0.008 *
Overweight 0.214 0.494 1.238 0.187 0.470 3.263 0.666
Obese 0.392 0.148 1.418 0.213 0.321 6.256 0.645
Food security a

Very low food secured Ref
Low food secured 0.346 0.161 1.414 4.622 1.031 1.939 0.032 *
Food secured 0.208 0.144 1.231 2.089 0.929 1.632 0.148
Information a

Poor information Ref
Good information 0.498 0.131 1.645 14.344 1.271 2.128 <0.001 *

* Significant < 0.05; SE = Standard error; CI = Confidence Interval; Ref = Reference category; B = Unstandardized
beta; BMI = Body mass index, QIC = 1611.735; QICC = 1612.245, a Covariates.

Table 8. Comparison of Food Security towards Malnutrition between Groups and Time Points (baseline
to three and six-months) respectively using GEE.

Variables B SE
Crude

Odd Ratio Exp (B) Wald Chi-Square 95% CI p-Value
Lower Bound Upper Bound

Groups
Control Ref
Experimental 1.545 0.127 4.688 147.643 3.654 6.015 <0.001 *
Time points
Baseline Ref
3-months Post-intervention 0.303 0.137 1.356 4.968 1.037 1.771 0.026 *
6-months Post-intervention 0.463 0.134 1.589 12.019 1.223 2.064 0.001 *

* Significant < 0.05; SE = Standard error; CI = Confidence Interval; Ref = Reference category; B = Unstandard-
ized beta.

GEE was used to assess the effectiveness of the Triple Benefit Health Education
Intervention on the food security level of respondents from baseline to three and six-months
post-intervention adjusted with covariates. Factors with p < 0.25 at a univariate level
were tested as the covariates in the final model. Table 9 shows the food security level of
participants between experimental and control group from baseline to three and six-months
post-intervention, adjusted with covariates. There was no significant difference between
experimental and control groups for food security level (AOR = 0.887, 95% CI: 0.606–1.229,
p = 0.539). There were no significant differences at three and six-months post-intervention
for food security level compared to those at baseline (AOR = 0.914, 95% CI: 0.616–1.358,
p = 0.658; AOR = 0.869, 95% CI: 0.581–1.299, p = 0.492), respectively.

115



Foods 2022, 11, 130

Table 9. Effectiveness of Triple Benefit Health Education Intervention on Food Security towards
Malnutrition between Groups (intervention and control) and Time Points (baseline, 3 and 6-months
post-intervention) adjusted with Covariates using GEE.

Variables B SE
Crude

Odd Ratio Exp (B) Wald Chi-Square
95% CI

p-Value
Lower Bound Upper Bound

Groups
Control Ref
Experimental −0.120 0.195 0.887 0.378 0.606 1.299 0.539
Time points
Baseline Ref
3-months Post-intervention −0.089 0.202 0.914 0.472 0.616 1.358 0.658
6-months Post-intervention −0.141 0.205 0.869 0.196 0.581 1.299 0.492
Interaction
Control * baseline Ref
Experimental * 3-months
Post-intervention 0.749 0.291 2.116 6.651 1.197 3.740 0.010

Experimental * 6-months
Post-intervention 0.937 0.283 2.552 10.995 1.467 4.440 0.001

Place of residence a

Rural Ref
Urban 0.427 0.159 1.532 7.220 1.122 2.091 0.007 *
Monthly income a

Less than ₦18,000 Ref
₦18,000–₦30,000 0.027 0.158 1.311 2.950 0.963 1.785 0.086
₦31,000–₦50,000 0.431 0.172 1.539 6.309 1.099 2.153 0.012 *
₦51,000 and above 0.805 0.154 2.236 27.171 1.652 3.025 <0.001 *
Education of mothers a

No education Ref
Informal education 0.023 0.183 1.023 0.016 0.715 1.646 0.900
Primary education 0.553 0.227 1.739 5.946 1.115 2.712 0.015 *
Secondary education 0.150 0.152 1.162 0.983 0.863 1.564 0.321
Tertiary education 0.374 0.169 1.454 4.915 1.044 2.025 0.027 *
Source of information a

Mass/social media Ref
Family/friends −0.287 0.245 1.361 1.583 0.842 2.200 0.208
Health worker/clinic −0.495 0.271 0.507 6.294 0.298 0.862 0.012 *
School teacher −0.679 0.242 0.610 4.181 0.379 0.980 0.041 *
Health education program 0.308 0.258 0.750 1.237 0.452 1.245 0.266
Protein a 0.003 0.001 1.003 4.605 1.000 1.005 0.032 *

* Significant < 0.05; SE = Standard error; CI = Confidence Interval; Ref = Reference category; B = unstandardized
beta; a Covariates.

There was a significant interaction at three and six-months post-intervention; partici-
pants at three and six-months post-intervention have higher odds of being in food secured
level compared to control group at baseline (AOR = 2.116, 95% CI: 1.197–3.740, p = 0.010;
AOR = 2.552, 95% CI: 1.467–4.440, p = 0.001), respectively.

Participants in urban areas have higher odds of being in food secured level com-
pared to those in rural areas (AOR = 1.532, 95% CI: 1.122–2.091, p = 0.007). Participants
whose monthly income was between ₦31,000–₦50,000 and ₦51,000 and above have higher
odds of being in food secured level compared to those with monthly income less than
₦18,000 (AOR = 1.539, 95% CI: 1.099–2.153, p = 0.012; AOR = 2.236, 95% CI: 1.652–3.025,
p < 0.001). Participants whose mothers’ education were primary and tertiary education
have higher odds of being in food secured level compared to those whose mothers had no
education (AOR = 1.739, 95% CI: 1.115–2.712, p = 0.015; AOR = 1.454, 95% CI: 1.044–2.025,
p = 0.027). Participants whose sources of information were from health worker/clinic and
schoolteachers have lower odds of being in food secured level compared to those whose
sources of information were from social media (AOR = 0.507, 95% CI: 0.298–0.862, p = 0.012,
AOR = 0.610, 95% CI: 0.379–0.980, p = 0.041). For every increase in protein, participants
have higher odds of being in food secured level compared to very low food secured level
(AOR = 1.003, 95% CI: 1.000–1.005, p = 0.032).
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4. Discussion

Acquiring adequate nutritional knowledge and attitude will help children, adolescents
and entire families to make better choices regarding foods that are convenient, available, af-
fordable and desirable for healthy living. There is need to invest in children and adolescents
globally to achieve the sustainable development goal by 2030 [10].

The findings in this study showed that there was no significant difference in the age
of respondents between the experimental and control group at baseline, similar to studies
in U.S.A and China [39,40]. Class of participants between experimental and control groups
were not significant, concurring with a study in California [41]. The ethnicity of participants
showed no significant difference between experimental and control group, in line with a
study in Canada [42]. Religion, place of residence, household size, head of household, and
education of father and mother were not significant between experimental and control,
agreeing with a study in Ethiopia [43,44]. This study further revealed that there was no
significant difference in age of fathers and mother, or occupation of father and mother
between experimental and control, similar to a study in Iran [45]. The study overall reveals
no significant differences in sociodemographic characteristics of respondents between
intervention and control group at baseline, indicating that the two groups are comparable
in their characteristics due to a good randomization process, Table 2.

This study hypothesized that there were no significant differences in knowledge of
malnutrition between the experimental and control group at baseline; there was similar
agreement with other studies in Canada, China, Los Angeles and California [32,41,42,46].
The study reveals that there was no significant difference in the attitude of participants
towards malnutrition between experimental and control group at baseline. There are
similarities with experimental studies conducted in Canada, South Africa, the southwestern
state of Malaysia and China [3,32,42,47]. There was no significant difference in all the food
security statement between the experimental and control group at baseline. Food security
can be said to exist if all people at all times have cost-effective and physical access to safe,
adequate and nourishing food to meet their nutritional needs for an energetic and healthy
life. Globally, more than 820 million people are still hungry, and about 2 billion people
experience moderate or severe food insecurity. The severe impact of food insecurity on
malnutrition has been identified as a problem to the overall health status of people, and
food security can be a contributing factor to malnutrition [48,49].

The findings from this study reveal a statistically significant difference between the
experimental and control groups for knowledge (p < 0.001). There was a statistically
significant improvement after the Triple Benefit Health Education Intervention on knowl-
edge of participants towards malnutrition at three (p < 0.001) and six-months (p < 0.001)
post-intervention compared to the baseline result. This significant improvement might
be attributed to the information obtained from the Triple Benefit Health Education In-
tervention module. Therefore, the outcome of this study supports the effectiveness of
Triple Benefit Health Education Intervention in improving the knowledge of adolescent
girls. The findings of the current study regarding the effectiveness of the Triple Benefit
Health Education Intervention was significantly supported by educational interventions
in India (p < 0.05), Palestine (p < 0.001), Bangladesh (p < 0.001), Iran (p < 0.05), Baltimore
(p < 0.001) and Urbana city (p < 0.05) [39,50–55], but contrary to a study in the U.S.A
that revealed no significant difference after the intervention program (p = 0.45), which
may be due to the absence of a theory of behavioral change, the methodological nature
of the intervention program and the narrow focus of the intervention program [41]. The
study by Shaaban et al. (2014) [56] further supports the view that education intervention
on malnutrition is effective in increasing knowledge towards nutrition-related issues, as
knowledge on nutrition-related issues is an integral achievement of healthy attitudes and
practice and consequently leads to improvement of diet quality for better well-being. By
using this educational intervention, knowledge significantly increased (p < 0.001). Similarly,
the educational intervention by Shesha et al. (2018) [57] consisted of lectures, presentations,
interactive discussions and the distribution of information booklets which was effective
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in improving the knowledge of respondents towards nutrition-related issues. The result
showed significant improvement in overall knowledge (p < 0.05) after the educational
intervention, as it has proven to bridge the gap in knowledge among adolescent girls.
Knowledge is the corner stone of attitude, and limited access to knowledge has been
assumed to be among the causes of malnutrition [58]. Adolescents with good nutritional
knowledge have higher odds of following healthy eating habits and lifestyle, as nutrition
education intervention has been promising in improving these for this age group. The use
of flip chart, pictures, brainstorming, discussion, role play and group work among adoles-
cents is less expensive, easy to use, cost effective and it holds the attention of participants
since it is interactive and makes use of pictures that explain key messages which can be
easily used to cater for the local needs of the people [59,60]. Improvement in nutrition
related knowledge is essential in balancing the intake of food containing carbohydrate,
protein, fats, mineral and vitamins. Nutritionally related dietary habits and knowledge
are very significant for a healthy lifestyle, although women, children and adolescents are
vulnerable because of their exceptional physiological and socioeconomic characteristics as
a result of poor nutrition [61]. Adolescence is the period of growth and development in
humans that occurs after childhood and before adulthood from 10 to 19 years old. Specific
and unique changes occur during this phase; furthermore growth occurs in the skeleton,
muscles and in every part of the body. both in systems and organs, except the brain and the
head in adolescence [62]. The nutrition education intervention is a basic program to target
adolescents and young children and is considered as a critical factor required to promote
positive changes in individual diet, health and healthy wellbeing. Providing adolescents
with nutrition related information in a multisectoral context will significantly improve
adolescent knowledge towards nutrition, better dietary practice and improved health and
nutritional indicators among children and adolescents [63]. Other factors such as class
(SS2 p = 0.010) were significantly associated with good knowledge, which suggests that the
triple benefit health education intervention was more effective among respondents in the
higher class SS1 and SS2 compared to those in lower class JSS1, indicating that the higher
the social class, the better the understanding [64]. Ethnicity (p < 0.025) was significantly as-
sociated with good knowledge, and socio-demographic characteristics and cultural norms
and differences prevalent in the various communities could be the contributing factors
to good knowledge. This study also reveals that food security (food secured; p = 0.001)
was significantly associated with good knowledge. Food secured adolescents are more
likely to have good dietary intake, contributing to healthy and good nutritional status,
supporting these girls during their first pregnancy and, in turn, a positive impact on the
future generation. Food insecurity or hunger reduces learning capacity, school attendance,
and earning capacity, thereby increasing the risk of hunger and poverty in the future [65].
Information (good information; p < 0.001), motivation (good motivation; p < 0.001), and
behavioral skills (good behavioral skills; p = 0.027) further reveal the significant association
between knowledge of malnutrition and the IMB model, indicating that the incorporation
of the IMB model in the intervention study would improve knowledge [66].

The results reveal a statistically significant difference in attitude between the experi-
mental and control groups (p < 0.001). There was also a statistically significant difference
at three (p < 0.001) and six-months (p < 0.001) post-intervention after the Triple Benefit
Health Education Intervention. The findings showed that the content of the Triple Benefit
Health Education Intervention module and the methodological concept had positively
influenced the attitude of adolescent girls. Similarly, education intervention studies in
Canada (p < 0.001), Palestine (p < 0.001), Shahr-e-kord city, Iran (p < 0.001), Bangladesh
(p < 0.05), and China (p < 0.023) reported significant changes in post-intervention and
follow up [32,42,50,51,57,67], but contrary to the interaction effect in Laram et al., 2017 [42].
In contrast, studies in Urbana (p > 0.05) and Bangalore (p > 0.05) showed no significant
result in post-intervention. This may be due to a small sample size of less than 100 with less
than 50 respondents in each group, inadequate training on some specific aspect of the study,
presentation skills, and, more importantly, a large number of dropouts in the control group
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during post-intervention could be a contributing factor to its non-significance [55,57]. More
so, the education intervention study showed a significant increase in attitude from baseline
to post-intervention in Nigeria (p < 0.001) [68]. Further improvement was reported in a
study in India (p = 0.007) from baseline to post-intervention and follow up. It appears that
education interventions that concentrates on developing health-related skills and impart-
ing health-related attitudes are more likely to benefit adolescent girls in health-enhancing
practices [69]. School based nutrition intervention has proven to improve attitude among
adolescents in the prevention of malnutrition. Nutrition education intervention has a long-
lasting approach to building a good nutritional status among adolescents. Although the
participants are from different socioeconomic contexts, the triple benefit health education
intervention was effective in improving their attitude by providing valuable information as
a practical solution in enhancing their attitude towards positive living [70]. Attitude can be
said to be a determinant in individual choice of food and healthy living as good attitude to-
wards malnutrition in adolescence immensely contribute to healthy lifestyle [71]. Religion
(Islam; p = 0.001) was significantly associated with attitude. Religion has its unique way
of disseminating information to its adherents and this information is transmitted through
generations to meet the basic needs of its groups and for survival, shaping the attitude of
individuals in the form of norms and values [72]. In terms of nutritional status (normal;
p = 0.008), respondents with normal nutritional status significantly improved from baseline,
and there was also a significant decrease in underweight from baseline as a result of the
triple benefit health education intervention, giving the adolescent child hope for future
survival. Food security (low food secured; p = 0.032) was significantly associated with
attitude towards malnutrition. Food security can have impact on attitude and nutritional
status thereby influencing the growth and development of adolescents as it becomes woven
in an intergenerational cycle of malnutrition [73]. As for information (good information;
p < 0.001), good information is likely to improve attitude, as acquired information on
malnutrition (definition, causes, consequences and future implications) tends to change
beliefs and personal values associated with various health behaviors capable of changing
attitudes towards malnutrition and knowing fully the future consequences.

Findings from this study reveal a statistically significant difference for food security
between the experimental and control group (p < 0.001). There was a statistically significant
difference at three (p = 0.026) and six-month (p = 0.001) post-intervention for food security
after the Triple Benefit Health Education Intervention compared to the control group at
baseline. This indicated that Triple Benefit Health Education Intervention improved the
food security situation of participants. The effects of malnutrition in women are borne
throughout their lifecycle and through generations. Nutritional inadequacy through food
insecurity during the period of adolescence can affect present and future health and well-
being, as it is intrinsically linked to the health and well-being of offspring [73,74]. The
interaction between food security knowledge and attitude creates a cycle whereby poor
diet due to poor knowledge and attitude compromises the immune system exposing the
individual to infection, poor health and wellbeing, decreased absorption of nutrients and
worsened nutritional status. Most episodes of malnutrition and morbidity are linked to
infection leading to wasting, stunting and underweight. The origin of wavering growth
usually begins as early as during pregnancy, so there is a need for adequate nutrition and
health status in the prevention of malnutrition through food security to reduce the short
and long-term consequences of malnutrition. This includes the intergenerational cycle of
malnutrition extended from malnourished girls becoming malnourished mothers at risk
of giving birth to low birth weight infants, placing them at disadvantaged development
throughout life [75]. The more knowledge and the better attitude the individuals have, the
more they will prefer to acquire more information on nutritious food and be willing to buy
and consume it. Knowledge of and attitude towards malnutrition influence perceptions on
food security in the aspect of the quality and the quantity food and its utilization [76]. Since
adolescence is a dynamic stage, diet at this stage is driven by immediate needs, and choice
of food is influenced by energy needs and what will satisfy their hunger, more so because
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adolescents have more control, choice and responsibility regarding the household diet [77].
Eradicating food insecurity depends entirely on agricultural productivity, in line with the
United Nations Millennium Development Goals to eradicate poverty and hunger, but this
can be feasible in Borno state, Nigeria if the rural dwellers are back in their respective
communities rather than camping in the urban areas as refugees with limited land for
agricultural production, due to the prolonged insurgency threatening the peace and unity
of the country [78–80]. Furthermore, other factors associated with food security include
place of residence (urban; p = 0.007). This study reveals that urban residence has higher
odds of being food secure compared to rural dwellers, perhaps due to non-availability of
sufficient farm produce and the financial resources caused by displacement as a result of the
lingering humanitarian crises that have limited farm production and food availability in the
rural areas and the outskirts of the urban areas. As regards education [78–81] and monthly
income (₦31,000–₦50,000; p = 0.012, ₦51,000 and above; p < 0.001), this study reveals
that households with better income have higher odds of being food secured compared to
lower income households. Income is an important determinant of food insecurity. Higher
household income reduces the severity of food insecurity, as lack of financial security can
lead to food insecurity. High household income means earning more, making more food
choices and better management of the household [82,83]. As regards education of mother
(primary education; p = 0.015, tertiary education; p = 0.027), mothers who are educated
might have less tendency to become food insecure, as since they are educated there is
tendency for them to be working or in menial business, earning income that will help in
cushioning the family needs in term of food choice, availability and utilization. Mothers
with higher level of education are more likely to earn income, adopt technology and be
engaged in livelihood activities that can contribute to better food production, thereby
reducing the risk of household food insecurity [84].

One of the strengths of this study is that it was a randomized control trial with
single blinding and a validated questionnaire. The study design and its tools allowed the
assessment of knowledge, attitude and food security. To the best of our knowledge, there
has been no previous intervention study among adolescent girls aged 10 to 19 years on
nutrition-related knowledge, attitude and food security in the northeastern part of Nigeria
and no previous research available for these age groups using a randomized controlled
trial. This was the first intervention module on malnutrition developed based on the IMB
model. Subsequently, findings from this study can be used as fundamental data for future
studies in Borno State, the northeastern part of Nigeria and Nigeria at large.

Another limitation of this study was that the intervention was conducted in only four
governments secondary schools in Maiduguri Metropolitan Council (MMC). The study
was conducted in only one out of the 27 districts in the state. Another limitation of the
intervention includes non-inclusion of schools with married women, schools with boys only,
private schools, primary schools with early adolescents, school dropouts, and adolescents
not attending any school at all. Other limitations of our intervention include limited time,
lack of funding, and inability to strategize for a parent teacher’s association (PTA) meeting
before the onset of the intervention to enable full participation of all eligible participants.

5. Conclusions

Globally, humanitarian and developmental agencies have acknowledged the impor-
tance of recognizing that adolescents belong to a separate age group, from children to
young adults. Adolescents, especially girls, poorly transit into adulthood at the risk of
being pushed into the vicious cycle of the intergenerational cycle of malnutrition, deficiency
and poverty. In this study the Triple Benefit Health Education Intervention was found to
be effective in improving knowledge, attitudes and food security towards malnutrition
among adolescent girls in Maiduguri Metropolitan Council, Borno State, Nigeria. Partici-
pants in the intervention group had higher odds of having good knowledge and attitude
and also had higher odds of being in the food secured level at three and six-months post
intervention compared to those at baseline due to the impact of the Triple Benefit Health
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Education Intervention. This health education intervention towards malnutrition among
adolescents will go a long way in giving them a better future life. There is need for more
awareness among adolescent girls for both school based and community based intervention
in the future to ensure all adolescents across the community benefit from health education
intervention for the betterment of their future family.
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Abstract: The spread of COVID-19 has affected not only public health but also agriculture, raising
global concerns regarding the food system. As an immediate impact of COVID-19, farmers around the
globe have had difficulties with sales, resulting in large amounts of overstocked agricultural products
and food loss. This further threatens the livelihood of rural, poor farmers and impacts sustainable
production. To provide a better understanding of the overstocking situation after the outbreak of the
pandemic, this study depicts the distribution characteristics of overstocked agricultural products
in China. After analyzing a nationwide data set collected from 3482 individuals/organizations by
the Chinese Agri-products Marketing Association after the outbreak of the pandemic, we found that
some of the initial prevention and control measures disrupted sales channels, and in turn, caused the
farmers to suffer losses. The impact was more severe in perishable products and their production
areas, as well as in poverty-stricken regions. Then, we identified China’s quick and effective actions to
match the supply and demand. These findings suggest that emergency responses should coordinate
the relationship between emergency actions and the necessary logistics of agricultural production.
To prepare for the possibility of such shock in the future, the government should take actions to clear
logistics obstacles for necessary transportation, keep enhancing the fundamental infrastructure and
effective mechanism of the food supply chain, and actively include innovative techniques to build a
more resilient food system.

Keywords: COVID-19; overstocked agricultural products; food loss; food system; online data;
e-commerce; China

1. Introduction

The emergence of coronavirus disease 2019 (COVID-19) has imposed unprecedented
challenges to the world economy. In the agricultural sector, the lockdown measures and
movement restrictions disrupted food supply chains, raising concerns regarding food secu-
rity [1–5]. Difficulties in selling agricultural products and highly overstocked situations
had been reported around the globe [6–9]. In developing countries, such as China, India,
and Ethiopia, farmers had to leave their produce in the field to rot [10–16]. Even in devel-
oped countries such as the United States and Canada [17–20], farmers had to dump milk,
crush eggs and plow under crops [21,22]. The adverse effects of overstocked agricultural
products have been analyzed in the current research. Firstly, overstocked agricultural prod-
ucts aggravate the contradiction between food supply and demand [23]. Restrictions on
movement are reducing farmers’ ability to sell products. Agricultural produce is accumu-
lating at farms, resulting in huge food losses [24–26]. On the demand side, indoor demand
for food is strong under the current quarantine measures [27]. Some store shelves have
been kept empty due to panic buying [28]. Secondly, overstocked agricultural products
decrease the agricultural income of rural households [29]. In developing countries, a large
subpopulation lives on agriculture and informal food markets [15,30,31]. Difficulties in
sales directly threaten the livelihoods of rural, poor, and informal sector workers [32]. As
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estimated by the UN, an additional 83 million people, for a total of 132 million people, will
experience hunger this year because of COVID-19 [33]. Thirdly, overstocked agricultural
products undermine agricultural production capacity and sustainability [34]. Constrained
by limited cash flow and financial liquidity [7], farmers lack incentives to invest in the next
season and consequently reduce production [35]. This will increase market volatility and
lead to more severe food insecurity shortly. Based on the above concerns, overstocked
agricultural products in the pandemic have already aroused many concerns from the public
and the government [36].

However, few academic research efforts tracked and analyzed the overstocked prob-
lems of agricultural products at the onset of the COVID-19 pandemic. The overstocking
situation during the COVID-19 pandemic is quite different from that in the normal mar-
ket. Previous research has suggested that excess supply caused by asymmetric market
information or less organized production is the main reason for overstocking. During the
COVID-19 pandemic, the problem has lain with demand and distribution channels [11,37].
On the other hand, the overstocking problem has revealed some shortcomings in the
emergency food supply system. The current emergency system remains fragile in terms of
logistics and distribution channels [38] and fails to coordinate the supply of agricultural
products with overall crisis-response measures [39]. In China, many details concerning
the overstocking problem during the spread of the COVID-19 have not been clarified yet.
For instance, what are the distribution characteristics of overstocked agricultural products
across the country? Are the impacts widespread, even in counties with different levels
of pandemic risk, poverty, and e-commerce development? What can we learn from the
government responses and the system recovery process?

This paper seeks to fill the gap in knowledge by shedding light on the above questions.
To do so, we used online data from the Chinese Agri-products Marketing Association
(CHAMA), including 3482 pieces of information regarding overstocking across the whole
country from 20 February to 31 March 2020. These unique data allow us to provide a
nationwide picture of the distribution characteristics of overstocked agricultural products.
By combining information regarding overstocking with county-level data, we further
examine the effects of pandemic risk, poverty, and e-commerce on difficulties in sales,
providing in-depth detail on the impacts of the COVID-19 pandemic on the agricultural
sector and emergency response system. This study contributes to the literature in three
ways. First, to the best of our knowledge, it is the first work to use nationwide online data
to investigate the impact of COVID-19 on overstocked problems. Most works are based
on case studies in a certain city. Second, this article quantifies the effects of COVID-19 on
the sales of agricultural products. It enriches current research on overstocked agricultural
products by analyzing the problem in an emergency, which has seldom been discussed
before. Third, our analysis provides descriptive and empirical evidence for academic
research and policy practices to strengthen the emergency response system, and to find
a way to consolidate the food supply chain and build a more sustainable food system
in China. For other developing countries that are experiencing serious outbreaks, our
research will aid in keeping food systems well-functioning and in protecting domestic
agricultural production.

The rest of this paper is organized as follows. Section 2 introduces the research method-
ology. Section 3 reports the descriptive statistics and empirical results. Section 4 introduces
the government responses to the overstocked problem and market responses. Section 5
discusses our findings. The final section concludes and derives several policy implications.

2. Research Methodology

This study employs both qualitative and quantitative analysis. For a holistic examina-
tion of the overstocking problem of the agricultural products in China after the COVID-19
lockdown, it was first important to understand the distribution characteristics of over-
stocked produce. Most available overstocking information were certain cases in a region or
city without a nationwide representative. On 17 February 2020, the Ministry of Agriculture
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and Rural Affairs (MARA) called for industry associations and e-commerce enterprises to
collect information on overstocking and promote sales. These data platforms allowed us to
collect nationwide data and analyze the overstocking problem from a global perspective.
Therefore, we collected our data on overstocking information from a large industrial as-
sociation called the CHAMA. The data were scraped daily and provided information on
food categories, overstocked amounts, prices, and locations.

Based on these details, we analyzed the distribution characteristics from perspectives
of time-evolution trend, regional distribution, and category distribution. To reveal the
potential economic loss behind the overstocked problem, we used the prices reported by
the producers to estimate overstocked values.

To find the determinants of the overstocking magnitude, we combine the overstocked
data with the data of exposure risk to the pandemic, poverty situation, and e-commerce
development. Then we used multiple linear regression to analyze the impacts of pandemic
risk, e-commerce development, and poverty on the overstocked quantities.

Government responses were important to help the market back to its normal levels.
Governments’ interventions were reviewed based on the descriptive analysis, followed
by the market rebound data to indicate the recovery performances. Following data anal-
ysis, mitigation strategies were identified by combining our observations in China and
the literature.

2.1. Data

We chose the CHAMA as the data source for our research. The CHAMA, 18 years
of experience in digitized supply chain management and supply-demand information
matching, ranked first on the list of online assistant platforms recommended by the MARA.
All its 945 association members are part of large-scale wholesale markets of agricultural
produce, with national or regional influence. To collect overstocking information across
the country, the CHAMA started a special online platform named “matching agricultural
production and demand to fight against COVID-19 and assist farmers” on 20 February
2020. In parallel with the web platform, the CHAMA also used WeChat, email, and 24-h
hotlines to facilitate information collection. To assist the “point-to-point” connection of
producers and buyers, all collected information was open to the public and posted in real
time on this platform.

A producer who was experiencing difficulty in sales needs only to fill out an on-
line enrollment form, including the following information: the name of the organiza-
tion, the category of the organization (government/association/other organization, agri-
firm/cooperative, individual), contact person, phone number, location (accurate to the
county level), product categories (grain and edible oil, vegetable, fruit, livestock and poul-
try, aquatic product and so on), product name, overstocked quantity, and expected price
(optional). This form helped to provide standardized data about different foods, different
organizations, and different regions. All data needed to be reviewed by CHAMA to ensure
credibility and quality.

Web crawling was carried out from 20 February to 31 March 2020. The start date was
when the CHAMA started running the online platform, and the end date was the amount
of overstocked information decreased to zero.

To examine what factors might be correlated with the overstocking of agricultural
products, we drew on information from both sample observations and the county from
which they originated. We were interested in three key variables: risk of exposure to the
pandemic, poverty levels, and e-commerce development.

The risk of exposure to the pandemic was measured by the cumulative number of
confirmed COVID-19 cases at the city (district) level during the pandemic. These numbers
were collected by Dingxiangyuan and Dr. Dingxiang and were posted on an online platform
called “real-time dynamics of COVID-19 outbreak”. The cumulative confirmed cases for
each city (district) were retrieved on 2 April 2020, two days after the deadline for collecting
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overstocking information. The time lag did not make a large difference, because the
pandemic had been largely controlled by the end of March.

Poverty status was divided into three categories, poverty-stricken county, poverty-
relieved county, and ordinary county, according to the official documents of the State
Council Leading Group Office of Poverty Alleviation and Development (SCLGOPAD). In
2014, SCLGOPAD announced there were 832 poverty-stricken counties across the country.
By the end of 2019, the total amount had decreased to 52 counties in seven provinces. These
52 counties were defined as poverty-stricken counties. The counties which succeeded
in alleviating poverty during 2014–2019 were defined as poverty-relieved counties. The
remaining counties were considered ordinary counties.

The development of e-commerce was measured by the number of Internet users at the
end of the year in a county. These data came from the statistical yearbooks published by
the governments of the provinces or the cities, or the national economic statistics bulletins
of the counties.

We matched the pandemic risk, poverty alleviation, and e-commerce development
to the overstocking information according to the county information. For some pieces of
information for which the address could not be accurate to the county level, these three
variables were set as vacancies.

Other data regarding government and market responses were from the government’s
released documents and reports, the National Bureau of Statistics, a big-data information
platform called National Data Service Platform of Agricultural and Rural Response to
COVID-19.

2.2. Descriptive Statistics

The overstocking data were initially analyzed using descriptive statistics. We tracked
changes in the amount of overstocking information over time. The proportion of each
product was analyzed, indicating the most vulnerable product during the pandemic.
Various subsamples, decomposed according to the categories and regions, are investigated
to provide in-depth detail.

Then, the potential economic losses were estimated based on the online information.
The overstocked quantities for each product could be calculated by conversion into compat-
ible units. By timing the prices, the economic value of overstocked agricultural produces
could be estimated accordingly.

The descriptive statistics method was also used to analyze government responses and
market rebound. Several important government intervention measures were reviewed.
Then the market transaction amount change compared to 2019 was calculated day by day.
The evolution of these daily changes provided dynamic information on market responses.

2.3. Empirical Investigation

An econometric model was used to investigate the impact of risk of exposure to the
pandemic, poverty levels, and e-commerce development on the overstocking amount. A
multiple linear regression model was set as follows:

overstockingi = α1 · pandemic_riski + α2 · poverty_relievedi
+α3 · poverty_strickeni + α4 · ecommercei + ε

The dependent variable overstockingi represents the overstocking number of agricul-
tural products that a producer i had during the pandemic. Considering the dependent
variable is a continuous variable, the OLS method is applicable in this paper.

pandemic_riski represents the exposure risk to the pandemic. It is set as a categorical
variable ordered from 1–7 according to the cumulative number of confirmed COVID-19
cases at the city (district) level during the pandemic. The grouping method followed
the official reports. The value of pandemic_riski was set to 1 if no confirmed cases were
reported; 2 if 1–9 confirmed cases were reported; 3 if 10–99 confirmed cases were reported;
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4 if 100–499 confirmed cases were reported; 5 if 500–999 confirmed cases were reported; 6 if
1000–10,000 confirmed cases reported; 7 if over 10,000 confirmed cases reported.

Poverty status was represented by two dummy variables poverty_relievedi
and poverty_strickeni. The treatment group is the ordinary counties whose values of
poverty_relievedi and poverty_strickeni were set to 0. poverty_relievedi was set to 1 if a
county succeeded in alleviating poverty during 2014–2019. poverty_strickeni was set to 1 if
a county was still in the listed 52 poverty-stricken counties released by SCLGOPAD in 2019.
ecommercei represented the number of Internet users at the end of the year in a county.

3. Immediate Impacts of COVID-19: Evidence from CHAMA Overstocking Information

By 31 March 2020, the CHAMA online platform had collected 3938 pieces of informa-
tion regarding overstocked agricultural products. After clearing the duplicate information,
there were 3482 valid observations with approximately 85 observations per day. All
observations came from three categories of organizations: individual, agricultural compa-
nies/cooperatives, government/Association. 52.83% of the information was reported by
agricultural companies and cooperatives, and 34.17% from individuals. The information
from the government or association accounted for 13%. Relatively speaking, the large-scale
producers are easier to be shocked by the pandemic [40].

3.1. Distribution of Overstocked Agricultural Products

The time-evolution trend of overstocking information was the result of the govern-
ment’s efforts to balance COVID-19 restraints and food supply chain protection. There
were three peaks in the posted amount of overstocked agricultural products during the
data collection period (see Figure 1). The first peak was on 20 February, when 2882 pieces
of information were uploaded to the online platform. This accounted for 82.77% of the
total information. The second peak was at the end of February, including 61 pieces on
27 February and 67 pieces on 28 February. The third was on 12 March, when 108 pieces of
information were released. After the middle of March 2020, the amount of overstocking
information decreased rapidly. The first peak was much higher than the others because the
overstocking information was accumulating before the online platform was established.
The national-wide lockdown measures dated back to 29 January 2020. During the 21 days
before the platform was established, a large number of chicken coops, pig pens, fishponds,
and farmlands were soon overstocked, and farmers could not find outflow channels. The
CHAMA data showed that there was an average of 137 messages per day during this severe
period. After the platform opened on 20 February, all information was reported to the
platform. After 21 February, the overstocking information followed a trend of fluctuating
downward (see the small figure in the upper-right corner of Figure 1). There has been no
overstocked information released since April.

Figure 1. Time-evolution trend of overstocked agricultural products posted by the CHAMA from 20
February to 31 March 2020.
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The pandemic struck the food supply chains across the nation. Almost all provinces
(autonomous regions and municipalities) reported overstocking information of agricultural
produce, especially those which produce perishable products [41]. Among 34 provinces
(autonomous regions and municipalities), 32 provinces (autonomous regions and munic-
ipalities) reported overstocking cases (see Table 1). The top five provinces suffering the
most from the pandemic were Guangxi, Anhui, Yunnan, Shandong, and Shanxi. Guangxi
experienced the most severe overstocking situation. The amount of overstocking informa-
tion in Guangxi was 2198, accounting for 63.12% of the total sample. Guangxi suffered the
worst because the pandemic overlapped with its harvesting season of late-ripening citrus
products. Some strict lockdown and quarantine measures cut off the traditional offline sales
channels directly [32], resulting in an enormous number of overstocked produce. Anhui
ranked second, with 486 pieces of information, accounting for 13.96% of the data. The
proportions in Yunnan, Shandong, and Shanxi were 4.8%, 4.34%, and 4.22%, respectively.
It is noted that all these provinces are the fresh “food baskets” in China, producing fruit,
vegetable, livestock, and other perishable products for the rest of the country in winter.
From the perspective of economic development, all these provinces were less developed.
The poor farmers in these areas relied on the above cash crops to increase incomes, and the
local governments to boost the rural economy. Analyzing the overstocking situation and
consequent release actions is of importance not only to build a resilient food system but
also for protecting the poor rural population and rural economy.

Table 1. Regional distribution of overstocked agricultural products posted by the CHAMA from 20
February to 31 March 2020.

Province Freq. Percent Province Freq. Percent

Guangxi 2198 63.12 Heilongjiang 13 0.37
Anhui 486 13.96 Shaanxi 11 0.32

Yunnan 167 4.8 Gansu 9 0.26
Shandong 151 4.34 Sichuan 8 0.23

Shanxi 147 4.22 Qinghai 8 0.23
Hainan 65 1.87 Zhejiang 7 0.2

Jilin 33 0.95 Liaoning 7 0.2
Hebei 28 0.8 Chongqing 4 0.11
Hubei 23 0.66 Jiangsu 3 0.09

Inner Mongolia 20 0.57 Jiangxi 3 0.09
Henan 19 0.55 Fujian 3 0.09
Tianjin 17 0.49 Guangdong 2 0.06

Xinjiang 17 0.49 Shanghai 1 0.03
Hunan 17 0.49 Beijing 1 0.03

Guizhou 13 0.37 Ningxia 1 0.03

Total 3482 100

Highly perishable and time-sensitive food was highly overstocked after the pandemic.
Fruit, vegetables, livestock and poultry were the top three varieties of all overstocked
agricultural products. Regardless of geographic distribution, 53% of the unmarketable
information was related to fruit, 18% to livestock and poultry, and 16% to vegetables. The
grain and edible oil and aquatic products accounted for 7% and 3%, respectively (see
Figure 2A). In the Guangxi sample (see Figure 2C), the proportion of fruit, livestock and
poultry, and vegetables was 73%, 14%, and 8%, respectively. This distribution characteristic
caused the proportion of fruits in the total sample to exhibit a positive bias. After excluding
the Guangxi sample, the largest proportion became vegetables, accounting for 30%; the
livestock and poultry still ranked second, accounting for 24%; followed by fruit, accounting
for 20%. The proportion of grain and edible oil rose to 14%, and aquatic products rose to 7%
(see Figure 2B). On the whole, the pandemic had a great impact on perishable agricultural
products, such as vegetables, fruits, and livestock and poultry [41,42].
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Figure 2. Variety distribution of overstocked agricultural products posted by the CHAMA from 20 February to
31 March 2020.

3.2. Estimation of Potential Economic Losses

The overstocked amount and economic values are directly associated with producers’
income and planting motivation for the next season. Reducing current sales not only
threatened the livelihood of agricultural producers but also reduced future agricultural
production. Both would bring more challenges to food security from the micro and macro
levels. Although these potential risks had been identified [38], more specific analyses
and calculations regarding the magnitude of agricultural produce were absent. Taking
the CHAMA as a case, we could estimate the total amount (in weight) and economic
value of overstocked agricultural products reported on the CHAMA online platform.
Some producers provided overstocking information in the form of units of quantity. We
converted all quantity units to weight units for comparison. To do so, we tried to reveal
the economic burdens brought by overstocking agricultural produce during the pandemic,
providing a more intuitive understanding of the potential risks behind the surface.

The total overstocked weight recorded by CHAMA was approximately 2.77 million
tons (see Table 2). The largest share was fruit, reaching 1.81 million tons, followed by
livestock and poultry at approximately 636.2 thousand tons. Vegetables ranked third with
approximately 206.9 thousand tons. The weight of grain and edible oil and aquatic products
was 73.3 thousand tons and 46.4 thousand tons, respectively. Regarding livestock and
poultry, there were 21.65 million chickens, 11.08 million ducks, and 246.6 thousand pigs.
From the perspective of geographic distribution, most of the overstocked grain and edible
oil was located in the north-eastern region. Most other agricultural products were located
in Southern China. However, after excluding the Guangxi sample, most of the overstocked
fruit was located in the northern and central regions. Most unsaleable vegetables were
located both in the southern and northwestern regions. Most unmarketable livestock and
poultry were located in the eastern region, along with aquatic products.
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Table 2. Distribution of overstocked agricultural products in different regions by CHAMA (unit: ton).

Region Grain and
Edible Oil Fruit Vegetables Livestock

and Poultry
Aquatic
Products

North 12,824 155,537 2309 300 0
Northeast 30,365 201 460 1 20

East 15,876 5996 21,383 54,204 29,340
Central 4251 132,806 9213 140 560
South 3971 1,499,299 105,363 540,733 16,466

—excluding Guangxi 200 63,566 36,719 8 0
Southwest 2749 2885 21,660 17,757 0
Northwest 3220 10,326 46,491 23,042 0

Total 73,256 1,806,882 206,879 636,177 46,386
Notes: The North China includes Beijing, Tianjin, Hebei, Shanxi, Inner Mongolia. The Northeast region includes
Jilin, Heilongjiang, and Liaoning. The East region includes Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi
and Shandong. The Central region includes Henan, Hubei, and Hunan. The South region includes Hainan,
Guangdong, and Guangxi. The Southwest region includes Chongqing, Sichuan, Guizhou, Yunnan, and Tibet. The
Northwest region includes Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang. There is no overstocked information
reported in other provinces/regions.

A conservative estimation showed that the potential economic value of the over-
stocked agricultural products (see Table 3) was approximately CNY 8.1 billion (USD
1.14 billion). On average, each organization risked losing 230 thousand CNY during
the lockdowns. Livestock and poultry accounted for the largest share, reaching CNY
4.92 billion (USD 693.6 million). The second-largest share was of fruit, at approximately
CNY 1.67 billion (USD 235.4 million). The economic value of overstocked grain and edible
oil, vegetables, and aquatic products was approximately CNY 5 million (USD 70.5 million).
The Guangxi sample still dominated the distribution of economic value. Approximately
83% of the value of livestock and poultry, and 67% of the value of fruit came from Guangxi.
For other products, non-Guangxi regions contributed to over 77% for each. The above
estimation showed that the breeding industry was facing the greatest financial risk during
the lockdowns. Their products were not only highly perishable but also high value. If
the entirety of the overstocking situation was realized, the economic losses would be too
large to ignore. These losses would shock farmers’ livelihoods severely, as well as the
rural economy.

Table 3. Estimated economic value of overstocked agricultural products (unit: million CNY).

Products Grain and
Edible Oil Fruit Vegetables Livestock

and Poultry
Aquatic
Products

Total sample 458.95 1673.09 604.10 4924.75 462.78

Guangxi sample value 8.93 1124.90 136.15 4108.37 78.28
percent 2% 67% 23% 83% 17%

Non-Guangxi
sample

value 450.02 548.19 467.95 816.38 384.50
percent 98% 33% 77% 17% 83%

Such a large number of overstocked products was not just the loss of producers and
agricultural sector, but also consumers and the whole society. For the consumers, they
experienced a shortage of foods due to disrupted supply chains. Panic buying and stockout
drove prices high on the demand side. More consumers were in food insecurity. For the
whole society, unreasonable lockdown measures resulted in a mismatch between supply
and demand, causing efficiency loss to social welfare. This mismatch also led to massive
food loss during the pandemic [43,44].

3.3. Factors Affecting the Overstocked Amount

Table 4 reports the regression results. The Variance Inflation Factor (VIF) test suggests
that the explanatory variables are not strongly multicollinear. In addition, the F-statistics
test shows the significant joint explanatory power of the used independent variables. The
statistics validate the specifications of our models.
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Table 4. Impacts of various factors on the overstocked amount of different agricultural products.

Variables Total Grain and Edible Oil Livestock and Poultry Vegetables Fruit

Epidemic risk −0.269** −1.044 *** −2.182 *** 0.186 0.361 ***
(−2.53) (−3.10) (−5.16) (0.75) (2.77)

Poverty-relieved county 2.225 *** −0.246 0.772 −0.456 2.443 ***
(20.92) (−0.51) (1.45) (−1.21) (24.18)

Poverty-stricken county 0.649 *** 0.390 −2.048 ** — 0.740 ***
(3.33) (0.48) (−2.42) — (4.45)

Internet user amount
−0.027 1.300 *** 0.608 * 0.392 ** −0.273 ***
(−0.30) (3.25) (1.89) (2.26) (−2.74)

Western region −0.340 0.527 0.476 0.389 −1.003*
(−1.26) (0.41) (0.51) (1.32) (−1.65)

Central region −1.586 *** 1.068 ** −1.777 *** −1.040 *** 0.372
(−11.49) (2.37) (−5.93) (−4.62) (1.48)

Constant 4.341 *** 2.523 *** 5.684 *** 2.461 *** 3.737 ***
(17.07) (3.44) (5.49) (3.95) (12.57)

Observations 2564 107 436 356 1587
F statistics 119.4 3.983 14.61 10.23 125.3
R-squared 0.233 0.198 0.207 0.114 0.326

Notes: Robust t-statistics in parentheses, *** p < 0.01, ** p < 0.05, * p < 0.1. The dependent variables and the number of Internet users are
logarithm form.

More overstocked agricultural products were located in cities (districts) where the
pandemic was mild. This effect varied across different subgroups of products. The coef-
ficients of grain and edible oil and livestock and poultry are negative, while one of the
fruits is positive and statistically significant at the 5% level. In our data, about 73% of the
overstocking samples were reported in cities (districts) where cumulative confirmed cases
were between 10 and 99; 21.19 percent were reported in cities (districts) where cumulative
confirmed cases were between 1 and 9. In the subgroup of fruit, the significantly positive
coefficient indicates that higher exposure risk to the pandemic experienced more over-
stocked pressure. This confirms the previous research that the pandemic disrupted food
supply chains by imposing various kinds of lockdown measures.

For other subgroups, the negative effects of exposure risk to the pandemic do not
mean that difficulty in sales and overstocked agricultural products did not exist in high-risk
regions. On the contrary, it was the highest pandemic risk that restricted gathering infor-
mation on overstocked agricultural products, because medical treatment and rescuing life
were given priority. In mild regions, the prevention and control measures were relatively
loosened to resume production and boost the rural economy. Thus, the difficulties in sales
in these regions could be observed more easily.

The organizations, which produce fruit in poverty-relived/poverty-stricken cities,
suffer more from overstocked pressure. In the subgroup of fruit, the coefficients of poverty-
stricken counties and poverty-stricken counties are significantly positive at the level of
1%. If the overstocked problem is unsolved, more poor farmers have to bear the economic
losses. In the poor areas, most farmers used to plant grain for self-sufficiency due to poor
conditions of transportation and less-developed markets. With infrastructure improved
by the government, some poor areas tried turning to plant high-value crops such as fruit
to earn more money. Many poverty-stricken households manage to shake off poverty by
producing fruit. However, the logistics system is still vulnerable in these areas due to long-
distance and complex geographical conditions. A systematic shock makes this weakness
more salient. This result raises concerns over the performance of the governments’ poverty
alleviation actions.

The coefficient in the total sample was biased to positive because of the large share
of fruit. The coefficient of the poverty-stricken county regarding livestock and poultry
is significantly negative. A possible explanation is that the average scale of the breeding
industry in poverty-stricken counties is smaller. Most farmers breed livestock and poultry
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mainly for self-sufficiency. The coefficients of grain and edible oil in both types of counties
are not significant, indicating the stability of the grain market during the pandemic [45].
The results concerning vegetables should not be taken into account, because there was no
observation of poverty-stricken counties in the vegetable subsample.

The impact of e-commerce development varies across different subgroups of products.
The coefficient in the fruit subsample is significantly negative, while others are significantly
positive. The possible reason is that the dependence of these products on the Internet is
different. Fruit demonstrates the feature of regionally specialized production in China and
depends on the Internet to realize cross-region sales. The higher the level of e-commerce
development, the more conducive a product is to achieving cross-regional production and
demand information matching. Other products rely less on cross-regional e-commerce,
because the supply of grain products is guaranteed by the “Cereal Bag” Provincial Gov-
ernor Responsibility Mechanism, and the supply of livestock, poultry, and vegetables is
guaranteed by the “food basket” Mayor Responsibility Mechanism. Grain consumption
security is always the top priority in the food system. In addition, areas with more Internet
users have better economic development and a higher population density, resulting in
stricter pandemic prevention and control measures. This, in turn, impacts the supply of
grain and edible oil, livestock and poultry, and vegetables.

4. Government Responses and Market Rebound

With an unprecedented scale of protection and control measures to isolate and control
the COVID-19 pandemic, some restrictions had a severe impact on the sales of agricultural
products [46–48]. Not long after the national lockdown, China witnessed difficulties in
sales and the overstocking problem of agricultural products.

Fortunately, the Chinese government has realized these problems and in February
2020 issued six urgent notices to clear logistics restrictions and to directly match production
with demand [49] (see Figure 3). On February 4, the Ministry of Agriculture and Rural
Affairs announced an urgent notice to maintain livestock and poultry industry operations
and ensure the supply of meat, eggs, and milk. Two days later, the Ministry of Commerce
(MC) announced a notice to sustain the delivery and distribution of life necessities, which
included agricultural products. On February 11, the MARA announced a notice to ensure
sales of agricultural products in poor-stricken regions. In February, there were three notices
released by the MARA, MC, and the Ministry of Finance (MF) at the same time. The first
announced actions to strengthen linkages between demand and supply of agricultural
products. The second announced actions to enhance collaboration and coordination be-
tween the agricultural and commercial sectors to improve the food supply chain. The third
took actions to ensure stable production and adequate supply of agricultural products.

In addition, the MARA organized industry associations and e-commerce enterprises
to collect overstocked information and promote sales on 17 February 2020. As of 24 April,
all major e-commerce platforms have sold 882,000 tons of fresh agricultural products and
stimulated 19.8 million online transactions. The CHAMA has organized major agricul-
tural product markets across the country to actively connect with 12 key production and
marketing regions, including Hainan, Guangxi, Shandong, Hubei, and Xinjiang. A total
of 2.245 million tons of agricultural products were sold by the CHAMA, reaching CNY
12.17 billion (USD 1.71 billion). Among them were 808,300 tons (CNY 4.35 billion) in
Hainan, 459,500 tons in Guangxi (CNY 2.55 billion), and 281,500 tons in Shandong (CNY
1.39 billion). In addition, the MARA has launched programs to support cold chain logistics
and facilitate the online selling of agricultural products.
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Figure 3. Timeline of Chinese government responses to alleviate overstocked difficulties. Notes:
MARA, Ministry of Agriculture and Rural Affairs; MC, Ministry of Commerce; MF, Ministry of Finance.

The agricultural market rebounded soon after the government intervention. After im-
plementation of traffic control and social distancing, the transaction number of agricultural
products reduced sharply (see Figure 4). From 22 to 24 January, when grain trading was at
its peak in normal years, it plunged by more than 70% compared to 2019, translating into a
decline of about 30 million tons. As a result of both the epidemic and the African Swine
Fever, the transaction number of livestock and poultry was 20–45% lower than the same
period last year. Among them, the transaction amount on 25 January was only 13 million
tons, 68.3% lower than that on 22 January, and 71 percent lower than the same period in
2019. The transaction amount recovered slightly after 22 January, but still decreased by
50–70% compared with the same period in 2019. On 9 February, the transaction amount hit
the bottom again, at only 11.4 million tons. Since then, the transaction amount increased
slightly and steadily, basically remaining around 20 million tons, and recovered to around
28 million tons by the end of February and mid-March. The transaction number of veg-
etables and fruits fell sharply first, then showed a fluctuation recovery situation. Before
10 February, the transaction number of vegetables and fruits showed a reverse trend from
2019. The trading volume of vegetables dropped from 988 million tons on 21 January to
275 million tons on 27 January, a decrease of 72.2%. Fruit trade fell 80.4% from 182 million
tons to 35.8 million tons on 28th January.

Figure 4. Reduction in marketing quantity of food during the COVID-19 epidemic in China compared
to 2019. Note: Numbers are calculated based on a big-data information platform called National
Data Service Platform of Agricultural and Rural Response to COVID-19 set by MARA.
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5. Discussion

The upstream section of the food supply system suffered a lot from the COVID-19
pandemic due to inelasticity. The overstocked problems in the short term were determined
by the biological nature of agricultural production [50,51]. The inevitable time lags in
agricultural production weaken its ability to respond to sudden change. After the outbreak
of the COVID-19, overstocked problems were observed around the globe. According to the
shock transmission theory, the consequences of a shock are borne by the least elastic [44].
In our analysis, producers reported severe overstocked problems during the pandemic.
The potential economic and social losses require prompt policy intervention [38].

Government intervention requires timely and accurate identification of risk points in
the food supply system. A resilient food supply chain helps to enhance economic and social
resilience and accelerates the recovery process. The policymakers should realize that a well-
functioned food supply system is essential when coping with a sudden shock [50]. In the
case of China, the government took quick lockdown actions to slow the spread of COVID-19.
Fortunately, the government observed the shocks to the food supply system and released
timely countermeasures. The transportation and distribution part has a vulnerability
during the COVID-19 pandemic. The logistics lockdown was the key risk point. It blocked
the outflow channels of agricultural products and hindered necessary production inputs
and may finally destroy production cycles [51] and undermine production capacity [35].
Ensuring the minimum transportation conditions for agricultural products must be a policy
priority during sudden shocks.

Innovative technologies will play a more important role in building a resilient food
system [26,49]. In the case of COVID-19, the innovative technology was e-commerce.
The lockdowns cut off the traditional offline channels from the producers to consumers,
bringing about challenges to smooth operation of the food system. E-commerce allowed
information exchange and contract transactions with minimum human-to-human interac-
tion. A lot of retrospective research found that the individuals/organizations that were
more familiar with digital tools were able to respond to and resist shocks effectively. Our
empirical results also support this argument. Increasing automation and digitalization,
online delivery services are changing the food supply system.

Fundamental infrastructure and effective mechanisms of the food system always
matter [44]. Except for some disruption in the short term, the food supply system in
China performed remarkably well during the pandemic. The policy interventions were
timely in practice and the market recovered soon after the shock [35,52,53]. The remarkable
performances would not have been achieved without the solid food supply basis enhanced
by the Chinese government in the past decades. The “Cereal Bag” Provincial Governor
Responsibility Mechanism and the “Food Basket” Mayor Responsibility Mechanism ensure
the smooth operation of the food system in normal times. The national emergency food
supply system consists of processing enterprises, supply outlets, distribution centers, and
emergency storage and transportation enterprises to handle the emergency in abnormal
times. In addition to China, the food system in Canada and the United States also worked
well during the pandemic due to their resilient food system [45,50,54]. Research in India
also showed that a better warehousing infrastructure can build resilience against such
supply disruptions [38]. Thus, the policymakers should lay a solid foundation for the food
supply system.

6. Conclusions

After the outbreak of COVID-19, the Chinese government has taken timely and
effective prevention and control measures to contain the spread of the virus. However,
some restrictions have led to difficulties in the sale of agricultural products across the
country. By using 3482 pieces of overstocking information collected by the CHAMA,
this study is the first to depict the distribution characteristics of overstocked agricultural
products from a nationwide perspective. We seek to provide a deeper understanding of the
linkage between the overstocking situation and socioeconomic development. The results
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suggest that the pandemic has a greater impact on perishable products. The provinces
which produce fruit, vegetables, and livestock and poultry suffered the most from the
shock, such as Guangxi, Anhui, Yunnan, and Shandong. Most overstocked agricultural
products were located in regions where the pandemic risk was mild in February and March.
The poverty-relieved and poverty-stricken counties which produce fruit faced more severe
difficulties in sales. The mitigation effect of e-commerce varied across different products.

The findings of this study reveal the shortcomings in the emergency response system.
It has failed to coordinate immediate actions to safeguard the necessary logistics for
agricultural production. As a result, the upstream section of the food supply system suffers
a lot from the COVID-19 pandemic due to its inelasticity to the market change.

The results generate new policy implications to help protect farmers and build up a
more effective supply system. First, quick actions should be taken that clear the logistics
bottlenecks and ensure the smooth operation of the food supply system. All unautho-
rized roadblocks should be prohibited. “Green channels” for agricultural products are
encouraged to open across the country. Second, innovative methods should be used to
enhance the resilience of the food supply system. Big data technologies can be used to share
and match market information. E-commerce, as well as social media and livestreaming
events, can help to promote and revive sales of agricultural products. The automation
technique could provide contactless and efficient distribution services. Third, fundamental
infrastructures of the food system should be consolidated. The basic elements of the food
system, such as warehousing facilities, processing facilities, and logistics networks, should
be strengthened at all times. Establish contingency plans for the food system for a different
emergency, to make sure of timely and orderly responses.

Our study extended the work that uses online data in conjunction with other data sets
for policymaking [38]. However, this study is still highly limited by the data availability.
First, the large share of fruit in the CHAMA data left limited data to investigate other foods.
Second, the overstocking information in the CHAMA was simple. To investigate deeper,
we had to match the county-level data to the individual-level overstocking data, which lead
to information loss. The simple information limited more in-depth investigation. Third, the
CHAMA data is only a part of overstocked information during the pandemic. In addition
to CHAMA, China Good Agri-Products Development & Service Association (CGAPA),
Pinduoduo, Yimutian, Alibaba, and other organizations also established data platforms
and collected information during the pandemic. Actually, the pandemic accelerated the
development of e-commerce and relative online service. With more data, even the world-
wide data available, a better understanding of the overstocking problem can be provided.
Real-time policymaking to enhance the resilience of the food supply system can be realized.

Author Contributions: Conceptualization, M.P. and Y.Z.; methodology, M.P. and Y.Z.; software, M.P.
and X.C.; validation, M.P., Y.Z. and X.C.; formal analysis, M.P. and X.C.; investigation, M.P., Y.Z. and
X.C.; resources, M.P. and Y.Z.; data curation, M.P. and X.C.; writing—original draft preparation, M.P.
and X.C.; writing—review and editing, M.P. and X.C.; visualization, M.P.; supervision, Y.Z.; project
administration, Y.Z.; funding acquisition, M.P. and Y.Z.. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 71903187), the National Social Science Foundation of China (grant number 21ZDA056,
21BJY131), the Agricultural Science and Technology Collaborative Innovation Key Program (grant
number CAAS-ZDRW202012) and the Agricultural Science and Technology Innovation Program
(grant number ASTIP-IAED-2021-01) from Chinese Academy of Agricultural Sciences.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data
can be found here: [http://zn.agri.cn/index/dataInfo.htm?t=1] (accessed on 1 April 2020) [http:
//snsj.agri.cn/cockpit-index] (accessed on 15 April 2020).

Acknowledgments: The authors would like to thank the anonymous reviewers and the editor for
their support, insightful critiques, and constructive comments.

Conflicts of Interest: The authors declare no conflict of interest.

137



Foods 2021, 10, 3027

References
1. Torero, M.; Prepare Food Systems for a Long-Haul Fight against COVID-19. IFPRI Blog. 2 July 2020. Available online:

https://www.ifpri.org/blog/prepare-food-systems-long-haul-fight-against-covid-19 (accessed on 7 July 2021).
2. WFP. Global Report on Food Crises. Available online: https://docs.wfp.org/api/documents/WFP-0000114546/download/?_

ga=2.110830339.728196019.1594181106-199106846.1593758578 (accessed on 6 July 2021).
3. FAO. Impact of the COVID-19 Pandemic on Food Security and Food Systems. FAO Council. CL 164/10, 6–10 July 2020. Available

online: http://www.fao.org/3/nd059en/ND059EN.pdf (accessed on 7 July 2020).
4. Stephens, E.C.; Martin, G.; Wijk, M.; Timsina, J.; Snow, V. Editorial: Impacts of COVID-19 on agricultural and food systems

worldwide and on progress to the sustainable development goals. Agric. Syst. 2020, 183, 102873. [CrossRef]
5. Gralak, S.; Spajic, L.; Blom, I.M.; El Omrani, O.; Bredhauer, J.; Uakkas, S.; Mattijsen, J.; Ali, A.O.; Iturregui, R.S.; Ezzine, T.; et al.

COVID-19 and the future of food systems at the UNFCCC. Lancet Planet. Health 2020, 4, e309–e311. [CrossRef]
6. Carducci, B.; Keats, E.C.; Ruel, M.; Haddad, L.; Osendarp, S.J.M.; Bhutta, Z.A. Food systems, diets and nutrition in the wake of

COVID-19. Nat. Food 2021, 2, 68–70. [CrossRef]
7. Dixon, J.M.; Weerahewa, J.; Hellin, J.; Rola-Rubzen, M.F.; Huang, J.; Kumar, S.; Das, A.; Qureshi, M.E.; Krupnik, T.J.; Shideed, K.;

et al. Response and resilience of Asian agrifood systems to COVID-19: An assessment across twenty-five countries and four
regional farming and food systems. Agric. Syst. 2021, 193, 103168. [CrossRef]

8. Davila, F.; Bourke, R.; McWilliam, A.; Crimp, S.; Robins, L.; van Wensveen, M.; Alders, R.G.; Butler, J.R. COVID-19 and food
systems in Pacific Island Countries, Papua New Guinea, and Timor-Leste: Opportunities for actions towards the sustainable
development goals. Agric. Syst. 2021, 191, 103137. [CrossRef]

9. Galanakis, C.M. The Food Systems in the Era of the Coronavirus (COVID-19) Pandemic Crisis. Foods 2020, 9, 523. [CrossRef]
[PubMed]

10. Ye, X.Q.; Cheng, Y.; Zhou, H.L.; Yin, H.D. Impacts of COVID-19 on rural and agricultural development in 2020 and its
countermeasures. Agric. Econ. 2020, 3, 4–10. (In Chinese)

11. Zhang, H.Y.; Hu, L.X.; Hu, Z.T.; Wang, Y.H.; The impact of COVID-19 on Agriculture and Rural Areas and the Response Measures.
The WeChat official account of Farmer’s Daily. Available online: https://mp.weixin.qq.com/s/7-sQZR2Y7t-mh-BU4QrhJw
(accessed on 13 February 2020).

12. Jiang, H.P.; Yang, D.Q.; Guo, C.R. Impact of novel coronavirus pneumonia on agricultural development in China and its
countermeasures. Reform 2020, 3, 5–13. (In Chinese)

13. Priyadarshini, P.; Abhilash, P.C. Agri-food systems in India: Concerns and policy recommendations for building resilience in post
COVID-19 pandemic times. Glob. Food Secur. 2021, 29, 100537. [CrossRef]

14. Dev, S.M. Addressing COVID-19 Impacts on Agriculture, Food Security, and Livelihoods in India. 8 April 2020. IFPRI Research
Post. Available online: https://www.ifpri.org/blog/addressing-covid-19-impacts-agriculture-food-security-and-livelihoods-
india (accessed on 23 April 2021).

15. Pothan, E.; Taguchi, M.; Santini, G. Local Food Systems and COVID-19: A Glimpse on India’s Responses. A Report Submitted to
FAO. Available online: http://www.fao.org/in-action/food-for-cities-programme/news/detail/en/c/1272232/ (accessed on 22
April 2020).

16. Tamru, S.; Hirvonen, K.; Minten, B. Impacts of the COVID-19 Crisis on Vegetable Value Chains in Ethiopia, IFPRI Research Post,
13 April 2020. Available online: https://www.ifpri.org/blog/impacts-covid-19-crisis-vegetable-value-chains-ethiopia (accessed
on 23 July 2021).

17. Bruno, E.M.; Richard, J.S.; Daniel, A.S. The coronavirus and the food supply chain. ARE Update 2020, 23, 1–4.
18. Weersink, A.; von Massow, M.; Bannon, N.; Ifft, J.; Maples, J.; McEwan, K.; McKendree, M.G.; Nicholson, C.; Novakovic, A.;

Rangarajan, A.; et al. COVID-19 and the agri-food system in the United States and Canada. Agric. Syst. 2021, 188, 103039.
[CrossRef]

19. Barrett, C.B.; Fanzo, J.; Herrero, M.; Mason-D’Croz, D.; Mathys, A.; Thornton, P.; Wood, S.; Benton, T.G.; Fan, S.; Lawson-Lartego,
L.; et al. COVID-19 pandemic lessons for agri-food systems innovation. Environ. Res. Lett. 2021, 16, 101001. [CrossRef]

20. Weersink, A.; Von Massow, M.; McDougall, B. Economic thoughts on the potential implications of COVID-19 on the Canadian
dairy and poultry sectors. Can. J. Agric. Econ. 2020, 68, 195–200. [CrossRef]

21. Bellany, D.Y.; Corkery, M. Dumped Milk, Smashed Eggs, Plowed Vegetables: Food Waste of the Pandemic. New York Times, 11
April 2020. Available online: https://www.nytimes.com/2020/04/11/business/coronavirus-destroying-food.html(accessed on 7
July 2021).

22. Hawkes, C.; Squires, C.G. A double-duty food systems stimulus package to build back better nutrition from COVID-19. Nature
Food 2021, 2, 212–214. [CrossRef]

23. Susanna, K.; Sophoa, M. Equity as both a means and an end: Lessons for resilient food systems from COVID-19. World Dev. 2020,
136, 105104.

24. FAO. COVID-19 and the Risk to Food Supply Chains: How to Respond? FAO: Rome, Italy, 2020; Available online: https://www.fao.
org/fsnforum/es/node/4998 (accessed on 7 July 2021).

25. FAO. Sustainable Crop Production and COVID-19; FAO: Rome, Italy, 2020; Available online: https://www.fao.org/3/ca8807en/
CA8807EN.pdf (accessed on 7 July 2021).

138



Foods 2021, 10, 3027

26. FAO. Local Food Systems and COVID-19: A Look into China’s Responses; FAO: Rome, Italy, 8 April 2020; Available online: http:
//www.fao.org/in-action/food-for-cities-programme/news/detail/en/c/1270350/ (accessed on 2 May 2020).

27. Dou, Z.; Stefanovski, D.; Galligan, D.; Lindem, M.; Rozin, P.; Chen, T.; Chao, A.M. Household Food Dynamics and Food System
Resilience Amid the COVID-19 Pandemic: A Cross-National Comparison of China and the United States. Front. Sustain. Food
Syst. 2021, 4, 577153. [CrossRef]

28. Trollman, H.; Jagtap, S.; Garcia-Garcia, G.; Harastani, R.; Colwill, J.; Trollman, F. COVID-19 demand-induced scarcity effects on
nutrition and environment: Investigating mitigation strategies for eggs and wheat flour in the United Kingdom. Sustain. Prod.
Consum. 2021, 27, 1255–1272. [CrossRef] [PubMed]

29. Blazy, J.; Causeret, F.; Guyader, S. Immediate impacts of COVID-19 crisis on agricultural and food systems in the Caribbean.
Agric. Syst. 2021, 190, 103106. [CrossRef]

30. Resnick, D. COVID-19 Lockdowns Threaten Africa’s Vital Informal Urban Food Trade. IFPRI Research Post, 31 March 2020. Avail-
able online: https://www.ifpri.org/publication/covid-19-lockdowns-threaten-africas-vital-informal-urban-food-trade(accessed
on 5 July 2021).

31. Ebata, A.; Nisbett, N.; Gillespie, S. Food Systems after Covid-19, Building a Better World: The Crisis and Opportunity of Covid-19.
IDS Bull. 2021, 52, 73–94. [CrossRef]

32. Adjognon, G.S.; Bloem, J.R.; Sanoh, A. The coronavirus pandemic and food security: Evidence from Mali. Food Policy 2021,
101, 102050. [CrossRef]

33. UN. Policy Brief: The Impact of COVID-19 on Food Security and Nutrition. June 2020. Available online: https://www.un.org/
sites/un2.un.org/files/sg_policy_brief_on_covid_impact_on_food_security.pdf (accessed on 7 July 2020).

34. Nchanji, E.B.; Lutomia, C.K. COVID-19 Challenges to Sustainable Food Production and Consumption: Future Lessons for Food
Systems in Eastern and Southern Africa from a gender lens. Sustain. Prod. Consum. 2021, 27, 2208–2220. [CrossRef]

35. Pu, M.; Zhong, Y. Rising concerns over agricultural production as COVID-19 spreads: Lessons from China. Glob. Food Secur. 2020,
26, 100409. [CrossRef] [PubMed]

36. Fan, S.; Teng, P.; Chew, P.; Smith, G.; Copeland, L. Food system resilience and COVID-19—Lessons from the Asian experience.
Glob. Food Secur. 2021, 28, 100501. [CrossRef]

37. Zhu, M.J. Reflections and Inspirations on Overstocked Agricultural Products under COVID-19 Outbreak. The People’s Daily
Online, 25 February 2020. Available online: http://yuqing.people.com.cn/GB/n1/2020/0225/c429781-31603808.html(accessed
on 4 June 2021).

38. Mahajan, K.; Tomar, S. COVID-9 and Supply Chain Disruption: Evidence from Food Markets in India. Am. J. Agric. Econ. 2021,
103, 35–52. [CrossRef]

39. Cheng, G.Q. Strengthen Risk Management and Improve the Supply and Security System for Important Agricultural Products.
The Guangming Daily, 3 March 2020. Available online: http://news.gmw.cn/2020-03/03/content_33612587.htm(accessed on 9
June 2021).

40. Nordhagen, S.; Igbeka, U.; Rowlands, H.; Shine, R.S.; Heneghan, E.; Tench, J. COVID-19 and small enterprises in the food supply
chain: Early impacts and implications for longer-term food system resilience in low- and middle-income countries. World Dev.
2021, 141, 105405. [CrossRef]

41. Hayes, D.J.; Schulz, L.L.; Hart, C.E.l; Jacobs, K. A descriptive analysis of the COVID-19 and small enterprises in the food supply.
Agribusiness 2021, 37, 122–141.

42. Chenarides, L.; Richards, T.J.; Rickard, B. COVID-19 impact on fruit and vegetable markets: One year later. Can. J. Agric. Econ.
2021, 69, 203–214. [CrossRef]

43. Aldaco, R.; Hoehn, D.; Laso, J.; Margallo, M.; Ruiz-Salmón, J.; Cristobal, J.; Kahhat, R.; Villanueva-Rey, P.; Bala, A.; Batlle-Bayer,
L.; et al. Food waste management during the COVID-19 outbreak: A holistic climate, economic and nutritional approach. Sci.
Total. Environ. 2020, 742, 140524. [CrossRef] [PubMed]

44. Di Marcantonio, F.; Twum, E.K.; Russo, C. Covid-19 Pandemic and Food Waste: An Empirical Analysis. Agronomy 2021, 11, 1063.
[CrossRef]

45. Brewin, D.G. The impact of COVID-19 on the grains and oilseeds sector: 12 months later. Can. J. Agric. Econ. 2021, 69, 197–202.
[CrossRef]

46. Reardon, T.; Bellemare, M.F.; Zilberman, D. How COVID-19 May Disrupt Food Supply Chains in Developing Countries. 2 April
2020. Available online: https://www.ifpri.org/blog/how-covid-19-may-disrupt-food-supply-chains-developing-countries
(accessed on 6 August 2020).

47. Reardon, T.; Zilberman, D. Climate smart food supply chains in developing countries in an era of rapid dual change in agrifood
systems and the climate. In Climate Smart Agriculture—Building Resilience to Climate Change; Lipper, L., McCarthy, N., Zilberman,
D., Asfaw, S., Branca, G., Eds.; Springer: New York, NY, USA, 2017.

48. Reardon, T.; Echeverriab, R.; Berdeguéc, J.; Mintend, B.; Tasiea, S.L.; Tschirleya, D.; Zilberman, D. Rapid transformation of food
systems in developing regions: Highlighting the role of agricultural research & innovations. Agric. Syst. 2019, 172, 47–59.

49. Zhan, Y.; Chen, K.Z. Building resilient food system amidst covid-19: Responses and lessons from China. Agric. Syst. 2021,
190, 103102. [CrossRef]

50. Hobbs, J.E. Food supply chain resilience and the COVID-19 pandemic: What have we learned? Can. J. Agric. Econ. 2021, 69,
189–196. [CrossRef]

139



Foods 2021, 10, 3027

51. Beckman, J.; Countryman, A.M. The Importance of Agriculture in the Economy: Impacts from COVID-19. Am. J. Agric. Econ.
2021, 103, 1595–1611. [CrossRef]

52. Wang, Y.; Wang, J.; Wang, X. COVID-19, supply chain disruption and China’s hog market: A dynamic analysis. China Agric. Econ.
Rev. 2020, 12, 427–443. [CrossRef]

53. Zhang, Y.; Diao, X.S.; Chen, K.Z.; Robinson, S.; Fan, S. Impact of COVID-19 on China’s macroeconomy and agri-food system—An
economy-wide multiplier model analysis. China Agric. Econ. Rev. 2020, 12, 387–407. [CrossRef]

54. Deaton, B.J. Food security and Canada’s agricultural system challenged by COVID-19: One year later. Can. J. Agric. Econ. 2021,
69, 161–166. [CrossRef]

140



foods

Article

Impact of Trade Openness on Food Security: Evidence from
Panel Data for Central Asian Countries

Zhilu Sun * and Defeng Zhang

Citation: Sun, Z.; Zhang, D. Impact

of Trade Openness on Food Security:

Evidence from Panel Data for Central

Asian Countries. Foods 2021, 10, 3012.

https://doi.org/10.3390/foods10123012

Academic Editors: António Raposo,

Renata Puppin Zandonadi and

Raquel Braz Assunção Botelho

Received: 9 November 2021

Accepted: 3 December 2021

Published: 5 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institute of Agricultural Economics and Development, Chinese Academy of Agricultural Sciences,
Beijing 100081, China; 17863905481@163.com
* Correspondence: sunzhilu@caas.cn

Abstract: The problem of food insecurity has become increasingly critical across the world since
2015, which threatens the lives and livelihoods of people around the world and has historically been
a challenge confined primarily to developing countries, to which the countries of Central Asia, as
typical transition countries, cannot be immune either. Under this context, many countries including
Central Asian countries have recognized the importance of trade openness to ensure adequate levels
of food security and are increasingly reliant on international trade for food security. Using the
2001–2018 panel data of Central Asian countries, based on food security’s four pillars (including
availability, access, stability, and utilization), this study empirically estimates the impact of trade
openness and other factors on food security and traces a U-shaped (or inverted U-shaped) relationship
between trade openness and food security by adopting a panel data fixed effect model as the baseline
model, and then conducts the robustness test by using the least-squares (LS) procedure for the pooled
data and a dynamic panel data (DPD) analysis with the generalized method of moments (GMM)
approach, simultaneously. The results show that: (1) a U-shaped relationship between trade openness
and the four pillars of food security was found, which means that beyond a certain threshold of trade
openness, food security status tends to improve in Central Asian countries; (2) gross domestic product
(GDP) per capita, GDP growth, and agricultural productivity have contributed to the improvement
of food security. Employment in agriculture, arable land, freshwater withdrawals in agriculture,
population growth, natural disasters, and inflation rate have negative impacts on food security; and
(3) this study confirms that trade policy reforms can finally be conducive to improving food security
in Central Asian countries. However, considering the effects of other factors, potential negative
effects of trade openness, and vulnerability of global food trade network, ensuring reasonable levels
of food self-sufficiency is still very important for Central Asian countries to achieve food security.
Our research findings can provide scientific support for sustainable food system strategies in Central
Asian countries.

Keywords: food security; trade openness; countries of Central Asia; sustainable food system

1. Introduction

The problem of food insecurity has become increasingly critical across the world since
2015, which threatens the lives and livelihoods of people around the world, particularly
the most vulnerable classes [1,2]. According to the latest estimates, at the global level, it is
projected that in 2020, between 720 million and 811 million people suffered from hunger, and
nearly 2.37 billion people did not obtain enough food, considering the median value, as many
as 161 million and 320 million people more than in 2019, respectively [2]. At the same time,
all regions of the world will be affected, taking Central Asia for example, in 2020, 2.6 million
people were suffering from hunger, being 18.18% higher than in 2019 and one of the regions
with a significant growth rate [2]. The COVID-19 pandemic—that broke out at the end of
2019—has further aggravated current trends and policy reactions have triggered a massive
economic recession and major disruptions in national and global food supply chains [3–6],
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and the World Food Programme (WFP) estimated that 272 million people have already been
or will soon become acutely food insecure in countries where the COVID-19 pandemic
is present [7]. The World Food Summit in 1996 set a goal for halving undernourished
populations all around the world by 2015, being one of the eight Millennium Development
Goals (MDGs) [8]. In order to offer a new global approach for building sustainable food
and nutrition system from 2015 to 2030, the 17 Sustainable Development Goals (SDGs)
built on the MDGs, were adopted at the Sustainable Development Summit in 2015, among
which the SDG2 is aimed at ending hunger, improving food security status, and promoting
sustainable agriculture and food [9]. Therefore, in recent years, the world has not been
generally progressing towards the SDG2, making it more difficult to realize the Zero
Hunger goal by 2030, so does the Central Asia region.

According to the Food and Agriculture Organization (FAO) of the United Nations
(UN), the most widely used and authoritative definition of food security today is described
as a condition in which 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 [10–12]. Therefore, based on this perspective, food security means
regularly having enough food to eat, not just for today or tomorrow, but also for the next
month and next year, and is a global issue affecting every human being’s daily life, both in
developing and developed countries [13,14]. The FAO suggests food security is generally
the composite of four pillars, including availability, access, stability, and utilization [15],
based on which food security could be better understood when presented through a series
of indicators corresponding to each pillar; furthermore, it is possible to conduct a scientific
assessment of the food security status from the local level to the global level.

The phenomenon of food insecurity has historically been an issue confronted primarily
by developing countries [16], where millions of people are suffering from serious undernour-
ishment due to food insecurity [14], and the transition countries cannot be spared either. After
independence from the Soviet Union, five Central Asian countries—Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, and Uzbekistan, underwent a series of transitions from centrally
planned systems to market-orientated economies [17]. However, after independence, due
to a number of challenges, such as continuing economic instability and household in-
comes decline, poor design and slow implementation of economic and political reforms for
reorienting of agricultural production from collective farms to private farms, inefficient
agricultural infrastructure, and low levels of commercial agricultural inputs [17–19], food
insecurity remained at a high level in Central Asian countries, then great concerns over
food security emerged, therefore, achieving food security is at the forefront of these coun-
tries’ economic strategies and policies [20,21]. Despite minor positive adjustments at the
break of this century, the agricultural sector in most Central Asian countries was hit hard
yet again by the 2007–2008 food price crisis, which further aggravated the food insecurity
problem in the region [22]. In recent years, Central Asian countries have experienced
several transitions in institutions and governance, each with consequences for agriculture
in the region, and have made considerable progress towards increasing domestic food pro-
duction [23,24], but food security in the region is still threatened by a series of geopolitical,
socio-economic and environmental challenges, such as lack of support from institutions
to advance farming, lack of efficient and reliable transport systems and adequate infras-
tructure, lack of research and extension of support to farmers, low capacity for designing
evidence-based policies, small-scale farming of land use, and land degradation aggravated
by climate change [25–27], contributing to limited productivity in agriculture which is
unable to fully satisfy domestic food demand, especially in Tajikistan and Kyrgyzstan both
of which are highly dependent on the import of basic food commodities [28,29].

Using 2001–2018 panel data for Central Asian countries, from the four pillars of food
security, including availability, access, stability, and utilization, this research empirically
estimates the effect of trade openness and other influences on food security by performing
the following work. First, we empirically estimate the effect of trade openness and other
influences on food security and trace a U-shaped (or inverted U-shaped) relationship
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between trade openness and food security by adopting a panel data fixed effect model as
the baseline model. Second, we conduct a robustness test by using the least-squares (LS)
procedure for pooled data and a dynamic panel data (DPD) analysis with a generalized
method of moments (GMM) approach, simultaneously. Then, this study makes policy
implications for improving the food security status in Central Asian countries based on
research findings.

2. Literature Review

Food security is traditionally analyzed in terms of food self-sufficiency or food self-
reliance [30]. Self-sufficiency requires domestic food consumption mainly depends on
domestic production rather than imports as the main supply source, while self-reliance
requires more diverse supply sources, including imports [30,31]. In recent years, inter-
national food trade has become an increasingly integral part of the global food supply
system [32], and more countries have recognized the significance of trade openness to
maintain adequate food security status [14] and are increasingly dependent on trade to
maintain food security due to climate change, population growth and many other factors.
It is estimated that one in every six people around the world presently depends almost
entirely on international trade for the food they eat, a proportion that could rise to 50% by
2050 [33].

In light of the fact that trade openness plays an important role in each country’s
food security, the effect of trade openness on food security deserves deep consideration.
However, long-standing debates over this issue remain unresolved [12], and it is found
in the relevant literature that the impact is mainly twofold. On one hand, based on the
trade policy reform from the World Trade Organization (WTO) multilateral negotiations,
and regional and bilateral trade negotiations, deterministic interests from trade attained
through the removal or reduction in tariff and nontariff barriers to trade and relaxation of
market access is conducive to making up for the shortages of the domestic food supply by
increasing the accessibility to the international market and reducing the price of imported
goods, and improving the availability and diversity of foods [2,30,34–36]. The WTO and
World Bank are continuously promoting the concept that international market access
plays an important role in its clients’ development, especially developing countries, and is
increasingly attracting attention for the removal of trade restrictions mainly imposed by
developed countries to developing countries [37]. With adequate domestic social safety-net
policies for vulnerable classes, trade openness has been consistent with food security by
lowering food price which benefits everyone including those suffering from most serious
food insecurity, and a more diversified diet has made poor classes less vulnerable to food
unavailability or price fluctuation in specific foods [38]. Although tariffs have increased
the spread of global price fluctuation and exposed consumers to momentary price spikes,
the duration of which is likely to be short, unlike the time with low prices may be endured,
but also allowed them to benefit from extended periods of low prices [2]. Therefore, trade
openness would increase host countries’ economic welfare and decrease its economic
volatility [39], especially the protection of domestic agricultural market would harm, rather
than ensure their food security, which has been observed in many countries [34,38].

On the other hand, stochastic gains and losses caused by supply-side impacts such as
fluctuating agricultural productivity, violent conflict, and war, natural disasters including
drought and embargoes can be magnified or reduced depending on trade openness level,
and can endanger food security [40]. Trade openness has lowered the level of food self-
sufficiency, and has made the food supply more dependent on imports [34], which is
supposed to make the food supply less secure, especially considering that agriculture is
incompatible with free trade because of its innate role in managing ecological/natural
resources at both national and global levels and the uneven playing field that was created
from how agriculture has been treated (protected/taxed) differently across countries [41,42].
Liberalizing trade, especially in agriculture, is not conducive to unleashing agricultural
production potential, considering the market competitiveness of smallholder farmers

143



Foods 2021, 10, 3012

in developing economies is significantly weaker than large farmers in middle-income
economies or subsidized farmers in developed economies [41]. Additionally, reducing
foreign dependency on food could significantly abate the conveyance of international
market shocks to indigenous markets [31]. It has also been found in some relevant literature
that there was a U-shaped relationship between trade openness and food security in less
developed countries (LDCs), and food security has decreased in the initial stages of trade
openness expansion but increased beyond a given threshold [43].

The relationship between trade openness and food security is likely to provide the
empirical evidence necessary to address and respond to one of the key issues during the
WTO’s international negotiations, and regional or bilateral trade negotiations [12,38], although
the prospects for positive and beneficial solutions are still uncertain [44]. According to
the relevant literature, various factors can affect trade openness’s impact on food security,
especially considering that food security is a multipillarsal issue, and make it difficult to
determine whether trade openness’s impact on food security is positive or negative for
specific countries only by qualitative and descriptive analysis performed by the majority
of previous studies [12,36,45]. As typical transition economies, Central Asia represents an
important strategic junction and its economic development has important connotations for
Central and Eastern Europe, China, and the Middle East and West Asia, and improving
food security is vital for sustainable economic development in Central Asia [17]. However,
quantitatively empirical studies that assess trade openness’s potential impact on food
security in Central Asian countries are still rare. An additional problem is that most
previous studies used poverty indicators rather than direct food security indicators for
representing food security [14,36].

Therefore, this study aims to quantitatively explore trade openness’s impact on food
security in Central Asian countries. Using four different direct food security indicators that
correspond to the four pillars of food security, including availability, access, stability, and
utilization, respectively, a panel data fixed effect model has been established to empirically
analyze trade openness’s impact on food security in Central Asian countries. We explore
the following questions: (1) Is trade openness a threat or an opportunity for food security in
Central Asian countries? Is there a U-shaped (or inverted U-shaped) relationship between
trade openness and the four pillars of food security? (2) Do other economic and non-
economic factors chosen as control variables have positive or negative effects on food
security in Central Asian countries?

3. Materials and Methods
3.1. Methods
3.1.1. Baseline Model

As indicated previously, this study aims to empirically analyze trade openness’s
impact on food security in Central Asian countries by adopting a panel data fixed effect
model as the baseline model. Considering the trade openness–food security relationship
and the effect of other important potential determinants, and based on the model developed
by Kang [43], Dithmer and Abdulai [36] and Fusco et al. [14], we built the panel data fixed
effect model as:

FSi,t = α0 + α1TOi,t + α2TO2
i,t + α3CVi,t + Ti,t + Ci,t + εi,t (1)

where i and t denote Central Asian countries and time periods, respectively.
As the dependent variable, FS represents food security and is denoted by following

four indicators that respectively correspond to the four pillars of food security, including
availability, access, stability, and utilization, considering the data availability across Central
Asian years and countries of all food security indicators in the Food and Agriculture
Organization Corporate Statistical Database (FAOSTAT; http://www.fao.org/faostat/en/
#data/FS (accessed on 16 March 2021)): (1) dietary energy supply, used as a proxy for
availability, which is computed by comparing a probability distribution of habitual daily
dietary energy consumption with the minimum dietary energy; (2) rail lines density, used
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as a proxy for access, corresponds to the ratio between the length of railway route available
for train service, irrespective of the number of parallel tracks within the country; (3) food
supply variability, used as a proxy for stability, represents the per capita variability of
the “food supply in kcal/caput/ day” as disseminated in the FAOSTAT; (4) population
using safely managed drinking water services, used as a proxy for utilization, corresponds
to the ratio between population using safely managed drinking water services and total
population. These four pillars are necessary for food security to be understood as a
continuum that progresses from uncertainty and anxiety regarding access to sufficient and
appropriate food at the household level to the extreme condition of hunger among children
because they do not have enough to eat [46].

TOit is the trade openness measure, which is computed as the share of trade value (the
sum of exports and imports of goods and services) over the gross domestic product (GDP)
from the World Bank’s World Development Indicators (WDI; https://data.worldbank.org/
indicator?tab=all (accessed on 16 May 2021)). This trade openness measure is the measure
usually employed in impact studies of trade openness and is arguably better than de jure
measures (e.g., tariffs) to the extent that the latter are difficult to summarize in a single
indicator [36] and has great advantages in that it can reflect the entirety of a country’s
commercial transactions, including exports and imports [47]. TO2

i,t is the quadratic form
of TOit, which is also treated as an independent variable for testing whether there is a
U-shaped (or inverted U-shaped) relationship. If α2 is statistically significant, then it is
demonstrated as a U-shaped (or inverted U-shaped) relationship. CV is a set of control
variables that might be major determinants in Central Asian countries’ food security and are
explained in more detail below. Ti,t and Ci,t are the period fixed effects (such as geographic
characteristics or unobserved cultural and institutional factors) and cross-section fixed
effects (such as changes in world prices and shocks that are identical to all countries),
respectively; α0 is the constant term; α1, α2 and α3 are the estimated values of independent
variables’ coefficients; and εi,t is the random error term.

3.1.2. Robustness Analysis Models

For verifying the validity of panel data fixed effect model’s estimation results, we
used an LS procedure for pooled data and a DPD analysis with the GMM approach,
simultaneously.

(1) LS procedure for pooled data

The estimation equation form of the LS procedure for pooled data is:

FSi,t = β0 + β1TOi,t + β2TO2
i,t + β3CVi,t + εi,t (2)

where β0 is the constant term; and β1, β2 and β3 are the estimated values of independent
variables’ coefficients.

(2) DPD analysis with GMM approach

Considering the potential effect of past food security levels and testing for the dynamic
effects and the endogeneity problem, based on Nickell [48], Holtz-Eakin et al. [49], and
Arellano and Bond [50], the estimation equation form of DPD analysis with the GMM
approach is:

FSi,t = φ1FSi,t−1 + φ2TOi,t + φ3TO2
i,t + φ4CVi,t + Ti,t + Ci,t + εi,t (3)

where FSi,t−1 is the lagged food security and treated as predetermined to the current
period for modeling current food security levels as a function of past food security levels
(also capturing the effects of past status), and current determinants [36]. The lagged depen-
dent variable would control for longer-term effects of all our included control variables
and would also pick up effects of other potentially omitted variables as it will be highly
correlated with the current values of the food security variables [14,36]. φ1, φ2, φ3 and φ4
are the estimated values of independent variables’ coefficients.
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3.2. Data

Based on the FAO’s conceptual analysis framework for trade policy reforms and food
security [11,38], experiences of previous literature, and data availability, we used panel
data composed of five Central Asian countries over the period 2001–2018. Most of the data
used in this study come from the FAO’s FAOSTAT and World Bank’s WDI. According to
FAO [11,38], Dithmer and Abdulai [36], and Fusco et al. [14], we considered the following
five categories of food security determinants: the first category is trade openness measure;
the second category accounts for country context and characteristics; the third category
describes the development of economy and population; the fourth category captures non-
economic events; the fifth category denotes domestic macroeconomic policies except trade
policy. The trade openness measure, as the first category, is the core independent variable
in this study and has already been explained in detail earlier. Subsequently, we focus on
the last four groups of food security determinants, which represent the control variables
included in Equations (1)–(3).

Referring to the second category, we take into account the following three aspects
to represent the country’s context and characteristics: macroeconomic scale, importance
of agriculture, and availability of resource endowment for agricultural production in the
country. Gross domestic product (GDP) per capita in constant 2010 USD is used as the
variable to measure the macroeconomic scale and data on which comes from the WDI. A
positive impact of GDP per capita on food security is projected, as strong income growth
is crucial to enhance the acquisition for buying food [36]. The importance of agriculture
is measured by the employment in agriculture, which refers to the share of persons of
working age who were engaged in the agricultural industry of total employment, and
data on which comes from the WDI. The first important element of national resource
endowment for agricultural production is arable land per person and data on which comes
from the WDI. In the context of agricultural land use, the function to produce biomass is
the most relevant to sustain food production and respond to cultural practices conducive to
sustainable agricultural land management [51]. The second important element of national
resource endowment for agricultural production is freshwater withdrawals in agriculture,
which refers to annual freshwater withdrawals in agriculture divided by total freshwater
withdrawal, and data on which comes from the WDI. The amount and timing of water
available for irrigation have a direct effect on crop yields, which is vital for ensuring food
production, and water security is the basis for food security [52,53].

Referring to the third category, three variables are used to reflect the agricultural
and overall development of the economy and population: agricultural productivity, GDP
growth, and population growth. Cereal yield is used as a proxy for agricultural produc-
tivity, and data on which comes from the WDI. Despite increasing internationalization,
many developing countries’ food security still mainly depends on domestic agricultural
production [54], then agricultural productivity growth is one of the important approaches
to enhance domestic food availability and decrease their prices [55,56]. GDP growth is used
to capture cyclical fluctuations in total output, and data on which comes from the WDI.
Increases in GDP are associated with increasing income per capita and changes in demands,
often reflected in stronger demand for food and resulting in increased consumption [57].
Population growth is used to describe population pressures on food security, and data
on which comes from the WDI. Population pressures as denoted by the rapid population
growth rate always result in increasing food demands for the total population and reduce
food availability per capita [36].

Referring to the fourth category, one variable is chosen to represent non-economic
events: natural disasters. The natural disasters data are from the Emergency Events
Database (EM-DAT; https://public.emdat.be/ (accessed on 28 May 2021)) of Belgium
launched by the Centre for Research on the Epidemiology of Disasters (CRED), which is
calculated by the ratio between the total number of injured, affected, and homeless popula-
tions as a direct result of natural disasters (including geophysical disasters, meteorological
disasters, hydrological disasters, climatological disasters, biological disasters, and extra-
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terrestrial disasters) and total population. When natural disasters affect the agriculture
sector, they can have far-reaching negative consequences beyond physical damage, they:
lower production and productivity; decrease exports of agricultural commodities, and
increase food imports, causing disequilibrium in the balance of trade and in the balance of
payments in affected countries; and arrest agriculture sector growth and the sustainable
development of the sector [58].

Referring to the fifth category, one variable is chosen to capture domestic macroe-
conomic policies except for trade policy: inflation rate (GDP deflator). The inflation rate
(GDP deflator) calculated by the annual growth rate of GDP implicit deflator, denotes the
price’s changing rate at a national level, and data on which comes from the WDI. The
inflation rate is an important indicator of macroeconomic stability [59,60]. Considering
national food security, macroeconomic policies that affect certain vital macroeconomic
factors can have both a direct and indirect impact on a country’s rate of food production
and food inflation [61], and high efficiency in development and economic growth will be
conducive to reducing poverty and hunger and finally eliminating food insecurity in every
country [62].

The variables and their data sources, and their descriptive statistics used in this study
are presented in Tables 1 and 2, respectively.

Table 1. Variables and their data sources.

Variables Unit Symbol Data Sources

Dependent variable

Dietary energy supply kcal/capita/day DES FAOSTAT
Rail lines density per 102 square km of land area RLD FAOSTAT

Food supply variability kcal/capita/day PCF FAOSTAT
Population using safely

managed drinking
water services

% PUS FAOSTAT

Core independent
variable Trade openness % TO WDI

Control variables

GDP per capita Constant 2010 USD GDPC WDI
Employment in

agriculture % EA WDI

Arable land Hectares per person AL WDI
Freshwater

withdrawals in
agriculture

% FWA WDI

Agricultural
productivity kg per hectare AP WDI

GDP growth Annual % GDPG WDI
Population growth Annual % PG WDI
Natural disasters % ND EM-DAT

Inflation rate Annual % IR WDI

Note: DES—dietary energy supply; RLD—rail lines density; PCF—food supply variability; PUS—population using safely managed drinking
water services; TO—trade openness; TO2—quadratic form of trade openness; GDPC—gross domestic product per capita; EA—employment
in agriculture; AL—arable land; FWA—freshwater withdrawals in agriculture; AP—agricultural productivity; GDPG—domestic product
growth; PG—population growth; ND—natural disasters; IR—inflation rate. FAOSTAT—Food and Agriculture Organization Corporate
Statistical Database; WDI—World Development Indicators; GDP—gross domestic product; EM-DAT—Emergency Events Database.
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Table 2. Variables’ descriptive statistics.

Variables Mean Standard Deviation Minimum Maximum

Dietary energy supply 2684.71 372.77 1945.00 3240.00
Rail lines density 0.56 0.31 0.20 1.60

Food supply variability 47.11 34.53 9.00 188.00
Population using safely managed

drinking water services 63.83 14.95 37.00 94.80

Trade openness 84.33 30.82 29.75 146.66
GDP per capita 3325.87 3286.36 447.96 11,165.57

Employment in agriculture 34.63 10.82 15.77 58.69
Arable land 0.53 0.64 0.08 1.98

Freshwater withdrawals in agriculture 86.30 12.36 58.38 96.52
Agricultural productivity 2529.38 1166.92 804.10 4851.70

GDP growth 6.72 3.25 –0.47 14.70
Population growth 1.55 0.54 –0.17 2.82
Natural disasters 0.97 5.68 0.00 38.84

Inflation rate 13.95 11.33 –5.15 59.74

Note: GDP—gross domestic product.

3.3. Descriptive Analysis on the Food Security Status in Central Asian Countries

Taking the “availability” pillar of food security as an example, which is denoted
by the dietary energy supply in this study, we first conducted a descriptive analysis of
the evolutionary characteristics of food security status in Central Asian countries and
also conducted a comparison with two major transition countries (China and the Russian
Federation) and the world average. Then, we further briefly discussed the ongoing COVID-
19 pandemic’s impact on food security status in Central Asian countries. Figure 1 shows
the evolutionary trends of the dietary energy supply in five Central Asian countries, China,
the Russian Federation, and the world average from 2001–2018.
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After independence, Central Asian countries underwent a series of transitions from
centrally planned economies to a market-orientated system [18]. During the initial years of
transition, all the Central Asian countries experienced rising poverty, food insecurity, and
malnutrition [18,63]. Therefore, Central Asian countries have attached great importance
to improving their food security status by adopting food self-sufficiency policies, and
for implementing such an approach; legislation including laws and strategies to support
agricultural producers by various subsidies for input factors in production, such as fer-
tilizers, seeds, plant protection pesticides, fuel and electricity, extension technicians, and
agricultural machinery services have been developed [64]. Then, the dietary energy supply
in most Central Asian countries totally showed positive trends in the 21st century. Land
reform and farm restructuring also contributed to the improvement of food security in
Central Asian countries. Kazakhstan and Kyrgyzstan were relatively faster in privatiza-
tion reform of land. Taking Kazakhstan as an example, the share of non-state enterprises
reached 95% of arable land and 91% of animal husbandry by 1999, and the private business
had dominated the agro-industry [23,65]. In Uzbekistan and Turkmenistan, governments
adopted slower paths for the transition to a market-orientated economy, and preserved
state ownership and controlled most agricultural land, and land reform mainly focused on
fragmentation of large collective and state farms but without transferring land ownership
to farmers [23,66]. In Tajikistan, the civil war immediately after independence in 1992–1997
had strong damaging effects on its agricultural production, and privatization reform of
land was initiated later than in other Central Asian countries [67].

Since 2007, the dietary energy supply in Kazakhstan has been the highest among
Central Asian countries from 2001–2011, and Uzbekistan overtook Kazakhstan to become
the highest from 2012–2018, while Tajikistan has always been the lowest. By 2015, as a
region, Central Asia achieved MDGs 1C goal (halving the proportion of people suffering
hunger from 1990–2015), but the progress on reducing hunger incidence differed from
country to country. Kazakhstan achieved the MDG 1C goal as early as 2006; Kyrgyzstan,
Turkmenistan, and Uzbekistan achieved the goal in 2014–2016; Tajikistan has consistently
had the highest rate of undernourishment in the region (the percentage of the population
with a caloric intake below the minimum dietary energy requirement). The prevalence
of undernourishment in Tajikistan was estimated at 28.1 percent in 1990–1992, climbing
to 33.2 percent in 2014–2016 [64], showing serious food insecurity issues. The year 2016
and beyond have marked the transition from the MDGs to the SDGs, which recognized
the unfinished nature of efforts to eradicate poverty and hunger, but also expanded the
coverage of programs to include both developing and developed countries and widen
the range of the goals to include sustainability as a fundamental leitmotif. In line with
Goal 2 of the SDGs, calling for the eradication of hunger, achieving food security, and the
elimination of all forms of malnutrition, national authorities in Central Asia will build
on progress made in the region in sharply improving food and nutrition security since
1990 by identifying their national priorities to achieve this goal [68]. However, since 2016,
the dietary energy supply in Kazakhstan, Uzbekistan, and Turkmenistan has tended to
decline—mainly due to insufficient quantities of vegetables, fruits, and fish. This trend has
pointed to the urgent demand for more efforts towards raising the availability of several
food items through nutrition-sensitive policies in both production and trade areas [69]. In
2018, the dietary energy supply in all Central Asian countries was still significantly lower
than that in China and the Russian Federation, especially Tajikistan is only 67.5% and
66.4% of China and Russia Federation, respectively; when compared to the world average,
only the dietary energy supply in Kazakhstan and Uzbekistan was higher than the former.
Therefore, the food security status in Central Asian countries needs to be further improved,
not to mention the nutrition issues in these countries, and larger efforts from within and
outside the region need to be carried out comprehensively to eliminate food insecurity as
soon as possible.

The COVID-19 pandemic—still ongoing all around the world as of 2021—is also
present in Central Asia, which is further worsening the food insecurity status in Central
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Asian countries, in particular, it is estimated that the number of food-insecure people in
Central Asia is expected to grow significantly, which will become worse as the COVID-19
continues to spread. A survey conducted by the FAO Regional Office for Europe and
Central Asia reveals that COVID-19 has led to disruptions in transportation, storage,
output deliveries, input supplies, and operational financing throughout the food supply
chains and has continued to pose operational challenges that affect crop farmers, livestock
farmers, and traders/processors in most countries in the region [70]. As COVID-19 has
disrupted markets, food prices have risen, the incomes of many rural and urban families
have fallen, especially low-income classes, and the diversity of food has decreased [4].
Moreover, COVID-19 has negatively impacted Central Asian countries’ food security, and
the innutrition status is also likely to deteriorate, which will significantly heighten the
difficulty of realizing the Zero Hunger goal on schedule by 2030 in Central Asia.

4. Results and Discussion
4.1. Estimation Results of Panel Data Fixed Effect Model
4.1.1. Data Test
Correlation Analysis

Considering the possible multicollinearity issues in the models we have built, which
could negatively affect the reliability of estimation results, a correlation analysis was
computed between independent variables. According to the correlation analysis results
presented in Table 3, we found that the vast majority of absolute values of the Pearson
correlation coefficient between the independent variables were less than 0.5, then based
on the determination criteria for the degrees of correlation and the values of Pearson
correlation coefficient [71], we can confirm that there was no strong multicollinearity in
the equations, therefore, we can continue to conduct the empirical analysis based on these
equations.

Table 3. Correlation analysis results between independent variables.

Variables TO TO2 GDPC EA AL FWA AP GDPG PG ND IR

TO 1.000 0.985 –0.264 0.361 –0.082 0.104 –0.347 0.107 –0.095 0.216 0.063
TO2 0.985 1.000 –0.306 0.369 –0.143 0.151 –0.284 0.105 –0.058 0.219 0.078

GDPC –0.264 –0.306 1.000 –0.614 0.848 –0.398 –0.677 –0.012 –0.236 –0.129 –0.205
EA 0.361 0.369 –0.614 1.000 −0.396 0.309 0.109 0.154 0.189 0.154 0.108
AL –0.082 –0.143 0.848 –0.396 1.000 –0.152 –0.644 –0.003 –0.469 –0.094 –0.084

FWA 0.104 0.151 –0.398 0.309 –0.152 1.000 0.532 0.071 0.293 0.070 0.044
AP –0.347 –0.284 –0.677 0.109 –0.644 0.532 1.000 –0.127 0.290 0.001 0.194

GDPG 0.107 0.105 –0.012 0.154 –0.003 0.071 –0.127 1.000 –0.056 –0.049 0.154
PG –0.095 –0.058 –0.236 0.189 –0.469 0.293 0.290 –0.056 1.000 0.036 –0.106
ND 0.216 0.219 –0.129 0.154 –0.094 0.070 0.001 −0.049 0.036 1.000 0.034
IR 0.063 0.078 –0.205 0.108 –0.084 0.044 0.194 0.154 –0.106 0.034 1.000

Panel Cointegration Test

In the macroeconomic panel data, due to identical impacts or spillover effects, cross-
sectional dependence would arise, and for which if not accounted for, biased estimated
results may be obtained [72]. Therefore, since the early 2000s, aiming to analyze the
existence or otherwise of long-run stationary relationships among integrated economic
variables, several kinds of panel cointegration test methods have been developed [73],
such as the Pedroni (Engle-Granger Based) cointegration test [74,75], the Kao (Engle–
Granger Based) cointegration test [76], and combined individual tests [77]. In order to
examine the relationship among the dependent variable (the selected four proxy variables
corresponding to food security’s four pillars), core independent variable, and control
variables in this study, the Kao cointegration test was employed here. Under the null
hypothesis of no cointegration, the Kao cointegration test specifies cross-section-specific
intercepts and homogeneous coefficients on the first-stage regressors [76]. When we
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conducted the Kao cointegration test, the individual intercept was selected for deterministic
trend specification, lag length was automatically selected by using Schwarz information
criterion (SIC), Bartlett kernel was selected for spectral estimation, and bandwidth was
automatically selected by using Newey–West. According to the Kao cointegration test
results presented in Table 4, we found all the values of the augmented Dickey–Fuller
(ADF) t-Statistic were statistically significant at a 1% significance level, and all the values
of probability corresponding to ADF t-Statistic were less than 1%. Therefore, the null
hypothesis of no cointegration was strongly rejected, and long-run stationary relationships
existed among the dependent variable, core independent variable, and control variables in
this study.

Table 4. Results of Kao cointegration test.

Variables
ADF

Residual Variance HAC Variance
t-Statistic p-Value

DES, TO, TO2, GDPC, EA, AL, FWA, AP, GDPG, PG, ND, IR –3.791 *** 0.001 14.932 65.142
RLD, TO, TO2, GDPC, EA, AL, FWA, AP, GDPG, PG, ND, IR –3.034 *** 0.001 0.006 0.007
PCF, TO, TO2, GDPC, EA, AL, FWA, AP, GDPG, PG, ND, IR –3.801 *** 0.0001 52.450 45.883
PUS, TO, TO2, GDPC, EA, AL, FWA, AP, GDPG, PG, ND, IR –3.218 *** 0.001 0.556 1.001

Note: ADF—augmented Dickey-Fuller; p-value—value of probability; HAC—heteroscedasticity-autocorrelation consistent. ***—1%
significance level.

4.1.2. Estimation Results

The specification for the panel data fixed effect model has period and cross-section
fixed effects, based on which three specifications could be estimated: one only with pe-
riod fixed effects, one only with cross-section fixed effects, and one only with a common
intercept. The redundant fixed effects test should be used to determine the optimal specifi-
cation for the panel data fixed effect model, and specifically using the likelihood function
(chi-square test). Cross-section chi-square is used to evaluate cross-section fixed effects’
significance, period chi-square is used to evaluate the period fixed effects’ significance,
and cross-section/period chi-square is used to evaluate both of the effects’ joint signif-
icance, respectively. According to the redundant fixed effects test results presented in
Table 5, all the three statistic values corresponding to the above three tests in columns (1)–
(4) were statistically significant. Therefore, both null hypotheses suggest that cross-section
fixed effects are redundant and no period fixed effects were strongly rejected, and the
optimal specification of panel data fixed effect model in this study should include period
and cross-section fixed effects, simultaneously. Additionally, considering that period and
cross-section specific effects’ presence may also be handled by using random effect meth-
ods, this study further used the Hausman test to compare the results from the estimated
random effect specification and a corresponding fixed effect specification, with the null
hypothesis that the random effect is correlated with the right-hand side variables in the
panel equation setting. Random effect estimation requires the number of coefficients for
between estimator for an estimate of random effect innovation variance is less than the
number of cross-sections [78], which is not applicable in this study, therefore, when we
used random effect methods, cross-section random effects are excluded, and only period
random effects are included. According to the Hausman test results presented in Table 5,
all the statistic values were statistically significant, which means that the null hypothesis
was strongly rejected, and fixed effect specification is more appropriate than random effect
specification in this study.

Table 5 presents estimation results of the panel data fixed effect model which takes the
selected four proxy variables corresponding to food security’s four pillars as dependent
variables. The results in columns (1)–(4) show that TO has negative coefficients and TO2 has
positive coefficients, and both are statistically significant. Therefore, the estimation results
of the panel data fixed effect model show a U-shaped relationship between trade openness
and food security’s four pillars in Central Asian countries, which is similar to the results of
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Kang [43], but different from the findings of Fusco et al. [14] and Dithmer and Abdulai [36].
The early stages of trade openness negatively impact food security, which implies that
increased trade openness contributes to the redistribution of world production based on
a comparative advantage due to trade and globalization [43,79]. Considering that trade
openness means a change in relative prices of traded and non-traded commodities [38],
the more a country becomes reliant on traded food, the more it will be inducting the
“global food price” for related goods, and global inflation will more negatively influence
its low-income groups, which spend most of their family income on food, resulting in
increased food security risk [80], especially in transition economies such as Central Asian
countries, where a perfect market-oriented economic system has not yet been established
since achieving independence from the Soviet Union [24,81]. Additionally, benefits from
a nation’s larger openness to food security might be neutralized by greater unsteadiness
or ecological costs [82,83], not to mention the negative effect of the vulnerability of the
global food trade network [84,85]. Beyond a certain threshold of trade openness, food
security status tends to improve. This indicates that relative price changes will finally result
in changes in resources allocation on various sectors followed by changes in production’
subsectoral levels, and in turn, changes in income levels (which are expected to increase in
aggregate as resources are used more efficiently) have the potential both to decrease poverty
levels and improve food security by improving poor’s food acquisition [38]. Imported food
supply—generally with relatively higher quality and cheaper prices—has intertemporal
substitution effects or income effects, which means an increase in real income, and induces
stronger domestic demand [86,87]. Therefore, participation in the world markets through
international trade can finally improve food security in Central Asian countries.

Table 5. Estimation results of panel data fixed effect model.

Variables (1): DES (2): RLD (3): PCF (4): PUS

Constant 15.501
(1.160)

0.495
(0.481)

38.880
(0.952)

17.259 ***
(6.738)

TO –14.769 ***
(–4.599)

–0.008 ***
(–2.707)

–1.818 **
(–2.116)

–0.167 ***
(–2.963)

TO2 0.080 ***
(5.038)

0.00001 **
(2.203)

0.007 *
(1.965)

0.001 ***
(3.191)

GDPC 0.013 **
(2.426)

0.0001 ***
(4.829)

0.005 *
(1.989)

0.002 *
(1.904)

EA –1.841 ***
(–3.357)

–0.017 ***
(–3.161)

–1.545 ***
(–5.297)

–0.658 ***
(–4.239)

AL –8.064 *
(–1.902)

–3.969
(–0.756)

–4.498 **
(–2.027)

–4.337 *
(–1.834)

FWA –1.873 ***
(–3.227)

–0.002
(–0.191)

–5.160
(–1.310)

–1.024 ***
(–3.674)

AP 0.061 *
(1.874)

0.0001
(0.806)

0.008 **
(2.644)

0.002 ***
(2.848)

GDPG 3.915
(0.755)

0.006 *
(1.848)

0.336
(0.269)

0.085 *
(1.917)

PG –8.595 *
(–1.912)

–0.031
(–0.773)

–9.509
(–0.525)

–0.612
(–0.488)

ND –0.487 *
(–1.906)

–0.0002
(–0.129)

–0.570 *
(–1.910)

–0.018
(–0.362)

IR –1.208 **
(–2.034)

–0.003 **
(–2.385)

–0.444 *
(–1.882)

–0.012
(–0.327)

Cross-section fixed effects Yes Yes Yes Yes
Period fixed effects Yes Yes Yes Yes

R-squared 0.944 0.936 0.864 0.986
F-statistic 29.762 *** 26.093 *** 21.303 *** 125.039 ***

Redundant Fixed Effect Tests
Cross-section chi-square 62.506 *** 137.896 *** 20.376 *** 74.972 ***

Period chi-square 47.892 *** 11.825 *** 23.503 *** 33.327 ***
Cross-section/period

chi-square 76.625 *** 151.049 *** 42.727 *** 80.968 ***

Hausman Test for Random
Effect

Period chi-square 69.174 *** 74.263 *** 90.854 *** 86.721 ***
Note: Numbers in parentheses are t-statistics values. ***—1% significance level; **—5% significance level; *—10%
significance level.
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The empirical findings in Table 5 further confirm that other economic factors and non-
economic factors chosen as control variables in this study can also be important determinants
of food security. Both GDP per capita and GDP growth have positive coefficients—most
of which are statistically significant—indicating that sustained economic development
is a major factor in improving food security in Central Asian countries. Employment in
agriculture has negative coefficients and all of which are statistically significant, meaning
that there is likely to be a labor surplus in Central Asian countries’ agriculture. Both
arable land and freshwater withdrawals in agriculture have negative coefficients, most
of which are statistically significant, indicating that the utilization efficiency of arable
land and water is low in Central Asian countries’ agriculture, which is not conducive
to improving food security in these countries. It has been calculated that the average
consumption coefficients of arable land denoted by the ratio of arable land area and
total cereal production in Central Asia are much higher than the world average value of
up to 7.74 m2/kg, which is 3.6 times that of China, and the average agricultural water
consumption denoted by the ratio of water used in agriculture and total cereal production
in Central Asia is about 9.43 m3/kg, or nearly 9.3 times the average value elsewhere in
Asia [88]. Agricultural productivity has positive coefficients, most of which are statistically
significant, indicating that an increase in agricultural productivity is conducive to food
security’s improvement. Increased agricultural productivity often means an increase in
food production and supply capacity, and thus especially improving availability, access,
and stability from a domestic food supply perspective. Population growth has negative
coefficients, which shows that population growth is not conducive to the improvement
of food security. A larger population always means greater food demand, which in turn
increases the pressure to ensure food security. Natural disasters have negative coefficients,
which suggest that natural disasters are not conducive to the improvement of food security.
Natural disasters usually cause considerable damage to the production and transport
of food [89,90], and then availability, access, stability, and utilization of food will all
be adversely affected. The inflation rate has negative coefficients, most of which are
statistically significant, showing that the inflation rate is not conducive to the improvement
of food security. Most countries in Central Asia have experienced persistently unstable
and high inflation since independence [91], which has worsened their food security status,
considering that inflation often means a decline in real income levels and purchasing power,
especially for low-income classes.

4.2. Robustness Test

For testing the robustness of estimation results of the panel data fixed effect model, an
LS procedure for pooled data and a DPD analysis with the GMM approach are used in this
study, simultaneously.

4.2.1. Estimation Results of LS Procedure for Pooled Data

The number of observations analyzed in this study is not very large, and there may be
complicated panel error structure problems in the observations’ data, such as synchronous
correlation, heteroscedasticity, and series correlation [92]. For dealing with these problems
effectively, Beck and Katz [93] developed the weighted panel corrected standard errors
(PCSE) method. According to weight covariance processing methods’ differences, PCSE can
be further divided into cross-section weights, cross-section seemingly unrelated regression
(SUR), period weights, and period SUR [92]. After comparison, based on cross-section SUR,
we found both of independent variables’ t-statistics and models’ R-squared statistics were
generally larger than those based on the other three approaches, indicating a total fitting
effect of cross-section SUR is optimal. Consequently, in this study, we used the weighted
PCSE cross-section SUR approach to analyze the LS procedure for pooled data. According
to DW-statistics’ values, AR terms with appropriate lagged periods are also supplemented
for removing probable self-correlation problems. It is found that the effect direction and
statistical significance of most independent variables’ estimated coefficients in Table 6 were
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totally the same as the panel data fixed effect model’s estimation results in Table 5, which
implies that the LS procedure for pooled data supports the consistency and validity of the
baseline model estimators.

Table 6. Estimation results of LS procedure for pooled data.

Variables (5): DES (6): RLD (7): PCF (8): PUS

TO –17.203 ***
(–3.417)

–0.008 ***
(–3.930)

–1.332 **
(–2.147)

–0.146 ***
(–3.575)

TO2 0.042 ***
(3.743)

0.00003 **
(2.773)

0.002 *
(1.866)

0.002 ***
(4.625)

GDPC 0.026 *
(1.816)

0.0001 ***
(3.188)

0.003 *
(1.894)

0.001 ***
(5.215)

EA –1.215 ***
(–5.465)

–0.003 **
(–2.343)

–1.078 **
(–2.198)

–0.631 ***
(–4.552)

AL –9.963 **
(–2.145)

–3.146
(–0.703)

–2.851
(–1.106)

–6.992 **
(–2.160)

FWA –2.853 ***
(–3.961)

0.009
(0.810)

–1.654 **
(–2.162)

–0.830 *
(–1.856)

AP 0.104 ***
(5.341)

0.0001
(0.775)

0.013 ***
(2.901)

0.003 ***
(2.672)

GDPG 1.522
(0.524)

0.008 **
(2.308)

0.413
(0.797)

0.051
(0.779)

PG –7.472 ***
(–3.489)

–0.097
(–0.857)

–3.200 ***
(–4.025)

0.149
(0.801)

ND –0.094 *
(–1.881)

–0.0002
(–0.195)

–0.214
(–0.855)

–0.020
(–0.635)

IR –0.020
(–0.820)

–0.005 **
(–2.103)

–0.189
(–0.987)

–0.037 **
(–2.118)

AR(1) 1.690
(1.288)

0.783 ***
(2.945)

1.035
(0.934)

1.014
(1.368)

AR(2) 0.223
(1.408)

R-squared (weighted) 0.963 0.981 0.845 0.973
DW-statistic (weighted) 1.920 1.897 1.939 1.964

Note: Numbers in parentheses are values of cross-section SUR correction t-statistics; AR—autoregressive;
DW—Durbin–Watson; ***—1% significance level; **—5% significance level; *—10% significance level.

4.2.2. Estimation Results of DPD Analysis with GMM Approach

Table 7 presents the estimation results of DPD analysis with the GMM approach
by using the two-step system-GMM. The results of the autoregressive (AR) errors test
indicate that all p-values of the AR(2) errors test were significantly larger than 0.1, therefore,
the null hypothesis of no autocorrelation of order 2 was not rejected; the results of the
Hansen test indicate that all p-values were significantly larger than 0.1, therefore, the null
hypothesis that the tool variables are exogenous as a group was not rejected; the results of
the Sargan test indicate that all p-values were significantly larger than 0.1, therefore, the
null hypothesis of over-identifying restrictions was not rejected. Therefore, the specification
for DPD analysis with the GMM approach in this study is reasonable and valid and can
be estimated by using the two-step system-GMM. It is shown that effect direction and
statistical significance of most independent variables’ estimated coefficients in Table 7
were totally the same as the panel data fixed effect model’s estimation results in Table 5,
which implies that the DPD analysis with the GMM approach supports the robustness
of the baseline model estimators. At the same time, all the lagged dependent variables
were positive with statistically significant, showing that food security’s four pillars change
tardily over time and are determined by their previous conditions, which justifies the
specification of the dynamic panel model and the adoption of the two-step system-GMM
for estimating DPD analysis with the GMM approach.
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Table 7. Estimation results of DPD analysis with GMM approach.

Variables (9): DES (10): RLD (11): PCF (12): PUS

DES(-1) 0.815 ***
(3.623)

RLD(-1) 0.794 ***
(4.189)

PCF(-1) 0.802 ***
(4.351)

PUS(-1) 0.739 ***
(5.026)

TO –1.518 ***
(–4.129)

–0.002 ***
(–3.871)

–1.109 **
(–2.117)

–0.109 ***
(–3.214)

TO2 0.029 ***
(2.918)

0.00001 **
(2.252)

0.010 **
(2.183)

0.001 ***
(3.826)

GDPC 0.076 *
(1.923)

0.0002 **
(2.497)

0.001 *
(1.918)

0.003 ***
(4.724)

EA –1.674 ***
(–4.918)

–0.003 **
(–2.286)

–0.895 *
(–1.903)

–0.386 ***
(–3.951)

AL –8.752 *
(–1.909)

–2.742
(–1.158)

–5.652
(–0.970)

–3.283 **
(–2.160)

FWA –2.257 ***
(–9.184)

–0.013
(–0.635)

–2.034
(–1.562)

–1.232 *
(–1.921)

AP 0.095 ***
(3.706)

0.001
(0.548)

0.009 ***
(2.781)

0.021 ***
(3.056)

GDPG 1.652
(0.524)

0.013 **
(2.124)

0.643
(0.571)

0.104
(0.634)

PG –4.673 **
(2.108)

–0.205
(–0.817)

–2.428 **
(–2.061)

–0.085
(–1.236)

ND –0.094
(–1.076)

–0.0001
(–0.443)

–0.373
(–0.692)

–0.012
(–0.784)

IR –0.011
(–0.593)

–0.003 **
(–1.982)

0.304
(0.758)

–0.026 **
(–2.205)

p-value of AR(1) Errors Test 0.056 0.017 0.024 0.019
p-value of AR(2) Errors Test 0.439 0.452 0.519 0.523

p-value of Hansen Test 0.723 0.845 0.906 0.894
p-value of Sargan Test 0.384 0.372 0.268 0.291

Note: Numbers in parentheses are t-statistics values; p-values—values of probability; AR—autoregressive; ***—1%
significance level; **—5% significance level; *—10% significance level.

5. Conclusions and Policy Implications

Using the 2001–2018 panel data of Central Asian countries, this study is the first to
quantitatively estimate trade openness and other factors’ impact on food security’s four
pillars (including availability, access, stability, and utilization) and traces a U-shaped (or
inverted U-shaped) relationship between trade openness and food security by adopting a
panel data fixed effect model as the baseline model, and then conducts a robustness test by
using an LS procedure for the pooled data and a DPD analysis with the GMM approach,
simultaneously.

Estimates from the panel data fixed effect model indicated a U-shaped relationship
between trade openness and food security’s four pillars in Central Asian countries, which
means that the initial stages of trade openness negatively impact food security; further-
more, beyond a certain threshold of trade openness, food security status tends to improve,
therefore, the participation in the world markets through international trade can finally
improve food security in Central Asian countries. The empirical findings also confirm that
other economic factors and non-economic factors chosen as control variables in this study
can be important determinants of food security. GDP per capita, GDP growth, and agricul-
tural productivity have contributed to the improvement of food security; employment in
agriculture, arable land, freshwater withdrawals in agriculture, population growth, natural
disasters, and inflation rate have negative impacts on food security. Estimates from the LS
procedure for the pooled data and the DPD analysis with the GMM approach indicated
that estimates from the panel data fixed effect model were robust and valid.

According to the above research conclusions, we can develop the following policy
enlightenments to improve food security status for Central Asian countries: first, the
countries need to build more robust trade policies and food safety technical rules that
adhere to relevant rules of the WTO, such as decreasing burdensome and intricate trade
regulations, increasing awareness about food safety standards, and improving the infras-
tructure of food safety and sanitary and phytosanitary, in order to maximize the positive
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effects of trade openness on food security. Second, the countries need to further boost
government governance reform, to ensure sustained and steady economic growth and
avoid large fluctuations in economic growth and exchange rate. Great importance should
also be attached to social protection and safety nets policies, such as cash transfer programs,
and transfers and subsidization of food [70], which are very important for low-income
classes in these countries when facing various shocks and crises, including the ongoing
COVID-19 pandemic. Third, the countries need to improve domestic agricultural support
policies, especially producer support for agricultural inputs [27], research and extension of
agricultural technology, and construction of agriculture-related infrastructure, to ensure
reasonable food self-sufficiency by improving the utilization efficiency of agricultural re-
sources, increasing agricultural productivity, and enhancing the capacity of agricultural
producers especially small-scale farmers to better respond to natural disasters and climate
change. Forth, the countries need to be more proactive in integrating into main global and
regional cooperative platforms to obtain more external support for improving their food
security status, such as China’s Belt and Road Initiative (BRI) which covers resources of
urgent need in these countries, including agricultural investment, agricultural technology
transfer, and massive investment in infrastructure [94,95], and promote the interface be-
tween these countries’ national development strategies and policies and main cooperation
platforms based on mutual benefit and win-win cooperation.

This study has important scientific value and practical significance. Our research
represents an attempt to provide further empirical evidence on the vital unresolved issue
at the country level of typical transition countries, which will contribute to the research
progress on the relationship between reform of trade policy and improvement of food
security, and by extending research to food security’s four pillars, our research is a signif-
icant improvement over past studies mainly using poverty indicators for food security.
Our research findings provide scientific support for sustainable food system strategies
in Central Asian countries and also provide valuable implications for other transition
countries and developing countries facing the common difficulty of realizing the Zero
Hunger goal by 2030.

Further research should address some limitations of this study. First, limited by the
data availability, our analysis selected one indicator for each of food security’s four pillars
in Central Asian countries. However, there are a series of indicators for denoting and
interpreting each of food security’s four pillars in the FAOSTAT. Hence, future studies
should build an indicator system to evaluate each of the four pillars of food security, and
based on which, more comprehensive evaluation results can be obtained. Second, based on
comparison and by referring to the practice of previous studies [14,36,43,47], the share of
trade value (total trade volume in goods and services) over GDP has been employed to
measure trade openness in this study. Tariff [96], and free trade agreements (FTAs) [97] are
also used as proxies for trade openness in some literature and deserve further analysis of
these alternative variables’ impact on food security.
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Abstract: The Common Fisheries Policy of the European Union was reformed in 2013 with the aim
of improving the sustainability of the fishing sector. The Landing Obligation, a cornerstone of this
reform, requires fishers to land their unwanted catch instead of discarding it at sea. Existing literature
pays little attention to what becomes of this unwanted catch once it is landed. To further the discourse
on the sustainable valorisation of unwanted catch, this study explores whether unwanted catch that
is safe for human consumption could be used for improving food security. The paper focuses on
Dutch food banks, which deliver critical food aid to over 160,000 individuals yearly but struggle to
provide all dependant recipients with nutritionally balanced food parcels. The research question
is addressed in two ways. The food bank recipients’ willingness to consume UWC is evaluated
quantitatively through a survey. Next to this, data from interviews with relevant stakeholders are
analysed qualitatively. Results indicate that the Food Bank Foundation and its recipients are willing
to receive this fish if it is safe to consume and accessible. However, various factors such as existing
infrastructure, lack of economic incentive to donate, competition from non-food and black markets,
and the fishing industry’s conflict with the landing obligation might pose barriers to this kind of
valorisation. The dissonance between fisheries, food, and sustainability policies is discussed and
identified as a key limiting factor. To bridge the differences between these policy areas, we propose
public-private partnerships and voluntary agreements among involved stakeholders.

Keywords: landing obligation; Common Fisheries Policy; food waste; food security; sustainability

1. Introduction

As part of the 2013 Common Fisheries Policy (CFP) reform, the European Commission
introduced a Landing Obligation (LO) which requires all catches of species subject to catch
quotas and minimum conservation reference size to be landed and counted against quota.
The objective of this requirement is to promote selective fishing and significantly reduce the
incidence of unwanted catches (UWC). Despite implementing selective fishing strategies
such as the use of specialised gear and locating species-specific hotspots, some untargeted
fish are still likely to end up being caught and landed [1]. Considering that fishers have
traditionally discarded such fish at sea, routes to fully utilise the landed UWC are currently
underdeveloped. The 2015–2019 implementation period for the LO saw the sector focus on
negotiating requirements and engineering ways to fish more selectively. However, little
attention was paid to developing sustainable ways to utilise UWC that would be landed as
a consequence of the LO.
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Next to conserving marine biological resources, reducing waste was a key incentive in
bringing about this reform [2]. When UWC with low survival rate is discarded at sea, it
contributes neither to the health of the fish stock nor towards meeting the dietary needs
of the growing population. Therefore, the practice of discarding UWC at sea can be seen
as wasteful and undesirable [2]. However, not utilising this UWC once it is landed is as
wasteful and undesirable, if not more. Given that meeting current and future protein needs
of the population is a significant challenge for the food system [3], not making appropriate
use of the landed UWC to supplement the human diet when feasible is a missed opportunity.
This is true also for developed countries like the Netherlands, where over 1 million people
out of the 17.4 million population are known to be part of low-income households [4].
Of these, several individuals require social assistance to procure sufficient food [4]. The
national Food Bank Foundation, Voedselbanken Nederland, aids these individuals by
providing weekly food parcels through its network of 171 food banks [5]. Based on existing
literature, it is known that Dutch food banks, like their counterparts around the world,
struggle to provide recipients with nutritionally balanced parcels [6,7]. In the Netherlands,
fish and fruit are particularly scarce in food bank parcels [7]. Neter et al. (2018) found that
99% of the food bank recipients did not consume fish in amounts considered sufficient by
the national dietary guidelines [7]. This issue cannot be ignored, as the number of food
bank recipients continues to grow [5]. Although it is known that there is a lack of fish in
food bank parcels, no previous studies have enquired as to whether food bank recipients
are keen on consuming more fish if it is made available to them. Our study provides a first
foray into this topic.

Together, the issues of UWC underutilisation and fish deficiency in food bank parcels
concern several of the United Nations Sustainable Development Goals (UN SDGs), such as
goal 2-zero hunger, goal 3-good health and well-being, goal 12-responsible consumption
and production, and goal 14-life below water. The goals stand for eliminating hunger
and food insecurity, ensuring a healthy life, making consumption and production more
sustainable, and ensuring the sustainable use of marine resources. The SDGs give UN
Member States, including the Netherlands, a blueprint for a more sustainable future.
Although many actions have already been taken, most Member States are not on track to
reach the goals by 2030 [8]. By sustainably utilising UWC and increasing the protein content
of food bank parcels, the Netherlands would come closer to realising the SDGs. However,
with existing EU policies, market conditions, and stakeholder relations, addressing the
issue is not straightforward, and may require several large-scale changes.

Currently under the LO, UWC that is under the minimum conservation reference
size (MRCS) cannot be sold for direct human consumption in the EU. Instead, it ends
up as pet food, fish meal, or other products. According to Cashion et al. (2017), on a
global scale as much as 90% of fish which are safe for human consumption end up being
used for fishmeal, fish oil, and other non-food applications [9]. This does not align with
the food waste hierarchy developed by Papargyropoulou et al. (2014), which states that
before recycling food into animal feed, redistribution for human consumption must be
considered, if feasible [10]. Iñarra et al. (2019) have adapted the hierarchy specifically for
fish waste management, starting again with (1) prevention and reduction, and continuing to
(2) human consumption, (3) bio-products, (4) animal feed, (5) industrial uses, (6) production
of energy, (7) agronomic purposes, and, finally (8) disposal [11]. In line with this, the LO
promotes prevention and reduction of fish waste as a top priority. However, it forfeits
the second step in the hierarchy to avoid creating a market for <MRCS fish. In the case
of UWC > MRCS, the LO allows for the fish to be utilised for human consumption. Since
substantial efforts to create a market for these fish have not been undertaken, any landed
UWC that does not have a high market value as a food product is likely to be used for
animal feed production, non-food applications, or even disposed of.

At the time of writing this paper, literature on the successful utilisation of UWC
in Europe was found to be scarce. This is not surprising considering that the LO was
implemented only recently and the issue of UWC valorisation is rather new. DiscardLess,
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an EU Horizon2020 project with a focus on reducing fishing discards in the region, collated
information about some ongoing initiatives. A 2019 report from the project indicated that
unavoidable UWC in parts of Denmark is either discarded after landing or sold to fish
meal or fish oil producers [12]. In the Netherlands and Germany, the pet food industry
is the largest buyer of UWC. In Boulogne-Sur-Mer, the biggest harbour in France, UWC
was largely found to be sold to a local company that specialises in the production of
cosmetics, health products, and fish meal. Pescanova, the biggest fishing company in Spain,
was reported to be selling UWC outside of the EU [12]. Some pilot projects focusing on
valorising UWC for human consumption were found in the literature as well. Two studies
from Spain showed the successful valorisation of UWC into fish mince products such as
fish finger and burger patties [13,14]. A project based in northern Finland was also reported
to be able to set up a fish mincing facility to utilise UWC for human consumption [15]. No
literature focusing on utilising UWC for food charities in Europe could be found.

The idea of donating UWC to food banks, however, is not entirely novel. SeaShare is a
US-based organisation that enables the donation of similar type of UWC to hunger relief
organisations. SeaShare, as described by Watson et al. (2020), partly relies on what the US
legislation calls a prohibited species donation (PSD) programme [16]. During its pilot run in
1993, the PSD program authorised the donation of salmon that was classified as prohibited
species in order to prevent valuable fish protein from leaving the food supply chain [16].
Later in 1996, Amendments 26 and 29 to the Fishery Management Plans for Groundfish in
the North Pacific (61 FR 38358) allowed a full-fledged programme to be established [16].
SeaShare, which is a non-profit organisation, supported the PSD programme by taking on
the logistical and financial burden of processing and distributing this fish [16]. While this
Prohibited Species Donation Program serves as inspiration for what could be done in the
Netherlands, due to the differences in intra-industrial relationships, as well as in fishing-
related laws and regulations in the US and EU, the possibilities within the Netherlands
warrant a separate evaluation.

Therefore, this study explores the possibility of including more fish in Dutch food
bank parcels by utilising UWC. It does this by assessing whether food bank recipients
would be interested in such fish. This is followed by an analysis of relevant stakeholders’
views on valorising UWC in this manner.

2. Methods
2.1. Study Design

This mixed methods study was designed to investigate the possibility of utilising
unwanted catch in Dutch food bank parcels from two perspectives. The first perspective
focuses on whether food bank recipients are interested in receiving more fish in their
parcels and if they are keen on consuming UWC. It was important to ascertain this because
without an interest from the food bank recipients, further investigations would not be
justified. Therefore, to understand whether food bank recipients want more fish in their
parcels and whether they are willing to eat UWC, a quantitative approach was deemed
appropriate. The goal with this approach was to survey the terrain before proceeding with
further data collection. A detailed description of the method employed is provided in
Section 2.2.

The second perspective looks at the fisheries supply chain and seeks to identify
whether it is economically, logistically, and legally possible to utilise UWC in this manner.
To answer this question, it was necessary to gather insights from stakeholders and experts
working directly with this supply chain. A qualitative approach using semi-structured
interviews was seen as the best fit for collecting and analysing such data since it seeks to
contribute to an improved understanding of social realities [17]. It does this by drawing
attention to processes, meanings, patterns, and structural features [17]. The purpose this
perspective serves is to mine the surveyed terrain. A detailed description of the method
employed is provided in Section 2.3.
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2.2. Questionnaires—Statistical Analysis

Questionnaires were used to determine whether there was a demand for more fish
in the food banks and if food bank recipients were willing to consume UWC. Printed
questionnaires were distributed to the recipients of Food Bank Venlo during May and
June 2021. Two hundred and ninety-eight paper questionnaires were packed in individual
envelopes and were transported to the food bank for distribution. In the food bank,
volunteers placed the envelopes in the recipients’ food parcels.

Food bank recipients had two weeks to participate in the research and involvement
was entirely voluntary. The self-administered questionnaires were in Dutch and consisted
of six questions, five of which were multiple-choice. The questions were asked in the
following order: (1) age, (2) gender, (3) food bank visits per month, (4) frequency of
receiving fish from the food bank, (5) willingness to receive more fish, and (6) willingness
to eat UWC. The term UWC was explained to the participants in the introduction and
repeated in question 6. The first two questions were asked to determine whether the
demographic of the sample matched with that of food bank recipients from across the
country. This data was also collected to examine whether age and gender were associated
with desire for more fish and willingness to consume UWC. The third and fourth questions
were asked for the purpose of determining whether the frequency of visiting the food
bank was associated with the quantity of fish received. Finally, respondents were asked if
they would be willing to eat UWC. The definition of UWC was provided along with this
question but description of the fish (species, size, state) was not included. This was done in
order to understand whether respondents’ interest in fish was associated with the fish’s
status as UWC solely. The number of questions were limited so as to require as little of the
respondents’ time as possible. The food bank recipients could either return the filled-in
questionnaires during their next visit to the food bank or scan a QR-code for the online
version created with Qualtrics. Returned paper questionnaires were collected from the
food bank and online responses were retrieved from Qualtrics. The relationship between
gender and willingness to consume UWC and age and willingness to consume UWC were
tested using a chi-square test of independence.

2.3. Interviews

Qualitative data were collected through in-depth semi-structured interviews with
experts working with the Dutch Food Bank Foundation and the fisheries sector. The
theoretical sampling strategy of Glaser & Strauss (1967) was used to create a suitable
sample [18]. This strategy entails collecting, coding, and analysing data simultaneously to
inform decisions regarding what data to collect next and where to find them. In this ap-
proach, data collection, analysis and theory emergence take place in a parallel manner [18].
All participants were contacted via email with a brief explanation about the purpose of the
study and the relevance of their participation. Ten participants were interviewed, following
which recruitment was stopped because data from the interviews were no longer con-
tributing to the further development of existing codes. This phenomenon is described by
Glaser & Strauss (1967) as theoretical saturation and marks the end of data collection [18].
Table 1 provides an overview of the participants’ profiles and expertise. The interviews
were conducted in English and lasted for 45 to 75 min. With the participants’ consent,
interviews were recorded and transcribed verbatim. All participants were invited to review
their interview transcripts for any inaccuracies.

As described above, the process of analysing the transcripts to identify recurring
themes and ideas took place continually alongside data collection. Relevant phrases,
sentences, or even entire sections were coded inductively using the in vivo technique
described by Saldaña (2021) [19]. At the end of the first coding cycle, 30 codes were
identified. In the next round, codes that were related to each other were grouped together
into 11 categories. Subsequently, the 11 categories were further grouped together into four
themes informed by the analysed data as well as previously read literature on the topic.
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Table 1. Overview of participants and their expertise.

Participant Expertise Description

P1 Supply chain Procurement and supply chain specialist connected with
the Netherlands Foodbank Association.

P2 Market research Market researcher connected with the Netherlands
Foodbank Association.

P3 Food safety Food safety specialist connected with the Netherlands
Foodbank Association.

P4 Marine ecology Research scientist based in the US, specialising in
quantitative marine ecology.

P5 Marine ecology Research scientist based in the US, specialising in
marine conservation ecology.

P6 Fisheries governance Independent consultant having extensive experience
with NGOs focused on sustainable fishing.

P7 Fisheries governance Project manager for sustainable fisheries governance
programmes in the Netherlands.

P8 Fish trading and processing Commercial head for a fish trading and processing
business in the Netherlands.

P9 Fish trading and management Director for a national fish auction in the Netherlands.

P10 Fisheries political affairs Director for various association advocating for the
interests of fishers in the Netherlands.

ATLAS.ti version 8.4 was used for all rounds of coding. The first and third authors
undertook data analysis independently following the method described above and later
compared and consolidated their findings. As an additional validation strategy, the last
author oversaw the comparison and merging of the two independent analyses. Wherever
necessary, excerpts, quoted verbatim unless modified to improve readability or to ensure
anonymity, have been used in Section 3 to underpin the findings.

2.4. Ethical Considerations

Food bank recipients received the questionnaires as part of their regular food parcels.
They were informed in writing about the aim of the study and that filling out and returning
the questionnaires was voluntary. This approach was chosen over the researchers person-
ally handing out questionnaires to ensure complete anonymity and so that the food bank
recipients would experience no discomfort or pressure. Each envelope contained a piece of
candy as acknowledgment for participation.

All participants who were interviewed were informed about the aim of the study, data
storage, and privacy. Participants were given the opportunity to ask questions about these
topics. They were informed that they could choose not to answer any questions asked by
the researchers and to stop the interview at any given point. All participants gave their
written informed consent.

3. Results
3.1. Demand and Supply
3.1.1. Demand for More Fish in Food Bank Parcels

Out of the 298 distributed questionnaires, 46% were returned, and the total number of
responses was 138. Gender representation was evenly split with 69 female and 68 male
participants. One participant did not report their gender. The age distribution ranged
from 21 to 76 years old, and the respondents’ mean age was found to be 45.23 years, with
a standard deviation of 12 years. Thirteen individuals did not report their age. It was
found that the study sample’s demographic closely matches that of food bank recipients
throughout the country (Voedselbanken Nederland, 2020).
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Out of the 138 respondents, 61 reported never receiving fish in their food parcels and
52 reported receiving fish once a month. The rest of the respondents reported receiving fish
more often. However, visiting the food bank more frequently did not increase the quantity
of fish received. Of the 72.46% of respondents who visited the food bank once per week,
38.00% reported that they received fish once per month. Of those who reported visiting
more frequently, 37.04% reported receiving fish once per month.

Regarding food bank recipients’ willingness to eat more fish, 106 (72.45%) respondents
indicated that they wanted more fish in their diet. Of these, 98.11% were willing to eat
UWC. Results indicate that 81% of the female respondents wanted more fish in their diet,
while 72% of the male respondents reported the same. This difference between genders
with regard to desire for more fish is in line with the larger Dutch population, where women
were observed to consume fish more frequently than men [20]. However, with regard
to UWC, results from the chi-square test indicated that the relationship between gender
and willingness to consume UWC was not significant at baseline (X2 (2, N = 136) = 4.2843,
p = 0.117). Thus, female participants were not less or more likely than male participants
to not be willing to eat UWC. Similarly, age did not show a significant association with
willingness to consume UWC (X2 (4, N = 124) = 1.2278, p = 0.881). None of the age
groups in the sample were therefore more willing to consume UWC than others. This
contradicts previous studies which indicate older consumers to be more accepting of
food that is traditionally seen as surplus or waste [3,21]. However, the oldest age group
(50–76) is underrepresented in our sample as compared to the national food bank recipient
population, and different results are possible if more individuals in the age group were
to be included in the study. Tables 2 and 3 provide an overview of gender in relation to
willingness to consume UWC and age in relation to willingness to consume UWC. Missing
data were not included while computing the chi-square test.

Table 2. Gender in relation to the willingness to consume UWC.

Total Number of
Participants (%

by Gender)

Willing *
(% m/f)

Not Willing *
(% m/f)

Unsure *
(%m/f) Missing Values p-Value

Gender 0.117
Male 68 (49.3%) 52 (47.7%) 10 (76.9%) 6 (42.9%)

Female 69 (50.0%) 57 (52.3%) 3 (23.1%) 8 (57.1%) 1
Missing 1 1 0 0

* = Reported willingness to consume UWC.

Table 3. Age groups in relation to the willingness to consume UWC.

Total Number of
Participants (% by

Age Group)

Willing *
(% by Age Groups)

Not Willing *
(% by Age Groups)

Unsure *
(% by Age Groups) Missing Values p-Value

Age group 0.882
18–29 15 (10.9%) 12 (12.1%) 2 (16.7%) 1 (7.1%)
30–49 67 (48.5%) 53 (53.5%) 7 (58.3%) 7 (50.0%)
50–76 43 (31.2%) 34 (34.3%) 3 (25.0%) 6 (42.9%)

Missing 13 11 1 0 1

* = Reported willingness to consume UWC.

The board of the Food Bank Foundation seems to be aware of the lack of fish in the
parcels. During the interviews, relevant participants acknowledged that food parcels rarely
contained fish. It was mentioned that several food bank recipients could not consume
various meats for religious reasons. Therefore, as per interviewees, adding more fish to
the parcels would be seen as favourable by the recipients because it would improve the
nutritional content of the parcels and religious or social restrictions would not apply. It
was mentioned that the Food Bank Foundation was already working to identify actors in
the fish supply chain who were willing to donate their surplus fish.
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3.1.2. Availability of Edible UWC in The Netherlands

From the results presented above, it is evident that the Food Bank Foundation and
its recipients are interested in UWC. However, our inquiry regarding the availability
of edible UWC did not yield as concordant a response. Neither the interviewed study
participants nor existing literature could provide definitive information regarding how
much edible UWC was available or discarded in the Netherlands. One of the interviewees
was reliably informed that up to half of the demersal (groundfish) catch was unwanted.
Other interviewees working with the fishing industry were also aware that a large quantity
of fish was caught unintentionally by demersal fleets but did not provide an estimate
regarding the numbers. In 2018, Stichting De Noordzee, a Dutch non-profit organisation
focused on sustainability in the North Sea, reported that the Dutch demersal fisheries
discarded more than 70,000 tons of fish at sea every year [22]. The Common Dab and
the European Plaice were reported to be the most discarded fish [22]. The same article
mentions that the LO could help reduce these numbers by stimulating the fishing industry
to engineer creative ways to avoid UWC instead of landing it [22]. The article, however,
does not mention what happens to this UWC when it is landed.

Based on the data collected from our interviews, it appears that UWC which is landed
has three possible destinations. UWC that has demand as food for human consumption
enters the food supply chain through mainstream fish auctions. UWC that does not have
market value as food, including <MCRS catch that cannot be used for human consumption
as per Regulation (EU) No 1380/2013, is sold for other applications such as animal feed,
pet food, fish oil, food additives, pharmaceuticals, and cosmetics [23]. Lastly, unwanted
catch that has no demand at all or cannot be used due to reasons such as spoilage or
damage is discarded. Finding uses for all of the landed UWC is anticipated to be one of the
most challenging impacts of the landing obligation [24]. There are some existing market
opportunities for these fish, but as reported by Hedley et al. (2015), it is clear that new
markets will need to be developed if the incoming stream of UWC is to be fully utilised [24].

If the food waste hierarchy is to be applied in this context, safe to consume UWC
should stay in the human food supply chain to ensure sustainable utilisation [10]. Donating
part of the UWC to the food banks could be a way to do this without creating a market
for these fish. However, there are several economic barriers to this, as further discussed in
Section 3.2. When asked whether it would be feasible to use UWC < MCRS in food bank
parcels, none of the interviewees working with the fisheries responded enthusiastically.
Some interviewees believed that if the <MCRS fish were to be utilised for human consump-
tion, it would take away the fishing industry’s incentive to fish more selectively. Most
interviewees did not think that the situation in the Netherlands was unfavourable. P10
described it as: “The fishermen sell all their fish at the auction—target species as well as non-target
species. All the fish which is marketable is being sold. There is no fish which is not being sold”. This
excludes under MCRS catch, but interviewees did not seem to view this fish as food. This
can be extended to UWC without a market value in general.

Those working on the ground might have a different perspective on the issue. In a pa-
per published by de Vos et al. (2016), all Dutch fishers interviewed for the study expressed
their aversion of being obliged to land < MCRS catch due to reasons related to principle,
profitability, and environmental protection [25]. An episode of the Dutch television show
Keuringsdienst van Waarde that documented this issue also indicated that fishers saw this
legislative requirement as unreasonable, wasteful, and unsustainable [26]. However, this
does not imply that the fishers would be willing to donate this fish. As per results from
Maynou et al. (2018), European fishers saw donating UWC as the least favourable valorisa-
tion route [27]. In comparison, other stakeholders like NGOs, researchers, and industry
representatives expressed moderate interest. The same study compared the opinions of
stakeholders by fishing regions. Stakeholders involved in North Sea fisheries considered
charity to be the least favourable option [27].

In the US, a programme that facilitates the donation of UWC that cannot be used for
any other purposes has been successfully established. P4, who studied the impact of this
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programme, emphasized the importance of stakeholder cooperation, community support,
and goodwill in establishing it. Based on the responses of participants working with the
Dutch fisheries, the fishing sector in the Netherlands does not seem to have any prior
experience with working with food banks. As a result, cooperation or goodwill cannot be
expected from stakeholders yet. NGOs or civil society organisations could play a role in
brokering such an understanding between the food banks and the fishing sector. However,
based on interviewees’ responses, the fisheries in the Netherlands do not currently share a
cordial relationship with such organisations.

Several interviewees working with the fishing industry believed that the Food Bank
Foundation should try to procure fish from a later stage of the supply chain as opposed to
the pre-auction and auction stages. Frozen fish close to its expiration date, procured from
various stages of the supply chain was suggested as a possible option. However, given that
this study focuses on UWC, this option will not be explored further.

3.2. Economic Feasibility
3.2.1. Paying for Unwanted Catch

Bringing UWC that is currently used for non-food applications back into the food
supply chain is a sustainable way of utilising such fish. Donating it to the food bank is an
attractive way to do this from the perspectives of food security and public health, but it
raises concerns regarding economic viability. The food banks in the Netherlands do not pay
for procuring food. Next to providing food aid, the Food Bank Foundation aims to reduce
food waste by utilising surplus food that would have ended up as waste otherwise [28].
Therefore, it relies on food businesses seeing the merit of donating their surplus. In this
case, however, fishers may not see the need to donate their UWC because it can be sold to
other destinations and used for other purposes, such as animal feed or pet food. Income
from such sale itself is unlikely to offset the costs incurred from keeping UWC on board [29].
However, donating UWC instead would further reduce profits. Interviewees working with
the fishing industry expressed their understanding regarding donation being the more
sustainable option but also regarded it as an unlikely scenario due to its impact on profits.
Considering that implementing the LO is likely to cost demersal cutter fleets between
EUR 5.6 and 12.3 million in transition costs [29], the sector’s worries regarding profits and
economic viability are well founded.

Additionally, the market value of UWC is dynamic. One of the interviewees described
the example of the octopus to demonstrate this: “Five years ago, octopus was a low-value side
catch. It was sold at 2 euros per kilogram. But these days, it has a value of around 18 euros per
kilogram. Nowadays, we see that the demand for fish is healthy and even the side-catch is expensive”.
In hopes of receiving a higher price for their UWC in the future, fishers may not want to
donate their UWC to the food bank and classify it as low value fish.

When asked whether paying a small amount of money for procuring UWC was
something the Food Bank Foundation would consider, interviewees working with the
food banks conveyed that this would not be feasible. Interviewees indicated that over
the last years, the food banks’ supply has decreased while the number of people signing
up to receive food aid has increased. Additionally, they believed that if the foundation
started paying for one category of products, all their procurement partners would expect
to be paid.

3.2.2. Processing Costs

Economic barriers to donating UWC do not end at the procurement stage. If we were
to consider the hypothetical scenario of fishers being willing to donate their low value
UWC to the food banks, processing costs would still be a concern. Processing the fish
would be necessary because providing whole, unprocessed fish to the food bank recipients
might lead to them wasting it as a result of not knowing how to handle it. A cross-cultural
study by Olsen et al. (2007) found the Dutch population to have the least positive outlook
towards preparing fish at home compared to the other four European countries considered
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in the sample [30]. Given that the food bank recipients are known to consume particularly
low quantities of fish [7], interviewees working with the food bank agreed that it would be
important to introduce UWC in an accessible manner. Therefore, processing costs must
be taken into consideration. This challenge might be easier to overcome than paying for
procuring fish. Although the Food Bank Foundation does not spend on procuring food,
interviewees stated that it is willing to do so for setting up infrastructure to process the
food that it procures. Currently, food banks source most of their products from the retail
stage of the supply chain. However, P1 mentioned that the board was looking to procure
at least a part of its supply from earlier stages of the supply chain because the retail sector
was becoming increasingly efficient at managing its surplus. Procuring from earlier stages
of the supply chain would entail some degree of processing and as per the information
provided by relevant participants, the board of the Food Bank Foundation is looking
into the possibility of creating a separate foundation that handles the procurement and
processing of such food. However, processes such as filleting fish are highly specialised
and relatively expensive. It is therefore important to undertake a thorough cost-benefit
analysis before investing in such facilities. It is important to note, however, that utilising
fishing by-products is not completely new to the fishing industry. Operations to valorise
fish by-products including cutting, boiling, drying, and ensiling exist across European
harbours but limited attempts to introduce UWC in existing manufacturing operations
have been made [11,27].

If UWC < MCRS is to be utilised in food bank parcels, processing costs might be an
important factor to consider given the small size and bony structure of such fish. However,
interviewees working with the Dutch fishing industry were far less willing to discuss the
possibility of donating under MCRS catch to the food banks. Some interviewees mentioned
that utilising < MCRS catch in other sustainable ways was not economically viable either.
Regarding such trials, they elaborated: “Fishers are not allowed to sell certain unwanted catch
for human consumption, so it must go for products like pet food, fish meal, and fish oil. For demersal
species, this is just not economically viable. We did look at whether you could extract high level
proteins or turn it into fish oil instead of using it for pet food for instance. But the problem is that
they would have to treat the unwanted catch in accordance with the same quality standards they use
for their commercial fish. That is impossible”.

Upon enquiring if they considered this fish to be safe for consumption, all answered
favourably. However, they stated the LO requirement to not use this fish for human
consumption as the restricting factor. When we enquired about the same issue but in
a hypothetical situation where the LO allowed the donation of UWC < MCRS to the
food bank, interviewees began to propose other profitable ways of utilising this fish.
Another hypothetical scenario suggested by the researchers focused on the government
providing monetary compensation to fishers for donating UWC or UWC < MCRS to the
food banks. This option was not seen as favourable due to the possibility of it turning
into a perverse incentive. However, targeted benefits such as tax deductions or subsidies
related to sustainability were viewed more favourably. In the US context, P4 described
similar incentives to have worked positively for the fish donation programme.

3.2.3. Competition from Non-Food and Black Markets

UWC that does not have a high market value as food is redirected to animal feed, pet
food, or other technical uses. These supply chains are well established in the Netherlands
and would therefore pose as a barrier to entry for the food bank. Some interviewee
responses indicated that selling UWC for non-food applications is not favoured by the
fishers, but given that they are able to recover a part of their costs through these transactions,
they cannot refuse them. Despite not bringing in as much value as the food supply chain,
non-food chains are important to the fishing industry. For instance, several participants
mentioned that the recent shutting down of Dutch mink farms had negatively impacted
the fishing industry because mink farmers no longer purchased fish as food for their minks.
One participant expressed the situation as follows: “Feed producers pay maybe seven to eight
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cents per kilo of this fish and that is not the best way to bring these proteins back into the chain.
Seven cents do not make the fishers happy anyway. One cent more than the feed producers and
they would rather give it to the food bank”. However, as discussed above, the Food Bank
Foundation is unwilling to pay for procuring this fish. Selling UWC to fish meal and oil
producers is also seen as more advantageous than donating it to charity because these well-
established supply chains are known to be able to cope with uncertainties like fluctuations
in composition and quality [27]. Fish meal is also likely to be seen as an economically
advantageous choice because Europe is a net importer of fish for non-food use [31].

Some interviewees mentioned that the existence of black markets for under MCRS
catch might pose as a barrier for donating it to the food banks. It was suggested that legal-
ising the use of UWC < MCRS in food banks may help these shadow markets proliferate
and make it more challenging for national authorities to implement the LO. One of the
participants stated, “if a fishing vessel is found with undersized fish being stored in a frozen
state for sale as food, the fisherman could simply say that it is all for the food bank and then sell
it illegally”. Bellido et al. (2017) discuss this in the context of the Mediterranean region
wherein they note that implementing the LO may lead to the expansion of illegal markets
for fish below the minimum size [32]. However, this is discussed in the context of simply
keeping the fish onboard to land it and not donating it to food banks.

3.3. Logistics and Infrastructure
3.3.1. Fishing Industry’s Perspective

Prior to the LO being implemented, fishers were able to select what fish to keep on
board and what to discard or release at sea. As a result, fishing vessels have been designed
to accommodate catch that can be brought ashore and sold at an attractive price [33].
Interviewees mentioned that vessel infrastructure and labour costs would be a cause for
concern if fishers were expected to treat UWC in the same way they did regular catch. If
UWC is to be used by the food banks, a high level of food safety will have to be ensured by
applying standard bleeding, cleaning, sorting, and cold storage procedures. This, in turn,
will require labour, space, and machine capacity on board. Without any monetary returns,
fishers are unlikely to be willing to undertake these tasks. Even in the current situation
where UWC can be sold at a low price for non-food purposes, fishers are not in favour of
processing and accommodating this fish onboard [33].

When it comes to infrastructure related investments, interviewees working with the
fishing industry in the Netherlands stated that the sector is heavily focused on developing
fishing gear that will enable more selective fishing, thereby eliminating UWC. Based
on interviewee responses, developing vessel capacity to handle UWC can be seen as a
contradiction to improving fishing gear and, as a result, fishers might be unwilling to
invest in it. The work of Viðarsson et al. (2019) confirms that vessel owners are reluctant to
invest in technology to process and preserve UWC onboard [33]. The same paper suggests
silage production from <MCRS catches onboard the vessels [33]. This silage could be used
for producing fish meal for animal feed and other uses but render it unusable for food
bank use.

It was not possible to access information regarding how UWC is currently handled
aboard Dutch vessels. Generally, the main challenges for onboard management are associ-
ated with catches under MCRS [33]. UWC > MCRS is often destined for human consump-
tion and can therefore be managed as per the traditional onboard handling processes.

3.3.2. Food Donation Logistics

If we were to assume that the fishing industry is willing to cooperate with the food
banks for the donation of UWC < MCRS, the Food Bank Foundation would need to
invest in suitable logistics and infrastructure to be able to use this fish. Although fish is
rarely provided in food bank parcels, the cold chain for frozen meat products is already
established. As per relevant interviewees, the Food Bank Foundation would need to
expand its current cold storage and transportation facilities if it was to receive more fish.
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This investment was seen as viable if a regular flow of processed, ready-to-cook fish could
be ensured. However, given that the fishing industry’s objective is to fish more selectively
and reduce UWC, ensuring a steady flow of fish for the food bank could be challenging.
Considering these uncertainties, it would be seen as risky for the Food Bank Foundation
to invest in expanding its cold chain specifically for fish. A possible solution to this could
be renting such logistics facilities. As per the information provided by interviewees, the
Food Bank Foundation already rents such a warehouse to manage its current flow of
frozen products.

Regarding food safety, relevant interviewees were confident about the volunteers
being able to handle fish if the food banks were to receive it processed and then frozen. The
food banks work with an in-house private standard for food safety which already includes
provisions for handling fish. Therefore, it can be expected that ensuring the safety of UWC
in food bank parcels is feasible if it is handed over to the food banks in good condition.

Dutch food banks are likely to be able to incorporate more fish in its inventory more
easily compared to the US fish donation programme described by P4 and P5. The pro-
gramme described by them is based in Alaska and required significant infrastructural
investment to make it operational. The Dutch food banks, in comparison, have a well-
established system for procuring, transporting, storing, and redistributing surplus food,
including products that need cold storge facilities. However, based on interviewee re-
sponses, the fishing industry may not feel confident about food banks’ capacity to handle
UWC. One of the interviewees described that the industry itself engages in charitable acts
but the food banks may not be able to replicate this: “Sometimes fishers donate fish for social
causes. One or two times a year, they participate in a project for homeless people in Rotterdam where
they donate fish, fry it, and give it to the homeless people. But if you want to incorporate fresh fish
into the parcels of the food banks, that’s going to cause a bit of a logistical problem because the food
banks are absolutely not equipped to handle whole fish that is not processed”.

3.4. Fisheries Policy and Legislation

The Common Fisheries Policy and the Landing Obligation and their impact on UWC
valorisation came up as a prominent theme in our analysis. The LO, and by extension the
CFP, share a rather paradoxical relationship with the research question this study seeks to
answer. The possibility of donating UWC to the food banks arises largely because fishers
are now obliged to land fish that they unintentionally catch. Prior to the implementation of
Regulation (EU) No 1380/2013, fishers could simply discard UWC at sea. It is only due
to the Landing Obligation that this fish will need to be brought ashore, thus giving rise to
surplus fish that needs to be utilised. At the same time, the LO also creates barriers for
donating this fish to the food banks.

Firstly, the fishing industry’s discontentment towards the LO may negatively impact
its willingness to donate UWC. One of the interviewees working in close cooperation
with the fishers described the LO as following: “This landing obligation is not workable.
It’s not doable. It’s not enforceable. We need to turn away from this non-workable regulation
and move towards a workable regulation. But everyone is so politicised. And everybody is so
concerned with the issue of discarding at sea. Nobody on the policy side wants to give in”. This
sentiment of the fishing industry towards the LO has been discussed in existing literature
as well [25,34–36]. To prepare for the implementation of the LO, the Dutch government
launched a working group (werkgroep Aanlandplicht) in autumn 2012 [36]. Scientists,
NGOs, industry representatives, and civil servants from the ministry and the control agency
were invited to be part of this working group [35]. However, the Dutch fishing industry
reacted negatively to the possibility of having to land UWC and refused to participate in the
working group [35]. Based on interviewee responses, it is evident that the fishing industry
continues to hope that legislators will take the fishers’ dissatisfaction into consideration
and repeal the requirement to land UWC. Establishing a system where UWC is donated to
the food banks might create dependency on landing UWC and therefore make it difficult
to reverse LO. Regarding the push to make amends to the LO, an interviewee working
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on fisheries governance in the Netherlands elaborated: “There is a strong call to re-evaluate
the landing obligation. Everybody in the industry says it’s not working. They say it’s actually
contributing more to illegal fisheries. The fishers are so worried about fisheries being closed and
therefore, about their survival. We are very lucky to still be allowed to go on board and see the
actual catch composition for research. But we also know from colleagues in other countries that
fishermen tell them: ‘Sorry, we cannot take you anymore, because you would see that we are actually
discarding unwanted fish at sea’”.

Secondly, the restriction on using UWC < MCRS for human consumption impedes the
possibility to donate this fish. Interviewees frequently stated that donating < MCRS fish
to the food banks would not be possible because (Article 15(11) of) Regulation (EU) No
1380/2013 does not permit the use of such fish for human consumption [23]. They viewed
this requirement as non-negotiable and central to the LO. However, during the formative
stages of this legislation, the sale of UWC < MCRS for direct human consumption was
hotly debated [37]. Some Member States, especially those from the Baltic basin, proposed
that once the undersized fish are caught and counted against quota, they should be given
appropriate value [37]. They expected that this value would be low enough to deter
fishers from catching too many undersized fish [37]. However, other Member States,
particularly from the Mediterranean basin, were of the opinion that this could encourage
fishers to catch undersized fish because, unlike the Baltic, consumer demand for small
fish is high in the Mediterranean region [37]. As a compromise, legislators concluded that
UWC < MCRS should be landed, counted against quota, and then sold only for non-human
consumption [37]. These diverging views on the use of <MCRS coupled with the fact that
consumer demand for small fish varies significantly across the continent may indicate that
one policy may not fit all Member States. It is important to note that the decision to not
allow the direct human consumption of <MCRS was based on general knowledge and is
not supported by empirical evidence [37].

This reluctance to consider that undersized fish could be used for human consumption
can be seen in other pieces of European legislation too. For instance, the 2013 proposal to
regulate fishing in the Skagerrak reflects this [38]. In the draft version, Article 5 initially
stipulated the following: ‘( . . . ) the sale of catches of that stock below the minimum conservation
reference size shall be restricted to reduction to fish meal, pet food or other non-human consumption
products only, or for charitable purposes.’ The final version of the proposal omitted ‘or for
charitable purposes’. A report recording the decision-making process explained that this was
done because ‘it is not appropriate that juveniles be sold for charitable purposes’ [39]. Further,
it stated ‘it would have been possible to amend the provision so that juvenile fish may be given
to charitable purposes, but as there is no such tradition in the Member States surrounding the
Skagerrak, such a provision would have no place in the Regulation’ [39]. This goes on to show
that the aversion to donate UWC for use as food or for charity is based on arbitrary factors
rather than scientific evidence.

4. Discussion

The aim of this research was to explore the possibility of including more fish in Dutch
food bank parcels by utilising unwanted catch. This study is socially and environmentally
relevant because donating UWC to the food banks could not only improve the nutritional
quality of the food parcels but also reduce food waste from the fishing industry. Based on
the results discussed above, economic and legislative barriers, stakeholder relations, and
the state of logistics and infrastructure would currently make the donation of UWC to food
banks challenging. In this section, we discuss the possibility of overcoming these barriers.

The push to ban discards at sea came from a place of concern regarding food waste.
Discussions about high volumes of discards in European fisheries were ongoing at the Com-
mission when British celebrity chef Hugh Fearnley-Whittingstall’s 2010 public campaign
gained popularity across the Member States. Celebrities, influential retailers, environ-
mental NGOs, and the general public expressed solidarity with Fearnley-Whittingstall’s
demand to end the wasteful practice of discarding UWC at sea [36]. The campaign, backed
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by over 650,000 petitioners, played an important role in influencing legislators to pass a law
requiring fishers to land their unwanted catch instead of discarding it at sea [25,34,36]. The
Commission hoped that the LO would encourage the fishing industry to focus its attention
on developing selective fishing practices and eventually, significantly reducing the exis-
tence of UWC. However, developing selective fishing techniques that reduce discard rates
to the 5% benchmark set by the CFP cannot be realised instantaneously. This is especially
true for fisheries such as the demersal fleets that fish in the North Sea where the discard rate
has historically been as high as 40% [40]. Until such tools and technologies are developed
and successfully implemented, UWC will continue to be landed. The initial emphasis on
food waste that led to the realisation of LO was eventually replaced by concerns regarding
the health of fish stocks and marine ecology. Neither the CFP nor connected policy areas
provide Member States with guidelines regarding how surplus fish that would be landed
as a consequence of the LO should be sustainably utilised. The policy formulation process
can be considered top-down due to the fishing industry’s minimal involvement in it. The
fishing sector’s aversion to this approach is evident in the results. De Vos et al. (2016) indi-
cate that fishers feel that their professional knowledge was disregarded by policymakers
and scientists who lack a pragmatic understanding of how the industry is organised [25].
In their paper on the US-based seafood donation programme SeaShare, Watson et al. (2020)
describe that a flexible, bottom-up approach coupled with regulatory changes enabled the
programme’s success [16].

In the European context, literature recognising the food waste problem associated
with the Landing Obligation is scant. The European Court of Auditors’ 2016 report on food
waste is one of the few public documents that acknowledges that UWC landed as a result
of the LO could end up as food waste [41]. The report describes the lack of legal provision
to donate UWC in the new CFP as a missed opportunity. Furthermore, it encourages the
Commission to assess the possibility of including legal provisions in the CFP to donate
surplus fish [41]. The paper published by Vaqué (2017) makes an identical appeal [42].
The EU FUSIONS research project (2012–2016) also identified the risk of the LO turning
fish waste at the sea into food waste on land [43]. This paper adds to the limited body of
literature focusing on this issue and recommends better cohesion between the CFP and
the EU’s food waste reduction ambitions. Including a legal provision to donate surplus
UWC would be a first step in facilitating this. It is unlikely that such provisions would
discourage selective fishing. Landing unwanted catch would still be seen as unfavourable
by fishers due to limited onboard storage and low value fish getting counted against quota.
The incentive to fish selectively would considerably outweigh the incentive to land UWC
and donate it to charity.

If donations are to be operationalised in the EU, legal provisions will have to be
supported by suitable infrastructure. One way to facilitate this could be through the
European Maritime Fisheries and Aquaculture Fund (EMFAF) which entered into force
in July 2021. Part of its EUR 6,108,000,000 budget is allocated to projects focused on
ensuring food security through the supply of seafood products in the Member States [44].
Additionally, the fund was set up to help fulfil the objectives of the EU Green Deal, which
explicitly states reducing food waste as one of its goals [45,46]. Donating UWC to food
banks not only improves food security through seafood products but also reduces food
waste and ensures that UWC is utilised sustainably. To safeguard fishers’ economic interests,
such projects could be supported by public-private partnerships. Iñarra et al. (2020) show
that turning UWC > MRCS into fish burgers or other minced fish derived products is an
economically viable way to utilise UWC while also increasing fish consumption [14]. If the
fish is delivered to consumers, including food bank recipients, in an affordable and easy
to cook format, it is likely to be well received. The paper published by Iñarra et al. (2020)
describes results from one of the few case studies that explore the possibility of utilising
UWC for human consumption and will need to be replicated in different contexts. However,
it considers UWC < MRCS to be ineligible for such operations largely due to the legal
restriction on using such fish for direct consumption [14]. If the EMFAF is utilised to set
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up operations to produce new fish products from UWC and if direct human consumption
of UWC < MRCS is permitted for charitable purposes, part of the fish products can be
donated to the food banks. This could help ease the fishing industry’s concerns regarding
the economic consequences of donating UWC. At the same time, such funding and state
support could help the food banks set up infrastructure and logistics to safely handle
the fish.

Voluntary agreements as a form of private governance could also help advance the
sustainable utilisation of unwanted catch. EU REFRESH (2015–2019), a project focused
on reducing food waste across the EU, recommended voluntary agreements (VAs) as a
tool for private actors to fill legislative gaps with regard to food waste valorisation [47].
VAs can be used as an alternative course of action to traditional legislation and can be
directed by government officials, businesses, or other actors [47]. In the context of UWC
utilisation, the VA could focus on developing new markets, setting up infrastructure, and
discouraging the illegal trade of UWC. Donating a share of the UWC to improve food
security could be a part of the agreement. Relevant actors who could collaborate include
fishing industry associations, fish processors, NGOs, and the Food Bank Foundation. The
EMFAF or other national funds set up for the purpose of improving food security could
help finance such programmes.

Some limitations faced by existing food waste-focussed VAs in the Netherlands are
already known. It is important to take these into account while developing any new
agreements on UWC valorisation. For instance, Piras et al. (2018) point out that besides
SDG 12.3, the Netherlands does not have a specific national food waste reduction target.
Due to the lack of dedicated policy measures, government support for voluntary actions
is limited [47]. The same report also indicated that a paucity of food waste data makes it
challenging to arrive at objective targets. Current food waste VAs in the Netherlands also
lack built-in sanctions for non-compliance [47]. This makes it possible for free riders to take
undue advantage of such agreements by joining them only to improve their public image
without taking concrete action to reduce food waste [47]. Next to this, prior to setting up
any programmes, taking demand-side barriers into consideration is critical. To address
such barriers, van Putten et al. (2019) recommend selling unwanted catch at an affordable
price and educating consumers about preparing such fish [48]. Efforts to increase consumer
acceptance should be directed towards the general public and not only food bank recipients
because several types of UWC can be used for direct human consumption.

Strengths and Limitations

This paper makes a first attempt to analyse whether unwanted catch that is landed
as a consequence of the new EU Common Fisheries Policy can be utilised to improve
food security. It adds valuable insight to a limited body of literature that discusses the
issue of unwanted catch through the lens of food waste valorisation. It is, however, not
without limitations. Not all relevant stakeholders could be interviewed for this research.
Some stakeholders (n = 7) invited to take part in this study did not agree to participate.
Additionally, fishers, who would be the ultimate decision makers regarding the donation of
UWC, were not included in the sample. This is due to the scope of our enquiry being limited
to understanding this previously unexplored issue from a bird’s-eye view as opposed to
mapping the reality on the ground. Future research on this topic could highlight the
viewpoint of legislators, policymakers, and fishers, thereby filling the gap in the literature.
Next to this, despite employing validation strategies such as peer reviews and multi-author
coding while analysing data from the interviews, a certain degree of bias could be present
in this study due to its qualitative nature.

Lastly, quantitative data was collected by recruiting participants from only one out of
the 171 food banks in the Netherlands. Whether food bank recipients across the country
share the same inclination towards eating UWC remains unknown. The respondents were
only provided with the definition of unwanted catch. Additional information such as
fish species and condition (processed, unprocessed), and taste tests might yield different
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results. However, prior to this research, it was not known whether the food banks and their
recipients were inclined to receive more fish. Their attitude concerning unwanted catch
had never been studied either. Results presented in this study open the doors to further
enquiry on this issue.

5. Conclusions

This study explored the possibility of including more fish in Dutch food bank parcels
by utilising unwanted catch. It did this, firstly, by gauging whether food bank recipients
would be interested in such fish. This was followed by an analysis of relevant stakeholders’
opinions on such an initiative. By considering unwanted catch utilisation, fish shortage in
Dutch food bank parcels, and food waste valorisation together, this paper paves the way
for a better understanding of all three issues and their possible interconnectedness.

Currently, several economic, legislative, social, and logistical barriers stand in the way
of donating unwanted catch to food banks. However, given the European Commission’s,
and in turn the Dutch government’s, strong focus on achieving the SDGs, change is possible.
As highlighted in this paper, sustainably utilising unwanted catch and reducing food waste
are often not viewed by policymakers as interconnected issues. Through this study, we
aim to challenge this narrative. Legislative change, sufficient funding, and industry-led
initiatives such as voluntary agreements can make donating safe-to-consume surplus fish
to food banks a reality in the near future. Such an initiative could potentially improve
health, accommodate the increasing demand for sustainable protein, and prevent wastage
of valuable marine resources.
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Abstract: Food myths are nutritional concepts poorly justified or even contradict existing scientific
evidence that individuals take as the truth. Knowledge in nutrition is an important tool in tackling
misinformation and in the promotion of adequate food choices. This study aimed to investigate the
beliefs and perceptions of a sample of the Portuguese population regarding a series of food myths
and facts, evaluating, consequently, the level of knowledge and the main sources of information.
The research was conducted on a sample of 503 participants, using a questionnaire disclosed online,
by email, and social networks, between May and June of 2021. Thirty statements, some true and
others false, were analyzed to assess people’s perceptions. Based on the respondents’ answers, a
score was calculated for each statement, allowing to differentiate the correct (positive score) from
incorrect (negative score) perceptions. The results showed that most statements obtained positive
scores, corresponding to correct perceptions. Moreover, the level of knowledge was measured, being
very high for 21.7% of the participants and high for 42.1%. The main sources where the participants
acquire nutritional information are scientific journals (43.3%), website of the Portuguese General
Health Office (DGS) (31.4%), and technical books (31.0%), which is concordant with the level of trust
in these sources. Hence, it was concluded that, despite the levels of nutritional knowledge, there are
still several food myths that need to be debunked, through the proper channels, in order to promote
healthy, balanced, and adequate eating behaviors.

Keywords: food myths; sources of information; nutritional knowledge; health

1. Introduction

Food is one of the basic necessities of humans, being fundamental in the promotion
of health and well-being, as well as the prevention of diseases [1]. However, even though
food consumption has the main goal of satisfying a physiological need, hunger, other
factors also determine what is the motivation, quantity, frequency, and food choice. Some
of these factors are related to appetite, cost, accessibility, emotions, culture, and social
interactions [2,3]. Food choices are, therefore, an overlap of several domains, from exact
sciences, for example nutrition, to social policies and the individual behavior [1]. A work
by Milošević et al. [4] carried out in six Balkan countries, based on the Food Choice
Questionnaire, allowed identifying eight factors underlying food choice and five groups
of consumers according to their motivational profiles. Hence, the authors found the
participants distributed by groups depending on their food purchasing behavior and
socioeconomic characteristics. Cunha et al. [5] published a review about the application of
the Food Choice Questionnaire in different countries, and they concluded that different
contexts influence people’s responses and, therefore, even using the same instruments,
the results might be differentiated among countries. Guiné et al. [6] also investigated the
eating motivations in 16 countries and found them related to different types of factors:
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health, emotions, price and availability, society and culture, environment and politics, and
marketing and commercials.

Beliefs are one of the many factors that influence eating behaviors, arising from a
set of concepts adopted by an individual as the truth. Food myths are beliefs; that is,
nutritional concepts poorly justified or even contradicting existing scientific evidence that
are, however, taken as the truth by the individual [2,7]. Many of the existing myths are
born from the current misinformation, and it is this lack of trustworthy information and
knowledge about nutrition that results, most of the time, in diseases such as the metabolic
syndrome, hypertension, diabetes, atherosclerosis, and cardiovascular diseases [2]. How-
ever, can eating behavior really be influenced by nutritional knowledge? The main goal of
numerous food education programs is to improve nutritional knowledge, contributing to
the establishment and maintenance of healthy, balanced, and varied eating habits. A review
by Worsley [7] highlighted the implications of the nutritional knowledge for public health,
as follows: develop more proactive educational programs, attribute greater importance
to the education of children and adults, consider people’s personal food motivations, and
continue developing research that allows better understanding consumer trends, and de-
sign appropriate interventions. According to another systematic review by Spronk et al. [8],
nutritional knowledge is positively correlated, even if weakly, to food consumption, and
so, the promotion of nutritional literacy should be considered a relevant nutritional policy
to the modification of eating behaviors.

The lack of knowledge about certain food items can be related to their own perception
and misperception of the information available. Hence, food items could be perceived
as good when in fact, they are not, mainly due to cognitive errors. Marsola et al. [9]
evaluated the perceptions of Brazilian consumers about the risks and benefits of different
foods and how they perceived their related health effects. They concluded that income,
education, and the absence of children are factors that contribute to increased perception
of the health benefits as compared to the risks. Additionally, nutritional knowledge, is,
many times, obtained through unreliable information sources [10]. A Canadian study has
shown that, between 2004 and 2008, the primary sources of information about nutrition and
food were food labels, followed by magazines/journals/books, colleagues/friends/family,
internet, and health care workers. When evaluating the level of credibility provided by the
sources, nutritionists and health professionals were the ones who obtained a better level of
credibility [10]. Nutrition knowledge is an important tool in tackling misinformation and
in the promotion of adequate eating behaviors. However, the information sources must
be reliable and trustworthy, hence the primary role of health professionals in educating
and monitoring the food habits of the population in a country, thus allowing the control of
various chronic pathologies influenced by lifestyle [10]. According to the Global Burden
of Disease report [11], from 2017, inadequate food habits are responsible for 11 million
deaths every year, from which the main cause of death are diseases intrinsically linked to
maladjusted eating behaviors, such as cardiovascular diseases, cancer, and type 2 diabetes.
These data corroborates the existence of a new global pandemic of chronic diseases that
are directly connected with food [11,12]. Hence, nutrition has assumed a prominent role
in the prevention, control, treatment, and even regression of several pathologies that are
influenced by eating habits and behaviors, being important as a part of a healthy and
balanced lifestyle [12,13].

In the scientific literature studies, it is possible to find the importance of food or
nutritional literacy for improved health [14–16], how this literacy can be achieved [17–19],
and what factors contribute to increase food literacy in the general population or among
specific groups [20–22]. However, the scientific literature is lacking research studies focused
on the myths related to human food consumption. Hence, there is a need to deepen the
research into the wrong perceptions people sometimes have about some aspects related
with food and eating, as well as the nutrients and their roles for human health. In this
context, it is proposed to contribute to bringing some highlight into the matter of what are
food myths and what are facts scientifically supported. The aim of this research was to

180



Foods 2021, 10, 2746

investigate the beliefs and perceptions of a sample of the Portuguese population regarding
a series of food myths and facts, evaluating, consequently, the level of knowledge. The
main sources of information concerning nutritional knowledge were also analyzed, as well
as their level of trust.

2. Materials and Methods
2.1. Instrument and Data Collection

The instrument used in this study was a questionnaire developed for this research.
After preparing the questionnaire, and before its application, it was approved by the
Ethical Commission at the Faculty of Food and Nutrition Sciences of University of Porto
(reference N◦ 28/2021/CEFCNAUP/2021).

Since there were no previous studies related to this particular type of work to identify
food myths in the literature, the questionnaire was based on a search previously made on
the internet and blogs about nutrition to identify the main problematic topics. Additionally,
the input from patients at appointments with nutritionists was also considered to design
the questions. The questionnaire consisted of four parts. The first section collected data on
sociodemographic data: age, sex, highest level of education completed, living environment,
marital status, and area of professional activity. In the second section, some questions
were included to obtain information regarding anthropometric data and lifestyle choices:
height and weight (auto reported data), whether the participant is responsible for buying
the food he eats, practicing a balanced diet, or the practice of specific food regimes. In
the third section, thirty sentences were included, some of them true and others false
(Table 1), to evaluate the level of concordance concerning some food myths and facts,
assessing the sample’s perceptions on the subjects on a 5 point Likert scale: 1—strongly
disagree, 2—disagree, 3—neutral, 4—agree, 5—strongly agree). Finally, the fourth section
of the questionnaire consisted in the evaluation of the main sources of information and
their level of trust: YouTube channels of influencers, blogs from nutritionists, website of
the Portuguese General Health Office (DGS), website of the World Health Organization
(WHO), shops of natural products, scientific journals, webpages, social networks, television,
technical books, pharmacies, health centers, or appointments with medical doctors or
nutritionists. The frequency of use of the different sources of information about nutritional
facts was assessed in the scale: never, few times, many times. The scale for assessing the
level of trust was: 1—no trust at all, 2—some trust, 3—much trust, 4—full trust.

The data were collected between May and June of 2021, and applied to a sample,
chosen according to the facility of recruitment and willingness to participate. This survey
was applied online through the Google Forms software and disclosed to people by different
tools, such as email and social networks. Participation in the study was voluntary and
only allowed for adults aged 18 years or older, but no upper age limit was established.
All respondents gave their informed consent to participate and the confidentiality of the
answers provided was guaranteed. The inclusion criteria to partake in the study, apart
from age, was the access to internet, email, social networks, and a computer, as well as the
skills necessary to be able to access the questionnaire. It guaranteed confidentiality of the
responses by all participants, and these consented freely in their participation. Furthermore,
they could abandon the questionnaire at any time without submitting the form. The design
and application of the questionnaire has respected all ethical issues.

Considering the strategy used to collect the data, which occurred under COVID-19
limitations, the questionnaire was applied to a convenience sample, recruited according to
facility of contact and disposition to take part in the research. Although convenience sam-
ples have some limitations, such as not allowing direct generalization of the conclusions
from the sample to the whole population, they can also have some benefits, namely easiness
of recruitment. Therefore they have been reported as a good tool to carry out research with
exploratory nature [2,3]. Despite being a convenience sample, adequacy of the sample size
was calculated, to serve as an indicator during data collection. For this, some assumptions
were considered: confidence interval = 90%; Z score = 1.645; power of the test = 95% (mini-
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mum acceptable probability of preventing type II error = 0.05) [4,5]; Portuguese population
in 2019 (the latest year available when the data collection started) = 10,283,822 people [6]:
assumed that ~7.5 million were adults and the target population was 25% = 1875 thou-
sand. Considering these conditions, calculation of the minimum sample size resulted in
203 adults [7,8]. The number of valid questionnaires obtained in this survey was 503, over
the minimum number previously calculated.

Table 1. Myths and facts used in the questionnaire.

Code Statement Nature

S1 Drinking water during meals, contributes to weight gain. Myth
S2 The digestion process begins in the mouth. Fact
S3 Fruit should be eaten before meals. Myth
S4 Egg consumption increases blood cholesterol. Myth
S5 Drinking milk is bad for health. Myth
S6 Eating carbohydrates at night leads to an increase in weight gain. Myth
S7 Fat is important to the human body. Fact
S8 Fruit should be eaten after meals. Myth
S9 Fiber intake is important for normal bowel function. Fact
S10 Gluten-free foods are better for health and should, there-fore, be adopted by all. Myth
S11 Cheese consumption is bad for memory. Myth
S12 Coconut oil is healthier than olive oil. Myth
S13 Lactose-free foods are better for health and should, there-fore, be adopted by all. Myth
S14 Children have different nutritional needs than those for adults. Fact
S15 Fruits and vegetables do not contribute to weight gain. Myth
S16 Normal potatoes are more caloric than sweet potatoes. Myth
S17 Diet should be adapted to a person’s blood group. Myth
S18 Not having a balanced and varied diet can lead to the development of multiple diseases. Fact
S19 The alkaline diet allows balancing the acidity in the blood. Myth
S20 Drinking, while fasting, a glass of water with lemon helps in weight loss. Myth
S21 Inadequate eating habits are the third risk factor for the loss of years of healthy life. Fact
S22 Ingesting high amounts of protein helps in the faster formation of muscles. Myth
S23 Pregnant women should be eating for two. Myth
S24 Cold water should not be drunk. Myth
S25 The day should always start with breakfast. Fact
S26 Water is essential to the normal function of all organs. Fact
S27 Soy milk is healthier than cow’s milk. Myth
S28 Orange should not be eaten at the same time as milk or yogurt. Myth
S29 Dairy products should be consumed in between two and three portions per day. Fact
S30 All food additives (E’s) are harmful to health. Myth

2.2. Data Analysis

The statistical analysis was conducted using Excel 2016 and SPSS software V25
(IBM, Inc., Armonk, NY, USA). For treatment of data, basic statistical tools were used,
such as frequencies, percentiles, mean values, and standard deviation.

For the data treatment, variable age was categorized into the following groups: young
adults (18–30 years), middle-aged adults (31–50 years), senior adults (51–65 years), and
elderly (aged 66 years or more). The body mass index (BMI) was calculated from the
collected data as weight divided by squared height. The BMI was then classified according
to the following categories of the WHO: underweight (<18.5 kg/m2), normal weight
(18.5–24.9 kg/m2), overweight (25–29.9 kg/m2), and obesity (≥30 kg/m2). For those
with BMI over 30 kg/m2, there are still differentiated classes of obesity; however, for the
objectives of this study, these four classes were considered satisfactory enough [9–11]. The
normality of the distribution was evaluated for some variables (age and BMI), testing the
null hypothesis (H0: The data follow a normal distribution).

Spearman correlations (rs) were used to measure the association between some vari-
ables. The values of rs varied between −1 and 1, with negative values corresponding
to inverse associations between the variables. The reference absolute values considered
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were: rs = 0—no correlation, rs ∈ ]0.0, 0.2[—very weak correlation, rs ∈ [0.2, 0.4[—weak
correlation, rs ∈ [0.4, 0.6[—moderate correlation, rs ∈ [0.6, 0.8[—strong correlation,
rs ∈ [0.8, 1.0[—very strong correlation, rs = 1—perfect correlation [12–14].

The agreement with the statements included in the questionnaire was used to calculate
the scores for each item. However, before this, all of the incorrect statements (myths) were
reversed to obtain the 30 items in the same scale of correct information. The variables
were recoded from the 5-point Likert scale into the following scale: −1 = fully incorrect
perception, −0.5 = partially incorrect perception, 0 = no opinion, 0.5 = partially correct
perception, and 1 = fully correct perception. Then the scores for each of the 30 items were
calculated as the sum of the values for each of the 503 participants. Hence, for each item,
the sum score for perceptions varied between −503 to 503.

Additionally, the level of knowledge was calculated for each participant, as the sum
of scores obtained for all items, after the previous operations of reversing the incorrect
items and recoding into the scale from −1 to 1. In this way, for each participant, the sum
varied between −30 and 30, and the values were then recoded into a categorical variable
as class of knowledge: very low [−30;−15], low ]−15;0], medium ]0;10], high ]10;20], and
very high knowledge ]20;30]. This variable was submitted to tree classification analysis
for evaluation of the relative importance of the possible influential variables: sociodemo-
graphic variables (sex, age group, education, living environment, and marital status), other
variables (job-nutrition, job-food, job-sport, job-health, BMI class, practice of balanced diet).
A classification and regression tree (CRT) algorithm, with cross-validation and with mini-
mum change in improvement of 0.0001, was used for treatment of the data, considering a
limit of 5 levels and with a minimum number of cases in parent and child nodes equal to
30 and 15, respectively [15].

The variables frequency of use, of the different sources of information on nutritional
facts and level of trust in those sources, were correlated by Spearman correlations.

The level of significance considered in the analyses was 5% (p < 0.05).

3. Results
3.1. Sample Characterization

In this survey, half of the participants were less than 44 years, with only 5% of the
respondents under 21 years old, and 5% over 65 years old. It was further observed that 25%
of participants were under 29 years old and 75% were over 52 years old. It was observed
that age did not follow a normal distribution (p < 0.0005).

Regarding the sociodemographic characteristics (Table 2), the vast majority were
middle-aged adults (31–50 years) (42.9%), women (77.8%), with university education
(46.1%), living in urban environment (68.4%), and living in union or co-habiting (57.1%).

3.2. Lifestyle and Anthropometric Data

In this sample, most participants worked in professional areas related to nutrition
(28.2%), health (33.4%), and food (34.8%) (Table 3). Of the people who answered the survey,
35.4% practiced caloric restriction and 8.5% flexitarianism (Table 3).

The acquisition of food was also questioned in this survey, with 88.3% of the partici-
pants being responsible for the purchase of the foods they consume.

The frequency of how often the respondents believe to be practicing a balanced and
healthy diet was investigated based on the scale: always, frequently, sometimes, rarely,
and never. The results showed that the majority, 52.5%, answered frequently, followed
by 37% who answered sometimes, with only 5.6% acknowledging always, 4.4% rarely,
and 0.6% never.
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Table 2. Sociodemographic characterization of the sample at study.

Variable N %

Age group

Young adults (18–30 years) 137 27.2
Middle aged adults (31–50 years) 216 42.9
Senior adults (51–65 years) 126 25.0
Elderly (≥66 years) 24 4.8

Sex
Women 390 77.8
Men 111 22.2

Education level

Basic 10 2.0
Secondary 87 17.3
University 232 46.1
Post-graduation 174 34.6

Living
environment

Urban 287 68.4
Suburban 57 11.3
Rural 102 20.3

Marital
status

Single 172 34.2
Married/Union 287 57.1
Divorced/Separate 38 7.6
Widowed 6 1.2

Total 503 100

Table 3. Anthropometric and behavioral characterization of the sample at study.

Profession N % Diet N %

Other 197 39.2 Calorie Restriction 178 35.4
Food 175 34.8 Flexitarianism 43 8.5
Health 168 33.4 Vegetarianism 22 4.4
Nutrition 142 28.2 Fruitarianism 21 4.2
Biology 94 18.7 Crudism 10 2.0
Agriculture 81 16.1 Veganism 8 1.6
Environment 77 15.3 Religious Restriction 7 1.4
Sports 40 8.0

BMI percentile BMI (kg/m2) BMI Class 1 %

5% 19.1 Underweight 3.4
10% 20.0 Normal weight 57.5
25% 21.4 Overweight 32.6
50% 23.7 Obesity 6.6
75% 26.3
90% 28.9
95% 31.3

1 Underweight (BMI < 18.5 kg/m2), normal weight (18.5 ≤ BMI < 25.0 kg/m2), overweight
(25.0 ≤ BMI < 30.0 kg/m2), obesity (BMI ≥ 30 kg/m2).

Some data were collected regarding the height and weight of those who partook
in the study, in order to calculate BMI. It was found that BMI did not follow a normal
distribution (p < 0.0005). There were 5% of the participants with a BMI under 19.1 kg/m2

and 5% with a BMI over 31.3 kg/m2 (Table 3). For this sample, 57.5% had normal weight
(18.5–24.9 kg/m2) and 32.6% were overweight (25–29.9 kg/m2) (Table 3). A significant
(p < 0.01) negative correlation was found between BMI and the self-reported practice of
a balanced and healthy diet; however, the value was low (rs = −0.271), meaning that the
correlation was weak.
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3.3. Perceptions Regarding Food Myths and Facts

Table 4 shows the items included in the survey related to different food myths and facts,
and the corresponding sum score, for which negative values indicate wrong perception and
positive values indicate correct perception. Items S26, S9, S11, and S18 exhibit the highest
scores (484.5, 445.0, 441.5, and 437.0, respectively), demonstrating that these statements are
known to be true by the participants. However, some items did not have such a high score,
meaning that people did not know about these topics or had false beliefs about them. The
items with the lowest scores were S6 (−10), S8 (25.5), S30 (37.0), and S3 (38.0).

Table 4. Item scores regarding the perception for each myth/fact, in descending order.

Items Mean ± SD 1 Sum Score 2

S26. Water is essential to the normal function of all organs. 0.96 ± 0.18 484.5
S9. Fiber intake is important for normal bowel function. 0.89 ± 0.25 445.0
S11. Cheese consumption is bad for memory. 0.88 ± 0.31 441.5
S18. Not having a balanced and varied diet can lead to the development of multiple diseases. 0.87 ± 0.30 437.0
S23. Pregnant women should be eating for two. 0.83 ± 0.33 418.0
S14. Children have different nutritional needs than those for adults. 0.82 ± 0.33 410.5
S2. The digestion process begins in the mouth. 0.77 ± 0.49 385.0
S1. Drinking water during meals, contributes to weight gain. 0.70 ± 0.50 351.5
S11. Cheese consumption is bad for memory. 0.88 ± 0.31 441.5
S18. Not having a balanced and varied diet can lead to the development of multiple diseases. 0.87 ± 0.30 437.0
S23. Pregnant women should be eating for two. 0.83 ± 0.33 418.0
S14. Children have different nutritional needs than those for adults. 0.82 ± 0.33 410.5
S2. The digestion process begins in the mouth. 0.77 ± 0.49 385.0
S1. Drinking water during meals, contributes to weight gain. 0.70 ± 0.50 351.5
S25. The day should always start with breakfast. 0.68 ± 0.52 341.5
S21. Inadequate eating habits are the third risk factor for the loss of years of healthy life. 0.66 ± 0.43 330.5
S7. Fat is important to the human body. 0.54 ± 0.53 269.5
S17. Diet should be adapted to a person’s blood group. 0.52 ± 0.58 259.0
S12. Coconut oil is healthier than olive oil. 0.51 ± 0.56 257.0
S13. Lactose-free foods are better for health and should, therefore, be adopted by all. 0.50 ± 0.59 250.5
S5. Drinking milk is bad for health. 0.47 ± 0.59 237.5
S4. Egg consumption increases blood cholesterol. 0.43 ± 0.54 217.5
S10. Gluten-free foods are better for health and should, therefore, be adopted by all. 0.41 ± 0.60 206.5
S27. Soy milk is healthier than cow’s milk. 0.35 ± 0.60 175.0
S20. Drinking, while fasting, a glass of water with lemon helps in weight loss. 0.34 ± 0.61 172.5
S28. Orange should not be eaten at the same time as milk or yogurt. 0.32 ± 0.62 160.5
S19. The alkaline diet allows balancing the acidity in the blood. 0.24 ± 0.59 118.5
S15. Fruits and vegetables do not contribute to weight gain. 0.24 ± 0.59 118.0
S22. Ingesting high amounts of protein helps in the faster formation of muscles. 0.14 ± 0.57 68.5
S29. Dairy products should be consumed in between two and three portions per day. 0.13 ± 0.58 66.5
S24. Cold water should not be drunk. 0.11 ± 0.66 57.0
S16. Normal potatoes are more caloric than sweet potatoes. 0.10 ± 0.68 50.0
S3. Fruit should be eaten before meals. 0.08 ± 0.62 38.0
S30. All food additives (E’s) are harmful to health. 0.07 ± 0.65 37.0
S8. Fruit should be eaten after meals. 0.05 ± 0.58 25.5
S6. Eating carbohydrates at night leads to an increase in weight gain. −0.02 ± 0.71 −10.0

1 Values given as mean and standard deviation, on the scale from −1 (fully incorrect perception) to 1 (fully correct perception). 2 The sum
score ranges from −503 (fully incorrect perception) to 503 (fully correct perception).

Table A1 in Appendix A presents the correlations between perceptions regarding
food myths/facts and the items (variables S1 to S30). Concerning the relation between
age and perception of food myths/facts, some weak positive correlations were found to
be significant (p < 0.01) for items S6 (rs = 0.309), S3 (rs = 0.361) and S1 (rs = 0.286). For
variable sex, there were fewer significant correlations (p < 0.01), being that the highest value
found was for item S23 (rs = 0.208), demonstrating that the correlation is weak. Variables
education and environment have very weak influence on the perceptions about food myths
and facts. Considering variable marital status, there are some positive significant (p < 0.01)
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correlations with items S6 (rs = 0.266) and S3 (rs = 0.259), even though the associations are
weak due to the low values. Being professionally connected to areas, such as nutrition,
food, sports, and health also influences the perception cornering food myths and facts.
Some significant (p < 0.01) weak positive correlations were found between nutrition and
items S6 (rs = 0.464), S19 (rs = 0.410), and S20 (rs = 0.396). On the other hand, some
significant (p < 0.01) weak negative correlations were found between nutrition as items
such as S29 (rs = −0.389). As regards to variable food, significant (p < 0.01) weak positive
correlations were found for items S30 (rs = 0.354), S13 (rs = 0.331), and S6 (rs = 0.326).
With respect to sports, a significant (p < 0.01) weak positive correlation was found for item
S26 (rs = 0.213). Respecting health, some significant (p < 0.01) weak positive correlations
were found for items S6 (rs = 0.296), S17 (rs = 0.282) and S13 (rs = 0.279). For variable
balance diet, there were few significant correlations with perception, and the ones that
exist are very weak. Regarding the relation between BMI class and perception of food
myths/facts, some significant (p < 0.01) weak positive correlations were found such as for
item S20 (rs = 0.201).

3.4. Level of Knowledge

Concerning the level of knowledge about the 30 questions asked related to food myths
and facts, a vast majority of the participants had a high (42.1%) or medium (35.6%) level of
knowledge, with some showing a very high level of knowledge (21.7%), a few showing a
low level (0.6%), and no respondents showing a very low level.

Figure 1 presents the classification tree for level of knowledge as a function of the
sociodemographic variables. The obtained tree is four levels deep, with 13 nodes, from
which, 7 are terminal. The risk estimate was 0.535 for re-substitution and 0.586 for cross-
validation, with standard errors of 0.022 in both cases. According to the results obtained,
the first discriminant variable was age, indicating that young adults have higher level
of knowledge (30.7% of very high knowledge) in comparison with middle aged adults,
senior adults and elderly (18.3% of very high knowledge). For young adults, the next
discriminating variable was sex, showing that female participants are better-informed
(35.0% of very high knowledge) than male participants (5.0% of very high knowledge). The
education level is the discriminating variable following gender, in which respondents with
basic, secondary and university education have superior level of knowledge (38.2% of very
high knowledge) than postgraduate respondents (13.3% of very high knowledge).

The tree in Figure 2 shows the influence of other variables that characterize the sample
on the level of knowledge. This tree also has 4 levels and 15 nodes—8 of them terminal.
The risk estimate was 0.507 for re-substitution and 0.583 for cross-validation, with standard
errors of 0.022 in both cases. The results show that, for the first discriminant variable,
participants whose jobs were related to nutrition had very high levels of knowledge
(42.2%). The following discriminant was BMI class, in which respondents with overweight
or obesity had lower levels of knowledge (27.0% very high) than participants underweight
or with normal weight (49.3%). For underweight and normal weight people, the next
discriminating variable was professional area of health, showing that those who worked in
the health sector had higher levels of knowledge (52.5% very high). A balanced diet was
the next discriminant variable, indicating that those participants who always or frequently
practiced it had very high levels of knowledge (56.8%) when compared to those who never,
rarely, or only sometimes practiced it.

186



Foods 2021, 10, 2746Foods 2021, 10, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 1. Tree classification for level of knowledge as influenced by sociodemographic variables. 

The tree in Figure 2 shows the influence of other variables that characterize the sam-
ple on the level of knowledge. This tree also has 4 levels and 15 nodes—8 of them terminal. 
The risk estimate was 0.507 for re-substitution and 0.583 for cross-validation, with stand-
ard errors of 0.022 in both cases. The results show that, for the first discriminant variable, 
participants whose jobs were related to nutrition had very high levels of knowledge 
(42.2%). The following discriminant was BMI class, in which respondents with overweight 
or obesity had lower levels of knowledge (27.0% very high) than participants underweight 
or with normal weight (49.3%). For underweight and normal weight people, the next dis-
criminating variable was professional area of health, showing that those who worked in 
the health sector had higher levels of knowledge (52.5% very high). A balanced diet was 
the next discriminant variable, indicating that those participants who always or frequently 
practiced it had very high levels of knowledge (56.8%) when compared to those who 
never, rarely, or only sometimes practiced it. 

Figure 1. Tree classification for level of knowledge as influenced by sociodemographic variables.

3.5. Sources of Information

The main sources of information about nutritional facts were also evaluated. The most
frequently used sources were scientific journals (34.4%), DGS website (31.4%), technical
books (31.0%), appointments with professionals (medical doctors or nutritionists) (29.2%),
and the WHO website (27.2%) (Table 5). Among the least used sources were YouTube
channels of influencers (3.0%), natural food stores (7.4%), and pharmacies (8.3%).
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The sources with the highest levels of trust were doctor/nutritionist appointments
(44.7%), WHO website (42.5%), and DGS website (36.2%). Significant (p < 0.01) positive
correlations were found between the utilization of information sources and the level of
trust, such as, for example, social media (rs = 0.570), YouTube channels of influencers
(rs = 0.568), and natural food stores (rs = 0.539) (Table 5).

Some significant (p < 0.01) negative correlations were found between knowledge and
the utilization of some sources of information, such as natural food stores (rs = −0.355),
television (rs = −0.285), and influencers’ YouTube channels (rs = −0.240). Nevertheless, the
values are low, which means that the correlations are weak (Table 6). On the other hand,
significant (p < 0.01) positive correlations were found between knowledge and the use of
some sources of information, such as DGS website (rs = 0.320), WHO website (rs = 0.357),
and scientific journals (rs = 0.385), although, again, with low values corresponding to weak
correlations (Table 6).
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Table 5. Expressed opinions and association between the frequency of utilization and level of trust in the information sources.

Information Sources

Frequency of Use
(% of Respondents)

Level of Trust
(% of Respondents) Spearman

Correlation 1
Never Few

Times
Many
Times

No
Trust

Some
Trust

Much
Trust

Full
Trust

YouTube channels of
influencers 77.3 19.7 3.0 81.3 18.3 0.4 0 0.568 **

Nutritionist blogs 32.6 46.5 20.9 10.9 60.0 25.6 3.4 0.383 **
DGS website 25.3 43.3 31.4 2.0 22.7 39.2 36.2 0.335 **
Natural food stores 55.9 36.8 7.4 35.0 50.3 11.9 2.8 0.539 **
Scientific journals 27.0 38.6 34.4 2.4 23.7 39.8 34.2 0.362 **
Internet pages 28.2 53.3 18.5 39.0 56.5 4.0 0.6 0.483 **
Social media 54.5 36.6 8.9 67.0 30.8 2.0 0.2 0.570 **
Television 36.2 54.1 9.7 28.8 56.1 13.5 1.6 0.649 **
Technical books 28.6 40.4 31.0 3.0 25.0 38.2 33.8 0.304 **
WHO website 34.2 38.6 27.2 2.4 20.7 34.4 42.5 0.337 **
Pharmacies 58.3 33.4 8.3 13.7 43.7 29.0 3.5 0.341 **
Health centers 38.6 44.9 16.5 4.8 30.2 40.2 24.9 0.301 **
Appointments with
Medical doctors/ nutritionists 27.6 43.1 29.2 2.0 18.7 34.6 44.7 0.263 **

1 Spearman correlation between frequency of utilization and level of trust. ** Correlation is significant at the 0.01 level.

Table 6. Associations between level of knowledge and the frequency of utilization and level of trust in the information sources.

Information Sources
Spearman Correlation between Level of
Knowledge and Frequency of Utilization

of Information Sources

Spearman Correlation between Level of
Knowledge and Level of Trust in the

Information Sources

YouTube channels of influencers −0.240 ** −0.234 **
Nutritionist blogs −0.063 −0.021
DGS Website 0.320 ** 0.357 **
Natural food stores −0.355 ** −0.416 **
Scientific journals 0.385 ** 0.380 **
Internet pages −0.121 ** 0.006
Social media −0.209 ** −0.161 **
Television −0.285 ** −0.266 **
Technical books 0.283 ** 0.263 **
WHO website 0.357 ** 0.342 **
Pharmacies −0.124 ** −0.179 **
Health centers 0.083 0.086
Appointments with
Medical doctors/nutritionists 0.072 0.213 **

** Correlation is significant at the 0.01 level.

Regarding the relation between knowledge and the level of trust in information
sources, some negative correlations were found significant (p < 0.01) for natural food stores
(rs = −0.416), television (rs = −0.266), and influencers’ YouTube channels (rs = −0.234).
Again, the correlations are weak because of the low values (Table 6).

4. Discussion

Healthy and well-balanced eating habits are important for the maintenance of general
health and well-being, prevention of several diseases, and the increase of life expectancy.
However, in reality, there are several dietary myths that compromise people’s nutritional
knowledge, making it difficult to follow adequate dietary patterns [13]. Hence the relevance
of credible and trustworthy sources of nutritional information, in order to optimize the
levels of knowledge and, consequently, improve the nutritional behaviors [23]. This
study has shown (as previously seen in Table 5) that the main sources used to obtain
information about nutrition are scientific journals, DGS website, and technical books. In a
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study regarding the use of nutritional information, Goodman et al. [10] determined that
magazines, newspapers, and books were the third most common source of information,
surpassed only by the internet. Even though these are the most utilized sources, doctors
and nutritionists are, in this research, the most trusted and reliable. Goodman et al. [10]
and Quaidoo et al. [23], in their studies, have also confirmed that healthcare professionals
were perceived as the most credible sources of nutritional information.

The grand majority of the participants in this study recognize the importance of water
(corresponding to the highest score in Table 4) and adequate hydration, for general health
status, since it is involved in the functioning of all cells in the human body. A narrative
review has evidenced that dehydration impairs cognitive functions such as attention, motor
coordination, and executive functions. Moreover, high fluid intake has been linked to a
lower risk of incidence of kidney stones, as well as to maintaining a healthy and functional
gastrointestinal system [24,25].

Regarding the statement about drinking milk being bad for health, our results showed
that the score was intermediate, revealing that still a lot of participants believe milk to
have a negative impact in health. To the matter of milk intake, there is some ambiguity
as to which effects dairy products have on health. Milk is an important source of high-
quality protein, vitamins and minerals such as Ca, P, Mg, Zn, Se, vitamins A, D, E, and
B complex, and bioactive peptides with antimicrobial, antiviral, antifungal, antioxidant,
and antibacterial properties [26]. According to a review [27], milk and dairy products have
proven to reduce the risk of obesity in children and improve body composition in adults.
Additionally, dairy product intake contributes to a reduced risk of type 2 diabetes, bone
health maintenance in children and adolescents, and consuming 200 to 300 mL per day
does not increase the risk of cardiovascular disease. Milk and dairy probably protect, as
well, against colorectal cancer, bladder cancer, gastric cancer, and breast cancer. There is,
however, a potential risk for prostate cancer, but the evidence is scarce and inconsistent [27].

One of the items investigated in this survey, which has had a score below the average,
is the adoption of a gluten-free diet for better health. This shows that people still have
incorrect perceptions about gluten-free diets and think they should be adopted generally. A
similar result was reported by Jones [28], according to which 65% of Americans think that
gluten-free foods are healthier. In recent years, more people have adopted a gluten-free diet,
even though without being diagnosed for celiac disease or non-celiac gluten sensitivity,
in which cases, a gluten-free diet is a necessity. There are significant disadvantages in
embracing this type of diet, mainly, the lower levels of fiber, iron, zinc, and potassium
that products with grains, such as breads and cereals, have, as well as an increased risk of
nutritional deficiencies of B vitamins, iron, and other minerals [28].

The statement S30 “All food additives (E’s) are harmful to health” was the third item
with the lowest score, corresponding to a generalized wrong perception among the partici-
pants in this study. Food additives are substances that are added to products with a specific
purpose, such as preservation, coloring, sweetening, and other reasons. All food additives
authorized for use are considered safe by the Scientific Committee on Food and/or the
European Food Safety Authority. Many of these additives are, in fact, naturally present in
foods. As an example tomatoes are rich in lycopene (E160c), oranges have ascorbic acid, or
vitamin C (E300), and apples have riboflavin, or vitamin B12 (E101) [29,30].

In general, it was observed that the participants in this study have a wrong perception
about the adequacy of eating the fruit before or after a meal (statements S3 and S8). In reality,
fruits are an important source of fiber, several vitamins, minerals and phytochemicals,
having numerous studies associated the intake of fruits and vegetables with a reduced risk
of all-cause mortality, cardiovascular diseases, diabetes, hypertension, and several types of
cancer [31,32]. Due to all of these benefits, the World Health Organization recommends the
intake of at least 400 g of fruit and vegetables per day [31,32]. In general, the consumption
of fresh fruit, prior to or as part of a meal can promote satiety, and reduce hunger and the
total energy intake during meals or throughout the day. These properties come, majorly
from the high fiber content, which stimulates the release of satiety hormones [32]. Thus,
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eating fruit right before or after the meal does not bring any benefit apart from those of
eating fruit. Only one clinical study has shown that, if fruit is eaten 30 to 120 min prior
to the meals, this might have some advantages on maximizing satiety and reduction of
energy intake [33].

The item with the lowest score is S6 “Eating carbohydrates at night leads to an increase
in weight gain”, demonstrating the incorrect perceptions of the participants about this.
Firstly, carbohydrates are not all the same. Some carbohydrates present in vegetables, fruits,
and whole-grains are mostly fiber, contrarily to others, such as those in rice, potato, and
pasta, which are poorer in dietary fiber. Fiber has demonstrated the ability to facilitate
the weight lost, since it helps stimulate satiety hormones, slowing gastric emptying, and
reducing appetite, and energy intake [32,34,35]. Secondly, carbohydrates only contribute
to weight gain when they are eaten in excessive amounts. When this happens, glucose is
transformed into triglycerides, which are then stored in the adipose tissue (fat). Obesity is a
disorder in which there is an imbalance between energy intake and expenditure, therefore,
the energy present in foods, from all macronutrients, is of extreme importance. Overall,
carbohydrates are relevant in the human body, and at night, the most important is to
prioritize low density and high fiber foods as well as the amounts consumed. Several
studies defend that, for weight loss, the largest meal should be consumed at breakfast or
lunch and not in the evening [36,37].

This study has also shown that age is the main discriminant for the level of knowledge
exhibited by the participants, with young adults having higher levels of knowledge when
compared to other age classes. This might be because in the past years there were attempts
to better educate people to eat healthy, as a way to reduce the expenses with health
care for patients suffering from non-communicable food-related pathologies. One’s sex
is another important discriminant, where women have been shown to have superior
levels of knowledge than men. The next discriminant that influences the knowledge
is professional area connected with nutrition. Participants with no relation to this field
have been shown to have lower levels of knowledge. Furthermore, being underweight
and having a normal weight have determined higher levels of knowledge. In work by
Guiné et al. [38], also evaluating the sociodemographic factors affecting knowledge about
nuts and their health effects, the authors found, as the main discriminants, the level of
education, sex, age, exercise, and BMI class. Some of these variables were also found to
influence the knowledge about food facts and myths in the present work.

By providing tools to understand what people should eat, this type of work can
contribute to the higher literacy of the population if appropriate educational programs and
public health strategies are implemented. However, people’s food choices are conditioned
by many other factors, some related to personal traits, preferences, or cues, and others
associated with social and cultural influences or even economic constraints [39–41].

Sociodemographic, anthropometric, and behavioral variables not only influenced the
level of knowledge, but also the way participants responded to the questions on myths and
facts during this research. The variable age influenced how respondents answered to certain
myths/facts such as for example item S1 (Drinking water during meals, contributes to
weight gain), item S3 (fruit should be eaten before meals), and item S6 (eating carbohydrates
at night leads to an increase in weight gain). As for the professional area, variable nutrition
has influenced how participants responded to items such as S6 (eating carbohydrates at
night leads to an increase in weight gain), S19 (the alkaline diet allows for balancing the
acidity in the blood), and S20 (drinking, while fasting, a glass of water with lemon helps
in weight loss). Finally, variable health has influenced items S6 (eating carbohydrates
at night leads to an increase in weight gain), S13 (lactose-free foods are better for health
and should, therefore, be adopted by all), and S17 (diet should be adapted to a person’s
blood group). Age has been reported as a factor affecting people’s care about diet and
motivations for food choice. In fact, with increasing age, people tend to think more about
health aspects, as a natural way to prevent age-related pathologies or to improve the global
health status [17,18].
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5. Conclusions

This research has shown that, for this sample, the level of knowledge about nutritional
facts is quite high. However, this study has also demonstrated that there are still several
food myths that need to be debunked through trustworthy information sources, in order
to promote healthy, balanced, and appropriate eating behaviors. Aspects that need more
attention from public health authorities and educational programs were identified, and
will enable the design of more adequate strategies, to improve the level of knowledge of
the Portuguese on those aspects in particular. In this way, people could be better educated
to make more appropriate food choices and improve their health. This will result, not only
in gains, in terms of individual health, but also in public health, and a reduction in the
burden associated with non-communicable food-related diseases, such as diabetes, obesity,
or heart diseases.

Furthermore, this study concluded that sociodemographic, anthropometric, and be-
havioral variables not only influenced the level of knowledge, but also the way participants
responded to the questions on myths and facts. Hence, despite its limitations, this research
provides a scientific perspective on the perception about several food myths and facts. In
particular, by highlighting the information that people already have and those aspects that
need improvement, the focus of the information campaigns can be directed to target specific
myths. Additionally, the sociodemographic characteristics must also be considered when
planning information techniques, as the results showed that different sociodemographic
groups have different levels of knowledge.

Although providing very useful and new insights into the perceptions about food
myths and facts among the Portuguese, this study has some limitations that need to be
highlighted. One limitation is related to the nature of the sample, since, as a convenience
sample, the results are not statistically representative to be generalized. One other limitation
concerns the high levels of education of the participants, which might somehow bias the
results. Moreover, the professional areas of a great number of participants are related to
food or nutrition; therefore, this could influence their responses.
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Appendix A

Table A1 presents the Spearman correlations between perception about the food
myths/facts and some sociodemographic, anthropometric and behavioral variables.
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Abstract: The unadjusted intake of food constitutes a real challenge for the several sustainability
dimensions. In this perspective, the main objectives of this research are to characterise the current
contexts of food security, its relationship with sustainability, and identify proposals and actions
that may support the design of more adjusted policies in the future. In addition, it is intended
to assess if the food security pillars properly address the sustainability goals and if the evolution
of undernutrition is accompanied by sustainable frameworks. In this way, statistical information
from the FAOSTAT database was considered for the several dimensions of food security over the
period 2000–2020. These data were analysed through factor-cluster approaches and panel data
methodologies, namely those related to quantile regressions. As main insights, we may refer that
undernutrition is more impacted by the availability of food and nutrients and political stability
than by the level of GDP—Gross Domestic Product (except for the extreme cases). This means that
the level of development is not the primary explanation for the problems of nutrition. The main
focus of the national and international policies must be to improve the agrifood supply chains and
to support political stability, in order to mitigate undernutrition worldwide and ensure a global
access to sustainable and healthy diets. In addition, it is suggested to rethink the four pillars of food
security (availability, access, utilisation and stability), in order to encompass other dimensions, such
as climate change.

Keywords: FAOSTAT information; factor-cluster analyses; panel data approaches; quantile regressions

1. Introduction

There is a significant relationship between the level of development of the countries
and food insecurity contexts [1]. Food insecurity is also impacted by political stability and
climate change [2].

Food security is a multidimensional concept characterised by four pillars related to
availability, access, utilisation, and stability [3]. These dimensions are interrelated with,
for example, agricultural modernisation [4], social capital [5], kitchen equipment [6], and
worldwide shocks [7].

In a broader perspective, food security is interrelated with sustainable food and agri-
cultural sectors, where the needs of present and future generations are met in commitment
with the environmental, social, and economic dimensions [8]. The concepts of food secu-
rity and sustainability are interrelated. The sustainability concept was considered by the
international community associated with sustainable developments, according to which
the societies evolve without compromising the future generations [9].

In fact, food security is already considered by the Sustainable Development Goals
(SDGs), namely in the goal 2 for zero hunger [10]. Nonetheless, the pandemic context
brought additional challenges for these world objectives increasing the problems associated
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with hunger worldwide, and it is expected that it will worsen malnutrition, namely among
children [11]. On the other hand, the question here is if the food security pillars also
specifically address the several dimensions of sustainability. The scientific literature shows
that sustainability could be better encompassed by the four pillars of food security [9,12–14].

From this perspective, the general and specific objectives are those presented in the
following (summarised in Figure 1):

Foods 2021, 10, x FOR PEER REVIEW 2 of 27 
 

 

In fact, food security is already considered by the Sustainable Development Goals 
(SDGs), namely in the goal 2 for zero hunger [10]. Nonetheless, the pandemic context 
brought additional challenges for these world objectives increasing the problems associ-
ated with hunger worldwide, and it is expected that it will worsen malnutrition, namely 
among children [11]. On the other hand, the question here is if the food security pillars 
also specifically address the several dimensions of sustainability. The scientific literature 
shows that sustainability could be better encompassed by the four pillars of food security 
[9,12–14]. 

From this perspective, the general and specific objectives are those presented in the 
following (summarised in Figure 1): 

General objectives: This research aims to characterize the current context of world 
food security and its relationships with sustainability, through statistical information 
from FAOSTAT and panel data regressions (with quantile approaches), in order to sug-
gest rethinking the four pillars to encompass other variables, such as climate change, and 
propose new policy instruments. The main focus is to highlight if sustainability has been 
sufficiently addressed by the food security pillars (namely testing for the impact of new 
variables, such as those related to climate change), considering that food security is al-
ready a target for the SDGs. In addition, it is the objective of this research to assess if food 
security has been achieved with sustainable approaches. 

Specific objectives: Specifically, it is intended to characterise the variables related to 
the food security pillars over the period of 2000–2020 and quantify the impacts from these 
variables on food insecurity, identifying potentialities to encompass other variables (re-
lated to climate change, for example) in these security dimensions. This assessment al-
lowed us to identify weaknesses in the database (there is a lack of statistical information 
for several countries and years), weaknesses in the group of variables considered for each 
pillar (it would be important to consider other variables, such as those related to the tem-
perature change) and the main impacts from the four pillars’ variables on the food inse-
curity (with insights for the several stakeholders, namely for policymakers). This over-
view, considering the worldwide context and the approaches here carried out, has its nov-
elty for the scientific community. 

 
Figure 1. Gaps/motivations, general and specific objectives, and main insights. 

In summary, the literature shows that there are fields to be explored in these issues 
(“Sustainability needs to be more appropriately addressed towards food security pillars: 
as a new dimension [9]; integrating other variables [12], such as climate change [14].”). 

Gaps/Motivations

•Sustainability needs to be more appropriately addressed towards food 
security pillars: as a new dimension [9]; integrating other variables [12], 
such as climate change [14].

General objectives

•Discuss the food security pillars;
•Assess if there is field to address more properly the sustainability by the 

four pillars. 

Specific objectives

•Analyse the variables related with the food security pillars;
•Quantify the impacts from these variables on food insecurity and testing 

for new variables.

Main insights

•Improvements on the information available are needed;
•Climate change and food insecurity are interrelated and the political 

stability is among the main drivers of the undernutrition.

Figure 1. Gaps/motivations, general and specific objectives, and main insights.

General objectives: This research aims to characterize the current context of world
food security and its relationships with sustainability, through statistical information from
FAOSTAT and panel data regressions (with quantile approaches), in order to suggest
rethinking the four pillars to encompass other variables, such as climate change, and
propose new policy instruments. The main focus is to highlight if sustainability has been
sufficiently addressed by the food security pillars (namely testing for the impact of new
variables, such as those related to climate change), considering that food security is already
a target for the SDGs. In addition, it is the objective of this research to assess if food security
has been achieved with sustainable approaches.

Specific objectives: Specifically, it is intended to characterise the variables related
to the food security pillars over the period of 2000–2020 and quantify the impacts from
these variables on food insecurity, identifying potentialities to encompass other variables
(related to climate change, for example) in these security dimensions. This assessment
allowed us to identify weaknesses in the database (there is a lack of statistical information
for several countries and years), weaknesses in the group of variables considered for each
pillar (it would be important to consider other variables, such as those related to the temper-
ature change) and the main impacts from the four pillars’ variables on the food insecurity
(with insights for the several stakeholders, namely for policymakers). This overview, con-
sidering the worldwide context and the approaches here carried out, has its novelty for the
scientific community.

In summary, the literature shows that there are fields to be explored in these issues
(“Sustainability needs to be more appropriately addressed towards food security pillars:
as a new dimension [9]; integrating other variables [12], such as climate change [14].”).
These fields were addressed through “—Analyse the variables related with the food secu-
rity pillars; —Quantify the impacts from these variables on food insecurity and testing for
new variables” that highlight “—Improvements on the information available are needed;
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—Climate change and food insecurity are interrelated and the political stability is among
the main drivers of the undernutrition”.

The paper consists of six sections. After the introduction (Section 1), Section 2 contains
a review of the concepts of food security and sustainability. The study design and materials
are explained in Section 3, while Section 4 presents the main results of the study. To better
assess the impacts of climate change on food security, Section 5 emphasises that the
focus on food security should shift beyond the four pillars (availability, access, utilization,
and stability) towards a vision that includes other sustainability variables. In Section 6,
the discussion of the study is presented, as well as the main conclusions. In this last
section, the study’s many results are emphasized, the theoretical, political, and practical
contributions are highlighted, and the limitations of the study as well as areas for future
research are presented.

A preliminary literature survey shows that there are few (or none) studies about the
topic of food security and sustainability considering the methodologies hereby described,
namely the quantile regressions with the approaches addressed, highlighting the novelty
of this research and the potential to analyse deeper these domains.

2. Literature Survey

Food security is an old concern [15] that motivated international organizations, such
as the Food and Agriculture Organization, to define it with the following four dimensions
(or pillars): availability, accessibility, utilization, and stability [16]. Food security is part
of the Sustainable Development Goals [11]. Nonetheless, it is accepted that sustainability
needs to be more appropriately addressed in the pillars of food security, maybe as a new
dimension [9], or integrating other variables [12], where the food crises [13] and climate
change [14] have its importance.

Food security is interrelated with sustainability. However, the associated contexts
are complex and uncertain [17], showing that these interrelationships deserve continuous
attention from several stakeholders and organizations [18], including the subnational
governments [19], and multidisciplinary approaches [20] for particular cases [21].

Agricultural practices have a great impact on the interrelationships between food
security and sustainability [22] around the world [23] and for the more diverse contexts [24];
namely, those related with chemical approaches [25], water use [26], soil salinity [27], pests
and diseases control [28], concentration/diversification of farming productions [29], inten-
sification/extensification [30], and associated with management strategies [31]. The same
happens with the different pressures over the agricultural land associated with, for exam-
ple, the urbanization and ever-growing population [32]. In any case, the farming sector and
the associated dimensions are determinants for sustainable food security [33], including
animal welfare [34], and the new technologies open new opportunities [35], including for
monitoring [36] and assessments [37]. The population growth is particularly worrying in
countries such as India, for example [38], but other specific contexts also deserve special
attention [39], including those from Africa [40].

For more sustainable food security, alternative sources of food supply, as edible insects,
may be interesting solutions [41,42] in a framework of protein transition [43] and farm
to fork perspective [44]. Urban agriculture may be another solution; however, in this
case, additional studies are needed for a more complete assessment [45]. Farming fish is
another possibility to achieve more sustainable food security [46], as are the home food
gardens [47], revitalising local food systems [48], using insects as bioconverters of organic
waste [49], obtaining protein from food waste [50], food forestry [51], natural food [52],
better governance and conception [53], hydroponic farm [54], organic farming [55], crops
resilience assessments [56], wild edible greens [57], food loss, and waste management [58].

Food security and sustainability are worldwide concerns, specifically for the policy-
makers [59]. In fact, the policies are crucial for sustainable food security [60]. In any case,
the paradigms of food security often change with international crises, as happens currently
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with the COVID−19 pandemic [61], and these frameworks bring new challenges for the
different stakeholders [62] to promote balanced and healthy diets [63].

In these interrelationships between food security and sustainability, the circular econ-
omy approaches may play a relevant role, namely through insect larvae that bioconvert
food waste in animal feed [64].

3. Material and Methods

To better clarify the several steps of this section for material and methods, Figure 2
presents a schematic description of the various phases.
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The quantile regressions are adjusted methodologies to deal with problems of outliers
and non-normality in the statistical databases, and they were considered, for example,
in the following studies related to the food security dimensions: factors affecting food
diversity in Iran [65]; impacts on rice and wheat production in Pakistan [66]; implications
from soil erosion on socio-economic domains in Malawi [67]; climate effects on the rice
yield in India [68]; dietary deficiencies in the Indian context [69]; analysis of explanatory
variables of calorie consumption in India [70]; food demand in Slovakia [71]; food insecurity
in the population from the Afghanistan [72]; relationships between oil-export and food
insecurity [73]; impacts from food insecurity on children [74]; food security in Nigerian
urban households [75]; main drivers of healthy ageing in India [76]; effects from the internet
use on the agricultural sustainability in China [77]; relationships among poverty and food
security in Vietnam [78]; relations between religion and food security in India [79]; food
security policies in India [80]; impacts from food prices on the nutrients intake in India [81];
interrelations between the efficiency of wheat and climate change in Pakistan [82]; crop
diversity and welfare in Uganda [83]; drivers of food insecurity [84]; horticultural sector
dynamics in Senegal [85]; and financial crisis and food supply in Mexico [86].

The statistical information was obtained from the FAOSTAT database [87] for the
variables presented in Table 1 (and for the temperature change as an indicator for the
climate changes) disaggregated across world countries and over the period of 2000–2020.
The temperature change is correlated with the climate dimensions [88], being, in this
way, an interesting indicator for the climate change contexts. Furthermore, it is one
of the most straightforward quantitative indicators of climate change. These variables
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were grouped into five groups (level of development, nutritional and food availability,
food insecurity, stability conditions, social and environmental conditions), following the
suggestions from the statistical database. These five groups are relative to the four pillars of
the food security concept (availability, access, utilization, stability) and a fifth set for food
insecurity indicators (namely related to the number and prevalence of undernourishment
and moderate and severe food insecurity). The four pillars were renamed as a suggestion
to encompass other dimensions and to highlight the importance of rethinking these pillars
and the food security dimensions. Some of these variables are presented in the database on
average for periods of three years (Table 1). In these cases, to compare with other variables
presented in annual values, it was considered the middle year as a reference. In addition,
Table 1 shows that there is a lack of information for some countries and years. Due to this,
the variables with lower observations were not considered in the analysis carried out in the
following sections. The variables removed were: variable “Rail lines density (total route in
km per 100 square km of land area)” from the group “level of development”; most variables
related with the group “food insecurity”; and the variables “Percentage of children under
5 years affected by wasting (percent)” and “Prevalence of exclusive breastfeeding among
infants 0–5 months of age” from the group “social and environmental conditions”.

Table 1. Summary statistics for several variables related to food security and sustainability, worldwide over the
period 2000–2020.

Groups of Variables Observations Mean Standard
Deviation Min Max

Level of development
Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) 3883 18,905.540 21029.290 630.700 161,971.000

Rail lines density (total route in km per 100
square km of land area) 1452 2.753 2.903 0.000 12.100

Nutritional and food availability
Average dietary energy supply adequacy
(percent) (3-year average) 3238 118.464 15.244 37.000 160.000

Average protein supply (g/cap/day)
(3-year average) 2802 78.804 20.510 23.200 143.300

Average supply of protein of animal origin
(g/cap/day) (3-year average) 2802 35.464 20.350 3.000 103.000

Average value of food production (constant
2004–2006 I$/cap) (3-year average) 3116 259.279 241.337 1.000 2425.000

Dietary energy supply used in the estimation
of prevalence of undernourishment
(kcal/cap/day) (3-year average)

3238 2793.793 467.732 903.000 3901.000

Share of dietary energy supply derived from
cereals, roots and tubers (kcal/cap/day)
(3-year average)

2802 46.807 14.640 8.000 83.000

Food insecurity
Number of moderately or severely food
insecure people (million) (3-year average) 483 8.809 14.699 0.100 116.000

Number of people undernourished (million)
(3-year average) 1708 6.833 23.229 0.100 249.600

Number of severely food insecure people
(million) (3-year average) 391 3.117 4.897 0.100 43.000

Prevalence of moderate or severe food
insecurity in the total population (percent)
(3-year average)

520 25.865 21.698 2.000 88.300

Prevalence of severe food insecurity in the
total population (percent) (3-year average) 502 9.187 11.469 0.500 61.800

Prevalence of undernourishment (percent)
(3-year average) 2047 14.322 11.401 2.500 71.300
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Table 1. Cont.

Groups of Variables Observations Mean Standard
Deviation Min Max

Stability conditions
Cereal import dependency ratio (percent)
(3-year average) 2645 27.914 57.439 −342.500 100.000

Per capita food production variability
(constant 2004–2006 thousand int$ per capita) 3090 12.323 13.048 0.200 107.700

Per capita food supply variability
(kcal/cap/day) 3361 42.027 28.035 1.000 259.000

Percent of arable land equipped for irrigation
(percent) (3-year average) 2797 28.430 31.498 0.000 100.000

Political stability and absence of
violence/terrorism (index) 3486 −0.032 0.962 −3.180 1.760

Value of food imports in total merchandise
exports (percent) (3-year average) 3227 41.389 89.288 1.000 1380.000

Social and environmental conditions
Percentage of children under 5 years affected
by wasting (percent) 616 6.136 4.382 0.000 21.300

Percentage of children under 5 years of age
who are overweight (modelled estimates)
(percent)

3047 7.049 4.467 0.700 29.300

Percentage of children under 5 years of age
who are stunted (modelled estimates) (percent) 3047 21.918 14.624 1.200 62.300

Percentage of population using at least basic
drinking water services (percent) 3803 85.024 17.929 18.100 99.000

Percentage of population using at least basic
sanitation services (percent) 3802 72.130 29.831 2.800 99.000

Percentage of population using safely
managed drinking water services (Percent) 2372 67.400 31.055 2.300 99.000

Percentage of population using safely
managed sanitation services (Percent) 2384 53.409 29.468 2.100 99.000

Prevalence of anaemia among women of
reproductive age (15–49 years) 3607 27.772 13.305 7.300 62.900

Prevalence of exclusive breastfeeding among
infants 0–5 months of age 425 35.945 19.595 0.100 88.400

Prevalence of low birthweight (percent) 2255 10.312 4.920 2.400 36.200
Prevalence of obesity in the adult population
(18 years and older) 3044 16.407 10.246 0.600 61.000

Table 1 reveals that, on average, the world had, between 2000 and 2020, a Gross Domes-
tic Product per capita (PPP, constant 2011) of 18905.540 I$, 2.753 km per 100 square km of
land area for the rail density, 78.804 g/cap/day of average protein supply, 35.464 g/cap/day
for average supply of protein of animal origin, 46.807 kcal/cap/day for the share of dietary
supply derived from cereals, roots, and tubers, 14.322% of prevalence of undernourishment,
27.914% for cereal import dependency ratio, 28.430% for arable land equipped for irrigation,
−0.032 for the political stability and absence of violence/terrorism (index) and several
problems with social and environmental conditions. These results reveal that there is still
much more to improve the nutritional conditions and the political stability, as well as the
absence of violence/terrorism. In fact, Western Balkans and the European Union had, over
the last years, values of 101.340 for average protein supply (g/cap/day), 57.300 average
supply of protein of animal origin (g/cap/day) and 0.550 for political stability and absence
of violence/terrorism (index), highlighting the way that must be run by some parts of the
world in these domains [89].

In the different groups with the remaining variables, after the first selection identified
before, the results presented in Table A1 (Appendix A) were considered to select the most
representative variables in each group. Considering the great number of variables available
in the database for four pillars, the correlation matrix brings insights that support the
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selection of the correlated variables. These are important findings to build the models for
the regression approaches. These results were obtained following Stata procedures [90–95]
for pairwise correlation matrices.

Table A1 (Appendix A) shows that there are positive and relatively strong correlations
between the GDP (PPP, constant 2011 international $) and the supply of protein, political
stability and access of the population to drinking water and sanitation services. In turn,
there are negative and relatively strong relationships among the GDP and share of dietary
energy supply from vegetables, percentage of children under 5 years of age who are stunted,
and prevalence of anaemia among women of reproductive age (15–49 years). In addition,
for the prevalence of undernourishment (percent), there are negative and relatively strong
correlations with the GDP and the variables related to the “nutritional and food availability”
group, with the exception of the variable “share of dietary energy supply derived from
cereals, roots and tubers”, for which there is a positive correlation. The prevalence of
undernourishment is also negatively correlated with political stability and with the access
of the population to drinking water and sanitation services.

Considering this assessment and the relevance of the variables for the objectives pro-
posed, the following variables were selected for each one of the groups considered: gross do-
mestic product per capita, PPP, dissemination (constant 2011 international $) for the “level
of development”, average protein supply (g/cap/day) (3-year average) for the group “nu-
tritional and food availability”, prevalence of undernourishment (percent) (3-year average)
for the “food insecurity”, political stability and absence of violence/terrorism (index) for
“stability conditions” and percentage of population using safely managed drinking water
services (percent) for “social and environmental conditions”. It could be interesting to
consider also the prevalence of severe and moderate food insecurity, however, the limited
availability of data for these variables hampers its consideration in regressions with panel
data. 1. In fact, it is not possible to consider these variables with around 500 observations
(or less) as shows Table 1, when the “Prevalence of undernourishment (percent) (3-year av-
erage)”, for example, has more than 2000 observations. In any case, for the cases (countries
and years) where the observations are coincident the “Prevalence of undernourishment
(percent) (3-year average)” (variable used by us) is strongly correlated (Table 2 obtained
following Stata software procedures) with the severe and moderate undernourishment
(showing that it is indifferent to use any of these variables and that our variable represents
well the world context of undernutrition).

Table 2. Spearman’s rank correlation matrix for the several forms of prevalence of undernourishment worldwide over the
period of 2000–2020.

Prevalence of Moderate or
Severe Food Insecurity in
the Total Population
(Percent) (3-Year Average)

Prevalence of Severe Food
Insecurity in the Total
Population (Percent)
(3-Year Average)

Prevalence of
Undernourishment (Percent)
(3-Year Average)

Prevalence of moderate or
severe food insecurity in the
total population (percent)
(3-year average)

1.000

Prevalence of severe food
insecurity in the total
population (percent)
(3-year average)

0.9200 * 1.000

0.000
Prevalence of
undernourishment (percent)
(3-year average)

0.7917 * 0.7421 * 1.000

0.000 0.000

Note: *, statistically significant at 1%.
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To better analyse the evolution of these variables over the countries, averages over the
period considered were calculated based on the summary statistics presented in Table 3,
these being presented in Figures 3–7.

Figure 3 shows that the five higher averages for the gross domestic product per capita,
PPP, dissemination (constant 2011 international $), over the period considered, were verified
in Luxembourg, China (Macao SAR), Qatar, Bermuda, and Singapore. For the average
protein supply (g/cap/day) (3-year average), the five countries with higher averages are
Iceland, Israel, Lithuania, China (Hong Kong SAR), and Portugal (Figure 4). Luxembourg,
Ireland, Norway, USA and Denmark are among the countries with higher average GDP
and average protein supply. These results confirm the findings described before for the
correlations between the level of development and the nutrients supply [96]. The prevalence
of undernourishment (percent) (3-year average) has higher averages in countries such as
Somalia, Haiti, Central African Republic, Democratic Republic of the Congo, Liberia, and
Madagascar, among others (Figure 5). Some of the countries with higher averages for the
GDP and nutrients supply are also those with higher averages for the political stability and
absence of violence/terrorism index (Figure 6) and percentage of population using safely
managed drinking water services (Figure 7).

Table 3. Summary statistics for selected variables related to food security and sustainability worldwide on average over the
period of 2000–2020.

Variables Observations Mean Standard
Deviation Min Max

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) 187.000 18,809.910 20,670.980 817.519 107,015.200

Average protein supply (g/cap/day)
(3-year average) 167.000 78.724 19.928 36.547 133.135

Prevalence of undernourishment (percent)
(3-year average) 123.000 13.446 11.047 2.600 61.529

Political stability and absence of
violence/terrorism (index) 186.000 −0.036 0.920 −2.473 1.417

Percentage of population using safely
managed drinking water services (Percent) 115.000 67.658 30.806 5.600 99.000

Foods 2021, 10, x FOR PEER REVIEW 8 of 27 
 

 

To better analyse the evolution of these variables over the countries, averages over 
the period considered were calculated based on the summary statistics presented in Table 
3, these being presented in Figures 3–7. 

Table 3. Summary statistics for selected variables related to food security and sustainability worldwide on average over 
the period of 2000–2020. 

Variables Observations Mean 
Standard Devi-

ation Min Max 

Gross domestic product per capita, PPP, dissemination 
(constant 2011 international $) 187.000 18,809.910 20,670.980 817.519 107,015.200 

Average protein supply (g/cap/day) (3-year average) 167.000 78.724 19.928 36.547 133.135 
Prevalence of undernourishment (percent) (3-year aver-
age) 

123.000 13.446 11.047 2.600 61.529 

Political stability and absence of violence/terrorism (in-
dex) 186.000 −0.036 0.920 −2.473 1.417 

Percentage of population using safely managed drinking 
water services (Percent) 115.000 67.658 30.806 5.600 99.000 

 
Figure 3. Top 35 countries for the level of development. 

0

20,000

40,000

60,000

80,000

100,000

120,000

Gr
os

s d
om

es
tic

 p
ro

du
ct

 p
er

 ca
pi

ta
, P

PP
, d

iss
em

in
at

io
n 

(c
on

st
an

t 2
01

1 
in

te
rn

at
io

na
l $

)

Figure 3. Top 35 countries for the level of development.

204



Foods 2021, 10, 2732
Foods 2021, 10, x FOR PEER REVIEW 9 of 27 
 

 

 
Figure 4. Top 35 countries for the nutritional and food availability. 

 
Figure 5. Top 35 countries for the level of food insecurity. 

 
Figure 6. Top 35 countries for the stability conditions. 

0

20

40

60

80

100

120

140

Av
er

ag
e 

pr
ot

ei
n 

su
pp

ly
 (g

/c
ap

/d
ay

) (
3-

ye
ar

 a
ve

ra
ge

)

0

10

20

30

40

50

60

70

Pr
ev

al
en

ce
 o

f u
nd

er
no

ur
ish

m
en

t (
pe

rc
en

t) 
(3

-y
ea

r a
ve

ra
ge

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Po
lit

ica
l s

ta
bi

lit
y a

nd
 a

bs
en

ce
 o

f v
io

le
nc

e/
te

rr
or

ism
 (i

nd
ex

)

Figure 4. Top 35 countries for the nutritional and food availability.
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Figure 5. Top 35 countries for the level of food insecurity.
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Figure 6. Top 35 countries for the stability conditions.
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Figure 7. Top 35 countries for the social and environmental conditions.

To better explore these data, a factor-cluster analysis following Stata procedures [93–95,97–100]
was performed in the next section, to identify world clusters for variables that might be
considered better drivers to implement and design joint policies. In addition, quantile
regressions in panel data [93,101–103] were carried out considering a model based on the
Verdoorn–Kaldor laws [104–107] and taking into account, for example, Martinho [108].
In the developments associated with the Verdoorn–Kaldor laws, the output growth is
exogenous and promotes productivity growth, benefiting all the economy and society.
Thus, following these developments, in this research, a model considering the output
growth as an explanatory variable was considered. Due to the existence of outliers and
lack of normality for some data, the quantile regression, based on the median estimation,
was considered.

A factor analysis was carried out to obtain uncorrelated factors and to deal with
problems of collinearity among the variables in the cluster assessment [100]. For that, a
principal-component factors methodology with rotation was considered.

4. Results

Figure 8 summarises the different phases of this section regarding the results obtained
with the variables selected for the dimensions associated with food security.

The five variables considered are correlated with factor1, explaining 65.8% of the
variability (Table 4). The less relevant variables in the definition of factor 1 are the gross
domestic product per capita, PPP, dissemination (constant 2011 international $) and political
stability and absence of violence/terrorism (index). Inversely, the percentage of population
using safely managed drinking water services is the most relevant. The results for the
KMO in Table 4 show the sampling adequacy.

206



Foods 2021, 10, 2732Foods 2021, 10, x FOR PEER REVIEW 11 of 27 
 

 

 
Figure 8. Summary of the several phases considered for the results. 

The five variables considered are correlated with factor1, explaining 65.8% of the var-
iability (Table 4). The less relevant variables in the definition of factor 1 are the gross do-
mestic product per capita, PPP, dissemination (constant 2011 international $) and political 
stability and absence of violence/terrorism (index). Inversely, the percentage of popula-
tion using safely managed drinking water services is the most relevant. The results for the 
KMO in Table 4 show the sampling adequacy. 

Table 4. Results for rotated factor loadings (pattern matrix) and unique variances, worldwide on average over the period 
of 2000–2020. 

Variables Factor1 Uniqueness KMO 1 
Gross domestic product per capita, PPP, dissemination (constant 2011 interna-
tional $) 0.738 0.455 0.695 

Average protein supply (g/cap/day) (3-year average) 0.882 0.222 0.832 
Prevalence of undernourishment (percent) (3-year average) −0.850 0.278 0.715 
Political stability and absence of violence/terrorism (index) 0.666 0.556 0.815 
Percentage of population using safely managed drinking water services (Percent) 0.896 0.198 0.768 
Overall   0.762 

Note: 1 Kaiser–Meyer–Olkin measure of sampling adequacy. 

Considering the information from Figure 9, four clusters were used for the cluster 
analysis whose results are presented in Table 5. Combining the results from Table 5 with 
the data analysis carried out previously, the cluster 1 identifies a set of countries where it 
is crucial to solve problems of food insecurity, namely those related to the prevalence of 
undernourishment (percent) (3-year average). For the countries in cluster 2 and cluster 4, 
there are also problems of undernourishment, but they are not so expressive as in the 
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Factor analysis

•Factor analysis was carried out to remove potential problems among the 
variables related with the food security dimensions.

Cluster analysis

•The cluster analysis was considered to better understand the interrelatioships 
between the several countries and to highlight the lack of data for some 
countries.

Regressions

•All the information available for worldwide and over the period considered, 
related with the variables selected, was used for quantile regressions. Quantile 
regressions allow to deal with problems of outliers and heterogeneity.

Figure 8. Summary of the several phases considered for the results.

Table 4. Results for rotated factor loadings (pattern matrix) and unique variances, worldwide on average over the period
of 2000–2020.

Variables Factor1 Uniqueness KMO 1

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) 0.738 0.455 0.695

Average protein supply (g/cap/day) (3-year average) 0.882 0.222 0.832
Prevalence of undernourishment (percent) (3-year average) −0.850 0.278 0.715
Political stability and absence of violence/terrorism (index) 0.666 0.556 0.815
Percentage of population using safely managed drinking water
services (Percent) 0.896 0.198 0.768

Overall 0.762

Note: 1 Kaiser–Meyer–Olkin measure of sampling adequacy.

Considering the information from Figure 9, four clusters were used for the cluster
analysis whose results are presented in Table 5. Combining the results from Table 5 with
the data analysis carried out previously, the cluster 1 identifies a set of countries where it
is crucial to solve problems of food insecurity, namely those related to the prevalence of
undernourishment (percent) (3-year average). For the countries in cluster 2 and cluster 4,
there are also problems of undernourishment, but they are not so expressive as in the
countries of cluster1. Japan and Republic of Korea appear in cluster 3 due to relatively
lower scores for the protein supply, below Turkmenistan and Kazakhstan, respectively.
In addition, the Republic of Korea has relatively lower averages for political stability and
the absence of violence/terrorism (index). Table 5 is missing other world countries due to
the lack of information for some variables. The countries for which there is lack of data
for some variables are removed from the analysis, because the observations do not match
when different variables are interrelated.
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Table 5. Identification of clusters, worldwide on average over the period of 2000–2020.

Clusters

1 2 3 4

Afghanistan Bangladesh Albania Algeria
Central African Republic Cambodia Belarus Armenia

Chad Colombia Bosnia and Herzegovina Azerbaijan
Congo Ecuador Brazil Georgia

Côte d’Ivoire Gambia Bulgaria Iran (Islamic Republic of)
Ethiopia Ghana Chile Jordan

Iraq Guatemala China, Macao SAR Mexico
Madagascar Kiribati Costa Rica Morocco

Nigeria Kyrgyzstan Croatia North Macedonia

Pakistan Lao People’s Democratic
Republic Cyprus Samoa

Rwanda Lebanon Estonia Serbia
Sierra Leone Lesotho Japan Ukraine

Togo Mongolia Kazakhstan
Myanmar Kuwait

Nepal Latvia
Nicaragua Malaysia
Paraguay Montenegro

Peru Oman
Philippines Republic of Korea

Sao Tome and Principe Russian Federation
Suriname Slovakia

Uzbekistan Tunisia
Turkmenistan
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Before the panel data regressions, considering the characteristics of the sample, the
data used for the variables were tested for normality, following, for example, Alejo et al. [103].
The results shown in Table 6 confirm the lack of normality. To deal with these statistical
problems, quantile regressions with panel data were considered [109]. This approach is
also adjusted to deal with the heterogeneity of the countries in the sample. For that, it
was considered a model based on the Verdoorn–Kaldor laws, where the food insecurity
variable (prevalence of undernourishment (percent) (3-year average)) was regressed with
variables related to several dimensions of sustainability (level of development, nutritional
and food availability, stability conditions and social and environmental conditions).

Table 6. Normality analysis, worldwide over the period of 2000–2020.

Coefficient z p > |z|

Skewness_e −0.271 −0.760 0.447
Kurtosis_e 4.186 * 2.720 0.006
Skewness_u −0.862 −1.280 0.201
Kurtosis_u 2.994 * 2.560 0.010
Joint test for Normality on e: chi2(2) = 8.000 *, Prob > chi2 = 0.018
Joint test for Normality on u: chi2(2) = 8.200 *, Prob > chi2 = 0.017

Note: *, statistically significant at 5%.

The results in Table 7 reveal that the undernourishment growth rates are mainly
explained by the average protein supply (g/cap/day) (3-year average) growth rates and
political stability, and absence of violence/terrorism (index) growth rates. Nonetheless,
the political stability and absence of violence/terrorism improvement is not always syn-
onymous of lower problems of undernutrition (as indicated by the sign found for the
coefficient and the data analysis carried out before). On the other hand, the gross domestic
product per capita, PPP, dissemination (constant 2011 international $) growth rates, and
the percentage of the population using safely managed drinking water services (percent)
growth rates are only statistically significant for the extreme cases (extreme quantiles).
Furthermore, in the countries with lower growth rates for the prevalence of undernourish-
ment (quantiles 0.10 and 0.20), the improvements in the GDP and drinking water services
do not contribute to reducing the problems of undernutrition (the signals of the coefficients
are positive).

Table 7. Results for panel data quantile regressions with the variables in growth rates, worldwide over the period
of 2000–2020.

Prevalence of Undernourishment (Percent) (3-Year Average) Coefficient z p > |z|

Quantile 0.10
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) 0.150 * 4.100 0.000

Average protein supply (g/cap/day) (3-year average) −2.691 * −49.820 0.000
Political stability and absence of violence/terrorism (index) 0.001 * 3.060 0.002
Percentage of population using safely managed drinking water
services (Percent) 0.311 * 9.210 0.000

Quantile 0.20
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) 0.135 * 3.030 0.002

Average protein supply (g/cap/day) (3-year average) −2.407 * −14.720 0.000
Political stability and absence of violence/terrorism (index) 0.002 * 5.440 0.000
Percentage of population using safely managed drinking water
services (Percent) 0.165 *** 1.670 0.094
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Table 7. Cont.

Prevalence of Undernourishment (Percent) (3-Year Average) Coefficient z p > |z|

Quantile 0.30
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.014 −0.440 0.657

Average protein supply (g/cap/day) (3-year average) −2.275 * −14.940 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 19.480 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.113 ** −2.400 0.017

Quantile 0.40
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.040 −1.140 0.256

Average protein supply (g/cap/day) (3-year average) −2.259 * −28.070 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 15.510 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.139 *** −1.670 0.094

Quantile 0.50
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.005 −0.200 0.842

Average protein supply (g/cap/day) (3-year average) −2.339 * −26.550 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 9.100 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.063 −0.410 0.685

Quantile 0.60
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) 0.007 0.310 0.756

Average protein supply (g/cap/day) (3-year average) −2.225 * −23.670 0.000
Political stability and absence of violence/terrorism (index) 0.004 * 8.940 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.100 −0.740 0.462

Quantile 0.70
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.005 −0.210 0.834

Average protein supply (g/cap/day) (3-year average) −2.297 * −16.500 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 5.100 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.021 −0.220 0.828

Quantile 0.80
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.045 ** −2.090 0.037

Average protein supply (g/cap/day) (3-year average) −2.162 * −24.610 0.000
Political stability and absence of violence/terrorism (index) 0.003 ** 2.430 0.015
Percentage of population using safely managed drinking water
services (Percent) −0.225 −1.080 0.280

Quantile 0.90
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.119 * −18.110 0.000

Average protein supply (g/cap/day) (3-year average) −2.537 * −168.980 0.000
Political stability and absence of violence/terrorism (index) 0.001 * 9.460 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.094 * −3.500 0.000

Mean VIF = 1.030

Note: *, statistically significant at 1%; **, statistically significant at 5%; ***, statistically significant at 10%.

5. Encompassing the Climate Change among the Pillars for a More Sustainable
Food Security

Figure 10 reveals a negative relationship between the prevalence of undernourishment
and the temperature change over the period considered in the world countries. In other
words, the increase in temperature change verified since 2000 was accompanied by a
decrease in the prevalence of undernourishment.
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Figure 10. Benchmarking the prevalence of undernourishment and the temperature change, on
average across the world over the period of 2000–2020.

To better assess the impacts of climate change on food insecurity, several regressions
were repeated, considering now the temperature change as an indicator for climate change
(Table 8). The granger causality test for balanced panel data, using the Stata software, sup-
ports the temperature change as an explanatory variable. For the period of 2000–2020, the
results for the variables previously considered are similar. The findings for the temperature
change growth rates are, in general, statistically significant since the quantile is 0.30 and
consistently negative. This means that increases in the temperature change growth rates
that promote decreases in the prevalence of undernourishment growth rates, nonetheless
with coefficients around −0.001 (when the temperature change increases 1% point, the
undernutrition decreases 0.001% points).

Table 8. Results for panel data quantile regressions with the variables in growth rates (encompassing climate change)
worldwide over the period of 2000–2020.

Prevalence of Undernourishment (Percent) (3-Year Average) Coefficient z p > |z|

Quantile 0.10
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) 0.077 ** 2.090 0.037

Average protein supply (g/cap/day) (3-year average) −2.674 * −55.580 0.000
Political stability and absence of violence/terrorism (index) 0.001 * 4.080 0.000
Percentage of population using safely managed drinking water
services (Percent) 0.337 * 3.740 0.000

Temperature change (◦C) 0.000 0.160 0.875
Quantile 0.20

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) 0.077 * 3.080 0.002

Average protein supply (g/cap/day) (3-year average) −2.718 * −63.810 0.000
Political stability and absence of violence/terrorism (index) 0.002 * 5.370 0.000
Percentage of population using safely managed drinking water
services (Percent) 0.152 1.640 0.101

Temperature change (◦C) 0.000 0.810 0.420
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Table 8. Cont.

Prevalence of Undernourishment (Percent) (3-Year Average) Coefficient z p > |z|

Quantile 0.30
Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.010 −0.450 0.652

Average protein supply (g/cap/day) (3-year average) −2.280 * −22.880 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 12.740 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.090 * −2.760 0.006

Temperature change (◦C) −0.002 * −6.060 0.000
Quantile 0.40

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.029 −0.800 0.424

Average protein supply (g/cap/day) (3-year average) −2.243 * −25.910 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 13.550 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.135 *** −1.750 0.080

Temperature change (◦C) −0.001 * −2.780 0.005
Quantile 0.50

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.021 −0.690 0.489

Average protein supply (g/cap/day) (3-year average) −2.309 * −28.610 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 8.410 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.165 *** −1.710 0.087

Temperature change (◦C) −0.001 * −3.670 0.000
Quantile 0.60

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.002 −0.090 0.927

Average protein supply (g/cap/day) (3-year average) −2.302 * −16.810 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 3.070 0.002
Percentage of population using safely managed drinking water
services (Percent) 0.117 0.880 0.379

Temperature change (◦C) −0.001 *** −1.690 0.091
Quantile 0.70

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.034 * −3.150 0.002

Average protein supply (g/cap/day) (3-year average) −2.510 * −24.620 0.000
Political stability and absence of violence/terrorism (index) 0.004 * 4.860 0.000
Percentage of population using safely managed drinking water
services (Percent) 0.022 0.540 0.590

Temperature change (◦C) −0.001 * −6.570 0.000
Quantile 0.80

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) 0.000 0.060 0.952

Average protein supply (g/cap/day) (3-year average) −2.276 * −31.300 0.000
Political stability and absence of violence/terrorism (index) 0.003 * 2.600 0.009
Percentage of population using safely managed drinking water
services (Percent) −0.398 * −8.350 0.000

Temperature change (◦C) −0.001 ** −2.220 0.026
Quantile 0.90

Gross domestic product per capita, PPP, dissemination
(constant 2011 international $) −0.131 * −50.320 0.000

Average protein supply (g/cap/day) (3-year average) −2.644 * −195.770 0.000
Political stability and absence of violence/terrorism (index) 0.001 * 29.020 0.000
Percentage of population using safely managed drinking water
services (Percent) −0.160 * −30.880 0.000

Temperature change (◦C) −0.000 * −4.170 0.000
Mean VIF = 1.030

Note: *, statistically significant at 1%; **, statistically significant at 5%; ***, statistically significant at 10%.
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These findings highlight that, despite the lower marginal impacts, the improvements
in the mitigation of malnutrition in the world have been supported by unsustainable
approaches, showing that there are here fields that deserve special attention by the national
and international organizations.

To benchmark, shorter periods (2000–2013 and 2014–2020) were considered to carry
out the regressions and the results are those presented in Table 9. These findings highlight,
again, the relevance of the protein supply to reduce the prevalence of undernourishment.
In addition, the results show that there are differences between the two shorter periods.
For example, the importance of the political stability and the absence of violence to reduce
the prevalence of undernourishment was more evident in the second (2014–2020) period
(quantiles 0.50 and 0.60). The impacts from the temperature change were less visible in the
second period; nonetheless, when these impacts are statistically significant, the coefficient
is positive (quantiles 0.60 and 0.90), showing that in the most recent years, the impacts from
climate change are more dramatic and related with increasing levels of undernourishment.

Table 9. Results for panel data quantile regressions with the variables in growth rates (encompassing climate change)
worldwide over the periods of 2000–2013 and 2014–2020.

Prevalence of Undernourishment (Percent)
(3-Year Average)

2000–2013 2014–2020

Coefficient z p > |z| Coefficient z p > |z|

Quantile 0.10
Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) 0.018 0.190 0.851 0.726 ** 2.400 0.017

Average protein supply (g/cap/day)
(3-year average) −2.444 * −42.520 0.000 −3.049 * −2.660 0.008

Political stability and absence of
violence/terrorism (index) 0.004 *** 1.710 0.087 0.007 0.440 0.658

Percentage of population using safely managed
drinking water services (Percent) 0.336 * 2.990 0.003 1.596 1.110 0.267

Temperature change (◦C) 0.000 0.210 0.836 −0.013 −0.500 0.615
Quantile 0.20

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) 0.007 0.160 0.877 0.430 1.640 0.100

Average protein supply (g/cap/day)
(3-year average) −2.527 * −39.840 0.000 −3.248 * −2.870 0.004

Political stability and absence of
violence/terrorism (index) 0.003 * 4.690 0.000 0.010 1.270 0.205

Percentage of population using safely managed
drinking water services (Percent) −0.206 * −5.320 0.000 3.117 1.430 0.153

Temperature change (◦C) 0.000 −0.200 0.844 0.001 0.040 0.965
Quantile 0.30

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) −0.147 * −10.660 0.000 0.557 ** 2.210 0.027

Average protein supply (g/cap/day)
(3-year average) −2.042 * −28.890 0.000 −4.736 * −4.110 0.000

Political stability and absence of
violence/terrorism (index) 0.003 * 11.760 0.000 0.010 1.460 0.145

Percentage of population using safely managed
drinking water services (Percent) −0.012 −0.850 0.397 6.153 ** 2.310 0.021

Temperature change (◦C) −0.002 * −11.510 0.000 −0.011 −0.320 0.748
Quantile 0.40

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) −0.049 ** −1.970 0.049 0.300 0.810 0.418

Average protein supply (g/cap/day)
(3-year average) −2.310 * −28.600 0.000 −3.971 * −3.500 0.000

Political stability and absence of
violence/terrorism (index) 0.003 * 18.460 0.000 −0.009 −1.390 0.164

Percentage of population using safely managed
drinking water services (Percent) −0.101 −0.820 0.411 6.022 *** 1.720 0.085

Temperature change (◦C) −0.001 * −2.580 0.010 −0.015 −0.480 0.631
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Table 9. Cont.

Prevalence of Undernourishment (Percent)
(3-Year Average)

2000–2013 2014–2020

Coefficient z p > |z| Coefficient z p > |z|

Quantile 0.50
Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) −0.059 * −3.180 0.001 −0.076 −0.800 0.422

Average protein supply (g/cap/day)
(3-year average) −2.387 * −20.700 0.000 −1.758 * −11.230 0.000

Political stability and absence of
violence/terrorism (index) 0.003 * 6.670 0.000 −0.002 * −4.270 0.000

Percentage of population using safely managed
drinking water services (Percent) −0.246 * −3.630 0.000 0.482 * 3.530 0.000

Temperature change (◦C) −0.002 * −31.530 0.000 0.005 0.450 0.654
Quantile 0.60

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) −0.040 −1.500 0.132 −0.130 −1.410 0.158

Average protein supply (g/cap/day)
(3-year average) −2.526 * −19.960 0.000 −2.682 * −11.300 0.000

Political stability and absence of
violence/terrorism (index) 0.004 * 8.610 0.000 −0.009 * −3.040 0.002

Percentage of population using safely managed
drinking water services (Percent) 0.006 0.040 0.971 0.776 * 4.590 0.000

Temperature change (◦C) −0.001 * −2.980 0.003 0.012 * 5.760 0.000
Quantile 0.70

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) −0.033 *** −1.780 0.074 0.245 1.400 0.162

Average protein supply (g/cap/day)
(3-year average) −2.441 * −17.780 0.000 −2.323 * −3.620 0.000

Political stability and absence of
violence/terrorism (index) 0.004 * 9.720 0.000 −0.008 −1.200 0.230

Percentage of population using safely managed
drinking water services (Percent) −0.046 −0.890 0.371 1.874 * 2.890 0.004

Temperature change (◦C) −0.001 * −6.520 0.000 −0.003 −0.270 0.787
Quantile 0.80

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) −0.041 ** −2.240 0.025 0.154 0.860 0.388

Average protein supply (g/cap/day)
(3-year average) −2.336 * −34.910 0.000 −3.278 * −3.660 0.000

Political stability and absence of
violence/terrorism (index) 0.003 * 4.650 0.000 −0.002 −0.590 0.553

Percentage of population using safely managed
drinking water services (Percent) 0.053 0.400 0.688 0.978 0.840 0.401

Temperature change (◦C) −0.002 * −3.050 0.002 0.003 0.230 0.816
Quantile 0.90

Gross domestic product per capita, PPP,
dissemination (constant 2011 international $) −0.044 −1.300 0.194 −0.065 −1.050 0.294

Average protein supply (g/cap/day)
(3-year average) −2.314 * −22.000 0.000 −3.601 * −12.630 0.000

Political stability and absence of
violence/terrorism (index) 0.005 * 16.760 0.000 −0.001 −0.630 0.531

Percentage of population using safely managed
drinking water services (Percent) −0.212 ** −2.050 0.040 −1.012 * −2.890 0.004

Temperature change (◦C) 0.000 0.170 0.863 0.021 *** 1.740 0.083
Mean VIF = 1.030

Note: *, statistically significant at 1%; **, statistically significant at 5%; ***, statistically significant at 10%.
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6. Discussion and Conclusions

The research here carried out intended to bring more insights into the world food
security context and its relationship with sustainability. In other words, it was aimed
to characterise the current context to understand if the four pillars associated with the
concept of food security are enough and well-designed to deal with the present challenges,
in a framework of sustainable development. To achieve these objectives, data from the
FAOSTAT were considered, for the period of 2000–2020, that were assessed through, namely
quantile regressions.

The food security concept is defined by four dimensions (availability, accessibility,
utilization, and stability) and is interrelated with the Sustainable Development Goals.
In fact, food security is part of the SDGs (goal 2 for zero hunger). Nonetheless, the question
is if the sustainability dimensions are adequately considered by the food security pillars.
The scientific literature highlights some concerns about these interrelationships and pro-
poses either a new pillar [9] or considering other variables [12], namely those associated
with climate change [14]. In addition, the several relationships between food security and
sustainability are complex and need further multidisciplinary assessments. Agricultural
practices, alternative sources of food supply, and public policies are determinants for more
sustainable food security.

The data used shows that, worldwide over the period taken into account, the av-
erage protein supply was 78.804 g/cap/day, the average supply of protein of animal
origin was 35.464 g/cap/day, the share of dietary supply derived from cereals, roots,
and tubers accounted for 46.807 kcal/cap/day, and the political stability and absence
of violence/terrorism (index) was −0.032. These results reveal that there is still much
more to account for to improve the nutritional conditions and the political stability and
absence of violence/terrorism. If we consider that the Western Balkans and the European
Union had, over the period of 2016–2020, values of 101.340 for average protein supply
(g/cap/day), 57.300 average supply of protein of animal origin (g/cap/day), and 0.550 for
political stability and absence of violence/terrorism (index), there is a long way to run
worldwide [89]. These findings highlight that a part of the world deals with problems of
undernutrition while the other part has difficulties in reducing the prevalence of obesity.
In any case, political stability seems to be one of the most important variables to improve
the contexts of undernutrition.

The results from the regressions, for the period 2000–2020, show that undernutrition
is principally impacted by the growth rates for average protein supply and for the political
stability and absence of violence/terrorism (index). However, the political stability and
absence of violence/terrorism are not enough to guarantee reductions in undernutrition.
On the other hand, the economic and social conditions present evidences of statistically
significance, namely in the countries with extreme values for undernourishment growth
rates, but do not reduce the undernutrition in the countries with lower growth rates for the
prevalence of undernourishment (first two quantiles). Finally, the indicator for the climate
changes (temperature changes), in growth rates, contributed to reducing undernutrition
growth rates. Considering that we used dynamic models with panel data, these results high-
light, namely, that the undernutrition mitigation has been achieved through approaches
associated with increases in the temperature. In fact, in specific contexts, adopting healthy
diets may increase the environmental impacts [110]. In addition, the temperature changes
impacts depend on local conditions [111]. With shorter periods (2000–2013 and 2014–2020),
to benchmark, the findings highlight the importance of the political stability and absence
of violence/terrorism to reduce the undernutrition and the negative impacts from the
temperature change in the most recent years. Spearman’s rank correlation matrix [112]
highlights the importance of the dependent variable considered for food insecurity in
the regressions.

In terms of practical implications, it can be seen that the food security concept is part
of the Sustainable Development Goals. However, sustainability needs to be more appropri-
ately addressed inside the food security pillars, creating new dimensions or renaming the
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current pillars. This is important to give adjusted signs for several stakeholders. In terms
of policy recommendations, it could be important to design instruments and measures
that mitigate undernutrition through sustainable and more environmentally compatible
practices. Regarding the limitations, the main constraints found to develop in this research
were associated with the availability of statistical information. For future research, it is
suggested to assess how the approaches used to mitigate undernutrition negatively impact
the environment and contribute to climate change.
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89. Matkovski, B.; Ðokić, D.; Zekić, S.; Jurjević, Ž. Determining food security in crisis conditions: A comparative analysis of the

western balkans and the EU. Sustainability 2020, 12, 9924. [CrossRef]
90. Galton, F. Co-relations and their measurement, chiefly from anthropometric data. Proc. R. Soc. Lond. 1888, 45, 135–145.
91. Pearson, K. Mathematical contributions to the theory of evolution—III. Regression, heredity, and panmixia. Philos. Trans. R. Soc.

Lond. Ser. A 1896, 187, 253–318. [CrossRef]
92. Pearson, K.; Filon, L.N.G. Mathematical contributions to the theory of evolution.— IV. On the probable errors of frequency

constants and on the influence of random selection on variation and correlation. Philos. Trans. R. Soc. London. Ser. A 1898,
191, 229–311. [CrossRef]

93. StataCorp. Stata 15 Base Reference Manual; Stata Press: College Station, TX, USA, 2017.
94. StataCorp. Stata Statistical Software: Release 15; StataCorp LLC: College Station, TX, USA, 2017.
95. Stata Stata: Software for Statistics and Data Science. Available online: https://www.stata.com/ (accessed on 19 August 2021).
96. Bhargava, A. Nutrition, health, and economic development: Some policy priorities. Food Nutr Bull 2001, 22, 173–177. [CrossRef]
97. Vincent, J.L. Factor Analysis in International Relations: Interpretation, Problem, Areas, and an Application; Univ Pr of Florida:

Gainesville, FL, USA, 1971; ISBN 978-0-8130-0315-3.
98. Kim, J.-O.; Mueller, C.W. Factor Analysis: Statistical Methods and Practical Issues; SAGE Publications, Inc: Newbury Park, CA, USA,

1978; ISBN 978-0-8039-1166-6.
99. Kim, J.-O.; Mueller, C.W. Introduction to Factor Analysis: What It Is and How To Do It, 1st ed.; SAGE Publications, Inc: Beverly Hills,

CA, USA, 1978; ISBN 978-0-8039-1165-9.
100. Torres-Reyna, O. Getting Started in Factor Analysis (Using Stata) (Ver. 1.0 Beta/Draft). Available online: http://www.princeton.

edu/~{}otorres/Stata/Factor (accessed on 19 August 2021).
101. Koenker, R. Quantile Regression; Cambridge University Press: Cambridge, UK, 2005.
102. Torres-Reyna, O. Panel Data Analysis Fixed and Random Effects Using Stata (v. 4.2). Available online: https://www.princeton.

edu/~{}otorres/Panel101.pdf (accessed on 19 August 2021).
103. Alejo, J.; Galvao, A.; Montes-Rojas, G.; Sosa-Escudero, W. Tests for normality in linear panel-data models. Stata J. 2015, 15, 822–832.

[CrossRef]
104. Verdoorn, P.J. Fattori che regolano lo sviluppo della produttivitá del lavoro. L’Industria 1949, 1, 3–10.
105. Kaldor, N. Causes of the Slow Rate of Economic Growth of the United Kingdom: An Inaugural Lecture; Cambridge University Press:

Cambridge, UK, 1966.
106. Kaldor, N. Strategic Factors in Economic Development; New York State School of Industrial and Labor Relations, Cornell University:

Ithaca, NY, USA, 1967; ISBN 978-0-87546-024-6.
107. Wells, H.; Thirlwall, A.P. Testing kaldor’s growth laws across the countries of Africa. Afr. Dev. Rev. 2003, 15, 89–105. [CrossRef]
108. Martinho, V.J.P.D. Relationships between agricultural energy and farming indicators. Renew. Sustain. Energy Rev. 2020, 132,

110096. [CrossRef]
109. Rodriguez, R.N.; Yao, Y. Five things you should know about quantile regression. In Proceedings of the SAS Global Forum 2017

Conference, Orlando, FL, USA, 2–5 April 2017; SAS Institute Inc.: Cary, NC, USA.
110. Aleksandrowicz, L.; Green, R.; Joy, E.J.M.; Harris, F.; Hillier, J.; Vetter, S.H.; Smith, P.; Kulkarni, B.; Dangour, A.D.; Haines, A.

Environmental impacts of dietary shifts in india: A modelling study using nationally-representative data. Environ. Int. 2019, 126,
207–215. [CrossRef] [PubMed]

111. Ebi, K.L.; Hasegawa, T.; Hayes, K.; Monaghan, A.; Paz, S.; Berry, P. Health risks of warming of 1.5 degrees C, 2 degrees C, and
higher, above pre-industrial temperatures. Environ. Res. Lett. 2018, 13, 063007. [CrossRef]

112. Spearman, C. The Proof and Measurement of Association between Two Things. Am. J. Psychol. 1904, 15, 72–101. [CrossRef]

222



foods

Article

Meta-Learning for Few-Shot Plant Disease Detection

Liangzhe Chen 1, Xiaohui Cui 2 and Wei Li 1,*

Citation: Chen, L.; Cui, X.; Li, W.

Meta-Learning for Few-Shot Plant

Disease Detection. Foods 2021, 10,

2441. https://doi.org/10.3390/

foods10102441

Academic Editors: António Raposo,

Renata Puppin Zandonadi and

Raquel Braz Assunção Botelho

Received: 10 September 2021

Accepted: 12 October 2021

Published: 14 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Artificial Intelligence and Computer Science & Jiangsu Key Laboratory of Media Design and
Software Technology & Science Center for Future Foods, Jiangnan University, Wuxi 214122, China;
lzchen@stu.jiangnan.edu.cn

2 School of Cyber Science and Engineering, Wuhan University, Wuhan 430072, China; xcui@whu.edu.cn
* Correspondence: cs_weili@jiangnan.edu.cn

Abstract: Plant diseases can harm crop growth, and the crop production has a deep impact on food.
Although the existing works adopt Convolutional Neural Networks (CNNs) to detect plant diseases
such as Apple Scab and Squash Powdery mildew, those methods have limitations as they rely on
a large amount of manually labeled data. Collecting enough labeled data is not often the case in
practice because: plant pathogens are variable and farm environments make collecting data difficulty.
Methods based on deep learning suffer from low accuracy and confidence when facing few-shot
samples. In this paper, we propose local feature matching conditional neural adaptive processes
(LFM-CNAPS) based on meta-learning that aims at detecting plant diseases of unseen categories
with only a few annotated examples, and visualize input regions that are ‘important’ for predictions.
To train our network, we contribute Miniplantdisease-Dataset that contains 26 plant species and
60 plant diseases. Comprehensive experiments demonstrate that our proposed LFM-CNAPS method
outperforms the existing methods.

Keywords: food security; plant disease detection; convolutional neural networks; few-shot;
meta-learning

1. Introduction

Food shortages may increase in many regions of the world. Coupled with pests and
crop failures, food prices have soared. A lot of people may face severe hunger and death. In
order to solve the food shortage, it is necessary to ensure the food security and sustainability.
Due to pests, diseases [1,2], and lack of horticultural expertise [3–5], food yield loss is
greater than 50% [6]. Food security is increasingly affected by crop production [7]. With the
increase of agricultural intensification and the continuous strengthening of the agricultural
industry chain, the risks related to viruses and pollution will increase. For the goal of
global food security and sustainable development, by 2050, the current demand of crop
disease detection needs to increase by 50% [8].

The traditional method of plant disease detection is manual inspection by farmers or
experts. The method of plant disease diagnosis through optical observation of the symp-
toms on plant leaves incorporates a significantly high degree of complexity [2]. The method
laboratory-based such as polymerase chain reaction (PCR), immunofluorescence (IF), and
fluorescence in-situhybridization (FISH) require professional laboratory equipment and
mass sampling work [9]. Due to this complexity and to the large number of cultivated
plants and their existing phytopathological problems, manual plant disease detection can
be time-consuming and expensive [10]. By contrast, images under analysis were obtained
by employing cameras operating in the visible portion of the electromagnetic spectrum
(400–700 nm). In this way, costly equipment or trained personnel are not required for
obtaining the input data [11]. Therefore, future users of the developed protocol can acquire
data through affordable/cost-effective, portable (thus in situ), and rapid means. With the
development of computational systems in recent years, and in particular Graphical Pro-
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cessing Units (GPU) embedded processors, Convolutional Neural Networks (CNNs) [12]
is often applied for image classification.

CNNs belong to a stackable feedforward neural network community [12]. The method
of image classification through multi-layer CNNs is also called deep learning [13–15].
CNNs have good characterization learning ability, so they are mostly used for feature
extraction, and the extracted features have the characteristics of translation invariance. The
research on CNNs began in the 1980s and 1990s, and the time delay network and LeNet-5
were the earliest CNNs [12]. For a convolution operation, the essence is a traversal of
the convolution kernel on the feature image. The convolution kernel will multiply and
add the value at the corresponding position of the input feature image. In recent years,
CNNs have been increasingly incorporated in plant phenotyping concepts. They have been
very successful in modeling complicated systems, owing to their ability of distinguishing
patterns and extracting regularities from data. Examples further extend to the variety
identification in seeds [16] and in intact plants by using leaves [17]. Some research [18]
collected and published the datasets of plant diseases that provided data sources for other
methods. There are also some works [10] using image segmentation technology to separate
the foreground and the background that can further improve the classification accuracy,
and also solve the problem of poor performance on the online test.

Although the above deep learning methods have good performance related to plant
disease detection, they still have the following problems. The first is the common problem
of deep learning; model training requires a large amount of manually labeled datasets.
The above-mentioned methods are currently based on the support of a large amount of
data. Each category requires more than 1000 pictures. Data collection and marking require
manpower and time. There is not enough data to support network training for plant
pathogen variables in time, space, and genotype [19]. The second problem is that many of
the more than 700 known plant viruses cause devastating diseases and often have wide
host ranges. Barley yellow dwarf viruses (BYDV), for example, are distributed worldwide
and infect over 150 species of the Poaceae, including most of the staple cereals—wheat,
barley, oats, rye, rice, and maize [19]. It is unrealistic to identify all plant diseases at once
through one task. However, the emergence of new tasks requires retraining the network.
The above methods all limit the total number of categories for specific classification of
several plant diseases. Every time a new task is encountered, based on traditional deep
learning methods, it is necessary to rearrange the data and train the network to adapt to
the task. For different sample numbers and image sizes, professional knowledge is needed
to fine-tune the hyperparameters in the network structure. The last problem is the poor
interpretability of the method. Compared with manual detection, experts can provide the
basis for plant disease detection such as Oval-shaped irregular brown spots appearing
on the leaves of plants with rust, and the leaf color on the leaves gradually becoming
lighter, and, using fluorescence imaging, temporal and spatial variations of chlorophyll
fluorescence were analyzed for precise detection of leaf rust and powdery mildew infections
in wheat leaves at 470 nm [9]. Although the deep-learning-based methods show their
effectiveness, it cannot explain their decisions and actions to human users. Therefore, the
methods should give visual explanations to illustrate that our approach focuses on diseases’
classification. This paper proposed a meta-learning [20] method to solve the challenge of
plant disease detection.

Meta-learning is the science of systematically observing how different machine learn-
ing approaches perform on a wide range of learning tasks, and then learning from this
experience, or meta-data, to learn new tasks much faster than otherwise possible [21].
There is a lot of research on meta-learning. Meta-learning is transfer learning in a broad
sense [22], which chooses data from different sources to train the network so that the model
has a good classification effect on all kinds of tasks. Few-shot learning [23], which is the
problem of making predictions based on a limited number of samples, is an important
application direction of meta-learning. The network is trained through other multi-source
and sufficient datasets, so that it can deal with the task with few training samples. There is
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a lot of research on few-shot learning. For example, CNAPS [24] and Simple-CNAPS [25]
use forward propagation instead of back propagation to solve the problem of overfitting,
modular adaptation method [26], and Meta Fine-Tuning [27], which is also called Cross-
Domain Few-Shot learning, can be trained to perform both tasks across domains. There
is also some research on metric learning [28] such as MatchingNet [29] and ProtoNet [23]
to solve the problem of insufficient samples and the poor performance of the classifier.
Although there have been many works on few-shot learning, most of the works are more
theoretically focused, and do not focus on specific applications. Based on the previous
work, this paper applied meta-learning to plant diseases detection.

2. Materials and Methods

In this section, initially, the datasets chosen for training and testing are introduced.
Afterwards, the meta-learning method proposed for plant detection called LFM-CNAPS is
presented. Finally, visual explanations technology called TAM is introduced.

2.1. Datasets

The key to few-shot plant disease detection lies in the generalization ability of the
pertinent model when presented with novel disease categories. Thus, high-diversity
datasets are necessary for training the model that can detect unseen plant diseases. In this
paper, Meta-Dataset [30] and Miniplantdisease-Dataset are chosen for model training.

A Meta-Dataset [30] is composed of 10 public datasets including ILSVRC-2012 (Im-
ageNet) [31], Omniglot [32], FGVC-Aircraft (Air-craft) [33], CUB-200-2011 (Birds) [34],
Describable Textures (DTD) [35], QuickDraw [36], FGVCx Fungi (Fungi)[37], VGG Flower
(Flower) [38], Traffic Signs (Signs) [39], and MSCOCO [40]. Meta-Dataset is comprised of
multiple existing datasets that contains more than 110,000 few-shot classification tasks.
The tasks span a variety of visual concepts (natural and human-made) and vary in how
fine-grained the class definition is [30]. Through Meta-Dataset training, the models’ ability
to leverage diverse training sources will be improved.

Miniplantdisease-Dataset proposed in this paper is composed of Apple foliar disease
Dataset [41] and PlantVillage-Dataset [18]. The Apple foliar disease Dataset contains
3651 high-quality and real photos of various apple foliar diseases. The PlantVillage-
Dataset has released more than 50,000 specialized images through the online platform
Plantvillage [18]. The PlantVillage-Dataset contains various diseases per plant categories,
while the Apple foliar disease Dataset only contains healthy and unhealthy two labels
per plant categories. In keeping with a results report, the PlantVillage is divided into two
parts with a ratio of 8:2 to compose Miniplantdisease-Dataset and test model, respectively.
We report results using 48 plant diseases for training called in-domain Miniplantdisease-
Dataset, reserving other 12 plant diseases for out-of-domain performance evaluation.

2.2. LFM-CNAPS

The method proposed in this paper to solve few-shot plant disease recognition is
local feature matching conditional neural adaptive processes (LFM-CNAPS). As shown in
Figure 1, it contains four main parts: input task, conditional adaptive feature extractor, and
local feature matching classifier and parameters optimizer.

2.2.1. Task

Miniplantdisease-Dataset contains many different meta-tasks. The model learns the
generalization ability from meta-tasks. When facing new categories, the classification can
be completed without changing the existing model. The Miniplantdisease-Dataset contains
60 plant disease categories, with multiple samples in each category. For any meta-task in
Miniplantdisease-Dataset, five plant disease categories will be randomly selected, with five
samples for each category (a total of 25 samples). These samples with their labels will be
constructed as support images and support labels of meta-task. In addition, then extract
50 samples for test from the remaining five categories samples as query images and query

225



Foods 2021, 10, 2441

labels. That is, the model is required to learn how to distinguish these five categories from
25 samples. Such a task is called a 5-way 5-shot problem.

Feature Extractor

Convolutional Neural 

Networks

Task Adaptive Processes

Local Feature Matching

Classifier OptimizerInput Task

Query images

Support images

Support labels

Query labels

Predicted labels

Feature Extractor

Convolutional Neural 

Networks

Task Adaptive Processes

Local Feature Matching

Classifier OptimizerInput Task

Query images

Support images

Support labels

Query labels

Predicted labels

Figure 1. Flow chart of LFM-CNAPS. In the figure, the white solid squares are data variable, the black arrows are the data
flow direction, the white hollow arrows are forward propagation, and the red arrows are backward propagation.

2.2.2. Conditional Adaptive Feature Extractor

The feature extractor chosen in this paper consists of two parts, a CNN framework
named RESNET18 [42] and task adaptive processes [24]. Among them, RESNET18 is a
stackable CNN layer with a batch normalization layer to prevent vanishing gradient and
exploding gradient. The task adaptive process [24] is an effective method of impacting
CNN intermediate variables to adapt the task [43]. The core of the task adaptive process is
to choose forward propagation instead of back propagation to prevent overfitting due to
few samples.

RESNET18 mainly contains CNNs and a Batch Normalization layer. The CNNs are
essentially to do a dot product between the filter and the local area of the input data. The
convolution kernel will multiply and add the value at the corresponding position of the
input data, as shown in (1):

Con
(

Ix,y, K
)
=

C

∑
c=1

H

∑
h=1

W

∑
w=1

Ix+h,y+w,c × Kh,w (1)

Among them, I represents the input data, K represents the convolution kernel, and
x and y represent the position of the convolution kernel on the feature map I. H, W, and
C respectively represent the length and width of the convolution kernel and the number
of channels. The CNNs will extract specific local features according to the convolution
kernel parameters. For CNNs, there are many hyperparameters such as the size of the
convolution kernel, sliding step size, and the number of CNN layers. Different hyper-
parameter settings will have a great impact on the accuracy of the model. RESNET18
gives the hyperparameters suitable for most image feature extractions [42]. The core of
RESNET18 [42] is stackable CNN layers, and the hyperparameters of the CNNs are fixed.
On this basis, Batch Normalization layer is applied. In the Batch Normalization layer, such
an operation is shown in (2):

H(X) = F(X) + X (2)

Among them, H(X) represents the Batch Normalization operation, F(X) represents
the corresponding CNNs, and X represents the input. It can be seen intuitively that the
process of Batch Normalization layer is to add the input X and the result of the CNNs.
Batch Normalization effectively solves the problem of gradient vanishing and degradation
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caused by the network being too deep. Batch Normalization layers make deep network
training possible.

The task adaptive process contains the task encoder and FILM layer [44]. The task
encoder is composed of CNN layers and fully connected layers that take the support set
as input and FILM layer parameters as output. The task encoder provides FILM layer
parameters to make CNNs better adapt tasks. For traditional deep learning methods, back
propagation is an important method of updating parameters. However, most deep learning
methods require a large number of labeled samples. For a few-shot task, there are only a
few labeled samples for training. Too few samples to update the parameters through back
propagation will cause overfitting. That is, the accuracy of the training set is very high,
and the result of the test set is very poor. To avoid this, the FILM layer [44] is proposed to
perform affine transformation on the intermediate features of the CNNs, as shown in (3):

C

∑
c=1

X

∑
x=1

Y

∑
y=1

Ix,y,c × γc + βc (3)

Among them, I is the middle feature map, and X, Y, and C represent the length
and width of the feature and the number of channels. γ and β are the parameters of the
FILM layer and they are generated by the task encoder. The parameters updated by back
propagation are proportional to the volume of the convolution kernel, and the forward
propagation only needs to update the parameters that are proportional to the number of
channels. Therefore, the depth of the overall network has not changed, but the number of
updated parameters are reduced, avoiding the overfitting caused by few samples.

2.2.3. Local Feature Matching Classifier

For image classification methods, classifiers are indispensable [45]. For the traditional
method, after handcrafted features are extracted, a separate classifier such as SVM is needed.
For deep learning, a fully connected layer and activation function are generally chosen as a
classifier. For SVM, the parameters need to be trained separately [46]. For deep learning
classifier that can be trained end-to-end, the fully connected layer contains hundreds
of parameters that need to be optimized. When samples are not enough, parameter
optimization can be difficult. Therefore, this paper chooses metric learning as the classifier
for few-shot plant disease detection.

The obvious advantage of the metric learning classifier is that there are no param-
eters be optimized. For metric learning, the distance between the feature value and the
prototype [23] is calculated to determine which category the query sample belongs to. The
concept of prototype comes from the prototype network [23], and the most common defini-
tion of prototype is the average of each category’s features. To output the labels of query
set, methods usually calculate the metric distance between query set and each prototype.

This paper chooses the local feature matching classifier [47]. This method has two
advantages. First, for other metric learning methods, the extracted features need to be
pooled that destroy the original spatial information of the features. The local feature
matching classifier directly takes the extracted high-dimensional features for classification.
Secondly, the local feature matching method can reduce the impact of occlusion or noise
on classification to a certain extent that improves the robustness of the algorithm. The
calculation process of the local feature matching classifier is as follows, as shown in (4):

W

∑
x1=1

H

∑
y1=1

MaxK







Fq
x1,y1 · Fc

x2,y2∣∣∣Fq
x1,y1

∣∣∣×
∣∣∣Fc

x2,y2

∣∣∣
| 1 6 x2 6 W, 1 6 y2 6 H






 (4)

Among them, Fq and Fc respectively represent the feature of query set and the proto-
type, and H and W are the length and width of the feature map. MaxK() represents the
function that is to select top K maximums. The classifier regards each pixel of the feature
map as a local feature of the image. The calculation process of (4) is to traverse all local
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features on Fq. Calculate the cosine distance between the local features on Fq and all the
local features on Fc. The maximum K values summation is selected as the matching value,
and the final summation of all matching values is the metric distance between Fq and
Fc. The larger the metric distance value represents, the closer Fq and Fc is. When all the
category prototypes are traversed, the category with the largest metric value is selected as
the category of the query image Fq.

2.2.4. Parameters Optimizer

The meta-learning method chosen in this paper contains the following parameters:
the CNN parameters in RESNET18, the task adaptive encoder parameters, and the FILM
layer parameters. Among them, the parameters of RESNET18 are pre-trained and do not
participate in the update, and the parameters of the FILM layer are generated by the task
encoder. Therefore, for the LFM-CNAPS, it is the parameters in the task adaptive encoder
that need to be trained and updated. The parameter update is reflected in two parts. First,
during the meta-training process, the parameters in the task adaptive encoder are updated
through back propagation. Secondly, during the meta-test process, the parameters in
the FILM layer are updated through forward propagation. The parameters optimizer is
proposed for back propagation.

For the optimizer, the most important thing is the loss function and optimization
method. The loss function and optimization algorithm chosen in this paper are cross
entropy loss [48] and Adam algorithms [49]. The cross entropy loss is calculated as (5):

∑ yclog(pc) (5)

where y represents the category label, c represents the category name, and p represents
the predicted probability. If the query image this time is of category c, then the value of yc
is 1; otherwise, it is 0. For the prediction result of the algorithm, various probabilities pc
are obtained through the sigmoid activation function. In summary, the cross-entropy loss
obtains a loss value from the label predicted by the model and the actual label.

2.3. Task Activation Mapping

For deep learning, most algorithms are black box. They reduce the loss through back
propagation and improve the test accuracy through a large number of samples. However,
deep models are not easy to visualize and could not give the basis of classification results.
For CNNs, there have been many studies on visual explanations [50].

The TAM algorithm proposed in this paper is modified on the basis of the Grad-
CAM [50]. The Grad-CAM process is as follows: first, a test image is needed as input, and
the classification probability is obtained through the trained network. Grad-CAM will
select the channel where the back propagation is located through the label. When the back
propagation reaches the last layer of the CNNs, Grad-CAM would record the parameter
gradient of the last layer. The gradient tensor will be averaged in the channel direction,
and a one-dimensional variable whose length is the number of channels will be obtained.
Grad-CAM would multiply the one-dimensional variable with the intermediate variable
of the last layer to obtain the activated intermediate variable. The intermediate variables
will be averaged in the direction of the feature map to obtain a two-dimensional activation
layer. Grad-CAM will convert the two-dimensional activation layer mapping from 0 to 255
into a heat map. The heat map will be mapped to the input image to get a visual CNN heat
map. Grad-CAM obtains the influence of various features by the degree of the convolution
gradient. The brighter the red in the figure, the greater this part of the feature effect on
the result.

However, for the method in this paper, the use of Grad-CAM has been restricted. Since
the classifier does not contain parameters, the back propagation starts directly from the last
layer of the CNNs and the parameters updated by back propagation are part of the task
encoder. TAM is proposed based on the Grad-CAM. It can be known from the Grad-CAM
that the pooled gradient one-dimensional variable needs to be obtained, and, from (3),
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γ generated by the encoder is such a variable. For the task encoder, its function is to
generate parameters through task features, and interfere with the intermediate variables of
RESNET18. Therefore, the γ of the last layer of CNNs is chosen to average the intermediate
variables in the direction of the feature map to obtain the two-dimensional activation
layer. Then, TAM will perform its mapping to get the CNN heat map. Compared with
Grad-CAM, TAM does not choose categories for gradient transformation but task features.
Secondly, Grad-CAM is done through back propagation gradients and TAM is through
forward propagation. Visual explanations of tomato disease output by TAM are shown in
Figure 2.

(a) (b)

(c) (d)

Figure 2. Visual explanations of tomato disease. (a) Leaf mold; (b) Late blight; (c) Septoria leaf spot;
(d) two spotted spider mite.

3. Results

We evaluate LFM-CNAPS on the Miniplantdisease-Dataset family of datasets, demon-
strating improvements by ablation experiment. Two prediction visual explanations are
also given.

3.1. Performance of Plant Disease Detection

We train LFM-CNAPS on the Meta-Dataset and Miniplantdisease-Dataset, evaluate it
on the Miniplantdisease-Dataset and PlantVillage-Dataset. To investigate the performance
of LFM-CNAPS proposed, six comparison algorithms are adopted. First, the deep learning
method [2] composed of CNNs and a fully connected layer is chosen (RESNET18 + FC). To
control variables, CNNs use RESNET18 that is the same as LFM-CNAPS. Next, the model
composed of RESNET18 and local feature matching classifier is chosen (RESNET18 + LFM)
to show the effect of task adaptive processes of LFM-CNAPS. Finally, four few-shot learning
methods are adopted including: MatchingNet [29], ProtoNet [23], Simple-CNAPS [25], and
Meta Fine-Tuning [27]. The information of machine specifications and time cost is shown
in Table 1.
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Table 1. Machine specifications and time cost.

Name Value

Video Memory 11G
Graphics NVIDIA GeForce GTX 1080 Ti
Processor Intel(R) Xeon(R) CPU E5-2640

Operating system Windows 10 Home 64
Training time 17,548.73 s

Test time 57.36 s

The training results of the Meta-Dataset are shown in Table 2. Table 2 is the result
of the method performance on Meta-Dataset which was also trained on Meta-Dataset.
Among them, cifar10 and cifar100 are not included in the training dataset and are only used
for testing. The results in Table 2 can reflect the performance of the approach on general
classification tasks. These include classification of animal species, classification of objects
and tools, and classification of handwritten fonts. The task format of the Meta-Dataset is
not fixed. Through 110,000 times of training, the algorithm has a better classification effect.

Table 2. LFM-CNAPS test accuracy on the Meta-Dataset.

Dataset Name Accuracy (%)

ilsvrc 2012 55.0+/−1.0
omniglot 92.0+/−0.6
aircraft 82.4+/−0.6
cu birds 74.3+/−0.8

dtd 65.3+/−0.7
quickdraw 75.5+/−0.8

fungi 48.0+/−1.1
Vgg flower 89.4+/−0.5
Traffic sign 68.2+/−0.7

mscoco 51.1+/−1.0
mnist 93.3+/−0.4
cifar10 71.1+/−0.7

cifar100 57.3+/−1.0

The training results of the in-domain Miniplantdisease-Dataset are shown in Table 3.
A total of 20,000 tasks were randomly generated, including 60 types of plant diseases.
The names of various types of plants, the number of their diseases, and the number of
corresponding samples are declared in the table. The data sources are distinguished in the
table. It can be seen that the two datasets do not contain the same plant categories. Each
plant of Apple foliar disease has only two categories: healthy and diseased. The number
of plant diseases in PlantVillage is relatively random, as many as 10 and as few as one.
Through cross-domain dataset training, the model can be more robust. Secondly, from the
perspective of sample size, the sample size of Apple foliar disease is much smaller than
that of PlantVillage. The unbalanced sample distribution is more practical for application
because there is no absolutely balanced sample in reality, and most plant classification
samples are random. From the results, after 20,000 trainings, the average accuracy of the
algorithm reached 97.5%.
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Table 3. LFM-CNAPS train results on in-domain Miniplantdisease-Dataset.

Species Number of Plant Diseases Number of Samples

Apple foliar disease

Alstonia Scholaris 2 433
Arjun 2 452
Bael 2 266

Chinar 2 223
Gauva 2 419
Jamun 2 624

Jatropha 2 257
Lemon 2 236

PlantVillage

Apple 4 7169
Blueberry 1 1816

Cherry 2 3509
Corn 4 7316

Grape 4 7222
Orange 1 2010
Peach 2 3566

Pepper 2 3901
Potato 2 3763
Tomato 10 18,345

Number of training steps Training accuracy (%)

10,000 97.0
20,000 97.5

Table 4 shows the test results of out-of-domain Miniplantdisease-Dataset. Out-of-
domain and in-domain datasets do not contain the same plant diseases. Testing the
algorithm through untrained plant diseases can better reflect the robustness of the algo-
rithm. The accuracy of algorithms for newly emerged plant diseases is also more practical.
The out-of-domain datasets include 12 plant disease categories and 600 random tasks.
LFM-CNAPS has an average accuracy rate of 93.3% on out-of-domain dataset.

Table 5 shows ablation studies of LFM-CNAPS on an Out-of-Domain Miniplantdisease-
Dataset. Our model mainly includes conditional adaptive feature extractor and local
feature matching classifier components. A conditional adaptive feature extractor extracts
meaningful features via forward propagation, which helps the model learn those features
even in the few-shot dataset. A local feature matching classifier replaces the fully connected
layers with metric learning to avoid overfitting which deeply hurts the performance of the
neural network. The result of ablation experiments is shown in Table 5. LFM-CNAPS with
only conditional adaptive feature extractor holds 86.1% accuracy and LFM-CNAPS with
only a local feature matching classifier reaches 85.2% accuracy. However, LFM-CNAPS
with the two components has 93.9% accuracy.

The test results of PlantVillage are shown in Table 6, which contains a total of 38 plant
diseases. Although some plant disease categories in PlantVillage are used for meta-training,
the test pictures are different from the training pictures. The number of categories and the
number of samples are more than the first test. Therefore, the test on PlantVillage is more
challenging than the first test, and the average accuracy of LFM-CNAPS is 89%.
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Table 4. LFM-CNAPS test results on an Out-of-Domain Miniplantdisease-Dataset.

Plant State Number of Samples

Mango diseased 265
Mango healthy 170

Pomegranate diseased 272
Pomegranate healthy 287

Pongamia Pinnata diseased 276
Pongamia Pinnata healthy 322

Potato Late blight 1939
Raspberry healthy 1781
Soybean healthy 2022

Squash Powdery mildew 1736
Strawberry healthy 1824

Strawberry Leaf scorch 1774

Method Accuracy (%)

RESNET18 + FC 20.0+/−0.5
MatchingNet 19.5+/−0.5

ProtoNet 20.5+/−0.6
RESNET18 + LFM 85.2+/−0.7

Simple-CNAPS 92.5+/−0.4
Meta Fine-Tuning 91.14+/−0.5

LFM-CNAPS 93.9+/−0.4

Table 5. Ablation studies of LFM-CNAPS on an Out-of-Domain Miniplantdisease-Dataset.

Feature Extractor Classifier Accuracy (%)

20.0+/−0.5
X 86.1+/−0.6

X 85.2+/−0.7
X X 93.9+/−0.4

Table 6. LFM-CNAPS test results on a PlantVillage-Dataset.

Plant Category Number of Plant Diseases Number of Samples

Apple 4 1943
Blueberry 1 454

Cherry 2 877
Corn 4 1829

Grape 4 1805
Orange 1 503
Peach 2 891

Pepper 2 975
Potato 3 1426

Raspberry 1 445
Soybean 1 505
Squash 1 434

Strawberry 2 900
Tomato 10 4585

Method Test accuracy (%)

RESNET18 + FC 19.8+/−0.5
RESNET18 + LFM 81.7+/−0.7

LFM-CNAPS 89.0+/−0.5
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3.2. Visual Explanations

Abnormal phenotype can be caused by either abiotic or biotic stress. The former
is caused, for instance, by lack or excess of nutrients or water [51]. The latter can be
caused by fungi, bacteria, and viruses. The typical symptomatology of (abiotic or biotic)
stress includes discoloration, necrosis, decay, wilting, and atypical forms. Most of the
existing deep learning methods for plant disease classification pay more attention to the test
accuracy, and do not pay much attention to the classification basis. However, for practical
application, a reasonable classification basis is more convincing and more acceptable. While
our method gives the classification results, it also can save the classification’s heat map by
TAM technology. As shown in Figure 3, (a) is a sample map of Alstonia Scholari affected
by pests, and (b) is a sample map of potato with late blight. The red part is the part that the
algorithm pays more attention to, and it is also the core part that affects the classification
result. For (a), the red part mainly appears near the wormhole, and, for (b), the red part is
also where the leaves turn yellow and wither. Although it is impossible to give a detailed
description of the causes of plant diseases, the focus of a heat map can be used to visualize
the parameters of the CNNs, and the interpretability of the black box network can be
improved to a certain extent.

(a) (b)

Figure 3. LFM-CNAPS classification basis is visualized by TAM. (a) the sample of diseased Alstonia
Scholari; (b) the sample of potato with late blight.

4. Discussion

Pests and diseases seriously threaten crop yields, leading to food shortages, e.g., more
than 800 million people do not have adequate food; 1.3 billion live on less than $1 a
day and at least 10% of global food production is lost to plant disease [19]. In order to
combat the losses, the emerging plant disease needs to be detected before it has a large-
scale impact on crop growth. This paper intends to propose a method that can detect
plant diseases with few samples. The results showed that LFM-CNAPS proposed has
an average accuracy of 93.9% on detecting unseen plant disease with only 25 annotated
examples. The method RESNET18 + FC based on deep learning [10] only has an accuracy
of 20.0%. More specifically, when classifying the five diseases of tomato: bacterial spot,
early blight, healthy, late blight, and leaf mold, the performance of LFM-CNAPS is much
better than the other two methods. LFM-CNAPS can give visual explanations through
TAM, similar to optical observation of the symptoms on plant leaves. As show in Figure 3,
Alstonia Scholari’s wormhole is presented. However, due to complexity, even experienced
agronomists often fail to successfully diagnose specific diseases [2]. For example, it is
difficult for people to distinguish the corn with northern leaf blight from the corn with gray
leaf spot. LFM-CNAPS adaptively adjusts and extracts the potential differences between
the two categories by task adaptive processes. This feature will be more abstract rather
than simple geometric features. On a commercial scale, evidently, a capital investment
is initially required for adopting the employed approach [52]. Nevertheless, the wide-
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ranging large-scale commercial applications can provide high returns through considerable
improvements in process enhancement and cost reduction.

Limitations of the study are due to a single task format. All tests are based on using
25 samples for plant disease detection. Recommendations for further research are to deal
with a different scale of samples for better classification results.

5. Conclusions

This paper proposed LFM-CNAPS to solve few-shot plant disease detection and made
the following contributions: first, a Miniplantdisease-Dataset suitable for meta-learning
is provided, including two public datasets, 60 plant disease categories. Secondly, the
LFM-CNAPS proposed is evaluated on the Miniplantdisease-Dataset, with an accuracy
rate of 93.9% . Finally, TAM was proposed for CNN visualization. Without affecting
the classification results and time cost, the classification heat map is saved to realize
visual explanations.
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Abstract: The effects of different starch sources (ground corn (CO), ground cassava (CA) and pineap-
ple stem starch (PI)) and ageing period (14 and 21 days) on meat characteristics of Holstein steers
were investigated. Starch sources had no effect on meat characteristics, while meat aged for 14 days
had less thawing loss than that aged for 21 days. Meat from steers fed PI had higher levels of inosine
monophosphate (IMP) than the others (p < 0.05). With increasing duration of ageing, the content
of IMP and guanosine monophosphate in the meat decreased, while the content of hypoxanthine
increased (p < 0.05). Meat from steers fed CO had the highest oleic acid but the lowest erucic acid
(p < 0.05) in contrast to meat from steers fed PI, which had the lowest oleic acid but the highest
erucic acid. Steers fed CO appeared to produce healthier meat as this was positively associated with
monounsaturated fatty acid content. Meat from steers fed PI had higher levels of IMP, which may be
associated with good taste.

Keywords: starch source; Holstein steers; meat characteristics; meat flavour; fatty acid profile

1. Introduction

Pineapple is one of the most important economic crops in the world, and Thailand
is one of the countries with a large pineapple production. In 2020, 1.39 million tons of
pineapple fruit were produced, ranking sixth in the world for pineapple production [1].
Pineapples are usually consumed fresh or as pineapple juice, pulp or canned. By-products
from pineapple production and canneries can account for 70–75% (w/w) of the crop, in-
cluding peel, crown, core, stem and leaf [2]. For economic reasons, the large quantities
of by-products from pineapple production should be properly utilized. Otherwise, im-
proper waste management would lead to long-term environmental deterioration, especially
through large-scale land clearing, which usually involves biomass burning and soil and
water pollution.

In intensive production systems, strategic nutritional supplementation may be under-
taken to compensate for deficiencies in the quantity and quality of pasture or forage fed
to cattle prior to finishing [3]. High-concentrate commercial cattle fattening systems can
provide a sustainable and adequate supply of live cattle to meet domestic consumption re-
quirements with excellent meat quality [3–5]. High-concentrate fattening is easy to operate,
and the results are predictable [5,6]. The main problem with high-concentrate finishing is

237



Foods 2021, 10, 2319

the high cost and it is only profitable if the starting value of the animal is low, concentrate
costs are low or there is excellent carcass and meat quality [3,5,7]. Male dairy calves that are
not desirable for dairy production can therefore be used for beef production, with lower ini-
tial cost of animals compared to beef breeds such as Charolais crosses, which are popularly
fattened for premium beef in Thailand [8]. However, dairy breeds require 20% more energy
and 25% more feed than beef breeds [9]. To achieve cost advantages, agro-industrial feed
by-products can be used as alternative feed sources instead of using a main feed source of
both roughage and concentrate. Several studies suggest that pineapple by-products such
as pineapple cannery by-products [10], pineapple stem [11], pineapple stem by-product
silage [12] and ensiled pineapple waste [2] can be used as a promising roughage source to
improve rumen function and production performance of animals without compromising
production quality and also reduce feed costs. In the past, the pineapple stem was left as
waste after replanting before being dried in the sun and burned. Recently, the pineapple
stem has been used to extract the enzyme bromelain [13] which can be used as a potential
phytomedicinal agent, so the rest of the by-product can be used as a potential starch source
for cattle. Pineapple stem starch has similar starch content, but higher amylose content and
smaller starch particle size compared to corn and cassava starch: 98, 101 and 100% (w/w)
for starch content; 34.4, 16.2 and 15.3% (w/w) of whole sample for amylose content; and
9.7, 15.8 and 15.8 µm for starch particle size of pineapple stem, corn and cassava starch,
respectively [14]. Khongpradit et al., 2020 [15] found that pineapple stem starch can be a
useful starch source with cost advantages for beef cattle to improve growth performance
and increase rumen fermentation when formulated as a 40% concentrate compared to
other starch sources, ground corn and ground cassava. In addition, Khongpradit et al. (in
press) [7] found that the use of pineapple stem starch as a starch source in the concentrate
for 206-day fattening dairy steers had a lower feed cost per gain compared to ground
cassava and ground corn (2.90, 3.62, and 4.02 USD/kg, respectively).

The most important principles for the palatability of meat are tenderness, juiciness,
and flavour, all of which are related to consumer satisfaction. Tenderness was the most
important factor influencing beef palatability, but previous research has shown that when
tenderness is adequate, flavour is the most important aspect of consumer satisfaction [16].
In addition, the nutritional value of meat, such as fatty acid composition, was an impor-
tant preference factor for health-conscious customers [17]. Monounsaturated fatty acids
(MUFA) are considered better for health, while saturated fatty acids (SFA) can cause health
problems [18]. Concentrate-fed beef had more tender meat, higher intramuscular fat with
higher MUFA, less connective tissue, and higher palatability scores compared to grass-fed
beef [4]. Previous studies have shown that high intramuscular fat can improve flavour,
juiciness, and tenderness [4]. Meat flavour is also related to the content of ribonucleotides,
such as inosine monophosphate (IMP) and guanosine monophosphate (GMP), as they have
an umami flavour [19,20]. However, hypoxanthine, the degradation product of IMP during
post-mortem ageing, can cause a bitter taste. Apart from the feeding regime, post-mortem
ageing may also serve to improve the tenderness of the meat due to post-mortem proteoly-
sis by specific endogenous enzymes, especially calpains [21], which yield specific protein
degradation products such as the 30 kDa degradation product of troponin T [22].

Due to the limited information on the effect of pineapple stem starch in cattle concen-
trate diet on meat characteristics, the objective of this study was to investigate the effect
of pineapple stem starch and also ageing duration on meat quality, texture profile and
ribonucleotide content of dairy steers. In addition, the effect of pineapple stem starch on
fatty acid composition was investigated.

2. Materials and Methods
2.1. Animal Ethics

Muscle samples used in this study were from 36 Holstein steers that were part of a
study funded by the Agricultural Research and Development Agency of Thailand (ARDA)
(project code PRP6205031930), Khongpradit et al., 2020 and Khongpradit et al., (in press).
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The pineapple stem starch used in this study was obtained from Hong Mao Biochemi-
cals Co, Ltd. in Rayong, Thailand. The Animal Use and Ethics Committee of Kasetsart
University, Thailand approved the experimental procedure (ACKU62-AGK-007).

2.2. Experimental Cattle and Muscle Collection

Thirty-six Holstein steers with an average weight of 453 ± 35.3 kg and age of 22 months
were divided into three treatment groups of 12 steers each and each steer was fed indi-
vidually. The treatments were three different sources of starch in the concentrate: ground
corn (CO), ground cassava (CA), and pineapple stem starch (PI), all at a concentration of
40% (Table S1). From day 1 to day 74, all experimental animals were fed the concentrate
ad libitum with Napier grass silage (3 kg/head/day in DM) in a ratio of 75:25. From
day 75 to 206, steers were fed the same concentrate with roughage of Napier grass silage
(2 kg/head/day in DM) and rice straw (0.9 kg/head/day in DM) in a ratio of concentrate
to roughage of 76:24. Cattle were fed twice daily for up to 206 days. The steers were ready
for slaughter at an average age of 33 months. Before slaughter, all animals were housed
in an enclosure with access to water for 12 h. The animals were weighed, stunned, bled,
skinned, eviscerated and washed. Carcasses were split lengthwise and stored at 1 ◦C for
14 days. Samples of the longissimus thoracis (LT) were taken 14 days post-mortem from
the left side of each carcass. All visible fat was removed from the samples, which were
then divided into two 3-cm-thick subsamples and two 1.5-cm-thick subsamples. The first
3-cm-thick subsample was used for colour measurement on post-mortem day 14 and then
weighed before being vacuum packed and stored at −20 ◦C to further measure thawing
loss, cooking loss, shear force and texture profile. The second 3-cm-thick subsample was
vacuum packed, stored at 1 ◦C for up to 7 days, then unwrapped, meat colour measured
21 days post-mortem, weighed, vacuum packed again, and stored at −20 ◦C to measure
thawing loss, cooking loss, shear force, and texture profile 21 days post-mortem. The
first 1.5-cm-thick subsample was vacuum packed and stored at −80 ◦C to further analyse
ribonucleotide content and fatty acid composition on post-mortem day 14. The second
1.5-cm-thick subsample was vacuum packed, stored at 1 ◦C for up to 7 days, and then
stored at −80 ◦C to further analyse ribonucleotide content on post-mortem day 21.

2.3. Meat Characteristics
2.3.1. Colour Measurement

The CIE L*, a*, and b* values of three measurement positions of the cut surface of
3-cm-thick LT steak were measured 14 and 21 days post-mortem after 30 min of bloom-
ing at 25 ± 2 ◦C using a handheld colorimeter with illuminant D65 and 8-mm aperture
(MiniScan®EZ 45/0 LAV, Hunter Associates Laboratory Inc., Reston, VA, USA).

2.3.2. Thawing Loss, Cooking Loss and Shear Force Analysis

Two 3-cm-thick subsamples, aged 14 and 21 days, were stored at −20 ◦C for about
2 weeks, thawed at 4 ◦C for 24 h and then weighed. Weight changes after thawing were
expressed as a percentage of thawing loss. Thawed muscle samples were placed in a high-
density polyethylene bag before sealing and then placed in a water bath set at 80 ◦C and
boiled for approximately 30 min until they reached an internal temperature of 70 ◦C. The
internal temperature was measured using a thermometer (TM-19475D, Lutron Electronics,
Taipei City, Taiwan). The cooked samples were allowed to cool under running tap water
for 30 min before being weighed. After cooking, the percentage weight loss was calculated.
The cooked samples were sliced parallel to the fibre orientation to obtain eight slices
(width × length × height, 1.25 × 1.25 × 3 cm rectangle) before measuring shear force
using a texture analyser (Model EZ-SX, Shimadzu, Kyoto, Japan) equipped with a 50 kg
load cell and a crosshead speed of 50 mm/min. The shear force value of each sample was
averaged from 8 slices.
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2.3.3. Texture Profile Analysis

Texture profile analysis (TPA) samples were analysed in the same manner as the shear
force samples. After cooling, the cooked surface was removed by cutting with a knife
to avoid a hard, dry surface, and each sample was cut into 15-mm cubes. The fibre axis
of each cube was perpendicular to the direction of the probe. A texture analyser was
used to determine the TPA (model EZ-SX, Shimadzu, Kyoto, Japan). Using a 36-mm-
diameter cylindrical probe, each sample was placed between special stainless-steel plates
and compressed perpendicular to the muscle fibre orientation in two consecutive cycles of
50% compression (based on sample width, 127 mm/min crosshead speed) with a 1 s pause
between cycles. The probe moved downward at a constant speed of 127 mm/min. The
force–time data of each test were collected, and the mean values for the TPA parameters
of each sample—hardness, springiness, gumminess, chewiness and cohesiveness—were
calculated from at least four tests.

2.4. Ribonucleotide Analysis

Frozen 1.5-cm-thick subsamples from 14 and 21 days post-mortem were pulverized
through cryogenic grinding using a micro-Waring Blender (50–250 mL). One gram of the
pulverized muscle sample was homogenized in 6 mL of cold 0.6 M perchloric acid at
23,000 g for 10 s (T25 Ultra-Turrax®, Ika, Staufen, Germany) according to [15]. After cooling
for 15 min, the homogenate was neutralized with 5.4 mL of 0.8 M KOH and 0.25 mL of
KH2PO4 buffer. The pH of the combined sample was raised to 7 with 0.8 M KOH and the
volume was increased to 15 mL with HPLC water. An amount of 1 mL of the supernatant
was aspirated into a small tube and frozen at −80 ◦C after centrifugation at 10,000× g for
10 min at 4 ◦C (Scanspeed 1580R, Labogene, Lillerod, Denmark). The supernatants were
analysed by HPLC (Chromaster, Hitachi, Tokyo, Japan) with a UV detector for IMP, inosine,
hypoxanthine and GMP after the frozen sample was thawed and centrifuged at 10,000× g
for 5 min at 4 ◦C (Scanspeed 1580R, Labogene, Denmark). The stationary phase was a
TSK Gel Amide −80 column (Tosoh, Tokyo, Japan) and the elution phase was a buffer
of acetonitrile: KH2PO4, 70:30. External standards were used to calculate ribonucleotide
content from a standard curve (57510 inosine-5-monophosphate disodium salt hydrate,
14,125 inosine, H9377 hypoxanthine, and G8377 guanosine-5-monophosphate disodium
salt hydrate, Sigma-Aldrich, St. Louis, MO, USA).

2.5. Fatty Acid Analysis

The lipid extraction with chloroform was performed as described by [23]. Lipid
was extracted from pulverized muscle samples at 14 days post-mortem with chloroform.
Methyl Nona decanoate (SFA-013N, Accu Standard, New Haven, CT, USA) was added
as an internal standard during the extraction procedure. A fused silica capillary column
(100 m × 0.25 mm × 0.2 µm film thickness, model SPTM-2560, Supelco, Bellfonte, PA,
USA) was used to evaluate the fatty acid methyl esters (FAM) by gas chromatography
(model 7890B, Agilent, Santa Clara, CA, USA). The conditions for gas chromatography
were as follows: temperature program: starting temperature 60 ◦C, followed by an increase
of 20 ◦C/min to 170 ◦C, 5 ◦C/min to 220 ◦C, and 2 ◦C/min to 240 ◦C; carrier gas, He;
split ratio, 10:1. Fatty acid methyl ester peaks were detected by comparing retention times
with authentic standards (F.A.M.E. Mix, C4-C24, Supelco) and measured with an internal
standard, nonadecanoic acid (C19:0).

2.6. Statistical Analysis

The data were considered as a 3 × 2 factorial arrangement in a completely randomised
design, with 3 starch sources (CO, CA, and PI) and 2 ageing periods (14 and 21 days
post-mortem). The general linear model procedure (SAS Institute Inc., Cary, NC, USA) was
used for analysis of variance to analyse meat quality, texture profile, and ribonucleotide
content, including the effects of starch source, ageing period, and their interaction. For fatty
acid composition, only starch source was defined as a treatment. The PDIFF option was
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used to separate least square means. P values less than 0.05 were considered statistically
significant. Principal component analysis (PCA) was used to evaluate the relationship
between ribonucleotide content and fatty acid composition in relation to the different starch
sources and ageing period using XLSTAT software (Addinsoft, Long Island City, NY, USA).

3. Results and Discussion
3.1. Meat Quality and Texture Profile

In this study, there was no interaction between starch sources and ageing time on meat
quality traits (p > 0.05), as shown in Table 1. Neither concentrate starch sources nor ageing
time had any effect on meat colour (p > 0.05) as there were no significant differences in L*,
a*, and b* when compared among starch sources or ageing time. There was no significant
effect of starch sources on thawing loss and cooking loss (p > 0.05). However, ageing time
had an effect on thawing loss because thawing loss was higher for a longer ageing time
of 21 days than for an ageing time of 14 days, 4.06% and 3.08%, respectively. Shear force
was not affected by starch sources and ageing time (p > 0.05). Texture profile analysis was
performed to investigate whether the starch sources of the concentrate or the ageing time
affected the meat texture of LT muscle of dairy steers. No significant interactive effect of
starch sources and ageing time on meat texture was found (p > 0.05). Neither starch sources
nor ageing time had any effect on the meat texture profile (p > 0.05). The average hardness
of LT muscle in this study was 44.05 N/cm2, springiness 0.99 cm, gumminess 24.87 N/cm2,
chewiness 24.46 N/cm and cohesiveness 0.57.

Table 1. Effect of starch source of concentrate and ageing period on meat quality and texture profile of fattening dairy steers.

Trait
Treatment (T) 1 Ageing (A)

RMSE 2
p-Value

CO CA PI 14 Days 21 Days T A T × A

Meat Quality

Colour
L* 35.32 36.51 36.41 35.67 36.49 2.32 0.347 0.268 0.933
a* 14.46 15.29 14.78 14.96 14.72 1.79 0.509 0.676 0.339
b* 41.36 42.13 42.24 41.44 42.36 3.21 0.739 0.358 0.641

Thawing loss (%) 3.31 3.48 3.93 3.08 b 4.06 a 1.18 0.430 0.019 0.777
Cooking loss (%) 19.23 21.01 21.73 19.60 21.72 4.22 0.287 0.121 0.712
Shear force (kg) 5.72 4.97 5.03 5.41 5.07 1.08 0.151 0.328 0.949

Texture Profile
Hardness (N/cm2) 40.57 42.74 48.85 40.92 47.19 22.80 0.615 0.392 0.890
Springiness (cm) 0.99 0.99 0.99 0.99 0.99 0.00 0.473 0.694 0.636

Gumminess (N/cm2) 24.29 23.95 26.38 22.98 26.76 12.60 0.863 0.351 0.931
Chewiness (N/cm) 23.48 23.94 25.95 22.27 26.64 12.46 0.858 0.275 0.945
Cohesiveness(ratio) 0.57 0.59 0.55 0.57 0.56 0.06 0.206 0.880 0.980

1 CO, ground corn; CA, ground cassava; PI, pineapple stem starch. 2 root mean square error; a,b Lsmeans having different superscripts
within the same main effect are significantly different (p < 0.05).

The fact that no significant effect of starch sources on meat colour, thawing loss,
cooking loss, and shear force was observed in the current study could be due to the similar
pH of muscle from steers fed different starch sources as mentioned in the study by [7],
which used the same sample sources as the current study. According to Hughes et al.
2019 [24], pH was found to be negatively correlated with water holding capacity and
lightness. According to Moller et al. (2010) [25], muscle pH was negatively correlated with
shear force, implying that shear force tends to decrease as pH increases. Another possible
explanation for the non-significant shear force in beef from steers fed different starch
sources could be the similar intramuscular fat content, as indicated by the similar amount
of total fatty acids in this study. There was a positive correlation between intramuscular fat
and tenderness of meat [26].

Proteolysis of muscle fibres can be impaired by ageing, leading to degradation of
cytoskeletal proteins and then impairing the ability of muscle fibres to bind water [27]. As
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muscle structures loosen due to the degradation of myofibrillar and cytoskeletal proteins,
the ability to bind water decreases, resulting in a gradual release and drainage of intracel-
lular fluid with prolonged ageing [27]. According to Ledward et al. 1992 [28], the colour of
muscle tissue depends on the reflectivity and oxygenation of myoglobin. With ageing, the
ability of muscle fibres to retain water decreases, which may improve reflectivity properties
and thus increase brightness. Prolonged ageing may also improve the redness of steaks
when exposed to oxygen. Ageing may affect mitochondrial function, resulting in decreased
competition for oxygen between mitochondria and myoglobin, allowing oxygen to reach
tissues [29]. In this study, no effect of ageing on meat colour was observed. This could
be due to the fact that the effects of ageing usually occur in the early phase of ageing and
myoglobin may not be able to bind oxygen after the early phase. As Colle et al., 2015 [30]
found, L* increased post-mortem with longer ageing from 2 to 14 days, but there was no
difference in L* during ageing from 14 to 63 days. In the current study, cooking loss was not
affected by duration of ageing, but thawing loss was, because a longer ageing of 21 days
resulted in higher thawing loss than ageing of 14 days. The higher thawing loss at the
longer ageing duration in the present study might be related to the lower ability of the
degraded muscle proteins to bind water [27].

Shear force is an objective measurement of tenderness, measured physically by the
force required to cut muscle fibres. Shear force has been shown to be inversely related
to tenderness. A previous study has shown that tenderness of meat improves when
shear force decreases with increasing ageing time [30]. Proteolytic degradation of certain
myofibrillar proteins by calpain proteases is responsible for the improved tenderness
during ageing [21,31,32]. The presence of the 30 kDa polypeptide and the degradation
of troponin-T indicate not only post-mortem proteolysis but also post-mortem decay of
the muscle Z-disc [22,31,32]. Duration of ageing had no significant effect on shear force in
the present study, which may be due to the fact that little or no post-mortem proteolysis
occurred after 14 days of ageing. This is in agreement with the findings of [30] who found
that post-mortem ageing of Longissimus lumborum steaks from 2 to 14 days improved
tenderness, but no further improvement occurred after 14 days. Ageing also did not affect
meat texture in this study as there were no significant differences in hardness, springiness,
gumminess, chewiness and cohesiveness of 14-day and 21-day aged beef. Palka, 2003 [33]
found that the hardness and chewiness of raw meat was two times lower compared
between 5 and 12 days of ageing, but no significant difference was found in cooked meat.

3.2. Ribonucleotides

The interaction between starch sources and ageing time on ribonucleotide content
was not significant in the present study (p > 0.05), as shown in Table 2. There was no
significant effect of starch sources on the content of hypoxanthine, inosine and GMP,
but there was a significant effect of starch sources on IMP content (p < 0.001) as meat
from cattle fed with PI had a higher content of IMP than those fed with CO and CA,
107.21, 71.82 and 55.42 mg/100g, respectively. Ageing time affected the content of
hypoxanthine, IMP and GMP (p < 0.05) but not the content of inosine (p > 0.05). At
ageing of 21 days, higher hypoxanthine content than ageing for 14 days was found, 34.80
and 27.13 mg/100 g, respectively. At 14 days of ageing, the content of IMP and GMP
was higher than at 21 days ageing, 107.44 and 48.86 mg/100 g for IMP and 3.47 and
2.33 mg/100 g for GMP, respectively.

Muscle is known to be turned to meat as food during post-mortem aging. Post-
mortem aging improves the flavour and texture of meat. The increase in free amino acids
and peptides caused by endogenous proteolytic enzymes in meat during post-mortem
aging is associated with improved meat flavour [34]. It is believed that the increase
in free amino acids helps to enhance brothy flavour, especially the umami taste, while
the increase in peptides is responsible for the mildness of the meat [34]. During post-
mortem meat aging, nucleotide triphosphates such as adenosine triphosphate (ATP) and
guanosine triphosphate (GTP) are degraded, resulting in umami taste-related compounds
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such as IMP and guanosine monophosphate (GMP) [19,20]. Adenosine triphosphate is
degraded to adenosine diphosphate (ADP) and adenosine monophosphate (AMP), which
are subsequently degraded to IMP. Inosine and hypoxanthine are produced once IMP is
degraded [19,20]. Inosine is a tasteless substance, but hypoxanthine has a bitter taste [20,35].
Regarding the aging effect, IMP and GMP decreased with increasing hypoxanthine during
post-mortem ageing in this study, which is consistent with previous studies [19]. These
authors also found a significant decrease in inosine levels during ageing. This differs
slightly from this study, which found lower levels of inosine in beef aged 21 days than in
beef aged 14 days, with no statistical difference. The lower levels of IMP and GMP and the
higher levels of hypoxanthine during ageing in the current study suggest that prolonged
ageing has negative effects on beef flavour. However, there are many other factors that
affect meat flavour, such as fatty acid composition. Melton et al. (1982) [36] reported that
fatty acids such as myristoleic acid, palmitoleic acid, stearic acid, oleic acid, linoleic acid
and alpha-linolenic acid can cause good meat flavour.

Table 2. Effect of starch source of concentrate and ageing period on ribonucleotide of fattening dairy steers.

Trait 1
Treatment (T) 2 Ageing (A)

RMSE 3
p-Value

CO CA PI 14 Days 21 Days T A T x A

Hypo 4 31.76 33.52 27.61 27.13 d 34.80 c 9.80 0.294 0.019 0.507
Inosine 39.18 36.43 38.06 40.31 35.47 12.12 0.848 0.216 0.900
IMP 5 71.82 b 55.42 b 107.2 a 107.44 a 48.86 b 35.20 0.002 <0.0001 0.629
GMP 6 2.49 3.09 3.10 3.47 c 2.33 d 1.67 0.552 0.039 0.079

a,b Lsmeans having different superscripts within the same main effect are significantly different (p < 0.01).; c,d Lsmeans having different
superscripts within the same main effect are significantly different (p < 0.05).; 1 mg/100 g.; 2 CA = ground cassava; CO = ground corn;
PI = pineapple stem starch.; 3 root mean square error.; 4 hypoxanthine.; 5 inosine monophosphate.; 6 guanosine monophosphate.

Propionate production in the rumen and the uptake of glucose from the rumen bypass
concentrate in the small intestine are both major sources of glucose in concentrates, while
roughage is an important source of acetate produced by the fermentation process in the
rumen [5]. Theurer, 1986 [37] reported that dietary ingested starch can reach the small
intestine between 4% and 60% in cattle depending on the grain source and processing.
Optimizing starch fermentation in the rumen to produce propionate while increasing
starch digestion in the small intestine bypassed by the rumen helps improve glucose
supply. A very interesting finding of this study is the significantly higher content of the
umami substance IMP in LT muscle of dairy steers fed pineapple stem starch in concentrate
compared to ground corn and ground cassava as starch sources. This result suggests
that cattle fed pineapple stem starch may be more palatable than the other two starch
sources. The higher content of IMP might be related to the higher content of its precursor,
glucose, in PI fed steers. Khongpradit et al., 2020 [15] found a significantly higher content
of Ruminococcus bromii C1 and total short chain fatty acids (SCFA) in the rumen of cattle
fed PI than CO and CA, suggesting that PI is more fermented in the rumen, which could
be related to the smaller particle size of starch, lower neutral detergent fibre (NDF) and
lower crude protein and lipid content associated with starch, making this starch source
more degradable and fermentable than others. However, they found that the percentage of
propionic acid in the rumen fermentation profile, the main source of glucose production,
did not differ between starch sources. Therefore, the possible explanation for the higher
IMP content in PI could be related to the higher glucose supply through small intestinal
digestion. In a previous study, significantly higher amylose content was found in pineapple
stem starch than corn and cassava [14]. Goats fed high amylose corn in the total mixed
ration had more starch that was not degradable in the rumen and therefore more starch
entered the small intestine for digestion, resulting in higher blood glucose levels [38].
Further studies are needed on the effects of the different starch sources in this study that
could affect blood glucose levels.
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3.3. Fatty Acid Composition

The fatty acid composition of the different starch sources in the concentrate is shown
in Table 3. There was no effect of starch source on fatty acid composition except that cattle
fed CO had the highest oleic acid but the lowest erucic acid (p < 0.05), in contrast to cattle
fed PI, which had the lowest oleic acid but the highest erucic acid. The content of oleic
acid was highest in the meat of cattle fed CO and lowest in cattle fed PI, while cattle fed
CA were not significantly different from the others, 43.70, 42.36 and 40.65% of total fatty
acids, respectively. The content of erucic acid was higher in PI than the others, 0.45, 0.47
and 0.74% of total fatty acids for cattle fed CO, CA and PI, respectively. In addition, cattle
fed PI tended to have more palmitic acid than the others (P = 0.092), 27.8, 27.90 and 29.59%
of total fatty acids for meat from cattle fed CO, CA and PI, respectively. The most abundant
fatty acid in the meat of this study was monounsaturated oleic acid, followed by saturated
palmitic acid and stearic acid, which ranged from 40.64 to 43.70, 27.81 to 29.59, and 10.68
to 11.39% of total fatty acids, respectively. Starch sources had no effect on MUFA, PUFA
(polyunsaturated fatty acid) and SFA (saturated fatty acid) (p > 0.05). However, meat from
cattle fed PI tended to have lower levels of desirable fatty acids (DFA), which include
MUFA, PUFA and stearic acid, than others.

Table 3. Effect of starch source of concentrate on fatty acid composition of fattening dairy steers.

Trait
Starch Source 1

RMSE p-Value
CO CA PI

Fatty Acid Composition (% of Total Fatty Acids)

Lauric acid C12:0 0.18 0.19 0.17 0.05 0.776
Myristic acid C14:0 4.37 4.84 4.83 0.46 0.133

Myristoleic acid C14:1 1.55 1.81 1.54 0.45 0.501
Pentadecylic acid C15:0 0.25 0.25 0.24 0.08 0.961

Palmitic acid C16:0 27.81 27.90 29.59 1.57 0.092
Palmitoleic acid C16:1 6.28 6.23 6.10 0.81 0.917
Margaric acid C17:0 0.57 0.55 0.60 0.08 0.477

Heptadecenoic acid C17:1 0.55 0.51 0.56 0.11 0.657
Stearic acid C18:0 10.93 11.39 10.68 1.38 0.650
Oleic acid C18:1n9c 43.70 a 42.36 ab 40.65 b 1.91 0.027

Linoleic acid C18:2n6c 1.15 1.10 1.18 0.24 0.821
α-Linolenic acid C18:3n3 0.23 0.23 0.18 0.07 0.383

Heneicosylic acid C21:0 0.24 0.23 0.19 0.10 0.580
Erucic acid C22:1n9 0.45 b 0.47 b 0.74 a 0.10 0.021

Arachidonic acid C20:4n6 0.15 0.18 0.19 0.07 0.659
Lignoceric acid C24:0 0.11 0.13 0.17 0.08 0.413
Nervonic acid C24:1 1.49 1.64 2.40 0.82 0.116

Total fatty acid 2 8.60 9.37 9.07 1.82 0.748
SFA 44.45 45.49 46.45 1.99 0.200

MUFA 54.02 53.01 51.99 2.02 0.202
PUFA 1.53 1.51 1.55 0.27 0.956
UFA 55.55 54.51 53.55 1.99 0.200
DFA 66.48 65.91 64.22 1.76 0.072

a,b Lsmeans having different superscripts within the same main effect are significantly different (p < 0.05).; 1 CA = ground cassava;
CO = ground corn; PI = pineapple stem starch.; 2 g/100g muscle.; SFA (saturated fatty acids): C12:0+C14:0+C15:0+C16:0+C17:0+
C18:0+C21:0+C24:0; MUFA (monounsaturated fatty acids): C14:1+C16:1 + C17:1 + C18:1n9c+C22:1+C24:1; PUFA (polyunsaturated fatty
acids): C18:2n6c + C18:3n3 + C20:4n6; UFA (unsaturated fatty acids): MUFA + PUFA; DFA (desirable fatty acids): MUFA + PUFA + C18:0.

Feeding cereal grains is one way to improve net energy supply because energy-
rich grains can be used to form volatile fatty acids and glucose in the rumen and small
intestine. When IMF preferentially uses glucose as a substrate for fatty acid synthesis
while subcutaneous fat prefers acetate, the deposition of IMF is greater in diets with higher
concentrate content as explained by [39]. According to Park et al. (2018) [5], the uptake of
excess net energy is a key component of intramuscular fat (IMF) deposition. Konpradit et al.
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(2020) [15] reported the higher degradability of PI starch in the rumen resulting in higher
weight gain, average daily gain and feed conversion ratio in PI-fed steers compared to CO-
and CA-fed steers. However, the different sources of starch in the concentrate ration did
not affect the intramuscular fat content, as indicated by the similar amount of total fatty
acids in the present study. This is in agreement with Kongpradit et al., 2021 (inpress) [7]
who reported non-significant intramuscular fat content in the meat of cattle fed different
starch sources of CO, CA and PI. Regarding the fatty acid composition in the intramuscular
fat of cattle, the concentration of MUFA in adipose tissue is catalysed by the enzyme ∆9-
desaturase (stearoyl-CoA desaturase) [40]. Palmitic acid and stearic acid are the preferred
substrates that are converted to palmitoleic acid and oleic acid, respectively [41]. The higher
concentration of palmitic acid and the lower concentration of oleic acid in the intramuscular
fat of meat from steers fed PI in the present study might be due to the lower activity of
∆9-desaturase. Therefore, further studies to determine ∆9-desaturase activity in the meat
of cattle fed PI are needed to understand how PI affects lipogenesis. The other possible
explanation for the higher oleic acid in the meat of cattle fed CO, and the lower content in
the meat of cattle fed PI could be due to the energy balance between the different starch
sources of the concentrate, which is why a higher proportion of rice bran was used in the
CA and PI concentrate diets than in the CO concentrate diet, as detailed in Supplementary
Table S1 [15]. Since corn contains a higher percentage of linoleic acid than rice bran (56.5%
and 34.8%, respectively), as mentioned by [35], this fatty acid would be converted to oleic
acid by biohydrogenation in the rumen and then accumulate in the muscles of cattle [36].

Grain-fed beef is one of the most plentiful sources of MUFAs in the form of oleic
acid and may be a significant source of MUFAs in the human diet (18:1, n-9) [37]. The
importance of MUFAs in cardiovascular health has been extensively established. Higher
oleic acid content in beef is beneficial as it can increase blood HDL cholesterol levels and
reduce cardiovascular disease risk factors [12]. In the present study, it was found that
the significantly lower oleic acid content, a trend toward lower DFA content and a trend
toward higher palmitic acid content in the meat of cattle fed PI could be a risk factor for
human health. However, previous studies suggest that the oleic acid content of grain-fed
diets is higher than that of grass-fed beef [13,37], including the concentrate base in this
study. The oleic acid content in the meat of cattle fed PI is still higher compared to natural
grass-fed beef and is therefore healthier.

3.4. Ribonucleotide Content and Fatty Acid Composition in Relation to Different Starch Sources in
Concentrate and Ageing Period

PCA was performed to evaluate the relationships between ribonucleotide content
and fatty acid composition of LT muscle from dairy steers fed different starch sources and
aged for different periods of time, 14 days or 21 days (Figure 1). There were two principal
components (PC1 and PC2) that explained 100% of the total variance (68.39% and 31.61%,
respectively). The first component, PC1, was strongly positively loaded by inosine at
21 days of ageing, IMP at 14 days and 21 days of ageing, PUFA, SFA and C22:1n9, but
strongly negatively loaded by hypoxanthine content at 14 days and 21 days of ageing
and MUFA, UFA, DFA and C18:1n9c content. The second component, PC2, was strongly
positively loaded by GMP content at 21 days ageing and inosine content at 14 days ageing
but was strongly negatively loaded by GMP content at 14 days ageing.

The PCA bi-plot showing ribonucleotide content and fatty acid composition at differ-
ent ageing times varied among the different starch sources. The different starch sources
exhibited different characteristics. It was found that CO was strongly associated with
MUFA, UFA, DFA and C18:1n9c content. Conversely, PI was strongly associated with fatty
acid composition, PUFA, SFA, C22:1n9 and ribonucleotide content; inosine at 21 days of
ageing and IMP at 14 and 21 days of ageing. CA showed significant differences in fatty acid
composition and ribonucleotide content from others, especially hypoxanthine at 14 and
21 days of ageing. From the PCA bi-plot, the use of CO as a starch source in concentrate
may provide healthier beef as it is positively strongly associated with the content of MUFA,
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UFA and DFA, while the use of PI as a starch source may provide tastier beef, as it is
positively strongly associated with the content of IMP.
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Figure 1. The results of principal component analysis (PCA) of ribonucleotide content and fatty acid
composition at different ageing times varied among the different starch sources: CA = ground cassava,
CO = ground corn, PI = pineapple stem starch, SFA (saturated fatty acids), MUFA (monounsaturated
fatty acids), PUFA (polyunsaturated fatty acids), UFA (unsaturated fatty acids), DFA (desirable fatty
acids), Hypo14 or Hypo21 (hypoxanthine content measured at day 14 or 21 post-mortem), inosine14
or inosine21 (inosine content measured on day 14 or 21 post-mortem), IMP14 or IMP21 (inosine
monophosphate content measured on day 14 or 21 post-mortem), GMP14 or GMP21 (guanosine
monophosphate measured on day 14 or 21 post-mortem).

4. Conclusions

Pineapple stem starch can be used as an alternative starch source in cattle concentrates
without affecting meat quality, and it can also reduce feed costs. PI may also improve
meat flavour, as meat from cattle fed PI may have a higher content of IMP than meat from
cattle fed CO and CA. However, the meat from cattle fed CO appears to be healthier as it
contains more oleic acid than others. The optimum ageing time to improve meat quality in
dairy steers could not be more than 14 days because the improvement in meat quality did
not occur after 14 days of ageing, and a longer ageing time could have a negative effect
on meat flavour because the IMP and GMP content is lower after 14 days of ageing with
higher hypoxanthine content.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10102319/s1, Table S1: Ingredients and nutrient composition of concentrates and
roughage (% DM).
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Abstract: Food is a daily requirement for everyone, while production patterns are seasonal. Pro-
ducing sufficient nutrients is becoming more difficult because water and soil resources are already
stressed and are becoming increasingly strained by climate change. Improving food security requires
expertise in various areas, including sophisticated climate models, genetics research, market and
household behaviour modelling, political shock modelling, and comprehensive environmental re-
search. Additionally, governments stockpile grains to enhance national food security. These reserves
should engage in markets only according to clear and transparent regulations and within defined
price ranges to facilitate market functioning. It increases the demand for better technology in public
administration to boost the management and distribution capacity while concentrating on improved
controls and transparent governance systems. Blockchain technology emerges as a promising tech-
nology to enhance visibility, transparency, and data integrity with an immutable distributed ledger
to increase trust in the parties’ business transactions. This paper discusses blockchain technology
and its potential role in strategic grain reserve management.

Keywords: food security; strategic grain reserve; blockchain technology; hyperledger fabric

1. Introduction

The strategic grain reserves are stockpiles of food in the form of grains. In developing
countries, strategic grain reserves are an integral part of agricultural policies to stabilize
food prices [1]. These grain reserves sources serve food-insecure households at subsidized
prices during some shortage in the market and supply food to the areas struck by natural or
human-generated disasters. The rapid increased in the prices of many commodities during
2007–2008 shocked the governments and consumers in many parts of the world [2]. Figure 1
shows a significant surge in food prices during 2007–2008 and 2011–2012 based on FAO
data. According to the Food and Agriculture Organization of the United Nations (FAO),
35 countries with strategic grain reserves, including Cambodia, Cameroon, China, Ethiopia,
India, Kenya, Nigeria, Pakistan, and Senegal, used their stocks to provide food at subsidized
prices to their people. These countries responded more quickly and economically than
those with limited or no reserves [3]. The 2009 G-8 and G20 summits and the FAO
World Food Security Summit acknowledged the strategic grain reserves’ significance [4].
Regional organizations such as the Association of Southeast Asian Nations (ASEAN) and
the Economic Community of West African States (ECOWAS) in West Africa also stated
their intention to establish regional strategic grain reserves. It will help these governments
manage food surplus and food shortages within the same region in a short period.
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Figure 1. The price surge of food commodities during 2007–2008 and 2011–2012.

Many governments across the globe have either abandoned or significantly reduced
their grain reserve initiatives during the last three decades. The food crisis exposed the
weakness of depending only on the market to handle growing uncertainty and fluctuating
pricing in agricultural markets. Food security is contingent upon a healthy balance of
commerce and self-sufficiency. In developing countries, reserve creates a guaranteed
market that encourages investment in agricultural products and distribution systems.
Governments procure significant crops such as wheat, corn, and rice to encourage farmers
to increase agricultural production. At the same time, the export of excessive output is a
significant source of foreign exchange for countries [5]. However, the larger companies
engaged in the agricultural and food businesses have superior access to resources and
market knowledge than the governments. These companies impact food policy in their
favour by using their lobby in the governments. The grain reserves need to be transparent
and well-governed.

Grain reserves cost money. The management and release of public stocks are often
coupled with subsidised sales of food. There is a lack of effective coordination, auditing,
and sharing of data across departments and offices in developing countries. Moreover,
most of the procedure is manual and paper-based. No department takes any responsibility
for missing or corruption in records or data in the case of any incident or inquiry. The most
significant challenge for the good governance of grain reserves is to ensure linked data
throughout the supply chain. The existing IT solutions reduced some of these challenges.
However, there is still a lot of undetected frauds and transparency levels. Blockchain
technology is a novel digital method to guaranteeing data integrity and preventing tam-
pering. It is a peer-to-peer distributed ledger system that prevents single point failure
by providing fault-tolerance, immutability, trust, transparency, and full traceability of the
stored transactions. A potential solution to alleviate the above issues and concerns is the
use of blockchain technology in the management of the strategic grain reserves. The system
attempts to ensure data sharing and integrity by storing it in a single shared ledger, thus
meeting the transparency criteria necessary to avoid corruption and mismanagement.

The rest of this paper is arranged as follows. In Section 3, we describe the Blockchain
Technology without involving technical details to make it understandable for government

250



Foods 2021, 10, 2323

officials and policy makers. In Section 5, we discuss the generic architecture of the proposed
solution. In Section 6, we present the potential qualitative analysis of the proposed solution
followed by the conclusion of the article in Section 7.

2. Challenges in Emerging Economies

In developing countries, government purchases of important crops are a kind of
compensation for farmers. Fraud and mismanagement in the purchase and distribution
system also directly impact farmers and their ability to earn a living and producing food.
Farmers are forced to sell their produce at a lower price than the government-set rates
because of the malpractices of intermediaries and private sector business organizations [6].
The intermediaries, for the most part, charge a large commission from the farmers to
facilitate sales of theirs crops. Farmers in emerging countries suffer directly due to the
government’s inability to regulate the grain markets. Farmers are also compelled to
sell their production at cheap rates to intermediaries due to the poor management of
the government’s food and agriculture departments. These intermediaries create fake
shortages to drive up prices and then resell the product at inflated rates back to the market.
It has been reported that thousands of individuals who work in the agricultural industry
committed suicide in India due to these issues [7]. The Indian farmers’ protest is an ongoing
demonstration against the 2020 Indian agricultural reforms, as they describe these reforms
as putting the farmers at the mercy of multinational corporations [8]. Some of the most
frequent issues are listed below.

• Corruption & Bribe
Bribery is a common form of procurement fraud that occurs on a large scale. After
receiving the money for crops, the farmer pays this bribe to the administrative per-
sonnel on the other side. It may range anywhere from 5 percent to 10 percent. The
majority engaged in this operation are intermediaries and brokers, who also get a
portion of the proceeds.

• Influence Usage
Over time, lower quality goods are bought at exorbitant costs. The vendor sub-
sequently made a payment to the administrative personnel in the amount of the
percentage. This strategy was used by the influenced brokers and intermediates,
including the landlords engaged in politics and government.

• Ghost Billing
The billing will be in the form of overweight. It is also found mud and bricks into the
crop’s bags instead of the crop for making overweight billing and later removed before
storage. The excess payment for the overweight later goes to the administrative staff.

• Conflict of Interest
Many of the individuals who hold positions of power in the government are industrial-
ists. They set the pricing of crops according to their interests and encourage corruption
to purchase products from farmers at lower prices than those set by the government.

An abstract model, loosely based on the traditional procurement system in the sub-
continent, is illustrated in Figure 2. The governments have land resources or a revenue
department that holds barren or fertile agricultural land, commercial, and residential lands.
The agricultural department conducts the survey twice a year to record the farmer, the
crop, and its expected yield. The government makes a procurement and export policy
based on these reports. This policy then executes through the food departments. The
food department creates a consortium with state banks and other regional organizations to
purchase directly from the farmers. The farmer brings their production to the designated
purchase centers, confirming the farmer’s purchase receipt’s quality assurance and issues.
The purchase center sends a payment scroll to the bank to make payments to the farmer
through the state-owned banks. The food department is also responsible for releasing these
stocks to the flour mills and public through designated centers.
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Figure 2. A traditional system of reserve grain management in the subcontinent region.

There is no proper coordination, auditing, and sharing of the data between the de-
partments and the offices throughout the regions and country. It also causes the following
problems to design an effective big data analytics tool.

• The lack of data accuracy
• The outdated data and low latency of data transferring
• Security and Privacy of the data

To eliminate these issues, we proposed adopting blockchain technology due to several
advantages, such as all the nodes in blockchain are connected to a single logical channel. Its
records and shared all the time-stamped and cryptographically secured transactions with
all the channel members in almost real-time without the requirement of any additional
auditing and involvement of third party department (Figure 3).

Figure 3. Logical overview of the proposed blockchain-based system.
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We already published several articles on blockchain applications and deployed blockchain
technology in the food safety area with an alliance of food producers, and distributors in China’s
Hubei province [9–14]. The purpose of our work is more about the horizontal applications of
blockchain technology in social computing in developing countries. It is more about shaping
a food system for tomorrow’s digital world rather than making a blockchain technological
stack but where it is needed. We developed a design-based research approach with the concept
of mindful use of information technology [9]. The mindful use of technology emphasizes
employing the most efficient and cost-effective technological elements to solve problems. The
design-oriented approach focuses on analyzing real-world practical issues via researchers
and professionals to create a solution that uses current design principles, and technology
advances [15]. These solutions are subsequently developed and improved with the research
and development needed to address a specified issue in the production environment. Figure 4
shows the whole process of our proposed technique based on a design-based research approach.

Figure 4. Research Methodology.

3. Blockchain Technology

In 2013, the German government decided the start of the Fourth Industrial Revolution
(Industry 4.0) [16]. Traditional manufacturing and industrial processes are being contin-
uously automated as part of the Fourth Industrial Revolution, which is being driven by
contemporary smart technologies. In today’s world, sensors are the building blocks of tech-
nologies such as intelligent homes and cities, smart grids, intelligent health systems, and
wearable technology [17]. The Internet of Things (IoT) achieved considerable momentum in
the automation industry. As the number of IoT devices grows, the volume of data generated
by them will also grow. Managing these rapidly expanding IoT devices and enormous data
efficiently to be available to all authorized users without compromising its integrity will
become essential in the near future. On the other side, many information security incidents
have been recorded, increasing the requirement for countermeasures. While safeguards
against hostile third parties have been commonplace until now, operators and parties
have seen an increase in demand for data falsification detection and blocking. Blockchain
technology is well-known for its privacy, immutability, and decentralized nature.

Since the introduction of cryptocurrency Bitcoin [18] in response to the 2007–2008
global financial crises, Blockchain technology has become a point of interest among re-
searchers and developers. A blockchain is a decentralized, trustless verification system
based on cryptography, peer-to-peer distributed ledger, forged by consensus, and combined
with a system for smart contracts and other assistive technologies. Each party participating
in this network has an exact copy of the ledger throughout the network. It also allows
creating a single instantaneous source of truth. These transactions are secure and verifiable
in a transparent way. The main advantage of blockchain over the existing technologies is
that it enables the two parties to make transactions over the Internet securely without any
intermediary party’s interference [19].

A blockchain consist of blocks of information. The block consists of data, the hash
of the previous block, and the current block’s hash. The data depends on the type of the
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blockchain. In the bitcoin blockchain, the data consists of the transactions and have senders
address, receiver address, and coins. A block also has a hash. The hash of the block is
always unique. Once a block is created, its hash is being calculated. Changing something
inside the block will cause the hash to change. The third element in the block is the hash
of the previous block. It creates a chain of blocks that makes the blockchain secured from
tampering [20].

In Figure 5, we have a chain of three blocks as we can see that each block has a hash
and hash of the previous block. So the block number 21 contains the hash of the block
number 20 and block number 22 contains the hash of the block number 21. If we tampered
with any block, the hash of the block would be changed. It will become invalid, and the
following blocks will also become invalid as they no longer hold the previous block’s hash.

Figure 5. Blocks forming blockchain using hash signature.

Blockchain is not going to replace existing business logic. It is more of a log-based
system, recording what has happened, as it is happening, rather than being the source
of what to do with money from a customer, etc. It is a linked list type log data that is
read and writeable by many participants. Blockchain technology passed through three
eras. The blockchain 1.0 era passed through Bitcoin, the blockchain 2.0 era was marked
by smart contracts, and the blockchain 3.0 era for applications in the social field [21].
Blockchains are classified into three categories. They are public, private, and permissioned.
Bitcoin is a classic example of a public blockchain, in which any participant can join,
read, and write data without requiring permission from a central authority. The private
blockchain is restricted to members of an organization who are recognized and trustworthy.
Permissioned blockchains are an example of a collection of businesses or consortiums
where members are required to sign a legal contract in order to obtain access to, read,
and write the blockchain. A summary of this classification is summarized in Table 1.
Mohammad Dabbagh et al. published a barometric study on the evolution of blockchain. It
describes the distribution of blockchain publications, most investigated research areas, the
most influential papers, and the prominent funding agencies for research on blockchain [22].
Jameela AL-Jaroodi and Nader Mohamed surveyed the acceptance of blockchain in the
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industry. This survey shows that a wide range of industrial domains is starting to adopt
or consider adopting blockchain to facilitate their operations to streamlining processes,
enhancing security and data sharing, increasing efficiency, and ultimately reducing costs to
gain a competitive advantage [23].

Table 1. Classification of Blockchains.

Public Blockchain Private Blockchain Permission-Ed Blockchain

Read Access Not Required Within the Organization Controlled

Write Access Not Required Within the Organization Controlled

Consensus Process Open Access Within Organization Within Consortium

Scalability High Low Medium

3.1. Basics of Blockchain Technology

This section will introduce the basic concepts that need to understand blockchain
technology.

3.1.1. Cryptography

Cryptography is the process of using Encryption and Decryption techniques in com-
munications. Encryption is the process of converting our message or information into some
coded message that cannot be understood by unauthorized parties. It is the core of the
blockchain technology.

3.1.2. Cryptographic Hash Function

A cryptographic hash function is a mathematical algorithm that maps data of arbitrary
size to a bit array of a fixed size. SHA256 is an algorithm developed by the National Security
Agency of the USA. SHA256 and MD5 algorithms takes the data input and processes it
through a sequence of complex mathematical calculations and other transformations [24].
For computers, the data are just the binaries 1 and 0. This process outputs a fixed string of
characters called a hash value or digest of the data. The hashing process is designed so that
even the tiniest change in the document will result in a completely different hash. It is not
encrypted because the SHA256 algorithm does not encode the information, and the hash
cannot be reversed into the original data. The primary purpose of hash is a comparison,
not the encryption. Figure 6 is showing the hash value of different strings generated by
some famous hashing algorithms.

Figure 6. Hash values generated by different Hashing Algorithms.

3.1.3. Symmetric abd Asymmetric Encryption

In Symmetric Encryption, a single passphrase (key) is used to encrypt and decrypt the
message. For example, Alice wants to send a classified document to Bob. She uses a key to
encrypt the document and send it to Bob. Bob cannot read this document as he does not
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have the passphrase or key to decrypt the document. Alice needs to send this passphrase
to Bob, but she cannot send it securely over the email, etc. as the attacker can attack it.
Therefore, she has to find a secure way to handover this key to Bob.

In Asymmetric Encryption, both Alice and Bob generate a keypair (public key +
private key) on their machines [25]. The RSA Algorithm generates a public and private key
pair that is mathematically linked to each other. The public key is used to encrypt the data,
and only the matching private key can decrypt that data as illustrated in Figure 7. The
private key can not be derived from the public key. Bob and Alice can now exchange the
public keys without any fear of each other, over the Internet or via any public means. Alice
now encrypts the classified document with Bob’s public key. Alice herself now cannot
decrypt that document. That document can only be decrypted with Bob’s private key.

Figure 7. The Asymmetric Encryption Process.

3.1.4. Digital Signature and Digital Certificate

Bob wants to send a document to Alice by electronic means. There is nothing secret
about the document. Alice wants to make sure that Bob sends it, and nobody else made
any changes to it on the way. Before sending the document to Alice, Bob will digitally
sign this document [26]. Bob’s machine program will create SHA256 of the document
and then encrypt that hash with Bob’s private key. The resulted output is called a digital
signature [27]. The algorithm will embed this digital signature into the document before
sending it to Alice. On receiving the document, Alice’s machine will extract the digital
signature from the document and decrypt it with Bob’s public key. If the decryption is
successful, that means Bob signs the document. Now the machine will calculate the hash
of the document, excluding the digital signature. If the calculated hash matches with the
decrypted hash, the document is original and intact. Remember that Bob and Alice do not
care if someone else reads the document.

A hacker may be pretending to be Bob. He could generate a pair of public/private
keys and a fake document, hash it with SHA256 and digitally sign it. That is where a digital
certificate comes in handy. Bob can apply for a digital certificate from a well-known, and
well-trusted organization called a certification authority. Bob will send their public key
and other information to the certification authority as part of this process. The certification
authority carefully checks that Bob is the one he pretends to be in the data. They then
send them a particular type of file called a digital certificate [28]. It contains details about
Bob alongside the information about the certification authority. This certificate also has
an expiry date and Bob’s public key. Now Bob can send the digital certificate with the
document to Alice. Alice can inspect the certificate first, and then after she trusts that the
certificate is about Bob, she can use the public key extracted from the certificate to check
the digital signature of the document. The certification authority is watching Bob carefully.
Anything the certification authority sends to Bob is signed with their digital certificate
provided by the higher certification authority as illustrated in Figure 8. In 2000, a law
was passed in the UK called the electronic communication act. This law makes the digital
signature legally binding, and this allowed businesses to thrive on the web [29,30].
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Figure 8. Digital Certification Authority Issues Digital Certificate After Verification of the User.

3.1.5. Proof of Work

The proof of work concept was initially introduced in 1993 to prevent denial of service
attacks and spam on the network by requiring some work from the service user [31]. It
requires some minimum processing time by the computer. Bitcoin introduced an innovative
way of proof of work called consensus algorithm. It needs to solve a complex mathematical
puzzle. For example, the hash value of a block must start with 13 zero, which is also called
its difficulty. A particular set of nodes called miners put a string of numbers at the end of
the block data and calculate its hash until they meet the requirements. The number which
fulfills this requirement is called the nonce. The probability of such a number is about 1
in a billion digits. Therefore, the only way to find such a number is guess and check. The
current time of creating a bitcoin block is about 10 min.

3.1.6. Peer-to-Peer Network

A network is a group of interconnected communication devices connected by the
wire or wireless media by switching or over the Internet. The one model is a client-server
model. The server is held by a single company that performs all the tasks requested
over the network. A central database is an example where a central authority stores all
the data. To transfer one device’s data to other devices, it first goes to the central server
and then is distributed to the other devices. In a peer-to-peer network, the devices are
directly connected with each other [32]. The connected devices act as server and client
simultaneously. In this kind of network, all computer devices are working together to share
data with each other. The blockchain is a peer-to-peer network of devices. There is no
central storage in the blockchain network, and all the connected devices have an identical
copy of the data passes to each other, including network information. The devices on the
blockchain network are called nodes or peers.

3.1.7. Smart Contracts

Smart contracts are prevalent at present. Nick Szabo first used the term smart contract
in 1997 before bitcoin was created. Smart contracts are similar to contracts in the real world.
The only difference is that they are entirely digital. In fact, a smart contract is a small
computer program that is stored inside the blockchain. The smart contracts code cannot
be tampered with and distributed; everyone validates the smart contract’s output [33]. A
single person can not force the smart contract code change as the output from the tampered
smart contract will be identified as invalid on the blockchain.

4. Hyperledger Fabric

Hyperledger Fabric is a programmable blockchain network that encapsulates the
business logic implementation, and application of the business network by way of smart
contracts or chaincode. Some more essential components and services provided by Hyper-
ledger Fabric, an open-source blockchain platform for enterprises, which made it a strong
candidate of choice for this work, are described below.

• Permissioned Network
Individuals downloaded the program and instantly started transacting anonymously
on a public blockchain network. This is an acceptable way to operate in corporate
networks. Anonymity is not permitted on business networks. Members of a business
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network are continuously recognized by their unique identifiers and given responsibil-
ities. The Hyperledger Fabric is a permission-based network that routes transactions
according to established identities and responsibilities. Authentication is required for
all users and components on the Hyperledger Fabric network. The Hyperledger Fabric
assigns these entities their network identities through Membership Service Providers
(MSP) and Certification Authorities (CA), which use Public Key Infrastructure (PKI)
to approve and verify users and components.

• Confidential Transactions
Confidentiality with unrelated parties is critical in a wide variety of business settings.
Corporate networks often seek to keep their transactions very confidential from
unrelated parties and reveal them only to the counter party. Hyperledger Fabric has a
channel feature that allows transactions between defined parties to remain private.
Each channel has its own ledger, and a consortium member connecting to the same
network may have several channels.

• Consensus and Policy Support
Members of the consortium create many policies, decisions, rules, and regulations
that regulate the consortium’s functioning. Typically, consortium makes decentralized
choices. Numerous administrators from member organizations vote by majority to
make network modifications that affect the members of the consortium or business
network. This kind of decentralized decision-making system necessitates the establish-
ment of governance and decision-making structures. Hyperledger Fabric technology
supports decentralized administration by way of policies.

• Identity Management
PKI (Public Key Infrastructure) is used by Hyperledger Fabric to manage identities.
It includes two tools for identity management: Active Directory integration and
Fabric-CA Server. Figure 8 illustrates a common method for creating IDs. The iden-
tity owner provides the registration authority with evidence of identification. The
registration authority verified and sent the user’s details to the certification authority.
The certification authority generates an x509 certificate and returns it to the owner
and validation authority for validation purposes. The identity is also required for the
other components, such as peers and orderer nodes, to participate in the network.

• Efficient Processing
To allow the network to operate in a concurrent and parallelism-friendly manner,
transaction execution is kept independent from transaction ordering and commitment.
Nodes in the network are assigned a role that corresponds to one of these activities,
which is determined by the kind of node in the network. As a result of this concur-
rent execution, the processing efficiency of each peer is increased, resulting in faster
transaction delivery.

• Fabric Channel
Essentially, a Hyperledger Fabric channel is a private subnet of communication that is
established between two or more particular network users for the aim of facilitating
private and confidential transactions. Members (organizations), the shared ledger,
chaincode apps, and the ordering service node all contribute to the definition of a
channel (s). In the network, every transaction is carried out via a channel in which
all parties are required to be verified and allowed to transact on that channel. Each
peer that enters a channel has its own identity, which is provided by a Membership
Service Provider (MSP), which authenticates each peer in relation to the other peers
and services in the channel.

• Endorsement
Every chaincode is connected with an endorsement policy, which applies to all of the
smarts contracts that are specified inside that chaincode. This policy specifies which
organizations in a blockchain network are required to sign a transaction produced
by a certain smart contract in order for that transaction to be deemed legitimate by
the network.
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• Valid transaction
During the validation process of a transaction that is disseminated to all peer nodes
on the network, there are two stages. First and foremost, the transaction is verified to
verify that it has been signed by the organizations that have been stated in accordance
with the endorsement policy. Second, it is verified that the current value of the world
state corresponds to the read set of the transaction that was signed by the endorsing
peer nodes at the time of the transaction signing. If a transaction satisfies both of these
criteria, it is considered to be legitimate. Transactions are added to the blockchain
history in both legitimate and invalid ways, but only valid transactions result in a
change to the global state.

• Ordering Service
When it comes to Hyperledger Fabric networks, there is another kind of node known
as an orderer, which is in charge of overseeing “transaction ordering” and constructing
the final block of transactions before they are transmitted to be committed in each
peer’s ledger. The Ordering Service is made up of a collection of orderer nodes, which
are connected together. It is the Ordering Service nodes’ responsibility to accept trans-
actions from numerous applications after the endorsement flow has happened, and
to organize batches of these transactions into a well-defined order and bundle them
into the final block of transactions. In addition to their ordering responsibilities, the
orderers are in responsibility of maintaining the “consortium” list, which is comprised
of a list of organizations that have the ability to establish channels and are in charge
of enforcing the most basic access control for the channels.

• Network Authentication
Peers, orderers, client apps, and administrators are some of the various entities that
may be found in a blockchain network. X.509 digital certificates are required for each
of these organizations in order for them to be identified digitally. These identities are
a critical component of the authentication process since they define the precise rights
over resources and access to information that entities have in the network, making
them a very essential component.

• Application Development and Integration
Integrating the Hyperledger Fabric blockchain with an existing business system is very
important to encourage the organizations adopt blockchain technology. Each company
in the network may customize the interaction system to meet its own requirements.
Fabric front end applications can be developed independently using RESTful APIs as
middle-ware, or the custom middleware can also be designed using one of the SDKs
provided by Hyperledger Fabric (Figure 9).

Figure 9. Hyperledger Fabric Application Development.

4.1. Transactions Workflow in Hyperledger Fabric

The transaction process in a Hyperledger Fabric network may be split into three major
stages, which are described below.
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1. Proposal
When a client application requests approval from the necessary group of peers, this
is referred to as the first step of the transaction approval process. On receiving a
transaction proposal, each of these peers (who are acting in the role of endorsing
peers) executes a chaincode to produce a transaction proposal response, after verifying
and signing the incoming transaction proposal. The first step is completed after the
application has obtained a sufficient number of signed proposals (depending on the
requirement stated in the endorsement policy), and the second phase is completed
once the application has received a sufficient number of signed proposals.

2. Ordering Transactions
Transactions comprising approved transaction proposal replies are sent to an ordering
service node by application clients at this step of the process. In subsequent blocks, the
ordering service nodes collaborate to collectively establish a well-defined sequence,
which is then packaged into the next block that is added to the blockchain. This step
concludes with the blocks being stored to the orderers’ personal ledgers and then
broadcasting the block to all of the peers who have connected to the orderers’ ledger.

3. Validation and Commit
It is at this phase that the orderers distribute the blocks to all of the peers who are
linked to them. While each peer will process this block separately, they will do
it in precisely the same manner as every other peer on the channel, ensuring that
the ledger remains consistent. After that, the peers will verify that the transaction
has been endorsed and that it conforms with the endorsement policy in place (such
as the application has done in Phase 1). After verifying the endorsement of the
transaction and that the current state of the ledger is compliant with the state when
the proposed change was produced, it commits and updates its copies of the ledger
before committing and updating its copies of the ledger. Finally, the block events
produced by the peers bring this phase to a close, events to which the application may
listen in order to be notified when a transaction is committed to the ledger.

4.2. Rationale of Choice

An organization’s choice on which technology to use is a long-term investment. One
of the most significant advantages of using an open source business application is the
great degree of flexibility that is allowed by open source code, modular components, and
standard compliance, among other things. This allows a business to quickly and readily
change technology in order to achieve real user-friendliness. For example, if a company
currently employs Kafka clusters as a message protocol in their system, we may use it as a
consensus mechanism in the Hyperleger Fabric blockchain network in place of the RAFT
orderering service, saving both time and money. Furthermore, we may use other existing
consensus algorithms or build our own light weight consensus algorithm for IoT-platforms
in order to overcome the processing power limitations of the platform. No one vendor
needs to be used by enterprise and corporate networks; instead, they may choose from
among the most innovative and active communities, taking advantage of the fast pace of
innovation in the blockchain technology industry.

5. Blockchain-Based Approach for Strategic Grain Reserves Management

The grain reserves management is a multi-link sector. It includes exploration, pro-
curement, processing, storage, and reserves release. A large number of reconciliations
between different departments and track of the work and transactions require. Moreover, it
is incredibly flexible and cost-efficient as it does not require some particular infrastructure
and costly servers. We have developed cost-effective solutions for developing countries
where finance is a big hurdle in accepting modern technology. The following subsections
briefly describe working of our proposed architecture.
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5.1. Business Consortium

Hyperledger Fabric is a consortium-oriented blockchain platform. Figure 10 shows
the consortium configuration of our proposed system. The consortium consists of an agri-
culture department, food department, and finance department. The agriculture department
has the record of the agricultural land and the farmer currently farming on that piece of
land. They also maintain a record of the current crop on a particular land and expected
yield too. The department is also responsible for purchasing, storing, and release of the
grains to the mills and food product producers on a quota basis. The finance department is
responsible for providing finance and an overview of the payments. The grain elevator
operator determines the grain’s grade and quality and purchases the grain from the farmer.
Some critical factors to be considered while storing the grain are temperature, moisture,
and storage duration. The consortium makes policies to conduct operations and updates
its planning and procedure to carry on all the operations. To ensure the secure tracking
of all the operations using Hyperledger Fabric blockchain and chaincode the agriculture
department update all the record of the agriculture land, current crop, and farmer on the
system. The agriculture department also needs to update the crops’ growth and expected
yield as it conducts the survey. The food department purchases the crop from the farmer
by financing from the finance department. The crop samples are brought to the site, where
they are passed or rejected by the quality control lab. The crop is then brought to the center
where it passes through the weighing bridge cleaning and drying and then stored in the
storage silo. IoT sensors and GPS systems can monitor the conditions of the silo in real
time. The department is also responsible for releasing the crop to the mills or other events.

Figure 10. An overview of the proposed consortium.

The auditing and monitoring department is receiving the live update and situation at
all the stages, transaction by transaction. The audit can be conducted at any time while
we have an entire tamper-proof transactions record of all the facilities. The Hyperledger
Fabric blockchain uses Smart Contracts called Chaincode. The chaincode guarantees
that regulations are transparent to all parties, and appropriate criteria should prompt
interventions in food reserves. Chain codes are the functions in a blockchain network that
accept input in the form of transactions and deliver alerts to the network’s members to
monitor and detect any rule violations. The Hyperledger Fabric is an entirely permissioned
network. Each component of the system, including users and the operator, must have its
own identity. So no attempt of violation can be hidden in any way.
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5.2. Application Server

Figure 11 is demonstrating the general application server components. The appli-
cation server is based on NodeJS, which hosts Fabric SDK, Express.js, MQTT.js, and
SQL/Mongoose. Express.js provides RESTful APIs and various functions to send, re-
ceive, and access data from ERP infrastructure at the organizations. This application server
provides a generic interface that can generate a new user interface or integrate it into an
already existing application interface. Every current organization or future organization
joining this venture can integrate this solution into their existing system according to their
needs with very minimum effort due to its modular nature and simplicity.

Figure 11. Application Node Architecture.

5.3. Blockchain Network Architecture

Figure 12 is an illustration of a blockchain network diagram. The peer is a bridge
between the fabric network and the real world. Organizations are connected with their
peers to obtain access to the network. It is also a place where the ledger is stored. Remember
that it is distributed to all of the peers connected to a particular channel. Every channel
has one single ledger, and every participant has an exact copy of the ledger. The ledger is
logically stored on the channel, but it is stored on the connected peer nodes. We still need
smart contracts to interact with the ledger.

Figure 12. Hyperledger Fabric Blockchain Network.
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The Hyperledger Fabric blockchain uses Smart Contracts called Chain Code. The
chain code can ensure the transparency of the rules for everyone, and relevant criteria
should trigger food reserves interventions. In a blockchain network, the chain codes
are the functions that take input in transactions and sent notifications to the network’s
participants to monitor and notice any violation of the rules. The Hyperledger Fabric is
a fully permission-ed network. Each component of the system requires carrying its own
identity, including users and operators. So no attempt of violation can be hidden in any
way. The chaincode is deployed on all the peer nodes. The chaincode is not connected to
the channel, but it is hosted on the peer nodes. Now our network is ready where all of the
three organizations have an equal right on the network.

5.4. Internet of Things Integration

The Internet of Things is a broad term that refers to a network of all these sensors
capable of collecting data from their surroundings and feeding it to algorithms running
on processing nodes located anywhere in the world through the Internet or a local area
network. Data has surpassed oil as the most valuable resource. Industry 4.0 and agriculture
4.0 are built on the Internet of Things. The growing usage of intelligent technologies such
as machine learning, cyber-physical systems, and the Internet of Things is changing human
existence into entirely reliant on data generated by surrounding objects and information
production. The world’s technical advances are now directly proportionate to global
automation, facilitated by the Internet of Things and specific other physical systems. While
the Internet of Things manages connectivity between items and machines, cyber-physical
systems are machines that control or monitor a mechanism by computer-based algorithms.
These linked objects will communicate with one another and make their own choices. The
algorithms are fed data from a variety of sources, including smart sensor devices.

A large number of food grains are wasted due to improper temperature and humidity
at storage facilities. The grains become infested with mold and insects due to the lack of
environmental monitoring techniques. When the grains go through the drying process,
temperature and moisture present in the grain can cause stress, cracks on the grain kernel.
The IIoT [34] focuses on machines, sensors, and devices to provide various services such
as tracking objects [35], environmental monitoring [36], healthcare industry [37], traffic
management [38], smart cities [39], and many more. International Society of Automation
(ISA) provides various standards for implementing automation in the industry and so
on [40]. Figure 13 is self describing the IoT system implementation.

Figure 13. IoT Layer Configuration.
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6. Qualitative Analysis of the Proposed Blockchain Solution

Many existing technological options are available for traceability and control. How-
ever, blockchain technology provides another level of trust by a tamper-proof shared
ledger. The transparency it gives and its tamper-evident nature creates trust in low-cost IT
solutions. It stores every transaction in the network, and all the parties in the system have
the same data. It maintains an undeniable record of what is added to the data, by whom, in
the chronological order. The data cannot be removed in the blockchain. By enabling each
party to see the same data, in near real-time, blockchain can help eliminate complicated
and costly data reconciliation required by most systems in the world today.

6.1. Decentralized Database

Blockchain is a decentralized platform for conducting transactions. In traditional
databases, we have a centralized authority to store all the data. The conventional client-
server model is a perfect example of this. The conventional model is an easy task for
hackers or criminals as all the data is stored in one place, and the worst scenario is if the
centralized entity became corrupt. The main idea behind blockchain is if we want to make
a transaction with anyone, and we can do it directly without any third party, and both of
us have a tamperproof record of the transaction. All the nodes maintain the data on the
blockchain system, and no node has full access to it.

6.2. Persistency

The data on the blockchain is persistent as these data are distributed along with
the network. Each node has control of its data. All the transactions are transparent and
tamperproof, which makes the complete blockchain persistence.

6.3. Validity

The transactions put on blockchain may be validated by some of the other nodes in the
network. Any mistakes as malicious transactions can be detected very quickly. The system
consists of three primary roles. (1) propose a transaction (2) validates which transactions to
accept (3) Lerner who accept the chase value.

6.4. Anonymity and Identity

The public blockchains such as bitcoin and Ethereum provide complete anonymity. A
single user can obtain multiple identities. The public blockchain has not any central entity
to maintain the identities. The private blockchains, on the other hand, required the identity
to access the blockchain network. In permission-ed blockchains, the identities are provided
by the consortium which is operating the blockchain under consortium policies.

6.5. Audibility

All the blockchain transactions are time-stamped and tightly linked with the previous
transaction in the chain protected by the cryptographic hash functions. Therefore, it is easy
for a node to trace the history of the transaction. The blockchain’s audibility also depends
on the type of blockchain, such as the public blockchain, which is fully accessible, and any
node can fully trace any transaction. On the private and permission-ed blockchain, the
parties’ agreements may not allow it to become fully audible for everyone.

6.6. Closeness and Openness

The open blockchain consists of public nodes for consensus and maintenance of
transactions. Anyone can join these open blockchains and start transactions or can become
part of the consensus process. The private and permission-ed blockchains are closed or
semi-opened. There are preselected nodes for the consense on the data. These blockchains
rely on a single entity called a consortium for the permissions.
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6.7. Traceability and Audit

In our proposed blockchain-based system, all the information regarding expected
yield, finance, available stock and conditions at silo are available to all stakeholders in
real time. Beginning with the land record and expected yield the policy makers can make
their policy with real time data availability in minimum time. The crop sold by a farmer
cannot be greater than a set percentage of expected yield and have a complete record of the
land and farmer. In addition, the grains of different qualities cannot be mixed and total
volume of purchase and sale is known by all the stakeholders in real time. It is possible
that some stakeholder entered the wrong and fraudulent information into the system. If
that data is caught at some stage, all the stakeholders know with 100% confidence who
originated that data. Continuous monitoring of the silo location and quality control with
traceable identifiers per lot and the realtime transaction traceability and availability to all
the stakeholders makes it more corruption secure.

7. Conclusions

We proposed a blockchain-based solution to manage the strategic grain reserves of
a country in this article. We presented possible general motivations to apply blockchain
technology in food reserves management. We described the very generic detail of the
blockchain systems overview and how our system can be applied applied to provide
tamper-proof data availability. Moreover, many governments are also showing an interest
in using blockchain technology in governance. Future needs include the development of a
system where the different blockchains can transfer the data to each other or can be merged.
Future work includes the technological demonstration of the project with the Artificial
Intelligence for data analytic and data visualization.
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Abstract: The research investigates the problems and maps the solutions to the serious threat that
plastics pose to the oceans, food safety, and human health, with more than eight million tons of
plastic debris dumped in the sea every year. The aim of this study is to explore how to better improve
the regulatory process of ocean plastics by integrating scientific results, regulatory strategies and
action plans so as to limit the impact of plastics at sea. Adopting a problem-solving approach and
identifying four areas of intervention enable the establishment of a regulatory framework from
a multi-actor, multi-issue, and multi-level perspective. The research methodology consists of a
two-pronged approach: 1. An analysis of the state-of-the-art definition of plastics, micro-, and
nanoplastics (respectively, MPs and NPs), and 2. The identification and discussion of loopholes in
the current regulation, suggesting key actions to be taken at a global, regional and national level.
In particular, the study proposes a systemic integration of scientific and regulatory advancements
towards the construction of an interconnected multi-tiered (MT) plastic governance framework.
The milestones reached by the project SECURE at UiT - The Arctic University of Norway provide
evidence of the strength of the theory of integration and rights-based approaches. The suggested
model holds substantial significance for the fields of environmental protection, food security, food
safety, and human health. This proposed MT plastic governance framework allows for the holistic
and effective organization of complex information and scenarios concerning plastics regulation.
Containing a clear definition of plastics, grounded on the precautionary principle, the MT plastic
framework should provide detailed mitigation measures, with a clear indication of rights and duties,
and in coordination with an effective reparatory justice system.

Keywords: Plasticene; seas; science; regulation; sustainability; multi-tiered; system; food; health

1. Introduction

This study takes place within the broad context of the ‘Plastics Age’, also known as
the ‘Plasticene’, characterized by an exponential increase of plastic deposits on the planet
since the mid-1940s [1,2]. Scientists have been investigating the effects of the escalation of
plastic pollution on the planet [2–4], and the impacts of plastic on the marine environment.
Currently, there is at least eight million tons of plastic dumped in the ocean every year
(IUCN 2021 [5]). There is consensus among the preeminent studies on the topic for the need
for further research to explore the development of an effective and coordinated regulatory
strategy to efficiently reduce plastic pollution on seas and lands [6–11].

A prerequisite and condicio sine qua non of the regulation process, in the absence of
scientific certainty of harmful impacts of plastics at sea, is the reference to the precautionary
principle and the need to take preventive urgent action. The precautionary principle is
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enshrined in Article 15 of the Rio Declaration on Environment and Development [12] and
Article 191(2) of the Treaty on the Functioning of the EU [13]. The need for urgent action is
especially evident in the case of the unknown impacts of the smallest particles of plastics:
microplastics (MPs, less than 5 mm in size) and nanoplastics (NPs with a size defined
as either less than 100 or 1000 nm) [14]. Due to the dearth of coordination between the
research on the harmful impacts, one may argue that there is not yet sufficient evidence to
substantiate a regulatory effort that tackles all the risks that plastics pose to food security,
food safety, and ultimately to human health [14]. Consequently, the precautionary principle
and the need to take preventive measures can legitimize the policymakers’ anticipatory
action even under scientific uncertainty.

Based on this premise, the plastic regulatory effort needs to be methodologically sound
and constructed under the multilevel environmental governance (MEG) system [15,16].
MEG combines top-down and bottom-up approaches to achieve an effective reduction of
some forms of plastics at the global, regional, and local levels [15]. In this framework, we
argue that plastics governance can be developed in at least in three dimensions: through
multi-level, multi-actor, and multi-issues perspectives. For clarity, hereinafter these three
dimensions or perspectives are grouped under the broad category of ‘multi-tiered (MT)
plastics governance’. An MT enforcement system provides criminal, civil, and admin-
istrative sanctions in case of non-compliance on the one side (hence the reference to a
multi-issues dimension). On the other side, it brings together a diverse group of responsible
and impacted actors (here the multi-actor and multi-level dimensions), in the environmental
justice movement [17]. The reasoning behind the latter approach stems from the conclu-
sions reached by a UNEP Report that demonstrates how micro and nanoplastic pollution is
now in the public domain as an issue of global concern [18]. Consequently, the global fight
against plastic pollution, much like the environmental justice movement, is characterized
by a multi-actor-driven process [18]. A pluri-subjective regulatory system entails the need
for coordinated actions, for provisions on civil society suit authority, collective actions, and
promotion of youth campaigns against global inaction on plastics waste [19].

In addition, the provisions of such a complex framework are to be coordinated with
the pre-existing legislation on marine environmental protection, food safety, and, in general,
conceptualized through the lens of the Agenda 2030 and its sustainable development goals
(SDGs): in particular, but not exclusively, SDG 2 (Zero Hunger), 3 (Health), 12 (Sustainable
Consumption and Production) and 14 (Life Below Water) [20].

For all the above-mentioned reasons, the present study intends to address the needs
highlighted by the preeminent literature. It does so by prospecting the need to de-
velop a regulatory model for the reduction and the sustainable management of ma-
rine plastic pollution. The model integrates the “multitude of multi-tiered approaches”
(da Costa et al. [11]) thus preventing some of the impending long-term impacts that pollu-
tion of the marine environment can have on food security, nutrition, and health.

2. Materials and Methods
2.1. Problem-Solving Approach

It is possible to identify at least four issues and four corresponding approaches in
the problem-solving process related to plastic regulation. Two issues are related to the
previously mentioned difficulty of integrated approaches to plastics from hard sciences and
law: first, scientific research on the impacts of plastics on seafood security, food safety, and
human health is still in its infancy (1). Second, this circumstance hinders regulatory efforts
causing a substantive divide between scientific research and regulatory interventions (2).
There are two additional issues resulting from endogenous legal factors: plastic regulation
has not yet been fully framed and consistently constructed at the global, regional, and local
level, which results in fragmented legislation and consequently uncoordinated enforcement
(3). Moreover, plastic regulation is generally characterized by a weak level of effectiveness
both in terms of time and enforceability of the intervention measures (4) [14,15].
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Such highlighted issues can be solved through a regulatory initiative that is grounded
on the precautionary principle and that develops along the lines of a systematic and rights-
based approach. In particular, the precautionary principle and preventive measures can
help overcome issues (1) and (2) and support a framework that overcomes the divide be-
tween science and law. A way out of fragmentation and scarce enforceability (respectively,
issues (3) and (4)) can be achieved in the systems thinking approach in conjunction with
the rights-based approach.

The research design involves the following steps: a. Drawing insights from the
definition of plastics and the impacts on the marine environment, nutrition, and health
(Section 2.1); b. Understanding the state-of-the-art of plastic regulation (Section 2.2); and c.
Combining the two understandings with the proposal of an integrated framework based
on systematic approaches (Section 2.3). In particular this third step builds upon several
aspects of the preliminary results from the project SECURE at UiT—The Arctic University
of Norway on Novel Marine Resources for Food Security and Food Safety [21].

2.2. Drawing Insights from the Definition of Plastics and Its Impacts on the (Marine) Environment,
Food Security, Food Safety, and Human Health
2.2.1. Definition

Steps towards the creation of a working definition of plastics that could be enshrined
in legislation have been facilitated by the efforts of Nanna Hartmann et al. [10]. The research
group has established seven criteria for the identification of plastics that threaten the marine
environment at large, criteria that must be considered in the assessment of plastic materials:
1. Chemical composition; 2. Solid-state; 3. Solubility; 4. Size; 5. Shape and structure; 6.
Color; and 7. Origin [10]. In the view of the researchers, the combination of these criteria
and their specifications should facilitate the definition of what plastic is (an inert synthetic
polymer) and of its potential harms to the environment [10]. Further research has been
conducted by Mitrano et al. (2020) towards the construction of an epistemological basis
for regulation, specifically focusing on the impacts of plastic on the marine food web [9].
According to the study, microplastics (MPs) are debris with sizes below 5 mm, resulting
from the release of small particles and the fragmentation of larger plastics (respectively,
primary and secondary MPs [9]). As for the definition of nanoplastics (NPs), experts refer
to the European Food Safety Authority (EFSA)’s opinion of 2016 [22] in which the term
is associated with any plastic debris with size between 1 and 100 nm, produced by the
degradation of MPs or released directly from domestic and industrial sources [23]. The
research highlights the importance of adopting a regulatory approach on the onset of
MPs and NPs definitions and throughout the development of a grounded theory for a
coordinated framework of the impacts of these on the environment, food security, food
safety and human health.

2.2.2. Impacts

Petroleum-based polymer materials, such as polypropylene, polyester, polyethylene
and polystyrene have been used as plastics packaging for many years, replacing other
packaging materials and increasing by 20-fold since the mid-sixties [24,25]. The scientific
community has not reached a consensus on the full extent of threats that plastic—and
especially MPs and NPs—pose to the (marine) environment, the food web, and ultimately
human health [26,27]. Hence, very little is known about how acute and chronic exposure to
MPs and NPs (through, e.g., seafood or plastic bottle drinks) will affect global health [26].
Humans are estimated to ingest 52,000 MPs per year and inhale 69,000 MPs per year
through plastic-contaminated air [28]. Most of the ingested MPs and NPs are expected to
pass through the digestive tract, and only smaller NPs may potentially enter the blood
stream circulation. The impact of a continual presence of MPs and NPs in the human gut is
unknown, but to date the research indicates that very high intakes can cause inflammation
of the gut lining [29]. Furthermore, organic pollutants can also be absorbed onto MPs
and NPs and may enhance the effective uptake and toxicity of these pollutants. Similarly,
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metallic toxins (cadmium and mercury) and toxic trace elements may also interact with
plastic particles serving as vectors for toxic uptake by living organisms [29].

Bio-based plastic packaging materials (natural biopolymers extracted from plants,
animals, or microorganisms, including cellulose, starch, milk proteins, polysaccharide
gums), can reduce climate impact. However, they may also have less favorable effects when
it comes to other environmental impacts such as eutrophication (the gradual increasing
of plant nutrients in an aging aquatic ecosystem), use of water, pesticides, and effects on
biodiversity [25].

The described set of impacts is heterogeneous and fragmented, resulting in a lack of
coordination between scientific research and regulatory intervention [3–7]. At the root of
the inconsistencies between measured data and consequent actions is the lack of a common
terminology that supports scientific evidence on such threats [7,8]. Moreover, reviews from
the EFSA [22], the Food and Agriculture Organization (FAO) [30], the Science Advice for
Policy by European Academies (SAPEA) [31], and the Norwegian Scientific Committee
for Food and Environment (VKM) [32], provide little knowledge about the presence of
NPs in the marine water and seafood, since the methods for either their detection or
quantification have not been established yet [22,33]. NPs are expected to be absorbed in the
gastrointestinal tract and may end up damaging different organs in marine organisms [30].
Thus, NPs are considered the most dangerous plastics possibly posing the highest risk of
being deleterious to human health. MPs, on the other hand, are typically detected only in
the gastrointestinal tract of marine organisms, commonly not consumed. Small low trophic
organisms, like mussels, shellfish, and mesopelagic species, however, are often eaten whole
and could thus contribute to ingested MPs [30,34,35]. Despite these preliminary studies, the
VKM concluded that the available information regarding MPs and NPs does not provide a
sufficient basis to characterize potential toxicity in humans [32].

Acknowledging the lack of scientific certainty and the fragmentation of the prelimi-
nary results, the cited research reaches a consensus on the urgency of intervening at the
regulatory level. It does so by applying the precautionary principle in the areas where
there is still insufficient scientific evidence, especially regarding the impacts of NPs on food
safety and human health, “given the unavoidable increase in the coming decades of micro
and nanoplastics in the marine environment” [36].

A legal reform that seeks to effectively tackle the plastic emergency should take into
consideration the highlighted advances in research, and by doing so contribute to the
improvement of the science-policy dialogue in the subject matter.

2.3. Understanding the State-Of-The-Art of Plastics Regulation

Plastic governance—when compared to the governance of other environmental problems
—has at least three shortcomings: 1. It is not yet a fully, integrated and globally steered
process [10]; 2. It is mainly enacted through soft-law mechanisms; and 3. It spans a time
range of 10 years (up until 2030), a circumstance that hinders prompt and decisive action.
Despite the efforts to tackle marine litter at the international level [37], the initiatives
undertaken so far appear to be characterized by very weak enforceability (they belong
to the category of ‘soft law instruments’) while covering a very wide margin of time
intervention. Similar drawbacks are also present at the EU level, where the EU Plastics
Strategy has been launched under the umbrella of the Green Deal and the Circular Economy
Plan [38]. Beyond the statement of general principles, only one among the announced
actions has been implemented to date. It is the Directive EU 2019/904 on the reduction of
the impact of certain plastic products on the environment [39]. Hence the concern that the
EU’s efforts—albeit commendable—are not sufficiently timely nor pervasively binding [40].
Accordingly, this lack of effective regulatory mechanisms, at both international and regional
levels, illustrates that plastic governance provides, in fact, just another area where law is
(too) far behind.

Despite the general reference to the principles of circular economy, silo, uni-sectoral
and individualistic approaches still prevail in the choice of regulatory tools. This preference
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for individualistic approaches, in turn, creates several small bubbles of circularity with no
communication between them: the circular system of plastic, of food, of human health, and
even of the Agenda 2030. The challenge is to connect them, contributing to the ‘porosity of
the governance soil’, and create synergies between sectors. The limitations of a singular
and reductionist regulatory perspective can be clearly seen as one of the contributory
causes of poor legal enforcement. This understanding reinforces the argumentation on the
importance to unwaveringly push towards systematic and integrated approaches when
facing the challenges posed by the complexity of sustainability.

2.4. Combining the Two Understandings with the Proposal of an Integrated Framework

The preliminary results of the project SECURE establish a blueprint which rectifies
the fragmentation, and reductionist and weakly enforceable approaches to the MT plas-
tic system [21]. Under this interdisciplinary project, research is conducted on the legal
framework for environmentally conscious harvesting practices of new low-trophic marine
species, the composition of nutrients and contaminants in these, and their effects on the
gastrointestinal microbiome and cardiometabolic health [21]. The research spans complex
sustainability challenges, such as environmental protection, food safety and security, hu-
man health, and innovation [21]. Thus, the SECURE team has been developing pioneering
research approaches across different systematic disciplines under conditions of scientific
uncertainty [41], offering insights to complex problem solving including those related to
ocean plastics.

The first leg of the project focuses on the need to develop a matrix that conceptually
encompasses the objectives of the Agenda 2030 and its 17 SDGs from a regulatory perspec-
tive on the one hand, and allows the upscaling of climate-smart practices applied to the
ocean—as it is the case of the SECURE, on the other hand (Figure 1) [41]. The observed
lack of a systematic mapping of the SDGs’ interactions and the dearth of climate-smart
practices applied to the ocean spurred reflections on the need to create a critical conceptual
framework as a reading key for the SDGs’ interactions and for upscaling successful climate-
smart practices [41]. The application of a matrix based on systems thinking within a legal
fabric opened the door to reflections about integrated regulatory approaches applied to
the ocean.
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Based on this, the second step of the legal research in SECURE has argued that the
adoption of the specific systematic lens of integral ecology (IE) overcomes regulatory
fragmentation caused by ‘glocal’ environmental challenges (where the adjective ‘glocal’ is
meant to comprise both worldwide ranging and local issues) [36]. In particular, the integral
ecology is the approach that observes the interconnections of the living systems, be they
living organisms, social systems, or ecosystems with the aim to regulate them (Figure 2) [42].
Under IE, for example, there is no distinction between the natural world and human beings
(both have agency, rights to life and regenerate), neither is there a distinction between
health of the environment (water, plants, animals, soil) and health of humans. Through
the lens of IE, a risk posed to the natural environment has consequences for all living
beings [43]. In essence, IE advances the development and application of comprehensive
and integrated approaches to sustainability issues, providing comprehensive, far-sighted,
and flexible solutions for the environment—solutions that can restore the relationship, at
multiple scales, with the earth [44].
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Figure 2. A case study relevant to the EU food on the integral ecology approach to food novelty
applied to seaweed (frame of the illustration) through the lens of the systematic approach to the
Agenda 2030 [42]. Illustration for SECURE by Camilla Neema Haule 2021.

The integral approach suggested by IE offers further insights into the complex prob-
lems and the uncertainties posed by plastics at sea, laying the foundation for systematic
and integrated regulation. Construing the issue of plastic pollution through the lens of
IE redefines the health of the ecosystem as the health of all beings, unlocking solutions
in all those cases where the risks posed by plastics to food security and health are not
yet proved beyond doubt. Grounded on the precautionary principle, a systematic and
integrated regulation of plastic pollution at sea is justified by the need to prevent potential
harms to the human rights to a healthy environment [43], healthy food, and to the rights of
the Earth (and its living beings) to life, be respected and regenerate (Figure 3) [44].
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loopholes in regulation through a multilevel governance system applied to the SDG 14, on Life Below
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3. Results

The suggestion for a systematic regulatory approach to ocean plastics stems from
the research on the systemic approaches to environmental and societal challenges. The
current narrative of understanding complex challenges is developed through a systemic
approach based on resilient relationships rather than focusing on individual components
of systems [45]. The issues related to sustainable development are often referred to by the
scholars as ‘wicked problems’ (Figure 4) [46,47], defined as “trivial or lasting situations that
cannot be overcome immediately due to their inner complexity or exogenous/endogenous
relations” [46]. Plastic pollution, with its multiple potential impacts on the environment,
food security, and food safety, as well as human health, is certainly one example of a
wicked problem that needs to be tackled through a process-based, multi-tiered and systemic
approach. The research, therefore, takes a crucial step forward towards the regulation of
the wicked problem of plastics, concluding with recommendations for policymakers. Such
recommendations are to be approved in the form of an MT governance framework.

A MT common regulatory framework tackling plastic pollution should:

a. Contain a definition of plastics developed from the most advanced research in the field;
b. Be grounded on the precautionary principle and the legitimacy of preventive actions,

according to the international and European legal provisions [13];
c. Be based on the premise that plastics pollution violates both human and nature rights;
d. Provide the most detailed range of measures, with a clear indication of rights and

duties (rights of lands, coasts, rivers, and marine ecosystem to be protected and
duties of the human communities to act as nature’s guardians);

e. Contain a wide range of bans, restrictions, and limits (e.g., broadening the current
EU restrictions on certain single-use plastics to all single-use, and expanding such
bans outside the EU), sanctions in case of infringement in coordination with the
national criminal, civil, and administrative law systems;

f. Promote, coordinate with, and implement systems that emphasize circular waste
management practices and the use of alternative (renewable) resources as supple-
ments or replacements for plastics; be coordinated with an effective reparatory justice
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system, allowing judicial and administrative reviews through actions initiated by
the plurality of actors involved in the plastic justice movement; and

g. Be constructed following the systems thinking approach and therefore develop
multiple interconnections to the SDGs in the Agenda 2030 [47,48].
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This research study demonstrates how a methodological approach applying system-
atic thinking to science and regulation helps to coordinate the most advanced results in
science and the need to regulate the impacts of plastic pollution at sea. Multi-tiered and
systemic methods for monitoring and ultimately restricting and banning plastics are key re-
quirements to better understand, manage, and regulate such impacts, as well as to develop
regulatory strategies and action plans at the international, regional, and national levels.

Studies on the complex challenges posed by sustainability highlight the movement
from disciplinary regulatory baselines that tackle one objective at a time towards integrated
approaches that acknowledge how the different problems in a system are interlinked [49].
Further research on empirical applications of the systemic approach is needed to assess the
effectiveness of holistic approaches to tackle the complex problems of sustainability.

4. Discussion
4.1. Towards the Adoption of a Cross-Disciplinary Systems Thinking Approach

This study signifies a step forward in joint research concerning plastic pollution. Its
reach extends to the exploration of the potential positive impacts of a systematic regulatory
approach to plastics for the environment, human health, and in general the wellness of
all living organisms. In this regard, it also marks a step forward in the project SECURE,
at the crossroads of environment, food, and health. It does so by specifying in which
terms systemic thinking applied to law and marine science can help tackle plastic pollution
at sea.

Consequently, actors and disciplines can find a field of cross-cooperation and continue
to develop ways to explore synergies. Two major reflections spur from this systemic
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approach: 1. How to effectively put it into practice; and 2. How to develop control
mechanisms for its proper functioning.

The research community plays a key role in the solutions of the two questions. To
test the robustness of systemic thinking and its applications to cross-boundaries issues, it
is necessary to invest efforts towards systemic research. The steps of systemic research
include developing standards to conduct systemic research, the establishment of a common
language (to the extent possible) between the different research disciplines, as well as the
implementation of review panels that overview, assist, and review the developments of the
research. Examples of the latter can be found within research in healthcare [50].

Such review panels are to be formed by researchers, as well as key users and stake-
holders, with the skills and content knowledge to produce and assess systematic research.
The tasks in the systemic research fields should therefore be conducted and reviewed by
multiple individuals with a wide range of expertise, from scoping studies to developing
systemic methods that synthesize the research findings. To reinforce the role of systems
thinking in solving complex problems, it would be desirable to introduce such an approach
also in education, across the physical, natural, and social sciences [51,52].

While additional research is needed to build empirical support for effective approaches
to systems thinking, this article has set the groundwork to facilitate the adoption of such
an approach in research, education, and ultimately in decision-making.

Improving the use of systemic research and reviews in decision-making has the
potential to provide multi-faceted interventions to limit the impacts of plastic pollution at
sea. Collaboration between hard scientists and legal researchers is essential for developing
consensus and clarity on regulatory strategies and action plans, thus maximizing the
coordination and effectiveness of the intervention measures [9].

Finally, the advancements in systemic approaches are expected to further not only the
plastic pollution research field, but also all the related and expectedly impacted ambits,
such as food security, food safety, and human health.

4.2. From Legislation to Implementation: A Comparative Overview of the First Implementing
Efforts of Directive EU 2019/904

France and Germany offer two virtuous examples of implementation of the Directive
EU 2019/904 [39]. In particular, France has been a pioneer in the introduction of obligations
on plastic waste, with the approval of the Law on the Circular economy (Law No. 2020-
105 of 10 February 2020 — ‘Circular Economy Law’) [53]. Among the measures introduced
by the law to curb plastics waste, it is worth listing the progressive ban from January
2021 on single-use plastic products; the ban on the import and manufacture of single-
use plastic bags intended for sale or for giving-out for free; general limits on the use of
plastic [53].

In the wake of implementing the European law, Germany has adopted the Ordinance
on Single-Use Plastics (Einwegkunststoffverbotsverordnung, EWKVerbotsV), entered into
force on 3 July 2021 [54]. The EWKVerbotsV implements Article 6 (1), (2) and (4) of Directive
EU 2019/904, requiring Member States to ensure that the single-use plastic products listed
in part C of the Annex to that Directive, whose closures and lids are made of plastic, are
placed on the market only if the closures and lids remain attached to the containers during
the period of use. The Ordinance also implements Article 7 (1) and (3) of Directive (EU)
2019/904, requiring the EU member states to ensure that the containers listed in Part D of
the Annex are only placed on the market if they bear a marking on the packaging or on the
product itself.

Both examples bode well in terms of improvements of a MT common regulatory
framework, involving multi-actors and multi-action strategies.

5. Conclusions

The known and unknown challenges posed by plastics pollution are putting pressure
on hard scientists and legislators. Bridging scientific advancements and regulatory needs
is the challenge that researchers are asked to address in a subject that is still, defined
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“at its infancy” [10]. The complex challenges that plastics pollution poses require the
adoption of systemic approaches that interpret and analyze the most advanced research
from marine biology, food sciences, and law. Within such a scenario, methodologies
based on systems thinking and integral approaches need to be adopted as the key to
intervening, marking a significant and effective regulatory change in a way that can
expectantly neutralize or at least limit the devastation of plastic pollution in the ocean.
The model suggested in this article has the potential to be applied in the different fields
of environmental protection, food security, food safety, and human health to organize
information about complex scenarios holistically and effectively. This method transcends
the plastic pollution scene: systemic approaches can be implemented by other scholars
and researchers in different sectors, thereby facilitating cross-disciplinary discussions on
systemic environmental and societal challenges. Systemic research dealing with cross-
cutting issues, such as environmental, food, and health challenges requires coordinated
efforts among a multitude of actors and institutions across sectors, levels, and jurisdictions.
Achieving environmental sustainability, health, food security, and safety for all beings
requires a whole-of-system approach and coordinating efforts from all the actors involved.

While additional empirical studies are needed to assess whether the implementation
of the described model can effectively address the challenges posed by marine pollution,
this study has set the baseline for further exploration of the systems thinking practices to
solve wicked interconnected problems.
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Abstract: The coronavirus pandemic started a worldwide emergency, and tight preventive actions
were necessary to protect the population, changing individuals’ daily habits. Dwelling and working
at home can change dietary habits, affect food choice and access, as well as the practice of physical ac-
tivity. In this regard, this study’s goal was to compare eating competence (EC) among Brazilian adults
before and during the coronavirus pandemic, using the Brazilian version of the eating competence
Satter inventory (ecSI2.0™BR) with the “retrospective post-then-pre” design. This cross-sectional
study was performed from 30 April to 31 May 2021 among a convenience sample of the Brazilian
adult population using an online platform (Google® Forms). In the studied sample (n = 302 in which
76.82% were females), EC total score lowered during the pandemic (31.69 ± 8.26 vs. 29.99 ± 9.72;
p < 0.005), and the decrease was worst after the beginning of the pandemic among those who reported
weight gain, decreased the consumption of fruit and vegetables, and increased the consumption of
sugary beverages. The contextual skill component seems relevant in this scenario, where our life and
routines were changed entirely, demonstrating that the ability to manage the food context is essential,
especially when sanitary and economic situations represent a new challenge.

Keywords: eating competence; eating behavior; COVID-19; diet; food choice

1. Introduction

The pandemic of coronavirus started a worldwide state of emergency. Until 31 May,
Brazil had registered 16,545,554 confirmed cases of COVID-19 and 462,791 deaths [1]. The
measures to control and prevent the disease differed among Brazilian regions. However,
the most common was social distancing to control individuals movability, like the schools’
and universities’ closure, as well as non-essential commerce, public areas, and the use
facial masks [2]. While this strict preventive measure is essential to protect people, it can
radically change individuals’ quotidian habits. Staying and working at home can affect
diet, food choice, and access to food and limit the practice of physical activity [3].

Containment measures like self-isolation and social distancing substantially impact
the population’s everyday life and a wide range of psychosocial impacts on individuals [4].
Stress factors like uncertainty about the duration of the quarantine, fear of possible in-
fections, boredom, and fear of financial losses impact lifestyle and dietary habits [5]. For
the general population, the lack of physical activity and poor mental health are the most
critical risk factors for morbidity by chronic diseases. However, it is more worrisome for
elderly and chronically ill patients at a higher risk of COVID-19-induced mortality [6].

Eating is complex and composed of learned behavior, social expectations, acquired
tastes, attitudes, and feelings about eating and/or food items [7]. Eating competence
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(EC) is an attitudinal and behavioral view established by the Satter eating competence
model (ecSatter). This concept is not centered on nutrients, portion size, or food groups,
but on appreciating food and eating, with attention to the variability in the diet, paying
attention to signals of hunger and satiety, and preparing nourishing meals with attention
to the environment in which the food is consumed [7,8]. Four components compose the
EC: eating attitudes; food acceptance; internal regulation; and contextual skills [7,8].

Considering eating behavior, home confinement leads to an altered food cue exposure,
which can enhance impulsive eating behavior and emotional eating [9]. In a French study,
the lockdown was associated to changes on food choice motives, remarkably increased
mood as a food choice motive for 48% of the individuals [10]. Moreover, eliminating social
eating practices could reduce mindful eating, which might negatively influence dietary
choices and promote overeating [11]. Combining isolation and socioeconomic hardship
with the deterioration of psychosocial health and a sedentary lifestyle might negatively
affect eating behavior. Furthermore, the negative impact on metabolic health might worsen
obesity and its metabolic comorbidities [9]. Regarding physical health, even a short period
of overeating with abruptly reduced physical activity can have several consequences for
health-related to a proinflammatory state [12]. It is associated with the development of
metabolic syndrome leading to an increase in the risk of multiple chronic diseases and the
development of the severe form of COVID-19 infection [9,12]. Nutrition becomes a priority
during pandemic time, considering the situational stress-eating due to confinement [13].

Some studies evaluated the effect of lockdowns and restrictions connected to the
COVID-19 pandemic on dietary–lifestyle behaviors shifts [3,6] and revealed substantial
changes in dietary habits at the beginning of the pandemic. For example, in Poland, a
significant percentage of individuals started eating and snacking more, leading to weight
gain in previous overweight and obese subjects, aggravating this condition [14]. In Italy,
a survey evaluating the connection between eating habits, mental and emotional mood
showed that individuals tended to consume more comfort food and increase food intake
to feel better [5]. On the other hand, Rodríguez-Pérez et al. found that Spanish adults
have adopted healthier dietary behaviors closer to the Mediterranean diet during home
confinement [15]. In Brazil, an increase in the ingestion of ultra-processed foods at the
beginning of the pandemic was reported [16,17].

Given that the prolonged or intermittent social restriction may be needed until 2022
in some countries [18], it is essential to have the best possible understanding of its effects
on people’s everyday life. Due to the restrictions related to the measurement confinement,
it is hypothesized that, during the pandemic, there were changes in EC and food con-
sumption compared to the period prior to the pandemic. In this sense, our study focused
on comparing eating competence (EC) among a sample of Brazilian adults before and
during the coronavirus pandemic, using the Brazilian translation of the eating competence
Satter inventory (ecSI2.0™BR). It is expected that the findings of changes in EC and its four
components may support the development of appropriate recommendations for lifestyle
modifications during this time.

2. Materials and Methods

This cross-sectional study was performed from 30 April to 31 May 2021 among the
Brazilian adult population using an online platform (Google® Forms) accessible by any
device with an Internet connection. The participants (convenience sample) were recruited
using a link disseminated through social networks (WhatsApp, Instagram, Facebook, email
list, and by researchers’ personal contact). The inclusion criteria were: being Brazilian
adults (20–59 years old, according to the Brazilian Health Ministry [19]); agreed to par-
ticipate after they were told about the purpose of the survey; and completely filled out
the questionnaire.

We used a self-administered survey using online application due to sanitary restric-
tions to perform a personal interview. It could also reach a more diverse population, despite
geographical limitations. Participants were asked to answer the questionnaire regarding
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current and before the pandemic, using “retrospective post-then-pre” design, where infor-
mation “during” and “before” pandemic were collected at the same time respondents were
asked to answer at first the present information and then, the past information [20,21]. The
post/pre-design was selected to offer a useful methodology for documenting the impact of
the pandemic in everyday life and assess changes in EC over time, since a comparison of
the pre-test scores with their posttest scores can result in inaccurate pre-test scores due to
“response shift bias” [22].

The survey was composed of an initial page describing the aims and information
on the ethics and the consent form. Participants were volunteers and did not receive
any reward for their participation following the National Research Ethics Commission
guidelines [23]. There was no time limit for completing the questionnaire. Individuals’
responses were registered after clicking on the “submit” button. Participants could stop
answering the questionnaire at any step before the submission; in this case, the responses
would not be registered. Incomplete questionnaires were removed from the final sample.

Researchers used the Brazilian version of the ecSI2.0™BR questionnaire, previously
validated with the Brazilian adult population to assess EC [24] which was approved by an
Ethics Committee (CAAE 24415819.2.0000.8101), according to Declaration of Helsinki guide-
lines. No names or other information that could identify the participant was requested.

The structured questionnaire included forty questions, divided into four different
sections. Participants were asked to answer the questions regarding the period during
and before the pandemic using the “retrospective post-then-pre” design. In this model,
information regarding before and after are collected simultaneously, after the event or
intervention has occurred [20]. At first, participants are asked to report their behavior or
understanding as a result of the event (post) and, second, participants are asked to report
their behavior before the event (pre) [21].

The first part of the questionnaire had sociodemographic data: age, gender, region
of residence, level of education, income, employment situation, family income changes,
and the number of individuals living at home, using questions from the Brazilian National
Institute of Geography and Statistics (IBGE) as a reference [25].

The second part had anthropometrics and health information as weight (current and
before pandemic), height, and whether the respondent or a family member tested positive
for COVID-19.

In the third part, EC was accessed using the Brazilian Satter eating competence
inventory (ecSI2.0™BR), composed of 16 questions and validated for online use among the
Brazilian adult population [24]. The ecSI2.0™ is available at https://www.needscenter.org/
upon approval of an application [26]. The NEEDs Center previously approved the use
of ecSI2.0™BR for this study. Respondents were asked to answer “current” and “before”
confinement. A minimum total score of 32 is the cut-point to consider the individual as a
competent eater, without established score cutoffs for each component [27,28].

The fourth part of the questionnaire investigated food consumption and eating habits
changes during the pandemic period: frequency of consumption of fruits, vegetables, and
artificial drinks (sugary beverages such as industrialized juice, tea, and soft drinks). For
this purpose, it was selected some questions used in the Brazilian Food Questionnaire
(VIGITEL) [29] that is already validated for online use [30]. Respondents were asked
to answer “current” and “before” confinement. We included a question asking if the
respondent noticed any change in the amount and the frequency of food eaten. In addition,
we asked who is responsible for food preparation at home (if meals are ready-to-eat; if the
respondent prepares meals; and if meals are prepared at home by another person).

The scores of ecSI2.0™BR and its four components were presented by means and
standard deviation. The comparison of the scores before and during the pandemic was
performed by paired Student’s t-test. The raw frequencies and percentages of respondents
who showed eating competence (total EC score ≥ 32) were presented. The MCNemar test
was used to compare these frequencies before and during the pandemic. Statistical analyses
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were performed using IBM SPSS Statistics, version 22. The tests took into consideration
two-tailed hypotheses and a significance level of 5%.

3. Results

The study obtained 340 responses, but only responses from individuals aligned to
the inclusion criteria and responded all the questions were considered, reducing the
number of valid observations to 302 (88.8% of the total questionnaires). The sample
consisted predominantly of women (n = 232; 76.82%), and mostly ≥ 40 years (Table 1).
Most participants had a higher education level (54.6% graduate and 40.7% undergraduate),
and most lived with other family members. During the pandemic, 66.5% (n = 201) of the
respondents reported they did not reduce their income, and 42.5% did not change their job,
but they were working from home.

Table 1. Sub-scores of the ecSI2.0™BR scale categorized by variables before and during the COVID-19 pandemic
(n = 302, Brazil).

Eating
Attitude

Food
Acceptance

Internal
Regulation

Contextual
Skills Total ecSI2.0™B

R ≥ 32

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Freq. (%)

General (n = 302)
Before pandemic 12.68 (3.74) 5.18 (2.47) 4.10 (1.43) 9.73 (3.31) 31.69 (8.26) 160 (53.0%)
During pandemic 11.77 (4.28) 4.95 (2.53) 3.74 (1.68) 9.53 (3.61) 29.99 (9.72) 143 (47.4%)

p 0.000 * 0.001 * 0.000 * 0.293 * 0.000 * 0.019 **

Gender *
Female (n = 232)
Before pandemic 12.62 (3.70) 5.40 (2.41) 3.97 (1.38) 10.06 (2.99) 32.04 (7.84) 128 (55.2%)
During pandemic 11.65 (4.00) 5.10 (2.47) 3.56 (1.66) 9.62 (3.56) 29.92 (9.30) 106 (45.7%)

p 0.000 * 0.000 * 0.000 * 0.032 * 0.000 * 0.000 **
Male (n = 70)

Before pandemic 12.89 (3.92) 4.46 (2.56) 4.53 (1.52) 8.64 (4.01) 30.51 (9.48) 32 (45.7%)
During pandemic 12.17 (5.13) 4.47 (2.67) 4.34 (1.61) 9.24 (3.80) 30.23 (11.08) 37 (52.9%)

p 0.060 * 0.908 * 0.102 * 0.184 * 0.740 * 0.277 **

Age
Up to 40 years (n = 145)

Before pandemic 12.39 (4.03) 5.31 (2.61) 3.99 (1.47) 9.23 (3.49) 30.92 (9.00) 74 (51.0%)
During pandemic 11.32 (4.28) 5.09 (2.66) 3.55 (1.71) 8.93 (3.77) 28.89 (9.96) 61 (42.1%)

p 0.000 * 0.052 * 0.000 * 0.320 * 0.002 * 0.019 **
More than 40 years (n = 157)

Before pandemic 12.95 (3.45) 5.06 (2.35) 4.2 (1.39) 10.19 (3.07) 32.39 (7.47) 86 (54.8%)
During pandemic 12.18 (4.26) 4.83 (2.4) 3.91 (1.63) 10.09 (3.38) 31.01 (9.42) 82 (52.2%)

p 0.000 * 0.006 * 0.000 * 0.659 * 0.003 * 0.503 **

Schooling level **
High School (n = 14)

Before pandemic 13.29 (4.18) 5.14 (2.68) 4.57 (1.45) 10.50 (3.74) 33.50 (9.34) 9 (64.3%)
During pandemic 12.43 (4.70) 5.21 (2.22) 4.07 (1.69) 9.43 (4.38) 31.14 (10.17) 8 (57.1%)

p 0.201 * 0.818 * 0.187 * 0.059 * 0.164 * 1.000 **
Undergraduate (n = 123)

Before pandemic 13.02 (3.49) 5.08 (2.46) 4.32 (1.37) 9.27 (3.55) 31.68 (8.04) 61 (49.6%)
During pandemic 12.13 (4.23) 4.89 (2.52) 3.93 (1.74) 9.25 (3.75) 30.20 (9.88) 60 (48.8%)

p 0.001 * 0.122 * 0.000 * 0.964 * 0.038 * 1.000 **
Graduate (n = 165)
Before pandemic 12.38 (3.88) 5.25 (2.48) 3.90 (1.45) 10.01 (3.05) 31.54 (8.36) 90 (54.5%)
During pandemic 11.44 (4.29) 4.98 (2.57) 3.56 (1.62) 9.75 (3.45) 29.74 (9.62) 75 (45.5%)

p 0.000 * 0.001 * 0.000 * 0.231 * 0.000 * 0.001 **

Family Income Changes
Did not reduce (n = 201)

Before pandemic 12.75 (3.68) 5.12 (2.43) 4.24 (1.40) 9.72 (3.18) 31.84 (7.77) 103 (51.2%)
During pandemic 12.00 (4.22) 4.91 (2.50) 3.93 (1.68) 9.77 (3.52) 30.60 (9.38) 95 (47.3%)

p 0.000 * 0.006 * 0.000 * 0.849 * 0.008 * 0.229 **
Reduced (n = 101)
Before pandemic 12.54 (3.89) 5.29 (2.57) 3.81 (1.45) 9.75 (3.55) 31.4 (9.20) 57 (56.4%)
During pandemic 11.32 (4.39) 5.04 (2.60) 3.36 (1.61) 9.07 (3.76) 28.78 (10.30) 48 (47.5%)

p 0.000 * 0.076 * 0.000 * 0.032 * 0.000 * 0.022 **
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Table 1. Cont.

Eating
Attitude

Food
Acceptance

Internal
Regulation

Contextual
Skills Total ecSI2.0™B

R ≥ 32

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Freq. (%)

COVID-19 infection
No (n = 280)

Before pandemic 12.54 (3.76) 5.13 (2.43) 4.09 (1.44) 9.74 (3.33) 31.50 (8.34) 148 (52.9%)
During pandemic 11.74 (4.22) 4.94 (2.50) 3.76 (1.67) 9.62 (3.56) 30.06 (9.65) 133 (47.5%)

p 0.000 * 0.006 * 0.000 * 0.534 * 0.000 * 0.032 **
Yes (n = 22)

Before pandemic 14.45 (3.07) 5.77 (2.93) 4.18 (1.33) 9.68 (3.01) 34.09 (6.90) 12 (54.5%)
During pandemic 12.09 (5.11) 5.09 (2.96) 3.50 (1.77) 8.45 (4.19) 29.14 (10.85) 10 (45.5%)

p 0.016 * 0.065 * 0.032 * 0.210 * 0.041 * 0.625 **

COVID-19 infection in a
family member

No (n = 158)
Before pandemic 12.39 (3.68) 5.15 (2.35) 3.94 (1.43) 9.54 (3.51) 31.03 (8.36) 81 (51.3%)
During pandemic 11.83 (4.16) 5.03 (2.46) 3.79 (1.60) 9.71 (3.75) 30.36 (9.77) 78 (49.4%)

p 0.002 * 0.200 * 0.059 * 0.508 * 0.173 * 0.701 **
Yes (does not live with

me n = 113)
Before pandemic 12.65 (3.85) 4.91 (2.47) 4.31 (1.39) 9.85 (3.19) 31.72 (8.25) 58 (51.3%)
During pandemic 11.49 (4.49) 4.58 (2.40) 3.69 (1.77) 9.12 (3.53) 28.88 (9.80) 48 (42.5%)

p 0.000 * 0.011 * 0.000 * 0.032 * 0.000 * 0.013 **
Yes (live with me n = 31)

Before pandemic 14.26 (3.42) 6.32 (2.84) 4.13 (1.52) 10.26 (2.56) 34.97 (7.14) 21 (67.7%)
During pandemic 12.48 (4.14) 5.90 (3.08) 3.65 (1.78) 10.13 (3.14) 32.16 (8.96) 17 (54.8%)

p 0.007 * 0.025 * 0.001 * 0.805 * 0.026 * 0.219 **

Weight changes
Decreased (n = 35)
Before pandemic 11.77 (4.66) 5.91 (2.23) 3.86 (1.73) 9.46 (4.10) 31.00 (10.48) 21 (60.0%)
During pandemic 11.77 (5.12) 5.63 (2.53) 4.11 (1.43) 10.03 (3.69) 31.54 (9.75) 18 (51.4%)

p 1.000 * 0.185 * 0.263 * 0.442 * 0.702 * 0.453 **
Maintained (n = 201)

Before pandemic 13.81 (3.40) 5.17 (2.43) 4.10 (1.40) 9.84 (3.12) 32.42 (7.56) 110 (54.7%)
During pandemic 12.62 (3.93) 5.14 (2.45) 3.93 (1.52) 10.11 (3.25) 31.81 (8.63) 107 (53.2%)

p 0.000 * 0.597 * 0.000 * 0.137 * 0.069 * 0.690 **
Increased (n = 66)
Before pandemic 11.24 (3.77) 4.80 (2.68) 4.21 (1.34) 9.56 (3.43) 29.82 (8.78) 29 (43.9%)
During pandemic 9.18 (4.22) 4.02 (2.55) 2.95 (2.00) 7.50 (3.95) 23.65 (10.31) 18 (27.3%)

p 0.000 * 0.001 * 0.000 * 0.000 * 0.000 * 0.007 **

Fruit consumption
Decreased (n = 62)
Before pandemic 12.19 (3.43) 4.76 (2.17) 4.23 (1.38) 9.92 (3.36) 31.10 (7.02) 31 (50.0%)
During pandemic 10.58 (4.53) 3.81 (2.13) 3.10 (1.91) 8.35 (4.15) 25.84 (10.84) 20 (32.3%)

p 0.000 * 0.000 * 0.000 * 0.024 * 0.000 * 0.052 **
Maintained (n = 195)

Before pandemic 12.95 (3.79) 5.30 (2.53) 4.11 (1.45) 10.02 (3.26) 32.37 (8.56) 109 (55.9%)
During pandemic 12.10 (4.31) 5.21 (2.49) 3.91 (1.60) 9.89 (3.45) 31.11 (9.33) 98 (50.3%)

p 0.000 * 0.129 * 0.001 * 0.447 * 0.000 * 0.007 **
Increased (n = 45)
Before pandemic 12.16 (3.92) 5.24 (2.60) 3.89 (1.40) 8.24 (3.07) 29.53 (8.26) 20 (44.4%)
During pandemic 11.98 (3.58) 5.42 (2.80) 3.87 (1.46) 9.60 (3.26) 30.87 (8.34) 25 (55.6%)

p 0.646 * 0.263 * 0.888 * 0.001 * 0.113 * 0.063 **

Vegetable consumption
Decreased (n = 63)
Before pandemic 11.54 (3.75) 4.92 (2.50) 3.83 (1.28) 9.78 (2.79) 30.06 (8.07) 26 (41.3%)
During pandemic 9.22 (4.01) 3.68 (2.37) 2.60 (1.62) 6.63 (3.40) 22.14 (9.22) 9 (14.3%)

p 0.000 * 0.000 * 0.000 * 0.000 * 0.000 * 0.000 **
Maintained (n = 202)

Before pandemic 13.18 (3.67) 5.42 (2.48) 4.17 (1.45) 10.31 (3.19) 33.08 (8.02) 125 (61.9%)
During pandemic 12.40 (4.02) 5.35 (2.47) 4.03 (1.55) 10.41 (3.17) 32.18 (8.55) 113 (55.9%)

p 0.000 * 0.131 * 0.019 * 0.523 * 0.003 * 0.008 **
Increased (n = 37)
Before pandemic 11.86 (3.65) 4.32 (2.24) 4.16 (1.54) 6.49 (2.94) 26.84 (7.71) 9 (24.3%)
During pandemic 12.65 (4.60) 4.97 (2.46) 4.08 (1.66) 9.70 (3.76) 31.41 (9.94) 21 (56.8%)

p 0.051 * 0.001 * 0.446 * 0.000 * 0.000 * 0.000 **
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Table 1. Cont.

Eating
Attitude

Food
Acceptance

Internal
Regulation

Contextual
Skills Total ecSI2.0™B

R ≥ 32

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Freq. (%)

Sugary beverages
Decreased (n = 39)
Before pandemic 11.18 (3.93) 4.18 (2.16) 4.08 (1.51) 6.56 (3.28) 26.00 (7.90) 9 (23.1%)
During pandemic 10.62 (5.42) 4.56 (2.35) 3.49 (1.75) 9.10 (3.32) 27.77 (10.60) 16 (41.0%)

p 0.404 * 0.168 * 0.016 * 0.003 * 0.309 * 0.092 **
Maintained (n = 210)

Before pandemic 13.24 (3.48) 5.44 (2.42) 4.20 (1.43) 10.46 (2.97) 33.34 (7.68) 128 (61.0%)
During pandemic 12.57 (3.65) 5.22 (2.48) 3.97 (1.62) 10.27 (3.33) 32.03 (8.73) 117 (55.7%)

p 0.000 * 0.000 * 0.001 * 0.236 * 0.000 * 0.027 **
Increased (n = 53)
Before pandemic 11.55 (4.10) 4.89 (2.72) 3.72 (1.34) 9.19 (3.16) 29.34 (8.45) 23 (43.4%)
During pandemic 9.43 (4.70) 4.19 (2.70) 3.00 (1.65) 6.92 (3.70) 23.55 (9.80) 10 (18.9%)

p 0.000 * 0.006 * 0.001 * 0.000 * 0.000 * 0.000 **

Amount of food
Reduced (n = 56)
Before pandemic 13.02 (3.96) 5.36 (2.45) 4.34 (1.62) 9.23 (4.15) 31.95 (8.98) 30 (53.6%)
During pandemic 12.86 (4.37) 5.34 (2.34) 4.14 (1.47) 9.80 (3.83) 32.14 (9.46) 33 (58.9%)

p 0.747 * 0.914 * 0.213 * 0.362 * 0.875 * 0.648 **
Maintained (n = 99)

Before pandemic 14.02 (3.14) 5.38 (2.38) 4.33 (1.34) 10.67 (2.91) 34.40 (7.45) 63 (63.6%)
During pandemic 13.76 (3.20) 5.36 (2.40) 4.27 (1.39) 10.85 (3.01) 34.24 (7.79) 63 (63.6%)

p 0.015 * 0.754 * 0.158 * 0.268 * 0.539 * 1.000 **
Increased (n = 147)
Before pandemic 11.65 (3.75) 4.97 (2.55) 3.85 (1.38) 9.29 (3.07) 29.76 (8.02) 67 (45.6%)
During pandemic 10.01 (4.19) 4.53 (2.63) 3.22 (1.78) 8.54 (3.62) 26.31 (9.63) 47 (32.0%)

p 0.000 * 0.000 * 0.000 * 0.009 * 0.009 * 0.000 **

Meals during pandemic
Bought ready-to-eat (n = 24)

Before pandemic 11.54 (3.99) 3.88 (2.36) 3.67 (1.74) 8.29 (3.41) 27.38 (9.04) 10 (41.7%)
During pandemic 9.21 (4.64) 3.17 (2.28) 2.71 (1.76) 6.75 (3.31) 21.83 (9.76) 4 (16.7%)

p 0.001 * 0.023 * 0.005 * 0.015 * 0.001 * 0.031 **
Prepared by myself (n = 135)

Before pandemic 12.93 (3.81) 5.83 (2.39) 4.18 (1.43) 10.51 (3.2) 33.44 (8.39) 85 (63.0%)
During pandemic 12.01 (4.22) 5.47 (2.48) 3.76 (1.74) 10.10 (3.76) 31.33 (10.00) 71 (52.6%)

p 0.000 * 0.003 * 0.000 * 0.157 * 0.001 * 0.003 **
Prepared at home by

others (n = 143)
Before pandemic 12.64 (3.63) 4.78 (2.42) 4.10 (1.37) 9.24 (3.23) 30.76 (7.62) 65 (45.5%)
During pandemic 11.97 (4.17) 4.77 (2.47) 3.90 (1.55) 9.47 (3.31) 30.10 (8.81) 68 (47.6%)

p 0.001 * 0.852 * 0.002 * 0.388 * 0.191 * 0.664 **

* Paired Student’s t-test, comparing before and during pandemic. ** McNemar test.

In general, the EC differs before and during the pandemic considering its four com-
ponents (eating attitude, food acceptance, internal regulation and contextual skills) and
the total score for EC (p < 0.05). Considering gender, EC was lower for all components
among females during the pandemic (p < 0.05) but did not differ among males. The EC
(total) was lower during the pandemic compared to before it, regardless of age. However,
contextual skills did not differ among the groups regardless of age and food acceptance
among individuals up to 40 y/o.

Individuals with high school education did not differ EC (total and each component)
during the pandemic. EC was lower among undergraduate and graduate individuals
during the pandemic than before (p < 0.05), except for food acceptance and contextual
skills among undergraduate and contextual skills among graduate individuals that did
not differ.

Considering individuals who reduced the income during the pandemic, the EC low-
ered for all components and the total (p < 0.05), except for food acceptance that did not differ.
However, the EC lowered during the pandemic regardless of income reduction (except for
contextual skills among those with no income reduction, which did not differ) (Table 1).
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EC lowered among individuals who had or had not COVID-19 (p < 0.05). However,
it did not differ on contextual skills among those who did not have COVID-19 and food
acceptance and contextual skills among those tainted by Sars-CoV-2. Individuals who
had relatives tainted by Sars-CoV-2 presented lower EC during the pandemic than before
(p < 0.05). Among those whose relatives were not infected, the EC did not differ.

Individuals who increased weight during the pandemic (21.8% of the sample) had
a reduction in EC (total and components) (p < 0.05). The group that maintained weight
during the pandemic (66.5% of the sample) did not change total EC, but showed a reduction
in eating attitude and internal regulation (p < 0.05). EC did not differ among those who
lost weight during the pandemic (11.5% of the sample).

Among those who reported a decrease in fruit and vegetable consumption, there was
a reduction in total EC and all four components (p < 0.05). Among those who maintained
fruit consumption, there was a reduction in total EC and internal regulation (p < 0.05). The
group that maintained vegetable consumption showed a reduction in total EC and eating
attitude and internal regulation (p < 0.05). The group that reported an increase in fruit
consumption showed no changes in total EC and components, except for contextual skills,
which increased. Those who increased vegetable consumption showed an increase in total
EC and components (p < 0.05), except for internal regulation.

The group that reported a decrease in the consumption of industrialized beverages
had no changes in total EC, eating attitude, and food acceptance but showed a reduction
in internal regulation and increased contextual skills. The group that maintained the
consumption of industrialized beverages showed a loss of total EC and components
(p < 0.05), except for contextual skills, which remained the same. Among those who
increased the consumption of industrialized beverages, there was a reduction in EC (total
and all components) (p < 0.05).

EC (total and all components) lowered among individuals who increased food con-
sumption during the pandemic period (p < 0.05). Among individuals that maintained or
reduced food consumption, EC did not differ.

Individuals who buy ready-to-eat meals showed a reduction in total EC and all com-
ponents (p < 0.05). There was no reduction in the contextual skills component among those
who usually prepare their food. However, there was a reduction in the total EC and the
other components (p < 0.05). Individuals with meals prepared at home by another person
did not report differences in total EC, food acceptance, and contextual skills. However,
they showed a decrease in eating attitude and internal regulation (p < 0.05).

4. Discussion

The impact of social isolation during the pandemic can vary by income, education,
age, and gender [2]. However, the reduction in EC observed across the sample is alarming
regardless of the variables evaluated. Considering the sample profile (mostly female,
aged ≥ 40 years old, with a higher education level, and living with a family member),
the outcomes reveal an isolation negative impact on EC that may reflect throughout the
family and that should be the focus of public health strategies in the years that follow
the pandemic.

Some aspects highlight the need to develop public policies capable of improving the
situation. It is well known that higher educational level has been usually related with
higher socioeconomic status, which has been associated with better diet quality [15]. In
addition, a previous study with the Brazilian population showed that competent eaters
(EC total score ≥ 32) are primarily individuals >40 years; graduated, and had a high in-
come [31]. Despite the majority of this study’s sample having a profile similar to that of
the aforementioned studies, the present study showed that, in general, EC (total score) de-
creased (31.60 ± 8.26 before pandemic vs. 29.00 ± 9.72 during pandemic p 0.000), revealing
that restrictive measures during the pandemic play a negative impact on EC. The same has
occurred analyzing the four components of EC, which have also decreased.
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The data obtained appears to be a trend as a COVID-19 impact. Resembling results
were published by Górnicka et al. [3], who investigated dietary changes among Polish
adults during the pandemic and their associations with sociodemographic data and lifestyle
changes. Although related to a sample of partially distinct characteristics, authors found
that those >40 years old, having children, not working, and not consuming homemade
meals might be more exposed to unhealthy behaviors [3].

The effect of the COVID-19 on the worldwide economy is significant and financial
loss during quarantine is a difficult socioeconomic harm in Brazil [2]. The pandemic
crisis might throw millions of workers into unemployment [32]. Since the pandemic
generated an economic crisis, unemployment rose extensively, worsening health and social
insecurity [33]. Our results showed that among individuals who reduced income during
the pandemic (33.4%), all components and total EC lowered (p < 0.05), except for food
acceptance. This finding is aligned with prior studies showing that low-income individuals
have less favorable dietary patterns and show less EC [34,35].

Food insecurity is inversely associated with diet quality [36]. A recent study showed
that females, with lower education and incomes, have higher overweight and obesity levels
in Brazil. There is an association between unhealthy food intake and poverty [37]. The
ability to be a competent eater is affected by food insecurity and/or income restrictions, as
having worries about money for food is associated with a lack of EC [38,39]. Bezerra et al.
(2020) investigated the perception of social isolation during the COVID-19 pandemic with a
sample of 16.440 Brazilian respondents (69% females, mean age 41 y/o). Authors found that
social interactivity was the most affected field among individuals with higher education
and income, and financial problems generated a more significant impact among those with
low income and education [2]. Considering that part of society has experienced a reduction
of their income, it is expected to reflect their consumption patterns. On the other hand,
those who have not changed their income may have changed to convenience foods when
purchasing or cooking their meals [32].

Regarding health data, individuals who had relatives infected by Sars-CoV-2 had a
decrease in EC during the pandemic, probably due to the stress about the outcome of the
infection since stress can be associated with negative changes in eating behavior [40,41].
Adding to the pandemic scenario as a whole, these changes can be leveraged. Therefore,
the decrease in EC can be a consequence of the experience of individuals with relatives
affected by the virus.

The group that maintained weight during the pandemic (66.5% of the sample) did not
change total EC, but showed a reduction in eating attitude and internal regulation (p < 0.05).
EC did not differ among those who lost weight during the pandemic (11.5% of the sample).
The association between weight and EC is well documented in studies that found an
inverse association of EC and weight [8,38,42–45]. It must be highlighted that obesity
was one of the worse global health problems even before the COVID-19 pandemic and it
is a risk factor for other metabolic diseases [13]. Moreover, it is known that individuals
with obesity and metabolic disorders have a higher risk of developing critical COVID-19
outcome [12]. Thus, the adequate control of weight and metabolic complications is vital to
reduce the risk of severe forms of COVID-19.

Energy balance primarily defines weight gain or loss [46]. However, some foods are
directly associated with energy supply, which can affect body weight. The consumption of
fruits and vegetables has a positive effect in this regard [47], while sugary beverages can
contribute to weight gain by increasing caloric intake [48]. As most of the sample did not
report weight change, the majority’s consumption of these foods was also not changed.

In addition, fruit and vegetable intake (FV) is essential to ensure micronutrients that
can boost immune function [13]. FV consumption is used as an indicator of health, and it is
adequate when consumed at least five times per week [47]. In our study, EC (total and all
four components) decreased among those who reported decreased FV consumption during
the pandemic. On the contrary, EC did not change among those who reported an increase
in FV consumption, showing an increase in the contextual skills component. Those who in-
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creased vegetable consumption showed an increase in total EC and components (p < 0.05),
except for internal regulation which did not differ. Similar results were reported by
Queiroz et al. (2020), who found a positive association between EC and FV consumption
among Brazilian adults [31]. These results are consistent with prior studies in which EC
was related to diet quality [34,35,42,49]. Thus, considering that the pandemic negatively
affects EC, a worsening in food quality is expected. In Brazil, Malta et al. (2020) noticed
a decrease in the frequency of consumption of healthy foods during the pandemic, and
the most significant decrease was observed in the regular consumption of vegetables [16].
The decrease in FV consumption in the pandemic leads to a deficiency in micronutrients,
which can harm the immune function, increasing susceptibility to infection [50].

It is also important to consider problems related to food distribution and the changes
in global supply chains, which have adverse effects like the lack of some fresh food
supplies [32]. The dominance of the food industry and supermarket chains and the
reduction in the activities of the local markets put the local food producer at a disadvantage
compared to the supply of processed foods [16,17,32]. Furthermore, it can explain the
decrease in the consumption of fresh food like FV. In Brazil, Ribeiro-Silva et al. (2020)
analyzed the effects of pandemic on food and nutrition security. They highlighted losses in
the supply of fresh food from family farming, especially FV, and reduced consumption of
fresh foods, increasing weight gain or eating disorders associated with physical inactivity
and social distancing [51].

The regular intake of soft drinks is a mark of unhealthy eating habits. Soft drinks
consumption is connected with higher energy intake and glycemic index, lower intake of
fruits and fiber, and higher intake of fast foods [48]. In our study, those who increased
their consumption of industrialized beverages showed a reduction in total EC and all
components. It is essential to highlight that sugar intake improves serotonin production,
positively affecting mood momentarily and transiently, encouraging people to consume
foods with sugar frequently [13]. This unhealthy nutritional habit could increase the
risk of developing obesity. The group that reported a decrease in the consumption of
industrialized beverages had no changes in total EC, eating attitude, and food acceptance
but showed a reduction in internal regulation and increased contextual skills. Those who
maintained the consumption of industrialized beverages showed a loss of total EC and
components, except for contextual skills, which remained the same. Similar results were
reported by Queiroz et al. (2020), who found an inverse association between EC and
artificial juice or soda consumption among Brazilian adults [31].

Restrictive measures conduct to irregular eating patterns and frequent snacking,
associated with higher caloric ingestion and risk of excess weight [12,41]. Since quarantine
is associated with the interruption of the routine, this could result in boredom and stress,
associated with a greater energy intake [13,36,41]. In our sample, individuals who increased
food consumption showed decreased EC (total and all components). On the contrary,
individuals that maintained or reduced food consumption showed no difference in EC.
Previous studies investigating dietary practices during pandemics showed similar results.
Ammar et al. [6] conducted an online study in April 2020, in seven languages, to investigate
the behavioral and lifestyle consequences of COVID-19 restrictions. Authors found an
increase in unhealthy diet during COVID-19, with food consumption and meal patterns
(the type of food, eating out of control, snacks between meals, number of main meals)
more unhealthy in the period of the pandemic [6]. Górnicka et al. (2020) also found similar
results among Polish adults, who showed increased food consumption and snacking during
restrictive measures, especially among those with higher BMI [3]. Similar results were
noticed by Cosgrove and Wharton (2021), who found that participants most often reported
purchasing more food in various food categories [36]. In France, the nutritional quality of
the diet was also higher before the lockdown than during the pandemic [10].

On the contrary, Rodríguez-Pérez et al. observed an improvement in Spanish adults’
dietary behaviors during the COVID-19 restrictions, like a higher intake of FV compared
to their habits [15]. Lohse et al. (2010) showed that, among elderly Spanish, EC was
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positively associated with greater adherence to a Mediterranean diet, which is considered
a healthy eating pattern [52]. Cosgrove and Wharton (2021) also noticed positive changes
among US adults since participants reported improvements in dietary healthfulness during
the pandemic [36]. There are some possible explanations for these findings: the greater
possibility of preparing a meal at home, more free time to take care of health during home
confinement, or food choice motives. For example, a French study with 938 adults revealed
that improved diet quality was associated with an increase in the importance of weight
control. Reduced diet quality was associated with the increased importance of mood,
signing that food choice motives are essential factors related to changes in diet quality [10].

Directly staying at home affects lifestyle, including dietary habits and eating pat-
terns [4,5]. Cosgrove and Wharton (2021), in an online survey with 958 US respondents,
found changes concerning food shopping from grocery stores, farmer’s markets, sit-down
restaurants, and fast-food restaurants. All have decreased and increases were observed
in online grocery shopping and ordering takeout [36]. Usually, a turbulent lifestyle and
less time in everyday life are barriers to incorporating a healthy diet in daily life. It was
expected that, while staying at home, individuals should have had more time to cook and
organize their meals [15]. However, individuals who are not used to managing the food
context may have found it more difficult when faced with this new reality. In fact, in our
study, individuals who buy ready-to-eat meals showed a reduction in total EC and all
components. There was no reduction in the contextual skills component among those who
usually prepare their food, which is expected to be higher among individuals that usually
cook [7]. Individuals with meals prepared at home by another person did not report
differences in total EC, food acceptance, and contextual skills. However, they showed a
decrease in eating attitude and internal regulation, which are not related to managing the
food context. This is probably because worries about food, whether for aesthetic reasons or
health reasons, favor negative eating attitudes [53].

Although home cooking might have increased, it is not clear whether quarantine and
social isolation have improved the nutrition quality of dishes. Individuals of different
ages and lifestyle situations need skills in food purchasing and preparation to maintain
or achieve a healthy lifestyle [54]. Therefore, the contextual skill component seems to
be an important aspect that would help to deal with eating in this pandemic scenario
since it is linked to the ability to plan meals, develop food purchasing strategies, and have
culinary skills that enable food autonomy, managing the time dedicated to preparing and
consuming meals [7,38].

A previous study showed that the contextual skills component has a positive associ-
ation among the Brazilian adult population with age, education level, income, BMI, and
quality of food consumption [31]. There is some evidence that improving Contextual Skills
in weight management interventions helps weight loss (Lohse et al., 2018). The pandemic
shows the necessity for nutrition and food preparation education programs to deal with
feeding in everyday life and during an emergency [3].

Cosgrove (2021) noted that most studies assessing COVID-19-related changes in
lifestyle behaviors have focused on physical activity and sedentary behavior, neglecting
the influence of diet during this health crisis [36]. This study is the first to investigate
changes in EC during the COVID-19 pandemic, making the comparison with other results
more challenging. Although the questionnaire was directed to all Brazilian regions and
different segments of the adult population, the main limitation of this study is the conve-
nience sample. Our sample had a higher proportion of female respondents, limiting the
generalizability of the results to the Brazilian population. The socioeconomic level of the
sample is also a potential bias. The pandemic does not uniformly affect all people, and the
highest number of deaths is usually observed among the most impoverished populations
because they are more likely to have chronic conditions that put them at a higher risk of
mortality [33].

Individuals with low access to information are more predisposed to ignore govern-
ment health warnings since they are more likely to be affected by misinformation and
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miscommunication [33]. The present research was carried out one year after the beginning
of the containment measures, during the worst period of the second wave of the pandemic
in Brazil. There was limited opportunity to conduct studies involving respondents. In-
dividuals’ adherence to isolation may have been reduced over time [18], and, at present,
the measures to counter the pandemic have already led to changes in purchasing and
consumption habits [32]. A great discrepancy was observed among individuals with higher
income and education (the majority) and individuals with lower income and education
(the minority). Thus, this work does not represent the EC of the whole Brazilian population
during the pandemic but only of the sample studied.

The COVID-19 pandemic threatens the health of individuals and affects social and
economic well-being around the world, revealing the fragility of the global supply chains
and the new challenges that local administrations have to face. In addition to the obligation
to combat the increase in obesity and malnutrition, there is a tendency for new problems,
which will require greater attention [32]. The COVID-19 pandemic imposed new chal-
lenges to support a healthy diet [50]. In this context, the challenge of public policies is to
promote and ensure food and nutrition security after the social and health crisis created
by the pandemic, which involves an effort in planning the development of distribution
of food based on international health standards, but focusing on the preservation of food
production and consumption’s local culture, knowledge, and traditions [2,32,50].

The context of the pandemic may allow to introduce new questions on the feeding
habits and patterns [32]. It is time to think about the relationship between food and eating.
EC is an indicator of positive eating-related behavior, is associated with health-promoting
food consumption and health outcomes [7,38,55]. Thus, more than ever, the time seems
to be favorable to invest in improvements in EC since it involves eating attitudes and
behaviors, internal regulation of intake, food acceptance, and skills related to selecting,
preparing, and planning meals.

The present study’s strength is that we had responses from all Brazilian regions.
In addition, this is an unprecedented study that draws attention to the aspect of EC
changes caused by the pandemic. However, our study presents some limitations as the
non-representativeness of the sample and the results cannot be generalized to the entire
adult population since we used a convenience sample mainly composed of females. Finally,
the duration of the research could influence the results due to the very dynamic feature of
the COVID-19. Another potential study bias is the internet survey dissemination. However,
during the pandemic period, the internet is the primary way to achieve participants.

5. Conclusions

Eating competence, is an indicator of positive eating-related behavior, associated
with health-promoting food consumption. In the studied sample, our hypothesis was
confirmed in which total EC score lowered during the pandemic, and the decrease was
worst among those who reported weight gain, decreased the consumption of fruit and
vegetables, and increased the consumption of sugary beverages, after the beginning of
the pandemic. The contextual skill component seems relevant in this scenario, where our
life and routines were changed entirely, demonstrating that the ability to manage the food
context is essential, primarily when sanitary and economic situations represent a new
challenge. Further studies are necessary to evaluate EC after the pandemic, aiming to focus
on recommendations for lifestyle modifications after this challenging time.
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Abstract: The growing importance of rice globally over the past three decades is evident in its strategic
place in many countries’ food security planning policies. Still, its cultivation emits substantial
greenhouse gases (GHGs). The Indica and Japonica sub-species of Oryza sativa L. are mainly grown,
with Indica holding the largest market share. The awareness, economics, and acceptability of Japonica
rice in a food-insecure Indica rice-consuming population were surveyed. The impact of parboiling
on Japonica rice was studied and the factors which most impacted stickiness were investigated
through sensory and statistical analyses. A comparison of the growing climate and greenhouse gas
emissions of Japonica and Indica rice was carried out by reviewing previous studies. Survey results
indicated that non-adhesiveness and pleasant aroma were the most preferred properties. Parboiling
treatment altered Japonica rice’s physical and chemical properties, introducing gelatinization of starch
and reducing adhesiveness while retaining micronutrient concentrations. Regions with high food
insecurity and high consumption of Indica rice were found to have suitable climatic conditions
for growing Japonica rice. Adopting the higher-yielding, nutritious Japonica rice whose cultivation
emits less GHG in these regions could help strengthen food security while reducing GHGs in global
rice cultivation.

Keywords: rice cultivation; rice carbon emissions; hidden hunger; parboiling; rice quality; rice
preference

1. Introduction

Recent World Bank reports show that half of the world’s poorest people are in just five
countries on two continents [1]. These are India and Bangladesh in South Asia, and Nigeria,
the Democratic Republic of Congo, and Ethiopia in Sub-Saharan Africa. Rice is a highly
consumed staple in three of these countries with reported values as follows: Bangladesh
(260 kg/capita and 36.1 Megatonnes); India (103 kg/capita and 104 Megatonnes), Nigeria
(46.3 kg/capita 6.60 Megatonnes), Democratic Republic of Congo (29.7 kg/capita and
0.47 Megatonnes), and Ethiopia (4.69 kg/capita and 0.66 Megatonnes) [1,2]. Two of these
countries are also among the ten top global importers of rice, with Nigeria at 1.8 Megatonnes
spending USD 8.5 billion and Bangladesh at 0.9 Megatonnes spending USD 4.03 billion [3].
In these countries, there are high rates of malnourishment and food insecurity [4].

Food security has been defined in various ways. As reported by the Food and Agri-
culture Organization (FAO) of the United Nations, the initial focus was on the volume
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and stability of food supplies. This definition has evolved into “when all people always
have physical, social and economic access to enough, safe and nutritious food which meets
their dietary needs and food preferences for an active and healthy life” (FAO, 2019) [5]. Ac-
cording to this latest definition, 820 million food-insecure people [6] live in poor countries.
However, “hidden hunger” becomes pertinent due to challenges such as inadequate intake
of calories to support an individual’s daily activities, insufficient protein to support growth,
and deficiencies in mineral and vitamins intake [7]. Serious health outcomes of hidden
hunger have been recorded in most developing countries [8,9] and have been predicted to
grow exponentially in Africa at a rate of 18% annually [10].

Rice, a monocot cereal customarily grown as an annual plant, is an excellent source of
complex carbohydrates. As a staple for more than half of the world’s population, world-
wide production has been growing steadily [11] in response to increasing demands over
the past three decades. The growing importance of rice globally is evident in the strategic
food security planning policies of many countries. While, currently, nine out of every ten
people in the world who consume rice are Asian, rice is ranked as the fastest growing staple
in Africa. In Latin America and the Caribbean, it is gaining increased acceptance [12].

By 2039, the total land area of rice harvest is projected to increase by 11% to meet
the world’s needs [13]. However, rice cultivation is also a major source of greenhouse gas
(GHG) emissions, with annual levels in 2017 recorded at 924 Megatonnes of carbon dioxide
equivalents (CO2e), ahead of hard coal mining (790 Megatonnes CO2e) [14]. The total land
area used to cultivate cereals globally is nearly 7.31 × 108 ha [15]. Rice harvests account
for about 23.5% of the total harvested cereal area and 27% of global cereal production
and consumption [16].

Rice is cultivated in more than 100 countries [17]. Still, except for a few countries that
have attained self-sufficiency, demand currently exceeds production in many, and large
quantities of rice are imported to meet needs. As many as 21 of the 39 rice-producing
countries in Africa import between 50 and 99% of their rice needs at substantial economic
costs [18,19], making it unaffordable for the populace living in poverty. Furthermore,
supply chain disruptions caused by occurrences such as conflicts and pandemics drive
calls for securing local stores of domestic production of food staples. For example, the
World Food Program [20] has warned of risks of widespread famines due to the COVID-19
global disease outbreak caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2).

Nigeria, Africa’s second most populous country, was reported to be the second largest
rice importer in the world [21] and in terms of calories consumed, rice ranked fourth.
Although Nigeria was reported as the largest rice producer in West Africa, productivity is
relatively low. The major constraint to growing rice in Africa is reliable water availability,
as unsteady and low rainfall patterns results in crop vulnerability to drought.

Only two rice species (the African Oryza glaberrima and the Asian Oryza sativa) are
reportedly cultivated in the world [22]. These are morphologically similar but differ
ecologically. O. glaberrima has the important characteristics of being more disease and
pest resistant compared to the Asian O. sativa [22]. Additionally, O. glaberrima is less
susceptible to weeds given its broader leaves that shade weeds out. Furthermore, the
African variety has a better tolerance for fluctuations in water depth, severe climates, iron
toxicity, and infertile soils. A faster maturity rate gives O. glaberrima high potential as an
important emergency food [23]. The higher yields of the Asian O. sativa, however, present
an advantage over O. glaberrima whose grains are brittle and more challenging to mill.
Hybrids of the two main species have been produced to preserve the desirable traits in
both. Cultivation of O. glaberrima is predominantly in Sub-Saharan Africa but it is being
replaced by O. sativa.

The Asian rice species, Oryza sativa, is the primary type cultivated worldwide and its
subspecies, Indica and Japonica, are the most grown. Indica rice, also known as long grain,
grows well near the equator with a kernel four to five times longer than its width and it
holds over 80% of the global rice market share [24].
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Rice quality is primarily assessed based on physical properties such as head rice
yield, chalkiness, grain size and shape, grain color, adhesiveness, protein and amylose
content, and aroma [25–27]. These properties of rice affect its physicochemical and cooking
properties and, consequently, desirability among consumers. Amylose content and alkali
digestion are widely recognized as important determinants of consumption quality because
they reflect the functionality of the rice grain’s starch [28]. Protein content also plays an
essential role in determining quality, as does the grain texture and the surface hardness of
cooked rice [29].

The parboiling process of harvested paddy improves quality by producing mostly
desirable biochemical, physical, and sensory changes according to reports by Oli et al. [30];
Mir and Bosco [31]; Bello et al. [32] and da Fonseca et al. [33]. The gelatinization of starch
in the rice occurs during parboiling, resulting in loss of adhesiveness and producing a
desirable aroma. Parboiling involves partially boiling the paddy in its husk and consists of
three basic steps: soaking, steaming, and drying, as Miah et al. [34] described. During the
parboiling process, the first stage of soaking rice in warm water allows the water-soluble
nutrients to penetrate the endosperm from the husk. The husk contains 0.05–0.07 mg
of riboflavin, 0.09–0.21 mg thiamin, and 1.6–4.2 mg niacin [35,36]. Riboflavin is slightly
soluble in water, thiamin is highly soluble, and niacin is poorly soluble in water.

During the cooking process, starch granules in the grain expand, and amylose leaches
into the boiling water to form a viscous solution. As the cooked rice cools, the leached
amylose chains line up, lock together, and form a gel, resulting in adhesiveness. In theory,
the higher the amylose content of rice, the firmer the cooked grain of rice would be.
Amylose is also responsible for the way that rice hardens upon cooling. When rice cools to
room temperature or lower, retrogradation occurs as the amylose chains and linear parts of
amylopectin crystallize by forming hydrogen bridges.

The Indica paddy is usually treated to a parboiling process, resulting in the milled
grains being fluffy with separate kernels when cooked. The rice seeds are also processed
into other products, including pasta, rice cakes, flour, and animal feed. Japonica rice,
commonly referred to as medium and short grain, has kernels two to three times longer
than its width and grows mostly in temperate regions. It is commonly found in the Republic
of Korea, Japan, the Democratic People’s Republic of Korea, and parts of China, Australia,
and the United States of America. The Japonica rice paddy is usually not treated with any
process, and the milled grains are moist, adhesive, and bright white in color. The glutinous
(adhesiveness) nature of Japonica makes it most ideal for Mediterranean and Asian dishes
that require adhesiveness, such as paella, risotto, and sushi.

The objectives of this study were to: (1) determine the awareness, acceptability, and
economics of Japonica rice using structured questionnaires in a major parboiled Indica
rice-consuming market; (2) analyze the differences in nutritional and physical properties of
untreated Japonica, treated Japonica, and treated Indica rice; (3) compare the growing climate
and greenhouse gas emissions of Japonica and Indica rice using previous studies; and discuss
the implications for food security in food-insecure Indica rice-consuming markets.

2. Materials and Methods

A survey of consumer rice preference was performed, and analyses of the impact of
parboiling on the quality of Japonica rice considering consumer preference were carried
out. Following Adhikari et al. [37], moisture, temperature, adhesion, and quantity of
low molecular sugars were measured to assess adhesiveness. Furthermore, color and
nutrient levels in the rice samples were measured using spectrophotometric and wet
chemistry methods.

2.1. Survey of Consumer Rice Preferences Using a Structured Questionnaire

A survey was administered to 1057 literate and non-literate randomly selected partici-
pants in Nigeria’s six main geographical regions (North-east, North-west, North-central,
South-east, South-west, and South-south). A total of 506 literate respondents participated
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via an online questionnaire and in-person interviews were administered to the 551 non-
literate respondents. To determine the participants’ rice preferences when presented with
choices, the information gathered through the survey (Appendix B) included the following:

• knowledge of the rice sub-species and preference of sub-species,
• length of grain, adhesiveness, aroma, and taste after cooking as well as the cook-

ing time,
• willingness to purchase healthier rice at a relatively higher cost (USD 1 = NGN 410).

The survey results were summarized using descriptive statistics.

2.2. Analyses of the Impact of Parboiling on the Properties of Japonica Rice
2.2.1. Rice Parboiling Procedure

Samples for this study were collected from a Japonica paddy harvested in Dalseong gun
(Republic of Korea). The rice samples were parboiled using hydrothermal and mechanical
treatments as described below.

Nine Japonica rice samples weighing 200 g each were soaked in a water bath shaker
as described in [38]. Fabricated parboiling equipment [38] was used to treat the samples
under the different conditions, given in Table 1. The equipment consisted of a steaming
chamber with a perforated aluminum sample holder, a digital control system, a relay switch,
pressure gauge, pressure valve, safety valve, and water inlet and outlet points. Heat loss
was reduced by insulating the parboiling device with a 10 mm layer of polyurethane foam.
The digital control system regulated steam temperature. The pressure was controlled with
an installed pressure gauge and safety valves.

Table 1. Conditions for parboiling Japonica rice.

Exp. No.
Moisture Content

after Soaking
(% Wet Basis)

Steaming
Temperature (◦C)

Steaming
Duration (min)

Drying
Temperature (◦C)

1 24 50 20 35
2 24 70 40 45
3 24 90 60 55
4 27 70 20 55
5 27 90 40 35
6 27 50 60 45
7 30 90 20 45
8 30 50 40 55
9 30 70 60 35

Following the hydrothermal treatments, 100 g each of the nine rice samples were
dried, and their moisture contents determined. Drying was carried out using a hot air
oven (VS-120203N, Vision Scientific, Daejeon, Korea) [39] which was also used in moisture
content determination [40], using Equations (1)–(3).

MCwb =
MCi − MC f

MCi
× 100 (1)

MCdb =
MCi − MC f

MC f
× 100 (2)

Weight loss during drying:

MC f = MCi ×
100 × MCwb
100 − MCwb

(3)

where MCwb is moisture content on a wet basis, MCdb is moisture content on a dry basis,
MCi is initial weight, and MC f are final weight.
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The dried Japonica rice samples were milled following the method reported in [39].
Milling equipment included a huller (Model SY-88-TH, Ssang Yong, Yongin-si, Korea),
abrasive type rice mill (Model TM05, Satake, Hiroshima-ken, Japan), friction type mill
(Model SY-92-TR, Ssang Yong, Yongin-si, Korea), and large and small broke separator
(Model SY2000-HRG, Ssang Yong, Yongin-si, Korea). The rice yield after milling was
calculated as:

Ymilling =
Wm.rice
Wp.rice

× 100 (4)

where Ymilling is milled rice yield, Wm.rice is milled rice weight, and Wp.rice is the initial
weight of Japonica paddy.

Sorting out of foreign materials and other quality control and quality assurance mea-
sures followed the mechanical and hydrothermal treatments. The pre-treatment processes
undergone by the rice samples are shown in Figure 1.
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Figure 1. Process flow for parboiling and milling Japonica rice.

During the parboiling treatment, the milled rice yield of Japonica rice was tested
following an adaptation of the Taguchi method as previously described by Uyeh et al. [38],
using three different settings each for moisture, steaming temperature, drying temperature,
and duration of treatment (Table 1).
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2.2.2. Analysis of the Differences in Nutritional and Physical Properties of Milled
Rice Samples

The differences in nutritional and physical properties of untreated Japonica, treated
Japonica, and treated Indica rice were measured and analyzed. The properties measured
were adhesiveness, amylose content, alkali digestion, nutrients, and color.

a. Analysis of adhesiveness in milled parboiled and non-parboiled rice samples

To measure the adhesiveness of Japonica and Indica rice, 25 g of milled triplicate
samples of parboiled and non-parboiled Japonica and parboiled Indica were transferred into
100 mL beakers and placed in a home type rice cooker (DWX-220K, Morningcom, Seoul,
Korea). A 40 mL volume of water was immediately transferred into each beaker of the
milled rice samples, and the mixtures were stirred to a uniform consistency and evenly
spread. The three beakers of samples were then placed into a rice cooker, and 400 g of
water was transferred into the cooker’s pot. A thermometer was inserted into the pot to
measure the cooking temperature. Twenty minutes after the temperature reached 100 ◦C or
water vapor formed, the rice cooker was turned off and the set-up was allowed to stand for
another 10 min. At this point, the rice was considered “cooked” for human consumption.
The beakers were then left to stand upside-down (Figure 2) on a flat, straight, and stable
surface for one hour [41]. The rice samples that stuck to the beaker were considered to
be sticky.
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Figure 2. Beakers of cooked rice samples placed in inverted positions to investigate adhesion; (A) non-parboiled Japonica
rice; (B) parboiled Japonica rice; and (C) Indica rice.

b. Analysis of amylose content in milled parboiled and non-parboiled rice samples

A component analyzer (AN-820, KETT, Tokyo, Japan) was used to determine the
amylose content of the milled parboiled Japonica and Indica rice and raw Japonica rice
(control) samples. The analyzer was set to the “short-milled rice” option pre-calibrated by
the manufacturers before measurement.

c. Analysis of alkali digestion in milled parboiled and non-parboiled rice samples

Alkali digestion values of milled rice samples were measured. Twenty-five-gram
triplicates of each type of milled rice (Japonica and Indica rice) were placed in Petri dishes
(90 × 15 mm diameter) containing 20 mL of 1.4% KOH solution. The grains were allowed
to stand at 30 ◦C for 18 h following Choe and Heu [42]. Alkali digestion was graded from 1
to 7 referencing the seven-point scale of the International Rice Research Institute [43], as
shown in Table 2 below.
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Table 2. Alkali digestion value seven-point scale.

Degree of Digestion
Alkali

Digestion
Classification

Alkali
Digestion Value

Grain not affected Low 1
Grain swollen Low 2

Grain swollen, collar incomplete and narrow Low 3
Grain swollen, collar complete and wide Intermediate 4

Grain split or segmented, collar complete and wide Intermediate 5
Grain dispersed, merging with collar High 6

Grain completely dispersed and intermingled High 7

d. Nutritional analyses of milled parboiled and non-parboiled rice samples

Macronutrient (crude protein, crude fat, crude ash, and carbohydrates) and micronu-
trient (iron, magnesium, and zinc) contents of the parboiled Japonica rice and Indica rice
and untreated Japonica rice were measured on a wet basis using standard methodology as
described by the AOAC [44].

e. Color measurement of milled parboiled and non-parboiled rice samples

The CIE color scales L*a*b* of cooked and uncooked for Japonica (parboiled and non-
parboiled) and rice samples were measured with a reflectance colorimeter (CS-288, Konica
Minolta, Tokyo, Japan) and a spectrum resolution of 10 nm. On the CIE color scale, L*
indicates the degree of lightness or darkness from perfect black (0) to almost perfect white
(100); a* indicates the degree of redness (+) and greenness (−); and b* indicates the degree
of yellowness (+) and blueness (−). Calibration of the spectrometer was carried out with a
standard white plate of L*a* b*.

2.3. Growing of Japonica Rice and the Environmental Impact

The climatic factors important for Japonica rice cultivation reported in previous stud-
ies [45–49] were compared among two countries with the highest global cultivation of
this variety (Republic of Korea and Japan) and the three countries with the highest levels
of malnutrition globally (India, Bangladesh, and Nigeria). The compared factors were
temperature, sunshine, and precipitation. Additionally, data on the impact of cultivating
the two major varieties of rice (Indica and Japonica) on the environment were retrieved from
published studies, analyzed, and discussed.

2.4. Statistical Analyses

The impacts of moisture content after soaking, steaming temperature, steaming time,
and drying temperature on the adhesiveness of Japonica rice were analyzed using the
Taguchi orthogonal array in Minitab® Version 14. Using this method, the factors affecting
adhesiveness were ranked from 1 to 4, with 1 having the most significant effect and 4, the
least, and represented by graphs (Figure A1). Further categorizations were carried out
using the signal to noise (S/N) ratio in Equations (5)–(7). The smaller the S/N ratio in
Equation (5), the more significant the impact, while the converse was true for Equation (7).
For Equation (6), a nominal value was taken as the best indication of a strong impact on
adhesiveness.

S/N = −10 × log(Σ(Y2)/n) (5)

where Y is responses for the given factor level combination, and n, the number of responses
in the factor level combination.

S/N = −10 × log(s2) (6)
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where s is the standard deviation of the responses for all noise factors for the given factor
level combination.

S/N = −10 × log(Σ(1/Y2)/n) (7)

where responses for the given factor level combination and number of responses in the
factor level combination were Y and n, respectively.

The significant differences (p ≤ 0.05) in measured nutrients among non-parboiled and
parboiled Japonica and parboiled Indica rice were assessed using single-factor analysis of
variance. Where significant differences were found, mean comparisons were carried out
post hoc with Tukey’s honestly significant difference test. The nutrients were protein, fat,
carbohydrates, iron (Fe), magnesium (Mg), and zinc (Zn). Ash content was also compared
among the rice samples.

3. Results
3.1. Rice Attributes Preferred by Consumers

Survey respondents (n = 1057) lived across the six geopolitical regions of Nigeria
and ranged in age from 16 to 61 years, with 44.3% being female and 55.7% male. Their
occupations included farming, manufacturing, and service provision. Sixty-eight percent of
those surveyed were aware of the different rice varieties, 28% were not, and the remaining
4% were unsure. Respondents showed a varied preference for the rice properties tested;
32.9% were indifferent, 44.9% showed a preference for aroma, and 23.5% strongly preferred
rice with aroma (Figure 3A). Generally, a total of 74.4% indicated that the non-adhesive rice
was an important preference, with 32.2% indicating that it strongly was (Figure 3B). About
80% of respondents were also willing to pay a moderately higher price for non-adhesive
rice (Figure 3C).
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Figure 3. Survey respondents’ preference for rice based on (A) aroma, (B) adhesiveness, and (C) costs in Nigeria (West
Africa) per 50 kg of rice (USD 1 = NGN 410).

3.2. Effects of Parboiling on the Physiochemical Properties of Rice Samples

a. Adhesiveness and amylose content of milled parboiled and non-parboiled rice samples

After one hour of the beakers of cooked rice samples standing upside-down on a flat
surface, the contents of the beakers with the parboiled Japonica and Indica rice samples
dropped onto the surface (Figure 2). In contrast, the non-parboiled rice sample remained
at the bottom of the beaker. Parboiling reduced the adhesiveness of Japonica rice and
increased the amylose content at all levels of treatment, as shown in Table 3. The Taguchi
orthogonal array results showed that steaming temperature and moisture content after
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soaking were the factors with the highest impact on the adhesiveness of the parboiled
Japonica rice (Figure A1).

Table 3. Amylose content of parboiled and milled Japonica rice.

Treatment 1 2 3 4 5 6 7 8 9

Amylose (%) 17.93 18.33 19.03 18.53 19.43 18.20 19.37 18.37 18.87
S/N Value 25.07 25.26 25.59 25.36 25.77 25.20 25.74 25.28 25.51

b. Alkali digestion in milled parboiled and non-parboiled rice samples

The sample medians were 2, 5, and 5 for Indica (n = 12), parboiled Japonica (n = 12),
and non-parboiled Japonica (n = 12), respectively (Figure 4). Both p-values (adjusted and
non-adjusted for ties) observed were less than the significance level of 0.05, indicating that
the median quality index differed in at least one of the Indica samples, and post hoc tests
confirmed this.
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Figure 4. Kruskal–Wallis test for alkali digestion value of parboiled and non-parboiled Japonica rice
and Indica rice.

c. Nutrient levels observed in milled parboiled and non-parboiled rice samples

The carbohydrate, fat, and ash contents measured in rice samples were comparable in
non-parboiled Japonica, parboiled Japonica, and parboiled Indica (Table 4). The concentration
of the micronutrient Fe was also similar in the measured rice samples (Table 4). Protein was
highest in the parboiled Indica samples and lowest in the non-parboiled Japonica (p ≤ 0.05;
Figure 5) at concentrations of 9.1 ± 0.03 g/100 g and 7.5 ± 0.03 g/100 g, respectively.
However, magnesium and Zn levels were lowest in the parboiled Indica samples while
similar in both Japonica rice samples (p ≤ 0.05; Figure 5). Heinemann et al. [50] reported
protein concentrations of 6.85 ± 0.34% and 6.76 ± 0.20% in non-parboiled and parboiled
brown rice, respectively, with a moisture content of 12.6 ± 0.54% for non-parboiled and
12.07 ± 0.7% parboiled brown rice.

Table 4. Mean and standard deviation (SD) of chemical constituents measured on a dry weight basis in Japonica and Indica
rice samples.

Constituent Units

Non-Parboiled
Japonica (n = 3)

Parboiled
Japonica (n = 3)

Parboiled Indica
(n = 3) Reported Values in

Literature (Range)
Mean (SD) Mean (SD) Mean (SD)

Crude Protein g/100 g 7.5 (0.23) 8.1 (0.11) 9.1 (0.03) 5.71–6.71 a;
7.21–8.53 b

Crude Fat g/100 g 0.4 (0.23) 0.4 (0.23) 0.5 (0.28) 0.31–0.47 a

Ash g/100 g 0.5 (0.24) 0.5 (0.26) 0.5 (0.19) 0.49–0.60 a
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Table 4. Cont.

Constituent Units

Non-Parboiled
Japonica (n = 3)

Parboiled
Japonica (n = 3)

Parboiled Indica
(n = 3) Reported Values in

Literature (Range)
Mean (SD) Mean (SD) Mean (SD)

Carbohydrates g/100 g 91.6 (0.28) 90.9 (0.54) 89.9 (0.44)
Fe mg/100 g 0.8 (0.18) 0.9 (0.23) 1.0 (0.13) 0.12–0.78 a

Mg mg/100 g 1.6 (0.04) 1.5 (0.09) 0.5 (0.02)
Zn mg/100 g 2.4 (0.11) 2.3 (0.08) 1.6 (0.20) 0.84–1.46 a

(a) Kwarteng et al. [51] and (b) Heinemann et al. [50].
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Figure 5. Bar graphs showing mean protein and micronutrient (Mg and Zn, mg/100 g) concentrations in non-parboiled
Japonica (n = 3), parboiled Japonica (n = 3), and Indica (n = 3) rice samples. Error bars show standard deviations. Mean
concentrations with different letters are significantly different (p ≤ 0.05).

d. Color of milled parboiled and non-parboiled rice samples

The degrees of whiteness (L) and yellowness (b) were similar among all three un-
cooked rice sample types. Whiteness values ranged between 18.8 in parboiled Japonica and
24.2 in Indica rice (Figure 6A). The degree of redness was significantly different (p ≤ 0.05)
in all three uncooked rice sample types with average values of 1.2 ± 0.35, 2.7 ± 0.82, and
3.22 ± 0.42 for parboiled Indica, non-parboiled Japonica, and parboiled Japonica, respectively.
The whiteness increased when samples were cooked with Indica, still scoring the highest
at 45.5 ± 0.54, although the differences among all cooked rice types were not statistically
significant, p ≤ 0.05 (Figure 6B). Redness changed into greenness in all three samples when
cooked, but the differences remained significant (p ≤ 0.05). Redness values recorded were
−5.10 ± 0.39, 5.26 ± 0.29, and −3.92 ± 0.34 for parboiled Indica, non-parboiled Japonica,
and parboiled Japonica, respectively.

3.3. Growing Conditions of Japonica Rice in Different Rice-Consuming Regions

The climatic factors important for Japonica rice cultivation (temperature, sunshine, and
precipitation) which have been reported in previous studies [45,46]. for five countries are
presented in Figure 7. The Republic of Korea and Japan are the two countries with the
highest global cultivation of Japonica rice. India, Bangladesh, and Nigeria are the three
countries with the highest levels of malnutrition globally. Published data on the greenhouse
gas impacts of cultivating the two major varieties of rice (Indica and Japonica) were also
reviewed and the implications for food-insecure regions are discussed below.
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4. Discussion
4.1. Rice Quality Attributes Preferred by Surveyed Consumers and the Effects of Parboiling on
Physicochemical Properties

A larger proportion of the Indica rice-consuming population surveyed preferred non-
stickiness (non-adhesiveness) and the pleasant aroma of parboiled rice. The survey also
showed that the reduced level of adhesiveness and aroma that comes with parboiled
rice [50] formed important criteria in determining eating quality. The majority (about 80%)
of respondents were willing to pay more for rice that was seen as non-adhesive. The
main reasons given by survey respondents for their choices included ease in cooking, taste
satisfaction, customs and traditions, and appearance after cooking.

As the parboiling treatment has been demonstrated to alter the physicochemical prop-
erties of Japonica rice [50] and optimize rice quality parameters [51,52], the impacts of the
parboiling treatment on preferred characteristics were further investigated in Japonica rice.

Amylose content in rice correlates with its adhesiveness and is seen as a very important
rice consumption parameter. The Japonica rice variety usually contains low amylose, which
is associated with increased adhesiveness. Parboiling increased the amylose content at all
level of treatment in this study. Chinnaswamy and Hanna [53] recorded amylose content
of 16.1% for non-parboiled Japonica rice (control) and 23.1% for Indica rice. The same study
saw elevated rice amylose levels with increasing processing temperature.

Adequate steaming and soaking of rice before parboiling has been shown to eliminate
the breakage of rice kernels caused by internal cracks acquired during maturity that are
invisible to the naked eye. Soaking enables the void spaces in the hull to be filled with
water [54], causing water absorption and subsequent swelling of the starch granules.
Furthermore, rapid and uniform water absorption is enabled by soaking [55] and can
be controlled with temperature and duration of soaking to achieve the desired moisture
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content. Similar to soaking, the results of steaming are also dependent on the temperature
of the steam and its duration but, in addition, pressure plays a role in the final quality of
the steamed paddy [56]. Steaming has also been recorded to greatly impact the final color
of the milled rice and the head rice (whole grain) yield because it helps in hardening the
rice kernel after soaking [57]. The rice quality from steaming is dependent on the prior
soaking process [58]. Improper hydration of the paddy prior to steaming results in a steep
moisture gradient from the outer to the inner core layers of the paddy, leading to cracks
rather than hardening of the grain [59]. These cracks will result in a substantial loss of head
rice. This implies that the two important factors affecting the adhesiveness of the rice also
have substantial impacts on the head rice recovery rate.

The average ranks in a Kruskal–Wallis test showed that Indica rice differed the most
from the average rank for all observations of alkali digestion and was lower than the overall
median. Alkali digestion was inferred to be an influencer of the gelatinization temperature
of rice [60].

With the exception of Mg, the chemical components measured in this study were
comparable to values reported for other rice varieties [50,51]. In addition to pretreatment,
protein and micronutrient concentrations in rice may be attributed to differences in genetic
makeup, soil-water nutrient availability, and agronomic conditions during cultivation
and harvesting. Conflicting results have been reported by studies of linkages between
protein and micronutrient concentrations in rice. In a study of the micronutrient content of
274 milled rice genotypes, Jiang et al. [61] reported significant linkages between rice protein
content and the micronutrients Mg and Zn, whereas Yang et al. [62] found no associations in
a study of 285 polished rice grain genotypes. In the current study, the Mg and Zn contents
were both higher in the Japonica rice samples (Figure 5). This indicated that Japonica rice
could be an important source of micronutrients in helping solve hidden hunger.

In terms of visual appeal, rice color is an important measure, as reported in this study’s
survey and supported by [63]. White rice was preferred among consumers. The degree of
whiteness increased when samples were cooked. Although Indica scored the highest, the
differences among all cooked rice types were not statistically significant.

4.2. Growing Conditions Conducive for Japonica Rice in Different Rice-Consuming Regions

Since the domestication of Asian rice, it has been cultivated under diverse agroeco-
logical systems to meet different human demands [64,65]. This has resulted in a wide
genetic diversity in rice around the world, as shown by molecular tools such as the analy-
sis of restriction fragment length polymorphisms [66], simple sequence repeats [67], and
genome-wide single nucleotide polymorphisms [68]. Consequently, many rice varieties
with different characteristics have arisen under natural and human selection [69]. Although
Japonica and Indica sub-species have been reported to have the same origin [70,71], they
have been domesticated under widely different environmental conditions. Rice has evolved
into different types, including upland and lowland paddy rice [72], as well as glutinous
and non-glutinous rice [73]. Among these, Indica and Japonica rice represent the most
important differentiated sub-species. For example, Japonica cultivars are mainly cultivated
in temperate environments at high latitudes or altitudes with cool climatic conditions.
In contrast, Indica cultivars are usually grown in tropical and sub-tropical regions at low
latitudes and altitudes [74].

Indica and Japonica represent two partially isolated gene pools that serve as extremely
valuable genetic resources in the improvement of rice varieties [75]. Being adapted to
different environments, Indica and Japonica varieties have developed diverse morphological,
agronomical, physiological, and molecular characteristics [76] that provide valuable genetic
resources for breeding high-yielding rice [76]. Efficient utilization of such resources relies
on understanding the genetic differentiation and geographical distribution patterns.

In [77], the relationships between average temperatures (range between 14 ◦C and
33 ◦C) at 17 rice cultivating sites with available precipitation and sunlight data and their
latitudes (between 2◦ S to 44.5◦ N) were analyzed with a general linear model. This was
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carried out during the rice planting season (April–October) over 30 years (1961–1990).
Furthermore, to estimate the relationships between the distribution of Indica, Japonica,
and intermediate rice varieties and temperature, the average temperature correlation
from nine latitude ranges against the percentage of alleles for every type of rice was
analyzed. Results from [76] observed that as the latitude increased, the average temperature
during the rice-growing season decreased. The study went on to examine the linkages
between temperature and the spatial distribution of the different types of rice (i.e., Indica,
Japonica, and intermediate) and found that, up to a point, with increasing temperature
(and decreasing latitude), the proportion of Indica rice (in terms of total area cultivated)
increased. This increase peaked at around 26 ◦C (corresponding to 30◦ N) and thereafter
decreased with a further increase in latitudinal temperature, indicating that the distribution
of Indica rice was not consistently correlated with the change in temperature. In contrast,
Japonica rice varieties from different latitude ranges and their corresponding temperatures
showed a negative correlation. This result indicated that Japonica rice, usually grown in
temperate regions, is highly sensitive to temperature changes in terms of its geographical
distribution across different latitudes.

Japonica rice is prevalently grown under sub-tropical and temperate climatic conditions,
but in recent years, new strains have been adapted to tropical conditions and produced in
countries such as Thailand and Vietnam. This could imply that the market segmentation
into Japonica and Indica rice may become less marked over the longer term, with a larger
number of countries able to shift from Indica to Japonica rice varieties or vice versa, as
prices change.

Temperature is a major factor for rice cultivation, with its different growth stages
varying in requirements. These include temperature for germination as follows: six days at
25 ◦C and two days at 27 ◦C to 37 ◦C. Lower temperatures take longer and the seedlings will
not grow when it exceeds 40 ◦C [77]. At 30–35 ◦C, the plant height increases, the rate of grain
growth is faster, and a shorter grain-filling period occurs [78,79]. In [80], low temperatures
were reported to have a significant negative effect on all growth stages of rice of different
varieties. In [80], three temperature classes (maximum, minimum, and optimum) for
growing Japonica rice varieties were determined using leaf elongation rate. The base
temperature (minimum) reported was between 13 ◦C and 14 ◦C, the maximum was between
38 ◦C and 42 ◦C, and the optimum was between 28 ◦C and 31 ◦C in most varieties.

Japonica rice is usually cultivated between May and September in the Republic of
Korea and Japan. For five years (2012 to 2016), the temperatures required for rice plant
development at different growth stages in the major Japonica rice-cultivating countries were
recorded [80]. The Republic of Korea had a mean maximum temperature of 24.9 ◦C in
August and the lowest of 16.9 ◦C in May (Figure 7A). As May is usually the first month of
cultivation, this indicated that the farmers started the planting season in mild temperatures,
which is suitable for germination but not necessarily the optimal, as stated above. A
similar trend was recorded in Japan, with minimum and maximum mean temperatures
ranging from 15.0 ◦C to 24.0 ◦C in May and August, respectively (Figure 7A). To achieve
better performance, rice cultivation in Korea and Japan generally begins in nurseries with
controlled temperatures and seedlings transplanted into fields as the weather warms during
the planting season. The high energy costs and associated greenhouse gas contributions
would be expected to be higher than in the tropical regions studied where controlled
environments are not needed.

The amount of daily sunshine hours in the Republic of South Korea was a minimum
of 13.7 h in August and 14.8 h in June, with a similar trend in Japan (Figure 7B). The
Republic of South Korea and Japan had average annual precipitation of 109.2 mm and
144.8, respectively, as shown in Figure 7C.

In examining the temperatures in Africa (Figure 7A), the highest mean temperature
in Nigeria for a period of five years (2012–2016) was 30.6 ◦C, and the lowest was 25.5 ◦C.
This fell within the optimal temperature range required for Japonica rice [80]. The lowest
and highest mean temperatures between 2012 and 2016 for Bangladesh and India were
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17.3 ◦C and 28.5 ◦C, and 17.1 ◦C and 29.7 ◦C, respectively (Figure 7A). These data show a
favorable climate for growing Japonica rice year-round in these countries with the world’s
largest populations of resource-poor and malnourished people.

Furthermore, Japonica rice could be cultivated at least twice a year in a four-month
cultivation cycle in tropical countries. In [81], it was reported that more sunlight would
improve the productivity of the rice. Rice is recorded to need 9–12 h of light daily [81],
but no specific amounts have been given for Japonica rice to the authors’ knowledge.
Bangladesh, India, and Nigeria had the required amount of daily sunlight for rice growth
all year round, as shown in Figure 7B. The only constraint in cultivating Japonica rice
year-round in the high rice-consuming countries with vulnerable people might be the
availability of water (Figure 7C). This problem could be mitigated by constructing dams
and storing water during the peak raining periods for irrigation.

4.3. The Potential Contribution of Japonica Varieties to Greenhouse Gas Reduction

Agriculture had an estimated emission of 5.1 to 6.1 carbon dioxide equivalents per
year (Gt CO2-eq/yr) in 2005. This is 10–12% of the global GHG total. Furthermore, about
60% and 50% of N2O and CH4, respectively, of global anthropogenic emissions came from
agriculture [82]. Growing rice contributes 25–300 Tg/year, amounting to 10–20% of global
methane emissions [83]. In [84,85], South East Asia, where Indica rice is massively cultivated,
emitted about 10,000 kg of methane per square kilometer, contributing about 90% of the
global total methane emissions from rice cultivation. Methane, a potent greenhouse gas, is
produced in enormous quantities by bacteria in waterlogged rice fields through anaerobic
decomposition of organic material. Nitrous oxide, a powerful greenhouse gas, is also
produced by soil microbes in rice fields, but its impact on global warming has been given
lesser attention than CH4 emissions from rice fields. The intensity of N2O emissions is
related to nitrogen (N) fertilizer application rates [86].

Worldwide measurements show that there are large temporal variations in CH4
fluxes, and these differ distinctly with soil type and texture and the application of organic
matter and mineral fertilizer [87]. The reduction in CO2 with H2, fatty acids, or alcohols
as hydrogen donors, and the transmethylation of acetic acid or methanol by methane-
producing bacteria, are the major pathways of CH4 production in flooded soils. In paddy
fields, the kinetics of the reduction processes are strongly affected by the composition and
texture of soil and its content of inorganic electron acceptors [88].

There are three main processes of CH4 release into the atmosphere from rice fields:
diffusion loss of CH4 across the water surface (least significant), as bubbles (ebullition) from
paddy soils (important during land clearing and especially if the soil texture is not clayey),
and CH4 transport through rice plants. Plant transport of methane is the most critical
loss mechanism, with more than 90% of total CH4 emitted during the cropping season
being released by diffusive or lacunae transport through the aerenchyma system of the
rice plants [89,90]. Rice plants develop an intercellular gas space system, the aerenchyma,
which provides roots submerged in inundated soils with oxygen (O2). This gas space
system also enables the transport of other gases, including CH4, N2O, and carbon dioxide
(CO2), from the soil/sediment to the atmosphere. Consequently, the variation among rice
varieties with different growth and developmental progress could result in differences in
total GHG emissions among rice varieties [91].

The increasing demand for rice in the future has raised concerns about increasing
GHG emissions [92,93]. Considering the importance of rice as a staple food crop which
provides more calories to the global population than any other single crop, the cultivation
of more climate-friendly varieties would help mitigate the impacts of greenhouse warming
that might be associated with increased production.

In [89], substantial differences were observed in the impacts of rice variety type on
greenhouse gas emissions, rice yield, and global warming potential (GWP). The CH4
and N2O emissions were 6356 and 267 kg CO2e/ha for Indica rice varieties and 4845 and
295 kg CO2e/ha for Japonica rice varieties, respectively. A statistically significant higher
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yield-scaled GWP occurred in Indica rice varieties (1101.72 kg CO2e/ha) than Japonica rice
varieties (711.38 kg CO2e/ha), indicating that the Japonica rice varieties released less GHGs
with higher yields. The inverse relationship between rice yield increases and GHG emission
reductions will aid cropping technique innovation for rice production in achieving higher
yield while lowering emissions.

5. Conclusions

Parboiling retained the micronutrient profile of the treated Japonica rice, indicating that
it could be a potential solution to hidden hunger in rice-consuming countries. Adhesiveness
was also reduced in treated Japonica rice, thereby providing a quality that most survey
respondents found to be desirable. The increasing human population is expected to increase
rice demand worldwide. With higher yields, the cultivation of Japonica rice varieties will
likely have lower GHG emissions compared to Indica. With Japonica rice being more
affected by temperature than geography, parts of Africa, India, and Bangladesh would
have conducive weather for growing it. The adoption of the more nutritious higher-yielding
Japonica rice has the potential to help strengthen global food security and reduce hidden
hunger, particularly in the world’s five most impoverished countries, while also reducing
the GHG emissions of global rice cultivation.
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Appendix B

• (Survey Questionnaire)

Personal Data

• Age:
• Gender:
• Occupation:
• Country of residence:
• State of residence:

Survey questions

1. Do you know there are varieties of rice? Yes/No/Not sure

a. If yes, what type(s):
b. Which of the above type do you prefer?

2. The length of rice is important to me. (a) Strongly Agree (b) Agree (c) Neither Agree
nor Disagree (d) Disagree (e) Strongly Disagree

3. Why is the length of rice important to you?
4. Adhesiveness (stickiness) of rice is important to me. (a) Strongly Agree (b) Agree (c)

Neither Agree nor Disagree (d) Disagree (e) Strongly Disagree

5. Why is the adhesiveness of rice important to you?
6. Why is the adhesiveness of rice not important to you?
7. The aroma of rice is important to me. (a) Very Important (b) Important (c) Neither

Important nor Unimportant (d) Unimportant (e) Very Unimportant

8. The price of rice is important in your decision for selecting the brand of rice to buy. (a)
Very Important (b) Important (c) Neither Important nor Unimportant (d) Unimportant
(e) Very Unimportant

9. What do you look out for when selecting rice? (Multiple selections is applicable) (a)
Rice brand (b) Length of the grain (c) Adhesiveness after cooking (d) Aroma (e) Price
(f) Others (please list)

10. What is the maximum you could pay extra per 10kg bag of rice if you knew it was
healthier? (a) Less than ₦1000 (b) ₦1000–2000 (c) ₦3000–4000 (d) More than ₦5000

11. Which source of rice do you prefer? (a) Foreign (b) Local (c) Any

12. Why do you prefer your option in question 11 above?
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Abstract: Due to food scandals that shocked the retailer markets, traceability systems were advocated
to regain consumers’ confidence and trust. However, while traceability systems can be more easily
explored in modern markets, almost no traceability system can be found in traditional markets
in Taiwan, especially when buying meat products. This study explored the preference and the
willingness-to-pay (WTP) for traceability information of pork products in traditional markets in
Taiwan. The random utility theory (RUT) with the contingent valuation method (CVM) was adopted
to examine the total of 1420 valid responses in Taiwan. Results show that 80% of traditional market
consumers are willing to pay more for traceability information of pork products. Specifically, when
consumers (1) know the market price of pork, (2) do not often buy food in the traditional market,
(3) live in south or north regions of Taiwan, (4) have a flexible buying schedule, (5) are aware of
food safety due to frequently accessing health-related content through media, or (6) think pork
grading is very important, they would tend to choose meat products with traceability information.
The implication of this study suggests that there is an urgent desire for food safety labeling and
traceability information system in traditional markets in Taiwan. Especially, those who usually shop
in the higher-price markets are willing to pay the most for this traceability information.

Keywords: traditional market; traceability; willingness-to-pay; pork; Taiwan

1. Introduction

In the current industrialized and mass-produced food era, consumers have height-
ened safety awareness of the food they buy [1–3]. This attention often translates to the
purchase behavior of safer products [4–6]. Furthermore, Taiwanese citizens particularly
showed interest in food safety over time [7], especially when buying food in modern
markets. These safety concerns stem from prior labeling deceptions, illicit ingredients, and
food scandals around the globe. Therefore, the implementation of a food safety concept
is necessary [8–11] since these concerns can significantly affect consumers’ choices [12].
In Taiwan, past scandals, including avian influenza cases (2015) [13], mad cow disease,
dioxin defilement, high percentages of pesticides remaining on agriculture products (the
1990s) [14,15], a codling moth larvae outbreak (1990s) [16,17], and the prominence of foot-
and-mouth disease (1997) [18,19], lessen citizens’ trust in food safety [20]. Therefore,
food-safety-oriented consumers must be guaranteed safety and quality as they become
more selective in buying.

When shoppers take food safety into account, they automatically consider food quality.
These two dimensions often blend when shopping for food [21,22]. These concerns could
be addressed through additional product information, certifications, and standards [23],
as they can increase shoppers’ confidence and their willingness-to-pay (WTP) [7,24]. The
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presence of these certifications parallels the urgency in applying a traceability system [25].
Therefore, the importance of a traceability system is quite high [26], particularly for pro-
ducers who aspire towards excellence in food safety and food quality [11,27].

Traceability certification encompasses a system that allows entities along the supply
chain to trace forward and back information, including the beginning to final production,
multiple stages of processing, and multi-levels of distribution, with the inclusion of the
dimensions of breadth, depth, and precision [28–34]. Due to its importance to the food
industry, the most advanced traceability systems implement the Internet of Things (IoT)
to detect problems from farm to table through the utilization of wearable devices (e.g.,
mobiles) in real-time [35]. From the consumers’ perspective, traceability positively impacts
the consumers’ confidence level as observed in prior research [10,30,31,36–40]. Moreover,
traceability systems saw years of development worldwide since 2002 for the US [31,41],
since 2003 for Canada [42], and since 2005 for the EU [43–46]. In Taiwan, traceability has
been discussed since 1990 with the Taiwan Good Agricultural Practice (TGAP) and the
Good Manufacture Practice (GMP) [47]. However, Taiwan Agriculture and Food Trace-
ability System (TAFTS) was officially established in 2004 [14,47,48]. The history of these
systems demonstrates how traceability is favored in this modern era. Considering all these
food safety concerns and development, Taiwanese consumers have critical perceptions on
this matter, and those perceptions affect their WTP [7,20,49] when purchasing a product in
certain markets. These traceability’s positive impacts on consumers are found in restau-
rants, [25,33] modern markets [43,50], and supermarkets [10,49]. As to this day, its impact
of traceability on consumers’ preference in traditional markets is still limited.

The exigency of further traceability research in traditional markets is situated on
the markets’ importance to the Taiwanese economy (USD 5–6 billion annually in 2020
and increasing) [51,52]. An estimated 50,000 stalls are employing approximately 100,000
laborers [53]. Moreover, traditional markets have special characteristics attracting the
general buyer more than other markets. These attributes include the chance to haggle the
price [54–57], the ability to build a connection with vendors (increase social scope), the
perceived higher quality level [58–61], and the perceived freshness [62]. Looking at these
aspects, meat became the most purchased product in traditional markets, accounting for
over 50% of purchases [62]. This might be a result of the cheaper prices, the availability to
purchase specific cuts of meat, and the freshly slaughtered selections [55]. Moreover, in the
last decade, the Taiwanese increased meat spending in their budget [63]. Especially, pork’s
popularity in Taiwan increased, which secures Taiwan as the fifth highest in the world in
terms of consumption of pork, with 45 kg per capita each year [64].

Although meat traceability applications show promising results [27,43,65], prior re-
search at the consumer stage was focused on consumers’ attitudes, certainty, and acceptance
of traceability [40,47,66–69]. However, when it comes to consumers’ preferences (WTP),
most observations of the positive effect of traceability centered around consumers of mul-
tiple other kinds of markets than traditional ones [10,25,33,43,49,50]. Lastly, due to the
currently limited traceability research on pork products [50,70–75], this study which ob-
serves consumers’ preference on traceability impact in Taiwanese traditional market for
pork products helps fill the gap in research on this topic.

This research was conducted using a contingent valuation method to measure the
consumers’ fondness (or WTP) and how much more they will pay for pork with traceability
information in the Taiwan traditional market [76,77]. The research consisted of questions
posed in hypothetical market conditions [78–80]. The questionnaire has an open-ended
format, which lets the respondents reply with their own words in assorted dimensions, and
it is commonly used for assessing WTP with an abundant amount of information [81–83].
Furthermore, to understand the relationships among consumers’ daily habits and their
preferences in the market, this study employed RUT [84–87] while utilizing CVM to
estimate the WTP of a non-marketed item [88]. In short, this study observed the effect of
traceability information for pork on traditional market shoppers’ preferences and WTP
in Taiwan. Particularly, this research describes the types of consumers sorted by their
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socio-economic history, shopping habits, and other environmental attributes at both the
lower and the higher levels of WTP.

2. Materials and Methods

This traditional market research was conducted across Taiwan in 2015. In an attempt
to support the more traditional market in sustaining their economic share and in compet-
ing with other types of markets (as the growth of modern markets is to keep mounting
up [89–91]), improving the status quo of traditional markets became one of the foundations
of the topic selection. To express consumers’ WTP and their preferences, the CVM (stated
preference method) [82,92] was utilized in this hypothetical market situation [88]. The
CVM decision allows a monetary valuation to be applied to examine non-marketed items
or attributes from a service product [76,88,93,94]. The WTP calculates both the median and
the mean from the collected responses of simulated-market questionnaires reflecting the
consumer’s budget perception in the real market situation [77,83]. Furthermore, several
prior studies stated that the differences are not significant between the real-market WTP
valuation and a hypothetical situation [78,79]. A further elaboration of the materials and
methods is offered below.

2.1. Theoretical Model Used

When consumers buy a product in a traditional market, they usually have many
considerations, starting from their daily shopping habits to the atmosphere of traditional
markets. The magnitude of these considerations might be small or large based upon the
consumers’ utility. This utility can be modeled by adopting the Lancaster consumer theory
of RUT [85]. Moreover, this theory can imitate the rational act of consumers going to
the market and choosing the option they think most matches their preference (highest
utility) [86,87,95]. Since this research applies a non-existent attribute/product (pork belly
with traceability information), the application of this theory fits those consumers who pay
attention to price and who tend to find utility from an item’s characteristics or attributes
rather than the item itself [85,96]. The framework of RUT helped us model every shopper’s
utility as a decision-maker in a given hypothetical market situation [84].

The RUT method models the substitute product as a linear function of several at-
tributes. In the research, the independent variables were categorized into three groups
((A) attributes regarding the consumer’s habits in traditional markets, (B) attributes related
to pork attributes and their safety, and (C) attributes related to the consumer’s socio and
economic profile) and formed the mathematical RUT model (1) below:

Uij = βk Xijk + εij (1)

where Uij represents the utilization of i consumer for pork belly item j with the application
of traceability information, β (utility or preference weights) represents the vectors of
coefficients that are homogeneous among traditional market visitors in Taiwan, and Xijk
represents the k attribute for pork belly item j of the i consumer. Finally, the εij (random
residue) represents the random component that encompasses the asymmetric factors
and the unobserved variance that might impact the genuine utility located throughout
consumers [73,97,98], which are independent and identically distributed (i.i.d.), and adheres
to the type I extreme value distribution and follows the error term differences of logistic
distributions [99]. In short, this theory models the decision-maker’s ability to acquire a
particular degree of utility from every alternative [66].

2.2. Participants and Survey

The data collection was conducted during July and August of 2015. Based upon
previous research, pork belly was specified as the meat product in the questionnaire.
Moreover, the determination of the prices and the meat product was conducted during the
market research phase. The difference of prices and prominent meat products through the
island vary, thus this phase assisted the survey in matching the conditions in Taiwanese
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perception during the research time. Furthermore, freshly slaughtered swine represented
more than 50% of the meat bought from traditional market vendors [100], and pork belly
was so favored that the government charged a tariff of up to 40% [64].

The survey’s design provided a starting price point. The lower level was 110 TWD
per 600 g, the middle level 130 TWD per 600 g, and the upper level 150 TWD per 600 g, as
this range was comparable with previous studies’ findings and market conditions from the
north to the south of Taiwan [101]. Therefore, this design enabled us to model the value of
pork belly with traceability information at these price levels.

While the price was charted into three levels, the questionnaire presented the con-
sumers with two choices initially, which included (a) “do know the price” and (b) “do
not know or unsure about the price”. The option for “do know the price” was further
subdivided into (i) 110 TWD (~USD 3.94) per 600 g, (ii) 130 TWD (~USD 4.66) per 600 g,
and (iii) 150 TWD (~USD 5.38) per 600 g. The option for (b) “do not know or unsure about
the price” was assigned the middle level, which was (iv) 130 TWD (approximately USD
4.66) per 600 g. These prices were selected to keep the monetary values consistent with the
particular product and markets [102].

When the survey design was completed, the next phase included randomly distribut-
ing and sampling in dual channels. The first one was (1) a direct channel, which was
conducted at traditional markets and train stations by providing the survey on an elec-
tronic tablet (handily utilized without redundant questions and a situation sheet) with a
reward administration (a stainless steel cutlery knife) at the end of survey session. The
second channel was (2) an indirect channel, where the survey was administered online
(through social media, e.g., Facebook) by completing the survey through a webpage. The
survey was designed and deployed through the SurveyMonkey platform.

Once the respondents began the survey, they received background information in the
form of a scenario to put their state of mind in a shopping situation within a traditional
market for pork belly with traceability information. After reading the information, they
completed the screening questions which asked (i) “Have you gone to any Taiwan tradi-
tional market in the past year?” and (ii) “Have you purchased any fresh meat items at any
Taiwan traditional market in the past year?”. Respondents were removed from further
analysis whenever they responded “No, I have not gone/have not purchased”, “No, I
do not believe”, or “I am unsure”. This phase was critical to mitigate sample bias and to
accurately estimate the WTP [103].

The questionnaire involved answering questions surrounding 23 independent vari-
ables defined in Table 1.

Further, the dependent variable consisted of both the positive WTP and the WTP of
traceability information. In the end, 1420 valid responses were collected. After the data
were retrieved, they were cleaned and organized neatly. In summary, the details of all
these independent and dependent variables is further spelled out in the sub-section of the
theoretical model used and the sample distribution section. The analysis phase is described
below.

2.3. Data Analysis

The data analysis centers on the WTP probability for traceability information of
traditional market consumers. Because the utility of the consumers might be dependent
upon distinctive attributes (such as personal habits or environmental conditions), the effect
of traceability information on pork belly in Taiwan’s traditional market can be predicted
through econometric analysis. The data collected consisted of both continuous and ordinal
types, therefore the positive WTP for the observed attribute (pork belly traceability) could
be analyzed by the application of the logit model. The notation for its mathematical
equation is written on Equation (2) below:

p = pr (y i = 1 | x i) = F
(
x′β

)
=

ex′β

1 + ex′β =
exp(x ′ β)

1 + exp(x ′ β)
(2)
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where, in Equation (2), yi= 1 represents the likelihood of a positive preference or WTP, xi
represents independent variables (e.g., (A) market-related habit, (B) safety-and-pork-related
information, (C) socio-economy profile). Further, within the logit model, the estimation of
marginal effect (M.E.) is shown as ∂p/∂xj = F’(x’β) βj.

Table 1. The attributes regarding each survey question.

Attributes to their habit in
traditional markets

The status as a food
purchaser within the family

All the time
Sometimes

No or never (reference group)

The duration of traditional
market shopping

Less than 30 min (reference group)
30–60 min

More than an hour

The point-in-time of going to
traditional markets

Prior to 11:00.
11:00–17:00.

In the wake of 17:00. (reference group)

The recurrence in cooking at the home

Attributes related to pork
and its safety

Safety certificate
(relevant with pork safety)

Safety certificate is relevant to pork safety

Safety certificate has no relevance with pork safety (reference group)

Pork grading information

Very unnecessary (reference group)
Unnecessary (reference group)

Fair
Necessary

Very necessary

Calories and nutrients label
Providing calories and nutrients labels can increase purchase intent

Providing calories and nutrients labels cannot increase purchase intent
(reference group)

Fat-lean proportion
information

Providing fat-lean proportion
information can increase purchase intent

Providing fat-lean proportion
information cannot increase purchase intent (reference group)

The tendency of accessing
health-related content from

mass media

Accessing health-related content from mass media—never (reference group)

Accessing health-related content from mass media—seldom (reference group)

Accessing health-related content from mass media—sometimes
(reference group)

Accessing health-related content from mass media—often

Accessing health-related content from mass media—almost every time

Attributes to their socio
and economic profile

Sex-gender Female
Male (reference group)

Housewife status
Occupancy as housewife status

Occupancy not as housewife status (reference group)

Survey completion location

Northern Taiwan
Central Taiwan

Southern Taiwan (reference group)
Eastern Taiwan (reference group)

Buyers’ origin
(rural or urban district)

Urban district
Rural district (reference group)

Age

Family size

Range of family earnings every month

Education level

Source: Assembled by this research.

The next step in data analysis was finding out the extension of WTP. The probability
test by the logit model provided the impact of the attributes with the independent variables
and whether they manifested positive or negative impacts. Moreover, if the given attributes
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showed a positive impact, it was possible to run interval regressions to find out how much
New Taiwan dollars (TWD) traditional market consumers will pay for the pork belly
with traceability information, because interval regression possesses the ability to forecast
the WTP within the limits of the 0 to 1 mathematical term of prediction-likelihood [104].
According to the interval barrier of WTP, the application of interval regression in this
research was written as notation in Equations (3) and (4) below:

y∗i = x′iβ + ui (3)

Pr
[
aj < y∗ ≤ aj+1

]
= Pr

[
y∗ ≤ aj+1

]
− Pr

[
y∗ ≤ aj

]
= F∗

(
aj+1

)
− F∗

(
aj
)

(4)

In elaborating Equations (3) and (4), y∗i was examined to be found inside the (J + 1) ex-
clusive to one another as intervals (−∞, a1], (a1, a2], . . . ,

(
aJ , ∞

)
. Provided the consumers’

response from the questionnaire, y∗ was located and put in consistent intervals, which
were y∗ ≤ 0, 1 < y∗ ≤ 3, 4 < y∗ ≤ 6, . . . , and 16 ≤ y∗. Understanding all these terms
and all the 23 independent variables, the empiric specs of the pork belly with traceability
information found in Taiwan traditional market are shown as Equation (5):

y∗= β0+β1X1+β2X2+ . . . + β23X23 + ε (5)

In elaborating Equation (5), the WTP for traceability information on pork belly is
defined as y∗ and is affected by 23 independent variables, which are defined as Xs. Other
terms are βS, which is defined for the estimation parameters, and ε, which is defined for
the unobserved variance.

3. Results

The results of this study are discussed in three sub-sections: (1) sample profile, (2) the
probability of positive WTP, and (3) the WTP for traceability information. In general, out of
the 1420 respondents, of those people who knew the price, 467 people selected (i) 110 TWD
(~USD 3.94) per 600 g, 223 people selected (ii) 130 TWD (~USD 4.66) per 600 g, 102 selected
(iii) 150 TWD (~USD 5.38) per 600 g. Further, 628 people selected “do not know or unsure
about the price” which was translated to (iv) 130 TWD (~USD 4.66) per 600 g. The further
results are pointed out in the tables and the paragraphs below.

3.1. Sample Profile

Based on Table 2, more than three-quarters of the respondents would spend extra
money for traceability information, as their positive WTP was positive TWD. These re-
spondents also showed their WTP reached 7 TWD (~USD 0.25) whenever facing the pork
belly with traceability information in Taiwan’s traditional market. Almost 50% considered
themselves as a daily cook at home. Most of them considered themselves to be the major
buyer’s representative and go to market before 11:00., spending only 30–60 min. Moreover,
around 70% of these people believed that traceability qualification is relevant to pork
safety. Approximately 40% of them believed that pork grading is necessary to be provided
by the sellers and that the fat-lean proportion can increase buyer’s WTP; they also often
access mass media to find health-related content. Lastly, from the socio-economy profile,
the results showed >50% of the respondents were female, with fewer than 20% of them
housewives. The average age was 41 years old with at least 15 years of formal education.
Most of them lived in an urban district or around northern Taiwan, had a monthly salary
of around 65,000 TWD (~USD 2330) every month, and had at least four people living in
the house.
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Table 2. Description of variables (n = 1420).

Variables Mean SD Type Measurement

Dependent

Positive WTP (put extra TWD from 0-up) 83% 0.37 BV Will put = 1
Otherwise = 0

WTP of traceability information 7 5.69 CV WTP in TWD

Independent

Market-related habit

Recurrence of cook-at-home 7 5.17 CV Frequency in times

Major purchaser status (All the time) 50% 0.50 BV All the time = 1
Otherwise = 0

Major purchaser status (Sometimes) 32% 0.47 BV Sometimes = 1
Otherwise = 0

Time-point of shopping (prior to 11:00.) 43% 0.50 BV 11:00 or before = 1
Otherwise = 0

Time-point of shopping (11:00–17:00.) 22% 0.42 BV 11:00–17:00. = 1
Otherwise = 0

Duration of shopping (30–60 min) 50% 0.50 BV 30–60 min = 1
Otherwise = 0

Duration of shopping (more than an hour) 14% 0.34 BV ≥ 1 h = 1
Otherwise = 0

Safety-and-pork-related information

Safety qualification
(relevant with pork safety) 73% 0.44 BV Relevant = 1

Otherwise = 0

Pork grading
(provided by butcher as

potential service)

Fair 30% 0.46 BV Fair = 1
Otherwise = 0

Necessary 47% 0.50 BV Necessary = 1
Otherwise = 0

Very necessary 15% 0.36 BV Very necessary = 1
Otherwise = 0

Fat-lean proportion information
(can increase purchase intent) 36% 0.48 BV Increase = 1

Otherwise = 0

Calories and nutrients label
(can increase purchase intent) 20% 0.40 BV Increase = 1

Otherwise = 0

Health-related content from mass-media (often
and always) 40% 0.49 BV Often and always = 1

Otherwise = 0

Socio-economy profile

Sex-gender 66% 0.47 BV Female = 1
Otherwise = 0

Housewife status 13% 0.33 BV Housewife = 1
Otherwise = 0

Age 41 10.49 CV Age in years

Education level 15 2.31 CV Education in years

Family monthly-earnings 65 31.42 CV Salary in 1000 TWD

Family size 4 1.51 CV Amount of people

Urban district 64% 0.48 BV Urban = 1
Otherwise = 0

Northern Taiwan 49% 0.50 BV Northern = 1
Otherwise = 0

Central Taiwan 28% 0.45 BV Central = 1
Otherwise = 0

Source: Assembled by this research. Note: BV = binary variables, CV = continuous variables, SD = standard deviations.
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3.2. The Outcome of Positive WTP for Traceable Pork

The logit model result of positive WTP for traceable pork is presented in Table 3.
According to Table 3, the log-likelihood and the Wald X2 values were estimated and valued
as −614.55 and 47.82, respectively. This revealed that the overall model specification was
valid and significant. Each variable was explained if both coefficients and marginal effect
(M.E.) reached a significant level. From the market-related habit, it mattered at what point-
of-time consumers shop in a day. Especially, respondents who went to the market in the
morning (prior to 11:00) and noon-to-afternoon (11:00–17:00) were significantly different
from those who usually shopped during the evening period (after 17:00). These results
make sense because traditional market consumers who usually shop after 17:00 are often
hurrying to go back home to prepare dinner for the family. Therefore, the traceable pork
information may not be as attractive compared to those who shop prior to 17:00. From
the safety-and-pork-related side, those who thought a safety certificate is relevant to pork
safety were more likely to give positive WTP compared to those who thought it irrelevant.
Moreover, respondents who thought that pork grading information is fair to them showed
positive WTP for traceability information compared to those who just thought that the
pork-grading is either unnecessary or very unnecessary. Lastly, from the socio-economic
side, the only variable that showed its significance was age. However, the result showed
that the younger Taiwan-traditional-market buyers were more likely to give a positive
WTP for traceability information compared to those who were older. In short, the following
independent variables which had statistical significance are shown in Table 3: shopping
time, safety qualification, pork grading information, and age of the respondents.

3.3. The Estimated WTP of Traceability Information

The WTP elicitation for traceable pork could be evaluated through an interval regres-
sion model as shown in Table 4. Because of the effect of price knowledge when eliciting
WTP, it was important to distinguish whether respondents knew about the current market
price for pork in traditional markets. There are four different interval regression examina-
tions shown in Table 4. The results of log-likelihood and Wald X2 presented a strong fit by
each model examination in each category. Further, most of the consumers in the survey
thought that they had knowledge of pork prices in traditional markets (n = 792), while
others who did not have knowledge about the pork price were slightly lower (n = 628).

Table 3. Probability of positive WTP for traceable pork (n = 1420).

Independent Variables

Dependent Variables

Positive WTP

M.E. Coef.

Market-related habit

Recurrence of cook-at-home 0.00 −0.01
Major-purchaser status (All the time) −0.05 −0.34
Major-purchaser status (Sometimes) 0.00 −0.01

Time-point of shopping (prior to 11:00) 0.07 *** 0.54 ***
Time-point of shopping (11:00–17:00) 0.07 *** 0.53 ***

Duration of shopping (30–60 min) 0.00 −0.02
Duration of shopping (more than an hour) −0.02 −0.16

Safety-and-pork-related information

Safety certificate (relevant with pork safety) 0.05 ** 0.37 **

Pork grading (provided by butcher as
potential service)

Fair 0.06 ** 0.48 *
Necessary 0.04 0.26

Very necessary 0.06 * 0.49
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Table 3. Cont.

Independent Variables

Dependent Variables

Positive WTP

M.E. Coef.

Fat-lean proportion information (can increase purchase intent) 0.02 0.12

Calories and nutrients label (can increase purchase intent) −0.02 −0.13

Health-related content from mass-media (often and always) 0.03 0.20

Socio-economy profile

Sex-gender −0.01 −0.05
Housewife status −0.01 −0.11

Age −0.00 *** −0.02 ***
Education chronicle 0.00 0.02

Family monthly-earnings 0.00 0.00
Family sum 0.00 0.03

Urban district 0.00 0.00
Northern Taiwan 0.01 0.11
Central Taiwan 0.04 0.27

Constant 1.16

Log-Likelihood −614.55
Wald X2 47.82 ***

Classification Predication 83.52%
Goodness-of-fit 1411.47

Pseudo R2 0.04

Source: Assembled by this research. Note: M.E. = marginal effect, Coef. = coefficient, *** = 1%, ** = 5%, * = 10% of
statistical significance.

The elicitation of WTP in the interval regression model could be explained as the
actual dollar that respondents want to pay extra for the traceable pork. Digging deeper
into the results based on respondents’ selection of price, the first price outlined showed
the people who knew the price and chose 110 TWD (~USD 3.94) per 600 g. It potentially
demonstrates that there are still a fair number of consumers who face lower pricing in
traditional markets in Taiwan. These Taiwanese with a higher monthly income wanted to
pay around 2 cents TWD per 600 g (<USD 0.0007) for traceable pork in traditional markets
if compared to those who had a lower monthly income. However, the consumer with
lower education also desired to pay more, around 36 cents TWD per 600 g (~USD 0.01),
if compared to those who had a higher education level. Lastly, whenever respondents
thought that pork grading is very necessary to be provided by a pork-butcher, they wanted
to pay a premium extra of about 3.5 TWD per 600 g (~USD 0.13) for traceability information
if compared to those who thought the pork grading is unnecessary or very unnecessary.

The middle-price selectors showed a significant difference in WTP on many inde-
pendent variables. The people who knew the market price at 130 TWD (~USD 4.66) per
600 g cared a great deal about the family, as they showed the premium of WTP at about
1 TWD per 600 g (~USD 0.03) whenever they had more members in the household and
resided in an urban district. The Taiwanese with a lower monthly income wanted to pay
around 3 cents TWD per 600 g (<USD 0.001) for traceable pork in traditional markets if
compared to those who had a higher monthly income. Respondents who typically were
not housewives and the prevalence of cooking at home contributed to increased WTP of
2.1 TWD per 600 g (~USD 0.07) if they cooked at home more often. This was related to
the next increase in WTP by people who always go traditional-market shopping in the
noon–afternoon, and they added 2.76 TWD per 600 g (~USD 0.10) more. To end, these
respondents seemed not to be housewives, since these respondents added more WTP (~1.87
to 4.50 TWD per 600 g) for pork grading either necessarily or very necessarily provided by
the butcher in traditional markets.
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Table 4. The outcome of interval regression for traceability information (n = 1420).

Independent Variables

Dependent Variables

Do Know the Price Do Not Know
the Price

WTP 110 TWD
(~USD 3.94)

WTP 130 TWD
(~USD 4.66)

WTP 150 TWD
(~USD 5.38)

WTP 130 TWD
(~USD 4.66)

Market-related habit

Recurrence of cook-at-home −0.02 0.13 * −0.28 −0.04
Major purchaser status

(All the time) −0.34 −1.37 3.03 −0.82

Major purchaser status
(Sometimes) 0.45 −0.49 6.44 * 0.02

Time-point of shopping
(prior to 11:00.) −1.18 0.58 8.09 *** 0.96

Time-point of shopping
(11:00–17:00) −1.22 2.76 *** 5.59 * 0.84

Duration of shopping
(30–60 min) 0.98 0.61 0.73 −0.37

Duration of shopping
(more than an hour) 1.08 −0.50 −1.32 −0.67

Safety-and-pork-related
information

Safety certificate
(relevant with pork safety) 0.78 0.96 −1.21 0.82

Pork grading (provided by
butcher as

potential service)

Fair 0.85 1.01 6.20 1.11
Necessary 1.27 1.87 * 7.69 1.04

Very necessary 3.50 ** 4.50 *** 9.28 * 3.02 ***
Fat-lean proportion information (can increase

purchase intent) 1.04 0.56 −3.70 ** −0.21

Calories and nutrients label
(can increase purchase intent) 1.42 −0.37 2.58 −0.76

Health-related content from
mass-media (often and always) 0.70 0.67 6.77 *** 1.68 ***

Socio-economy profile

Sex-gender −0.03 0.41 −5.57 *** 1.24 **
Housewife status 0.95 −1.97 ** 1.08 −1.05

Age −0.06 0.00 −0.19 −0.06 *
Education level −0.36 ** 0.27 −0.39 0.12

Family monthly-earnings 0.02 * −0.03 *** 0.00 0.01
Family size 0.38 0.79 *** −0.23 −0.07

Urban district −0.11 1.40 * 0.39 0.72
Northern Taiwan 0.92 0.14 −5.50 0.43
Central Taiwan 0.47 0.51 −6.46 * 0.50

Constant 13.69 *** −6.04 7.73 1.84

Observations (n) 467 223 102 628
Log-Likelihood −979.48 −450.32 −150.64 −1332.98

Wald X2 34.73 *** 64.26 *** 41.86 *** 49.07 ***
AIC 2008.97 950.64 351.28 2715.97

Source: Assembled by this research. Note: Coef. = coefficient, M.E. = marginal effect, *** = 1%, ** = 5%, * = 10% of statistical significance.

There were still a large number of respondents who did not know the pork belly
price in traditional markets, thus respondents were provided the average market price at
130 TWD (~USD 4.66) as the starting point of WTP elicitation. These people perceived that
they would be likely to pay around 1.24 TWD per 600 g (~USD 0.04) more for traceable pork
if the respondents were female. Further, younger respondents were likely to pay about
6 cents TWD more per 600 g (~USD 0.002) for traceability information compared to those
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who were older. If respondents often received health-related content from mass-media, they
would have WTP of about 1.68 TWD per 600 g (~USD 0.06) for traceable pork if compared
to those who rarely received health-related information. Moreover, the pork grading
information had the biggest impact when respondents did not know about the market price.
Respondents who thought pork grading information is very necessary would be likely to
pay about 3.02 TWD more per 600 g (~USD 0.11) for traceability information compared to
those who thought pork grading information is unnecessary or very unnecessary.

Ultimately, the final section of the results elaborated on Taiwanese who knew and
chose a price of 150 TWD (~USD 5.38) per 600 g. These results potentially showed that
there were still small groups of consumers who faced higher pricing in traditional markets
in Taiwan. These respondents likely had the highest range of WTP rise, which started
from 4 to 9 TWD per 600 g (~USD 0.14–0.32). However, consumers who were interested
in the fat-lean-proportion information may not have been willing to give a positive WTP
for traceability information. This may imply that those who were not interested in fat-lean
proportion information would be willing to pay for the traceability information. The
inclusion of 6 TWD per 600 g (~USD 0.22) to these respondents’ WTP was added whenever
they were male or considered sometimes-major-shoppers. Moreover, if the respondents
in this group were not living in central Taiwan and often listened to health content on
media, they had an increase of WTP at around 7 TWD per 600 g (~USD 0.25). Then, the
highest supplement to their WTP was found if they thought that pork grading is very
necessary to be provided by butchers and had the habit of going to the market prior to
11:00 and 11:00–17:00, as they would pay 6–9 TWD more per 600 g (~USD 0.22–0.32). Since
the WTP was estimated in each variable, this study further provides a summation of WTP
for each category.

3.4. The Estimated WTP for Each Category

The significant premium of WTP in this section can be explained as the summation of
the significant parameters multiplied by the respective sample mean. For example, if the
recurrence of cook-at-home was seven times a week on average, then it was multiplied with
the estimated parameter of 0.13 for the WTP of 130 TWD (~USD 4.66) per 600 g. Thus, we
obtained a calculated WTP of about 0.91 TWD for recurrence of cook-at-home. Repeating
the same step, the summation of premium WTP is shown in Table 5.

Respondents who knew the market price at 130 TWD (~USD 4.66) were more influ-
enced by “recurrence of cook-at-home”, “time-point of shopping (11:00–17:00)”, “necessary
and very necessary information on pork grading (provided by butcher as potential ser-
vice)”, “non-housewife”, “family monthly earnings”, “family size”, and urban district”,
and the summation of WTP was about 10.68 TWD (~USD 0.37). However, we saw several
factors affecting WTP estimation when respondents did not know about market price
in traditional market. Only the factors of “very necessary information on pork grading
(provided by butcher as potential service)”, “health-related content from mass-media (often
and always)”, “female”, and “age” influenced the WTP elicitation, and the summation of
WTP was about 3.48 TWD (~USD 0.12). Especially, note that respondents who knew the
market price possibly had WTP for traceable pork at 10.68 TWD, which was about 7 TWD
higher than those who did not know the market price in traditional markets.

Respondents who knew the market price at 110 TWD (~USD 3.94) were influenced
more by “very necessary information on pork grading (provided by butcher as potential
service)”, “educational level”, and “family monthly-earnings”, and the summation of
WTP was about 13.69 TWD (~USD 0.48). However, the respondent who experienced
and knew the market price at 150 TWD (~USD 5.38) was more of influenced by “major
purchaser status (sometimes)”, “time-point of shopping (prior to 11:00)”, “time-point
of shopping (11:00–17:00)”, “very necessary information on pork grading (provided by
butcher as potential service)”, “fat-lean proportion information (can increase purchase
intent)”, “health-related content from mass-media (often and always)”, “male”, and “non-
central Taiwan”, and the summation of WTP was about 20.44 TWD (~USD 0.72). If we

325



Foods 2021, 10, 1819

compared the difference of WTP summation between the categories of the highest and the
lowest market price, it also showed about 7 TWD difference.

Table 5. The summation of significant premium WTP (n = 1420).

Independent Variables Mean

Dependent Variables

Do Know the Price Do Not Know
the Price

110 TWD
(~USD 3.94)

130 TWD
(~USD 4.66)

150 TWD
(~USD 5.38)

130 TWD
(~USD 4.66)

Market-related habit

Recurrence of cook-at-home 7 Ø 0.91 Ø Ø
Major-purchaser status (Sometimes) 1 Ø Ø 6.44 Ø

Time-point of shopping (prior to 11:00) 1 Ø Ø 8.09 Ø
Time-point of shopping (11:00–17:00) 1 Ø 2.76 5.59 Ø

Safety-and-pork-related information

Pork grading
(provided by butcher as

potential service)

Necessary 1 Ø 1.87 Ø Ø
Very necessary 1 3.50 4.50 9.28 3.02

Fat-lean proportion information
(can increase purchase intent) 1 Ø Ø −3.70 Ø

Health-related content from mass-media (often and always) 1 Ø Ø 6.77 1.68

Socio-economy profile

Sex-gender 1 Ø Ø −5.57 1.24
Housewife status 1 Ø −1.97 Ø Ø

Age 41 Ø Ø Ø −2.46
Education level 15 −5.40 Ø Ø Ø

Family monthly-earnings 65 1.30 −1.95 Ø Ø
Family size 4 Ø 3.16 Ø Ø

Urban district 1 Ø 1.40 Ø Ø
Central Taiwan 1 Ø Ø −6.46 Ø

Constant 1 13.69 Ø Ø Ø

The Significant Extra-WTP 13.09 10.68 20.44 3.48

Source: Assembled by this research. Note: Ø = denotes null symbol as the values do not come statistically significant.

This final section interprets Figure 1 and shows the significant extra WTP in total.
Figure 1 illustrates the total WTP when all attributes were summed based on the price
category in traditional markets they visited. This figure shows that every group was signif-
icantly different from each other. Furthermore, the largest result of significant WTP extra
was from traditional markets that had the highest price from butchers, which represented
almost 21 TWD (~USD 0.74). The second largest WTP extra was from traditional markets
that had the lowest price from butchers, which revealed about 13 TWD (~USD 0.47). How-
ever, note that consumers who knew or did not know about the market price for pork may
have had a significant difference in their WTP. Especially, when they did not know about
the market price, their WTP for traceable pork was only about 4 TWD (~USD 0.14) for WTP
extra. However, if they knew about the market price at 130 TWD (~USD 4.66), their WTP
for traceable pork could reach up to 11 TWD (~USD 0.39) for WTP extra.
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4. Discussion

This section broadly discusses the results of this study that explored the effect of
traceability information on meat products in traditional markets in Taiwan. The first part
discusses the sample profile. Based on the reported habits, the respondents in this study
are active in cooking based on their frequency of cooking at home. The interpretation
could be that respondents cook on average once a day. Alternatively, it can also mean
that they cook two or three times a day, then skip one day and cook again the next day.
This habit leads to their dependability in shopping in the market since most of them are
identified as the major shoppers who are responsible for buying the ingredients. They
are also mostly time-efficient buyers who prefer buying products in the morning, seeking
certain market benefits such as freshness. Regarding safety-and-pork-related information,
most of the respondents in the study seem to care about the safety of food. About 40% of
the respondents have an interest in pork grading and fat-lean-proportion, which are both
related to safety and pork quality. These results are consistent with a prior study showing
60% of respondents put interest in safety guarantee and meat class for animal-derived
items [43]. Further, the food safety comprehension seems to come from the mass media, as
fewer than half of respondents access health-related materials. Finally, the last part of the
profile is the socio-economy profile. Based on previous research, this study profile has a
similar pattern with research done in the market either in the modern or the traditional
markets. These profiles are written with a monthly salary around 65,000 TWD per month,
four members in the household, the average age of 41, with at least 12 years of education,
and most self-identify as housewives [47,105,106].

The next discussion concentrates on the likelihood the respondents show positive
impacts. Based on the results in Section 3.2, the goodness-of-fit indicators exhibited
the model specification used in the study fit the data well. The discussion begins with
the market-related habit, which elicits consumers’ positive WTP tendency on the habit
related to daytime shopping. This showed that the daytime-preferred respondents give
significantly higher positive WTP for traceable pork if compared to the evening shopping
schedule. The reason behind this is likely because the evening shoppers usually have work
during the daytime and have to rush to quickly buy and return home to prepare dinner
for their family [68]. Furthermore, from prior studies, people prefer to buy meat products
in the morning for their benefit [107]. From the safety-and-pork-related side, this study
finds that people would have positive WTP whenever they were given traceable pork
belly in traditional markets. They also think about the safety certification relevance with

327



Foods 2021, 10, 1819

pork-safety and that pork grading is (moderately or very) necessary and should be included
in butcher’s stall. These findings show significantly higher positive impacts than people
who do not care about these attributes. They are also consistent with preceding studies
which declared that knowledge on meat certification and meat classes connects the food
safety perception, as it affects consumers’ decisions towards traceability products [108].
Lastly, from the socio-economy profile, the respondent’s age is discussed. As mentioned
before, the results from this study show that WTP is lower as respondents’ ages are older.
In other words, the inclusion of traceability information in pork belly has a more positive
effect on younger people. The average age was 41 in the study. Therefore, this study
found that Taiwanese below age 40 would have a higher WTP when viewing traceability
of meat products in traditional markets. This finding is relevant to previous research
which mentioned that younger consumers below the age of 35 years old would have more
likeliness to buy traceable products compared with other age categories [29]. In short,
traceability showcases positive WTP generally towards variables.

The subsequent discussion is centered on the WTP for traceability information. From
Section 3.3, the respondents in this research are most likely to know the pork belly price.
This finding is likely to be supported by the fact that most of these Taiwanese are identified
as major purchasers in the household, making their food almost every day in their homes.
Knowing that pork is the most purchased and consumed product in traditional markets [78],
as the main shopper, they must know the price of pork because they most likely buy or
cook pork daily, weekly, or monthly in their main dish.

The next focus from Section 3.3. is the WTP of respondents who selected 110 TWD
(~USD 3.94) per 600 g. These people are considered as common pork buyers because they
are the majority of those who know about the market price level. Moreover, their attributes
have a significant difference in their WTP. The lower education they have, the more WTP
they add. The more income they make, the more WTP they supplement. The WTP is
about 3.5 TWD when pork grading has the highest necessity to be provided in the market,
and they show the second lowest WTP across all groups of the consumer. The finding on
common pork buyers’ income background is compatible with the previous finding, which
stated that, when consumers have a preference for traceability and safer products, they
increase their WTP, as they have higher income every month [29,105]. However, for the
education attribute, the result creates a new finding on traceability preference, whereas the
previous finding on education showed the opposite result [105]. The reason behind this
could be the general profile of common pork buyers; they are not always people who have
an education of more than twelve years. Common pork buyers can be considered just the
normal buyers in traditional markets.

The following discussion is centralized on Taiwanese buyers’ WTP who picked the
middle price (i.e., 130 TWD (~USD 4.66) per 600 g). These people can be considered career
mom pork buyers because their attributes indicate a typical mom who needs to take care
of the family and be the family’s backbone. This is supported by the rise in their WTP
whenever the family size increases (the larger number they have, the higher WTP they put),
when they have purchasing budget management (career woman’s strategy in planning
middle price selection, how often to cook at home, how minimal money should be used in
the food expenditures), when the location of living differs (more WTP is found in more
municipal districts), when they have a shopping schedule concern (because they are a
career woman who works the whole day and thus are only able to buy ingredients in the
evening), and when they are thinking about the safety and the quality of the food they
buy for the family (e.g., they think pork grading is necessary or very necessary). Career
mom pork buyers’ preference on evening shopping, number of family members, and pork
grading showed (barely cents) an increased WTP. This is supported by a study which stated
career woman are found to prefer to buy food in the evening where they can buy food after
work hours [109]. Another finding seemed to correspond to prior studies which dictated
the more family members there are in the family, the more they care about food quality
they serve. In the case of pork grading preferred buyers, they show a higher WTP [110,111].
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Although a previous study also mentioned a positive relationship between income and
WTP for traceability [24], they were not situated in the price-sensitive class (110 TWD or
~USD 3.94) and still picked middle price (130 TWD or ~USD 4.66). In short, a career woman
who takes care of the whole family, including the money flow in purchasing food, stills
pick a rational price and still believes in a safe pork product.

The succeeding discussion elaborates upon respondents who did not know the price
and who were assigned the middle price. These respondents who did not know the
price were younger customers who preferred traceable pork and were curious or showed
concern about health-related content from online sources, which affected their pork grading
interests. Thus, we labeled these respondents as younger female pork buyers. This curiosity
of health and safety materials is relevant with the prevalence of younger consumers’
curiosity and concern levels tending to be elevated. Furthermore, females put more
positive impact towards traceable products and meat class than males in the previous
research [11,111], which supports these discoveries.

However, the difference with people choosing the highest price (150 TWD or ~USD 5.38)
is the most positive WTP for traceable pork belly for males rather than females. Because of
the big range of WTP from 4 to 9 TWD (~USD 0.14–0.32) among their significant attributes
and their pick on the premium price, they can be regarded as the health-enthusiast male
buyers. This designation is also supported by their higher WTP regarding low occurrence
of being the food shopper (which was not often when they were male), buying food in a
flexible time (since males are prone to not having particular times to buy food), caring about
health content from mass media and pork grading (which increases their WTP), and caring
less about fat-lean-proportion. These findings seem novel to the traceability research since
previous research identified that it is primarily females who care about health and quality
information [11,111]. However, one of the findings on fat-lean-proportion is supported
by prior research which showed increased money preference whenever males were less
interested in this information to be provided in regard to food [112].

The final part of the discussion focuses on Section 3.4. This part of the discussion
concentrates on the highest significant effect of extra WTP. The highest effect was approxi-
mately 21 TWD (~USD 0.74) of extra WTP, which might give more possibility of traceable
pork belly to be strategized in premium prices of 171 TWD (~USD 5.99) per 600 g, which
is highly impacted by the preference on pork grading. This result was also consistent
with the previous result, which suggested that, whenever consumers are given food safety
certification, their safety awareness leads them to set aside other attributes to pick the
premium price ([92,108,113]), especially when the products include traceability informa-
tion and consumers are scared based on food scandal events in the past [10,47,92,93]. To
summarize, whenever Taiwanese consumers acknowledge food safety causation and know
the price, they have a much higher WTP for traceable food.

5. Conclusions

The safety awareness of Taiwanese keeps rising due to food scandals that happened
in the past. This leads to the desire to apply food labels on their food with certifications
such as traceability. Traceability might help regain consumers’ confidence and trust while
also helping to increase shoppers’ WTP. However, traceability’s positive impact is only
currently found in modern markets. As traceability information is not often present in
Taiwan’s traditional market, this research provides novel findings.

In general, the application of traceability information on the pork belly product in
traditional markets offers a positive effect related to several given attributes among many
kinds of market goers. These positive impacts lean towards consumers who are younger
buyers, have flexible shopping schedules, are concerned about safety qualification related
to pork safety, and perceive pork grading provisions as (commonly) important.

In conclusion, regarding WTP (in TWD), the most favored attribute by all price
electors is the attribute of pork grading, since all groups showed the highest increase of
WTP. Additionally, whenever consumers have a high recurrence in watching or listening
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to health-related content in offline or online media, the mindset of food safety and the
addition of WTP increase.

The traceable pork belly also pushes increased WTP whenever traditional market
visitors prefer to go food shopping in the evening. Another result is that traceability
information impacts are sensitive to gender and income gaps. Connecting with the price
selection, whenever these respondents acknowledge the price, there is a chance for them
to be situated in price options one level higher. Furthermore, the highest market price
venue (150 TWD or ~USD 5.38 per 600 g) also has the highest total of extra WTP that
enables producers to establish an even higher new price possibility of about 171 TWD
(± ~USD 5.99).

Considering these findings, the implication of this research is outlined in two aspects.
The first one relates to traditional market vendors. Traditional market vendors may be able
to devise their marketing strategy for specific buyers (e.g., ones who choose the premium
prices, ones who do not often purchase food in the market, ones who reside in the south or
the north area of Taiwan, ones who have a flexible buying schedule, ones who are aware of
food safety, ones who frequently access health-related content on online or offline media,
and ones who perceive pork grading as very important) and create a new price point of
170 TWD (~USD 5.99) per 600 g. The second direction addresses the government’s role,
as these results can be applied to encourage food safety issues along with traceability
information and pork grading information via mass media online or offline, especially
towards particular buyers based on their sex-gender, shopping schedule, and monthly
income gaps.

Finally, the limitation of this study may be the hypothetical perception that the market
simulation was utilized for this research. Even with the utilization of CVM or RUT and
the screening questions asked, the hypothetical condition might have reached the limit
of consumers’ preference, and real market situations may lead to different results. Thus,
in future studies, the introduction of “cheap talk” at the beginning of the questionnaire
is needed, as it decreases the hypothetical perception [114,115]. The “cheap talk” method
can give insight to the respondents before they start the survey by providing them an
explanation or script of possible hypothetical bias that could happen, thus they are asked
to disregard the conjecture effect and are recommended to situate themselves in a real
market situation.
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Abstract: This study aims to explore and compare Brazilian public institutional food services’ char-
acteristics concerning the implementation of the government policy for the procurement of food
from family farming (FF) and the opinions of food service managers on the benefits and difficulties
of its implementation. We conducted a cross-sectional study employing an online questionnaire.
The results were stratified by purchase. The Chi-square and Fisher’s Exact tests were applied. Five
hundred forty-one food services’ managers participated in the study. Most claimed to buy food from
FF, and this acquisition was more frequent among those working in institutions of municipalities
<50,000 inhabitants, and educational and self-managed institutions. Those buying from FF developed
more actions to promote healthy and sustainable food. Most recognized that the purchase could boost
local farming and the economy and improve the institution’s food. However, the managers believe
that the productive capacity of FF, the lack of technical assistance to farmers, production seasonality,
and the bureaucratic procurement process hinder this type of purchase. The self-management of
food services and the small size of the municipality might be associated with implementing the
direct purchase policy from FF, which can contribute to building healthier and more sustainable
food systems. However, the lack of public management support and the weak productive fabric
may pose an obstacle to its maintenance or dissemination. The strengthening and consolidation
of these policies require more significant government investments in productive infrastructure for
family farming.

Keywords: public policies; family farming; health promotion; sustainability

1. Introduction

We face a global syndemic setting, where obesity, malnutrition, and climate change
coexist and represent the main current challenge to human health, the environment, and
the planet [1]. Higher availability and consumption of ultra-processed foods with high
amounts of sugar, sodium, and saturated and trans-fatty acids, and reduced consumption
of fruits, vegetables, legumes, and whole grains in countries with different socioeconomic
contexts are observed [2,3]. At the same time, an increase in adverse impacts on the
environment and society results from modern agricultural activities and the increasing
distance between production and consumption [4,5].

Building healthier and more sustainable food systems is one of the objectives of the
international political agenda [6]. The World Health Organization (WHO) and the Food
and Agriculture Organization of the United Nations (FAO), within the framework of the
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Second International Conference on Nutrition (2014), urge countries to develop strategies
for building more sustainable and healthier food systems. The main recommendations
are strengthening food production and processing by small farmers and family farmers
and promoting the availability of healthy diets in public facilities, such as educational
institutions, hospitals, and prisons [7,8].

Moreover, there is a concern with the increased number of people with chronic non-
communicable diseases [9], and the higher negative environmental and social impact from
the current food system [10] can be seen in the United Nations 2030 Agenda for Sustainable
Development [6].

Among the global objectives to achieve the Agenda’s goals are developing strategies
that promote a healthier diet, integrated with more sustainable food systems, that allow
satisfying food needs in an inclusive, fair, and respectful way with the environment. For
this reason, countries from different political, economic, and social contexts are developing
policies to promote a healthy diet among the population, including, at the same time,
sustainability principles [11–13].

Some countries are establishing nutritional criteria for food supply to these institutions
to improve nutrition in public institutions, such as restricting the supply of foods with
high amounts of sugar, sodium, and saturated and trans fats [11,14,15]. In the same vein,
governments are using public institutions’ purchasing power to encourage production and
consumption ways that are more environmentally, economically, and socially sustainable.
Countries such as Brazil, the United States, Paraguay [16], Italy [17], Sweden, Denmark,
Austria, and Scotland [13,18] have incorporated proximity criteria (purchase of food from
farmers in the region) for the acquisition of food in public institutions.

Brazil has implemented food services in several public institutions to strengthen the
population’s food security, such as schools, through the School Food Program (with free
meals for the entire school population in the public education network) [19]; university
restaurants (with low-cost meals for students from public universities or free meals for
socially vulnerable students) [20,21]; popular restaurants (with low-cost meals for the
socially vulnerable population) [22,23]. Moreover, other public institutions in the country,
such as prisons and hospitals, provide meals for the population served. The planning, man-
agement, and implementation of the food service of public institutions is the responsibility
of a public agency called the Managing Unit (MU). In school meals, the MUs are the state or
municipal education secretariats; for university restaurants, the MU is the university itself;
in popular restaurants, MUs are the municipal or state social development secretariats.
The MU can define the type of food service management, which can be self-managed or
outsourced. In all cases, the MU must ensure that the regulations in force regarding the
purchase and quality of the food offered comply [19,22,24]. Among the current regulations,
the mandatory purchase of food from family farmers stands out [24].

The direct purchase policy of foods from local family farming, small-scale agriculture
with predominantly family labor and an intrinsic relationship with property [25], could
positively affect producers and consumers [26–28].

In Brazil, family farming represents 76.8% of establishments and occupies 23% of the
area of all agricultural establishments in the country [29]. However, the lack of public
policies aimed at these farmers and the difficulty of accessing increasingly globalized
markets threaten these farmers’ permanence in the countryside.

In 2003, several public policies were developed in an unprecedented way to strengthen
the family farming productive sector. Public food purchases made through a bidding pro-
cess based on economic criteria started to adopt other priority criteria with implementing
the Food Acquisition Program (Programa de Aquisição de Alimentos—PAA). Thus, food
produced by family farmers was now included in the purchase of public institutions (hospi-
tals, universities, and schools), prioritizing regional and less structured (socially vulnerable)
producers, such as settlers of the agrarian reform and indigenous peoples [30]. In 2009,
the federal government made public purchasing of food from family farmers extensive
and mandatory for all public schools. For this purpose and through specific regulations, a
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minimum expenditure of program resources was stipulated to purchase food from family
farmers directly [19,31]. The positive experience of the school food program contributed to
establishing the PAA-Institutional Purchase modality, expanding the possibility of direct
acquisition of food from family farming for all public institutional food services (university
restaurants, popular restaurants, and hospitals), which became mandatory in 2016 [24].

There is evidence on the environmental, social, and health benefits of implementing
the purchase of food from local producers in public institutions [11,13,32]. However, many
public institutions are not committed to its implementation, even in the face of the benefits
and the existence of a normative framework that encourages the purchase of food from
family farmers [12,33,34]. Previous studies have shown that the implementation of food
purchases from family farmers is more frequent in municipalities in rural areas, which may
be due to the presence of a greater number of family farmers and with more significant
support from the local government [33]. In addition, the non-implementation of the
procurement policy may be related to implementation constraints. Previous studies suggest
that the region’s productive fabric may affect the implementation of the purchase [35].

Knowing the benefits and difficulties of implementing the food procurement policy
from the viewpoint of managers involved with the planning, managing, and implementing
of food services in public institutions can be helpful to develop strategies to strengthen this
initiative. Moreover, knowing the characteristics of institutions buying food from family
farmers is a starting point for planning strategies that facilitate their implementation in
other public institutions.

Thus, this work aims to explore and compare Brazilian public institutional food ser-
vices’ characteristics concerning implementing the government policy for the procurement
of food from family farming and the opinions of food service managers on the benefits and
difficulties of its implementation.

2. Materials and Methods

This descriptive and analytical cross-sectional study was conducted from 2019 to
2020 by sending an electronic questionnaire (Supplementary Materials) to the MUs of the
public institutional food services throughout the Brazilian territory (University Restaurants,
School Food Programs, and Popular Restaurants).

The questionnaire was addressed to the manager responsible for the food service of
public institutions. Usually, the manager is in charge of planning the menu, preparing the
purchase list, selecting suppliers, and supporting the food purchase process.

A structured and self-completed online questionnaire was used and elaborated on
the Google Forms platform to collect data. The questionnaire was built from the updated
literature on the subject and from questionnaires previously elaborated by the research
team in other studies with the same theme [33,36–38]. The questionnaire was reviewed by
food and farming experts and tested before its application.

The questionnaire contained questions on the following topics: (a) identification of
participants—Position; (b) characterization of the institution—Country Region (North/ North-
east/Midwest/Southeast/South); State; Institution type (School, University, Others (the other
category included popular restaurants and other institutional restaurants, such as hospitals
and prisons)); Administration (Municipal/State, Regional, or Federal/Federal District); Food
services management type (Self-management/Others); Number of people served by the
institution (n), Cost of lunch per person per day (Reais); Development of actions to pro-
mote healthy food (Yes/No); Development of actions to promote sustainable food (Yes/No);
(c) identification of the food purchase process from local family farming—direct purchase of
food from local family farming (Yes/No); Year of onset of direct food purchase from local
family farming; Purchased food groups (Yes/No); (d) opinion on the benefits and difficul-
ties of direct food purchase from local family farming in public institutions. Closed-ended
questions were used for item “d” (yes/no/don’t know), containing the main benefits and
difficulties of local food purchase identified in the literature. The questionnaire contained
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a list with statements about the direct purchase from family farming, and respondents
should answer whether these were difficulties and benefits observed in their workplace.

The questionnaire was sent by e-mail from April 2019 to January 2020, with the
help of an e-mail manager. We used the e-mail addresses available on the web pages of
the state education secretariats (MU of school food program in the state school system);
Federal Universities and Institutes (MU of university restaurants); and the Ministry of
Social Development (Organization linked to popular restaurants). Complementarily and
to increase the response rate, a telephone contact was made with the State Education
Secretariats, university restaurants, and popular restaurants in the 26 Brazilian states and
the Federal District.

The research objectives were explained during the telephone call, and professionals
were invited to join the study. If participants accepted the invitation, additional information
about the survey and the link to access the questionnaire were sent by e-mail. This
procedure was repeated several times until reaching the maximum number of participants
from the country’s different regions within ten months, stipulated for this research stage. In
total, 232 food service MU managers from public institutions in the country were contacted
by e-mail or telephone (School food program MU (n = 53); University restaurants MU
(n = 93); and MU of popular restaurants (n = 86)).

When contacting the MUs, their collaboration was requested to disseminate the
research to other MUs responsible for public institutions’ food services in their region to
increase the response rate. Moreover, we requested the collaboration of the ten regional
councils of nutritionists and the cooperating centers on school food and nutrition to
disseminate the research.

Data were analyzed with the SPSS software (IBM Corp., Armonk, NY, USA). A
descriptive analysis was performed to explore the characteristics of the participating
institutional food services, stratifying data by region, type of institution, and food purchase
from family farming. The Chi-square test or Fisher’s exact test was applied to identify
the association between the characteristics of the institutional food services concerning
the implementation of the government policy for the procurement of food from family
farming, comparing the characteristics of the institutional food services that bought from
family farming with those that did not. The same procedure was used to analyze the study
participants’ opinions concerning the benefits and difficulties of buying food from family
farming, comparing the opinion of those who bought from family farming with those who
did not. We decided to merge the answers “no” and “don’t know” to analyze the opinions
on the purchase’s benefits due to the low percentage of these options.

The Human Research Ethics Committee of the Federal University of Santa Catarina
approved the study under Opinion N◦ 3.344.854.

3. Results

Five hundred forty-one institutional food services’ managers from different locations
in the country participated in the study. Managers of school food and university restaurants
from almost every state in the country participated in the study (except for Sergipe, Amapá,
and Acre in the case of MUs of school food and Amazonas and Rondônia in the case of the
MUs of university restaurants).

Most participants were nutritionists (74%), and 26% were categorized as other pro-
fessionals (technicians, administrative staff, and social workers). Most of them claimed
to carry out management activities (81.7% planning menus, 78.2% preparing shopping
lists, and 68% buying food). Figure 1 shows the distribution of participants by country
region, state, and institution type in which they worked. The region with the largest
number of participants was the Southeast (n = 181), followed by the South (n = 163) and
Northeast (n = 118). The ones with the lowest number were the Midwest and the North,
with 49 and 39 participants. The states with the largest number of participants were Santa
Catarina (n = 92), Minas Gerais (n = 87), São Paulo (n = 42), and Rio Grande do Sul (n = 41).
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Regarding the type of institution, most participants reported working for school food MUs
(n = 292), followed by MUs of university restaurants (n = 135).
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Regarding the purchase of food to supply the institution, 69.9% of the participants
(n = 378) stated that the units where they worked bought part of the products directly
from family farmers to supply food services. Figure 2 shows the cumulative number of
participants by year of onset of direct food purchase from local family farmers, stratified by
type of institution and region of the country. An increase in the number of managers from
schools and other institutions buying from local farming has been observed since 2010 and
from universities starting in 2016.
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Figure 3 shows the food groups purchased from family farming by the MUs that
implement the government’s food procurement policy, stratified by region of the country.
In all regions, the typical food group purchased was vegetables, followed by fruits and
processed foods. The South had the highest percentage of institutions that bought food
processed by family agribusiness (76%), followed by the Northeast (62%). Restaurants
in the Midwest bought legumes (11%) and cereals (7%) the least, a value well below the
national average (44% and 28%, respectively).
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Table 1 shows the characteristics of the managing units of the food services of public
institutions, stratified by direct purchase of food from local family farming. Most institu-
tional food services were administered by the Municipality (49%) and bought more food
from local producers (81%). An association was also found between food purchase from
family farming and self-managed food services, located in municipalities with fewer than
50,000 inhabitants, and public schools (National School Food Program), which served more
than 3000 people and with a unit meal costing less than three Brazilian reais (p < 0.05).
Moreover, participants who bought food from family farming developed more actions to
promote healthy and sustainable food (74.3% and 78.3%) (p < 0.05). No association was
observed between the region and food purchases from local family farming.

Table 2 shows the participants’ opinions regarding the benefits of buying food from
local family farming, stratified by the purchase made by the managing unit of the food ser-
vice of public institutions. Most participants in the two groups recognize that the purchase
of local food from family farming can contribute to the food system’s sustainability, boost-
ing local farming and the economy while improving the institution’s food. A statistically
significant association was identified between the purchase from family farming and the
positive opinion about the increased supply of vegetables and fruits on the menu (p < 0.05).
However, no associations were noted between purchasing from local farmers and opinions
on other benefits.
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Table 1. Characteristics of public institutional food services in which the study participants operate,
stratified according to the local family farmers’ food purchase.

N (%)
541 (100)

Family Farming Food Purchase

Yes, n (%)
378 (69.9)

No, n (%)
163 (30.1)

Administration a, c

State, Regional, and Federal District 136 (25.9) 87 (64) 49 (36)
Municipal 257 (48.9) 209 (81.3) 48 (18.7)

Federal 133 (25.2) 74 (55.6) 59 (44.4)

Region

North 39 (7.2) 25 (64.1) 14 (35.9)
Northeast 118 (21.8) 82 (69.5) 36 (30.5)
Midwest 40 (7.4) 27 (67.5) 13 (32.5)
Southeast 181 (33.5) 119 (65.7) 62 (34.3)

South 163 (30.1) 125 (76.7) 38 (23.3)

Self-managed restaurant a

Yes 302 (55.8) 249 (82.5) 53 (17.5)
No 239 (44.2) 129 (54.0) 110 (46.0)

The institution develops actions to promote healthy food a

Yes 428 (79.1) 318 (74.3) 110 (25.7)
No 113 (20.9) 60 (53.1) 53 (46.9)

The institution develops actions to promote sustainable food a

Yes 318 (58.8) 249 (78.3) 69 (21.7)
No 223 (41.2) 129 (57.8) 94 (42.2)

Municipality’s size a

<50,000 inhabitants 183 (33.8) 161 (88) 22 (12)
50,000–310,000 inhabitants 174 (32.2) 116 (66.7) 58 (33.3)

>310,000 inhabitants 184 (34) 101 (54.9) 83 (45.1)

Institution type a

School 292 (54) 257 (88) 35 (12)
University 135 (25) 63 (46.7) 72 (53.3)

Other institutions 114 (21) 58 (50.9) 56 (49.1)

Nº people serviced by the institution b, c

≤500 187 (34.8) 114 (61) 73 (39)
501–3000 171 (31.8) 124 (72.5) 47 (27.5)

3001+ 179 (33.4) 138 (77.1) 41 (22.9)

Cost of lunch/person/day a,c

≤R$3.00 145 (33.9) 122 (84.1) 23 (15.9)
R$3.01–R$8.00 153 (35.7) 97 (63.4) 56 (36.6)

R$8.01+ 130 (30.4) 71 (54.6) 59 (45.4)
a p < 0.001; b p < 0.05; c Total < 541—Lost data.
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Table 2. Opinion of study participants concerning the benefits of buying food from local family farming in public institutional
food service, stratified according to the family farmers’ food purchase.

Benefits **

Total Food Purchase from Family Farming

p-ValueN (%) Yes, n (%) No, n (%)

541 (100) 378 (69.9) 163 (30.1)

Stimulates the local economy * Yes 532 (98.3) 372 (98.4) 160 (98.2)
1No/Don’t know 9 (1.7) 6 (1.6) 3 (1.8)

Increases the amount of food produced
in the region *

Yes 525 (97.1) 369 (97.6) 156 (95.7)
0.269No/Don’t know 16 (2.9) 9 (2.4) 7 (4.3)

Increases the variety of food produced
in the region

Yes 510 (94.3) 357 (94.4) 153 (93.9)
0.790No/Don’t know 31 (5.7) 21 (5.6) 10 (6.1)

Increases food processing in the region Yes 446 (82.4) 314 (83.1) 132 (81)
0.558No/Don’t know 95 (17.6) 64 (16.9) 31 (19)

Increases the supply of fresh food in
the institution

Yes 512 (94.6) 362 (95.8) 150 (92)
0.076No/Don’t know 29 (5.4) 16 (4.2) 13 (8)

Increases the supply of vegetables and
fruits on the institution’s menu

Yes 476 (88) 342 (90.5) 134 (82.2)
0.007No/Don’t know 65 (12) 36 (9.5) 29 (17.8)

Contributes to the revival of food
traditions

Yes 509 (94.1) 354 (93.7) 155 (95.1)
0.514No/Don’t know 32 (5.9) 24 (6.3) 8 (4.9)

Improves the quality of the food
offered by the institution

Yes 519 (95.9) 365 (96.6) 154 (94.5)
0.261No/Don’t know 22 (4.1) 13 (3.4) 9 (5.5)

Contributes to the sustainability of the
food system *

Yes 533 (98.5) 373 (98.7) 160 (98.2)
0.702No/Don’t know 8 (1.5) 5 (1.3) 3 (1.8)

Increases the farmer’s income *
Yes 530 (98) 372 (98.4) 158 (96.9)

0.320No/Don’t know 11 (2) 6 (1.6) 5 (3.1)

Ensures market for food produced by
family farmers *

Yes 530 (98) 371 (98.1) 159 (97.5)
0.741No/Don’t know 11 (2) 7 (1.9) 4 (2.5)

* Fisher’s exact test. ** Categories “No” and “Don’t know” were grouped for analysis due to the small number of responses.

Table 3 presents the participants’ opinions regarding the difficulties in buying food
from local family farming, stratified according to the purchase made by the managing unit
of the food service of public institutions. Most respondents (> 50%) acknowledged the dif-
ficulty in making the purchase as the limited production capacity to meet the institution’s
food demand (52.5%); production seasonality (62.8%); the bureaucratic purchase process
(53.2%); the lack of information from farmers’ organizations on the possibility of selling
(54.2%); the lack of technical assistance to farmers (62.8%); a limited number of farmers’
food-selling organizations (52.1%); and the limited food processing infrastructure (53%).
On the other hand, most participants did not consider the following hardships as diffi-
culties: consumers’ product acceptance (76%); restaurants’ product storage infrastructure
(50.6%); the institution’s access to information on purchasing possibilities (54.5%); and
the amounts paid for products (62.1%). The participants’ different opinions have been
observed regarding some difficulties: family farming food cost; health surveillance’s food
sale criteria; lack of support from public management; the number of existing farmers in
the region; and product delivery logistics. In these cases, the majority (more than 50%) was
not reached in any answer options (yes/no/don’t know).
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Table 3. Opinion of the study participants concerning the difficulties of buying food from family farming in public
institutional food service, stratified according to the family farmers’ food purchase.

Difficulties

Total Food Purchase from Family Farming

N (%)
541 (100)

Yes, n (%)
378 (69.9)

No, n (%)
163 (30.1)

Demand for food greater than family farming
production capacity a

Yes 284 (52.5) 201 (53.2) 83 (50.9)

No 184 (34) 145 (38.4) 39 (23.9)

Don’t know 73 (13.5) 32 (8.5) 41 (25.2)

The seasonality of local production does not satisfy
the demand for food required by the institution a

Yes 340 (62.8) 245 (64.8) 95 (58.3)

No 143 (26.4) 112 (29.6) 31 (19)

Don’t know 58 (10.7) 21 (5.6) 37 (22.7)

The institutional purchase of food is a very
bureaucratic process a

Yes 288 (53.2) 185 (48.9) 103 (63.2)

No 189 (34.9) 164 (43.4) 25 (15.3)

Don’t know 64 (11.8) 29 (7.7) 35 (21.5)

Food sold by family farmers is more expensive
than other foods a

Yes 224 (41.4) 169 (44.7) 55 (33.7)

No 232 (42.9) 181 (47.9) 51 (31.3)

Don’t know 85 (15.7) 28 (7.4) 57 (35)

Family farm foods are not well accepted by
consumers a

Yes 74 (13.7) 59 (15.6) 15 (9.2)

No 411 (76) 307 (81.2) 104 (63.8)

Don’t know 56 (10.4) 12 (3.2) 44 (27)

The food sale criteria established by health
surveillance a

Yes 209 (38.6) 154 (40.7) 55 (33.7)

No 240 (44.4) 181 (47.9) 59 (36.2)

Don’t know 92 (17) 43 (11.4) 49 (30.1)

Lack of institutional restaurant infrastructure for
food storage a

Yes 218 (40.3) 161 (42.6) 57 (35)

No 274 (50.6) 196 (51.9) 78 (47.9)

Don’t know 49 (9.1) 21 (5.6) 28 (17.2)

Lack of support from public management a

Yes 219 (40.5) 125 (33.1) 94 (57.7)

No 258 (47.7) 223 (59) 35 (21.5)

Don’t know 64 (11.8) 30 (7.9) 34 (20.9)

The institution lacks information on the possibility
of buying food from family farming a

Yes 190 (35.1) 98 (25.9) 92 (56.4)

No 295 (54.5) 251 (66.4) 44 (27)

Don’t know 56 (10.4) 29 (7.7) 27 (16.6)

Farmers lack information on the possibility of
selling food to public institutions a

Yes 293 (54.2) 199 (52.6) 94 (57.7)

No 165 (30.5) 141 (37.3) 24 (14.7)

Don’t know 83 (15.3) 38 (10.1) 45 (27.6)

Lack of technical assistance for farmers a

Yes 340 (62.8) 245 (64.8) 95 (58.3)

No 104 (19.2) 88 (23.3) 16 (9.8)

Don’t know 97 (17.9) 45 (11.9) 52 (31.9)

Low amounts paid by institutions for family
farming products a

Yes 73 (13.5) 40 (10.6) 33 (20.2)

No 336 (62.1) 289 (76.5) 47 (28.8)

Don’t know 132 (24.4) 49 (13) 83 (50.9)
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Table 3. Cont.

Difficulties

Total Food Purchase from Family Farming

N (%)
541 (100)

Yes, n (%)
378 (69.9)

No, n (%)
163 (30.1)

There are few family farmers in the region a

Yes 202 (37.3) 154 (40.7) 48 (29.4)

No 231 (42.7) 188 (49.7) 43 (26.4)

Don’t know 108 (20) 36 (9.5) 72 (44.2)

Few family farming organizations sell food in
the region a

Yes 282 (52.1) 222 (58.7) 60 (36.8)

No 146 (27) 123 (32.5) 23 (14.1)

Don’t know 113 (20.9) 33 (8.7) 80 (49.1)

Farmers’ organizations lack the necessary
infrastructure for food processing a

Yes 287 (53) 223 (59) 64 (39.3)

No 122 (22.6) 105 (27.8) 17 (10.4)

Don’t know 132 (24.4) 50 (13.2) 82 (50.3)

Product delivery logistics is very costly for family
farmers and does not make the sale worth

the while a

Yes 204 (37.7) 150 (39.7) 54 (33.1)

No 183 (33.8) 163 (43.1) 20 (12.3)

Don’t know 154 (28.5) 65 (17.2) 89 (54.6)
a (p < 0.001).

Statistically significant differences were observed in all variables studied (p < 0.001)
(Table 3) when comparing the opinion of the participants working in the MU of the food
service of public institutions that bought food from local family farmers with those that
did not. Most of the participants working in managing units of public food services
that purchased food from family farming did not consider as purchase implementation
difficulties: food cost (47.9%); health surveillance’s food sale criteria (47.9%); the number
of farmers (49.7%); and product delivery logistics (43.1%). Meanwhile, many of those
who did not buy could not express an opinion on these aspects (35%, 30%, 44.2%, and
54.6%, respectively). The results also show that almost 60% of participants working in food
services buying from family farming considered the small number of farmers’ food-selling
organizations (58.7%) and the lack of farmers organizations’ food processing infrastructure
(59%) as factors hindering the implementation of food purchase from local family farming.
On the other hand, approximately 50% of the participants in the group that did not buy from
local family farming were unable to express their opinion on these aspects (small number
of farmers’ food selling organizations (49.1%) and the lack of farmers organizations’ food
processing infrastructure (50.3%)). Moreover, participants in institutional food services
that did not buy from family farming thought that bureaucracy (63.2%), lack of support
from public management (57.7%), and the institution’s information about the possibility of
buying food from local family farming (56.4%) hinder its implementation. These aspects
were not considered a difficulty for 49%, 59%, and 66% of those participating in the MU of
the food service of public institutions buying food from family farming.

4. Discussion

This study explored and compared Brazilian public institutional food services’ char-
acteristics concerning the implementation of the government policy for the procurement
of food from family farming and the opinions of food service managers on the benefits
and difficulties of its implementation. The implementation of the purchase of food from
local family farmers was more frequent in the MUs of school food programs, self-managed
institutions, municipalities with a smaller number of inhabitants, and food services serving
a larger number of people. Moreover, those who implemented the family farming purchase
policy developed more actions to promote healthy and sustainable food. However, the
country’s region did not influence the implementation of the purchase from local family
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farmers. According to the study participants, the direct purchase from local family farming
can contribute to the food system’s sustainability. However, aspects related to the region’s
productive fabric (such as low production capacity, seasonality, lack of technical assistance,
low number of farmers’ organizations) can hinder the implementation of local purchasing.
In addition, operational aspects, such as bureaucracy, support from public management,
and access to information about the purchasing process, were identified as difficulties by
most participants that had not implemented the government policy for purchasing food
from the local family farming.

According to our study, the MUs of the school food program implemented the gov-
ernment purchasing policy more than other institutions. Moreover, purchases from family
farming increased from 2010 on. These results may be related to the longer time elapsed
since the mandatory food purchase from local family farms for schools. The purchase
became mandatory for public schools in the country as of 2010 [19,31], while other public
institutional food services were mandated only in 2016 [24]. This outcome is similar to that
of a previous study that suggests the importance of regulatory frameworks to drive the
implementation of food purchase policies from local producers [39].

Our results also agree with previous studies that identified that the implementation
of the direct purchase policy of food from local farmers is more frequent in self-managed
food service institutions [33,40] and smaller, rural municipalities [33]. This situation may
be related to a more structured, productive fabric in these regions [41].

On the other hand, our study did not identify differences in the implementation of the
direct food purchase from local family farming by region of the country, which differs from
a previous study carried out with the Brazilian School Food Program [40]. However, we
should consider that our study includes institutions other than schools and that the time
elapsed since the mandatory purchase from farmers in the region was implemented may
have allowed implementation in a more significant number of institutions.

Educational environments such as schools and universities are a strategic space for
developing health promotion actions [42]. The food supply in these institutions is an
opportunity to promote healthy and more sustainable food. As in studies by Soares and
collaborators [33], our results indicate that purchasing from local producers can favor the
development of these actions in public institutional food services. This may be because
professionals involved in the direct purchase of food from local farmers may be more
sensitive to food, health, and sustainability issues and highlights the potential of local food
purchase in institutional food services as a health promotion tool. In this sense, the opinion
of this study’s participants corroborates the evidence in previous studies [11,12], indicating
that food purchase from farmers in the region has a positive impact on local production
and supply of fruits and vegetables in public institutional food service, contributing to
reviving traditional foods and improving food quality. The most purchased food from local
family farming in all regions of the country was fruits and vegetables. On the other hand,
our results show differences in the purchase of some food groups, such as legumes and
cereals, which may be related to the farming characteristics of each region or their culinary
traditions [43,44].

Study participants also stated that local purchasing could positively influence the
local economy and farmers’ income. Institutional food purchase is an essential mechanism
for establishing stable markets for local farming [45]. Considering that the economic
impact generated may be modest, product processing is an alternative to add value to
the products [46]. In this sense, and similarly to a previous study [11], foods processed
by family agribusinesses were among the most purchased foods. On the other hand, our
study’s participants affirmed that farmers’ food processing organizations’ infrastructure is
the difficulty of purchasing from local family farmers. The investment in infrastructure for
food processing can strengthen the direct purchase policies from family farming, generating
higher added value to the products and positive impacts on farmers’ income and the local
economy. In this sense, it is worth highlighting among our results the regional differences
in the purchase of processed food by family agro-industries, which suggests inequality
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in the infrastructure available for food processing in different regions of the country.
Knowing these differences is an essential step for directing efforts to build more sustainable
food systems.

One of the family farming food procurement policy objectives is strengthening less
structured productive sectors, such as family farming, through the establishment of a
stable market [47]. However, the participants’ opinion shows that aspects related to the
region’s productive fabric hinder purchases from local family farmers. Therefore, the
feasible implementation of the governmental policy to purchase food from family farming
requires the region to have organized family farmers to meet the institution’s demand. In
this sense, it is worth noting that institutional restaurants demand large amounts of food
daily. As an example, the university restaurant at the Federal University of Santa Catarina
demands an average of 34 tons of fruit and vegetables per month [38].

However, family farmers are not always prepared to meet this demand, which can be
a problem for food service MUs that need food periodically. This situation is evidenced in
our results, where we identified that the limited production capacity, the lack of technical
assistance to farmers for food production, and the limited food processing infrastructure
hamper the purchase of food from family farming.

Technical support and technological assistance can provide mechanisms for less
structured farmers to produce food competitively [48]. However, farmers with advanced
age, low education, and low per capita income, and those who sell directly to the consumer
use this service less [49]. Therefore, strengthening public technical assistance agencies in
the country can be an essential government tool to help small producers plan production
and enter the institutional market.

Depending on food availability in the region [41], the implementation requires the
adaptation/adequacy of the institution’s food supply to local food production. Besides
nutritional aspects, menus and food shopping lists must be constructed considering the
productive capacity and the production’s seasonality [50]. The implementation of direct
purchase policies from farmers in the region requires training efforts and new institutional
food services’ work routines, which can translate into positive impacts for the provision of
healthy food in the institution, the local economy, and the environment. A study carried
out in the EU indicates that a regional supply could lead to a 5–8% decrease in greenhouse
gas emissions [51]. The authors emphasize that local purchases should be associated with
organic products to curb environmental impacts.

The bureaucratic procurement process was also identified as a difficulty in imple-
menting food purchase from family farming. The purchase has several technical and
administrative requirements that can, in some cases, take months to become effective.
Furthermore, unlike a purchase from a retailer, farmers need planning and time to produce
food according to the delivery schedule (quantities per delivery). In this sense, the delay in
resolving the purchase process can lead to farmers’ lost production or a shortage of food
services should farmers not have the food for delivery when the purchase is made official.
A previous study identified that farmers’ guarantee of food delivery is one of the concerns
of agents involved with the purchase of local food in food services [52].

The difficulties perceived by the participants in implementing the purchase from
local family farming differed according to their experiences (buying/not buying). The
bureaucratic purchasing process, the lack of support from public management, and the lack
of information from the institution on the possibility of acquiring food from family farmers
in the region were identified as a difficulty by most participants working in institutions
not buying from family farming. This result may be because those who worked in public
institutional food services that started the purchase did not face or have already overcome
these implementation difficulties. Knowing these differences can help develop intervention
strategies more appropriate when implementing the direct purchase of food from family
farming in each institution. Our results suggest that training and dissemination strategies
can boost the implementation of direct purchasing policies. However, strengthening and
consolidating these policies requires more significant effort in productive infrastructure
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(increasing food production/storage/transport/processing capacity), as was pointed out
by the participants of institutional food services buying food from farmers in the region.

The implementation of the family farm food purchase policy can positively affect
the quality of food offered in public institutions, the local economy, and the environment.
Knowing the benefits and difficulties of its implementation can be helpful for planning and
implementing food and nutrition public policies. Our results suggest that strengthening
and consolidating the government’s food procurement policy requires more significant
government investment in productive infrastructure for family farming.

When interpreting the results, we should consider that they stem from a convenience
sample. Participation in the study was voluntary, which may interfere with the results. The
opinions of the participants may be influenced by their professional experience. Moreover,
those involved in buying food from local family farming could be more motivated to
participate in the study. In addition, the data collection technique used did not allow us to
know the actual response rate. However, the sample revealed a very different picture of the
implementation of policies for the direct purchase from family farmers in Brazilian public
institutional food services, with participants from different regions and diverse experiences.
This study achieved a first approximation of the characteristics of institutional restaurants
that implement the direct purchase policy of food from local farmers and grasped the
opinion of the participants involved in the institutional food purchase process on the
benefits and difficulties of buying.

5. Conclusions

The existence of a normative framework favors the implementation of direct purchase
policies from local family farming. Nevertheless, self-management of food services and the
municipality’s small size also seem to be associated with its implementation. This type of
food supply in institutions can contribute to building healthier and more sustainable food
systems. However, the lack of information, the lack of public management support, and the
weak regional productive fabric may pose an obstacle to its maintenance or dissemination
to a higher number of institutions.
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Abstract: The increase in the slaughter of pregnant cows (SPCs) for meat (except as may be approved
by veterinarians on health grounds to salvage the animal) is unethical. SPCs for meat is also
counterproductive, detrimental to food security, and may enhance zoonotic disease transmission.
In this context, therefore, this current study examined slaughter conditions and the slaughtering of
pregnant cows, and the implications for meat quality, food safety, and food security in Southeast
Nigeria. The direct observational method was employed to examine the slaughterhouse activities,
from when the cattle arrived at the lairage to the post-slaughter stage. A pre-tested and validated
closed-ended-questionnaire was used to elicit information on causes of the SPCs and the method
of disposal of eviscerated foetuses. Pregnancy status of cows slaughtered was determined by
palpation followed by visual examination of the eviscerated and longitudinal incised uteri. The
study lasted for six months during which 851 cows out of 1931 slaughtered cattle were surveyed.
Assessment/decision-making protocol of slaughterhouse conditions, welfare conditions of slaughter-
cattle, reasons for sale or slaughter of pregnant cows, distribution of pregnant cows slaughtered,
method of disposal of eviscerated foetuses, and estimated economic losses of SPCs were delineated.
Of the 851 cows examined, 17.4% (148/851) were pregnant while 43.2% (64/148) of the total foetuses
recovered were in their third trimester. Major reasons adduced for SPCs by proportion of involved
respondents were: ignorance of the animals’ pregnancy status (69.7%, 83/119), high demand for beef
(61.3%, 73/119), preference for large-sized cattle (47.9%, 57/119), economic hardship (52.1%, 62/119)
and diseases conditions (42.9%. 51/119). The conduct of SPCs for meat would not be profitable. This
is because within six months, an estimated loss of about 44,000 kg of beef, equivalent to ₦ 70.1 million
or $186,400 would be associated with SPCs and the consequential foetal wastages. If losses were to be
replicated nationwide across slaughterhouses, 4.3 tons of beef estimated at ₦ 8.6 billion or $23 million
would be wasted. Improving slaughter conditions and the welfare of slaughter-cattle in Nigerian
slaughterhouses through advocacy, training of slaughterhouse workers, and strict implementation of
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laws promoting humane slaughter practices is imperative. Preventing SPCs for meat and inhumane
slaughter practices at the slaughterhouse would enhance the welfare needs of slaughter cattle, grow
the national herd size, and improve meat safety as well as food security.

Keywords: animal welfare; bovine foetal wastage; food safety and security; meat quality; national
herd size; slaughter of pregnant cows

1. Introduction

Globally, achieving high-level beef/meat quality from any given cattle slaughterhouse
requires that optimum levels of good practices must be upheld. Regardless of location,
cattle pre-slaughter and slaughter operations remain very critical to meat quality and food
security [1–3]. There are pre- and post-slaughter conditions/factors in slaughterhouses
that influence meat quality and food security. For instance, pre-slaughter factors include
high animal density during transport, inadequate lairage facilities at the slaughterhouse,
long-distance travel, (poor) handling practices during loading and unloading and during
transport, as well as unskilled drivers [4–7]. On the other hand, post-slaughter factors
include humidity, temperature, meat pH, microbial contamination and storage time, which
would affect the keeping and nutritional qualities of the meat [8]. Moreover, the welfare
of animals at slaughter indeed affects meat quality, which undermines food safety, public
health, and economic viability in meat production or processing enterprises [2,9]. Addi-
tionally, the stress inflicted during slaughter can change the meat characteristics [10–12].
Further, bad slaughter management operations can decrease carcass quality, which could
arise because of cross-contamination [2,13]. Some carcass/meat defects caused by pre-
slaughter stress or poor welfare conditions are Pale, Soft, Exudative (PSE) and Dark Firm
and Dry (DFD) meats [14,15]. Humane handling of slaughter-cattle prohibits cruel practices
such as dragging, dropping, throwing or hoisting during the slaughter process [16]. Factors
that are used to evaluate compliance to humane slaughter practices include the proportion
of the slaughter animals that: (a) were successfully stunned at the first attempt; (b) were
rendered unconscious post first stunning; (c) vocalised during stunning and bleeding;
(d) fall during handling; and (e) moved with an electric goad [16,17].

Animal welfare (AW) refers to the overall well-being of non-human animals, especially
domesticated/farmed animals reared for companionship and food (meat) production [18].
Typically, an animal is considered to be in a good state of welfare when it is healthy and
well-nourished, under zero pain, distress or fear, and able to easily express its instinctive
behaviour [18]. Good AW, among other things, requires the provision of appropriate
feed and shelter, humane handling, and humane slaughter [19]. The principles of AW
permit responsible use of animals for human benefits (companionship, food, recreation
and work), but such animals must be protected and cared for in a manner that minimises
fear, pain, stress, and suffering [20]. In Nigeria, the Department of Veterinary and Pest
Control Services (DVPCS) is responsible for protection and promotion of AW. Actually, the
DVPCS in Nigeria is under the supervision of the Chief Veterinary Officer (CVO), who
also functions as the World Organisation for Animal Health delegate. The CVO oversees
animal health and welfare issues, well known to involve: (a) animal disease prevention
and control; (b) prevention of the slaughter of gravid animals (unless approved by an
accredited veterinary doctor); and (c) humane animal handling/slaughter practices.

Adherence to AW standards, other than an ethical issue, may enhance the micro-
biological safety of beef and beef products, and therefore protect the consumers from
infections with zoonotic pathogens. Stress factors and poor AW can increase susceptibility
of slaughter-cattle, especially the pregnant ones, to diseases which may be zoonotic and
hence transmissible to humans via the food chain [21]. Globally, approximately 600 mil-
lion foodborne illnesses and 420,000 deaths have annually been attributed to microbial
pathogens, largely owed to poor food (as well as meat) processing practices [9]. Through
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the provisions of the Meat Edict of 1968 in Nigeria, the slaughter of pregnant female animals
(PFAs) is prohibited, so as to improve AW and conserve livestock resources. This specific
edict equally forbids the slaughter of gravid animals, with the exception of emergency
slaughter. The purpose for this is to relieve animal suffering, and this has to be recom-
mended by a veterinarian. Despite the obsolete nature of this edict, maternal slaughter and
the resultant foetal wastage has continued unabated [22–24]. The reason for this could also
be attributed to the poor implementation of this edict. Moreover, the immediate cause(s) of
this menace (maternal slaughter) still remains elusive. This may be due to the upsurge in
the demand for edible animal products in Nigeria [25], occasioned by the rapidly increasing
human population, currently estimated at 210 million, which is based on a 3.5% annual
growth rate [26].

Besides animal cruelty, the slaughter of pregnant female animals (PFAs) remains coun-
terproductive, threatens food security, and exerts immense loss in livestock
revenue/resources [27–30]. Slaughter of pregnant cows (SPCs) would not only depopulate
productive female animals, but also depletes future herds via consequential foetal wastages.
As such, this would jeopardise efforts towards achieving self-sufficiency in provision of
enough edible animal protein, especially in developing countries [31]. SPCs could lead
to the introduction of exotic zoonoses (bovine spongiform encephalopathy and variant
Creutzfeldt–Jakob disease) through meat importation due to deficits in animal protein
occasioned by excessive off-takes from the national herd [31]. In developing countries, the
diminution of animal protein is a major public health problem associated with the slaughter
of PFAs [32], which may ensue through the unwarranted off-takes from the national herd
without commensurate replacement, as epitomised in SPCs and the consequential bovine
foetal wastages. Despite the fact that SPCs and associated AW and economic implications
are preventable, the practice regrettably persists in Nigeria [24,33–37], where demand for
edible animal products incidentally supersedes the supply [38,39].

SPCs appears to increasingly be the status quo, despite the fact that unauthorised
slaughter of gravid females for meat connotes animal cruelty and counteracts the growth of
the national herd. Therefore, determining the current status and its underpinning drivers
are warranted considering that the last available report on SPCs in South-East Nigeria is
over three decades old [40]. Additionally, it appears there is no published report/pathway
to determine the conditions/welfare of both slaughtered cattle/slaughterhouses in Nigeria.
Additionally, knowing the number of pregnant cattle slaughtered for meat may provide
useful clues on slaughterhouses’ compliance to AW needs, especially in Nigeria. Further,
determining the root-causes of SPCs will guide informed decision making regarding
improved AW, growing the national cattle herd size and boosting the livestock economy
in Nigeria. To supplement existing literature, therefore, this current study examined the
slaughter conditions and slaughtering of pregnant cows, and the implications for meat
quality, food safety, and food security in South-East Nigeria.

2. Materials and Methods
2.1. Area/Location of Study

The demographics, climatic and orographic conditions of South-East Nigeria, the
study location, have been previously described [41,42]. The South-East is one of the six
geopolitical zones of Nigeria that consists of five states—Abia, Anambra, Ebonyi, Enugu
and Imo (Figure 1). The zone is located on latitude 5◦45′00′ ′ N and longitude 8◦30′00′ ′ E.
The South-East zone has a total land area of about 40,000 km2, and borders Cameroon at the
Eastern boundary. The region had an estimated population of about 40 million people in
2019 [43], but realistically the population is now approximately 60 million. The population
density of the South-East ranges from 140 to 390 persons per km2 (depending on the state
or town), as against Nigeria’s average population density of 226 per km2; making the zone
one of the most densely populated regions in Africa.
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Figure 1. Map of the study area, the South-East geopolitical zone of Nigeria, showing the positions of the zone in African
and Nigerian maps, and the constituent five Nigerian states that comprise the South-Eastern part.

2.2. Schematic Overview of the Experimental Program

The schematic overview of the experimental program, from the study design to the
age estimations and disposal of eviscerated bovine foetuses from major slaughter facilities
in South-East Nigeria, is shown in Figure 2. For emphasis, this current study was designed
to examine how slaughter conditions and slaughtering of pregnant cows impact on the
meat quality, food safety, and food security, with specific reference to the South-Eastern
part of Nigeria. The study adopted a cross-sectional study design which consisted of two
phases. The first was the pathway determination of the status of slaughter-cattle, from the
process of off-loading, to the period of waiting at the lairage, and during slaughter. This
was conducted by direct observational methods, as described by Holmes [44]. The second
was determination of the prevalence and causes of SPCs in the study area. Three major
slaughter facilities in the study area, Nsukka, Kwata and Akwata slaughterhouses, being
the major slaughterhouses with a combined slaughter capacity of about 70% of all cattle
consumed in the zone [45], were purposively selected for the study.

2.3. Ethical Approval

Institutional ethics approval was deemed not necessary for this survey activity. This
is because the researchers did not slaughter the cattle surveyed, but only examined slaugh-
tered pregnant cows during routine meat/carcass inspection activities performed at the
studied slaughterhouses. Pre-slaughter conditions of the animals were determined by
direct observational study, and there was no physical restraint/handling of the live ani-
mals by the researchers. However, the slaughterhouses’ associations approved the use of
the research instrument (i.e., questionnaire) prior to the survey. Importantly, given that
the survey involved interviews of slaughterhouse workers, informed consent was orally
obtained prior to their participation. Additionally, this study adhered to the code of ethics
of the World Medical Association Declaration of Helsinki [46], and the participation of
every respondent included in this survey was entirely voluntary.
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Figure 2. The schematic overview of the experimental program, from the study design, to the age estimations, and the
disposal of eviscerated bovine foetuses from major slaughter facilities in South-East Nigeria.

2.4. Research Visits and Sample Size Determination

The selected slaughterhouses were visited weekly, precisely on Saturdays (as more
cattle are usually slaughtered on weekends) for six months, (three months during the
dry/hot season and another three months during the wet/rainy season) for data collection.
A minimum sample size of 385 cows was calculated for the study on pregnancy status
of slaughter-cattle, using the formula: n = Z2 P (1 − P)/d2; where n = required sample
size, Z = normal deviate (1.96) at 5% significance level, and P = assumed prevalence of
bovine foetal wastages (BFW). The sample size calculation was based on a 50% estimated
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prevalence, as described by Pourhoseingholi and other workers [47], since there is no
published report, to the best of knowledge, on BFW in South-East Nigeria. However, for
accuracy and buoyancy of data, a total of 851 cows out of 1931 slaughtered cattle surveyed
during the six month period, were selected by simple random sampling technique (toss of
coin) in this study.

2.5. Development and Validation of Research Instrument

The research instrument took the form of a structured and pre-tested closed-ended
questionnaire. This was used to elicit information underscoring the SPCs and its implica-
tions on the meat quality, food safety and security. Specifically, the questionnaire structure
had two parts. One part sought to ascertain the pathways to determine the slaughter
conditions/welfare. This involved questions that aimed to reveal the major steps followed
prior to decision-making about welfare conditions within the studied slaughterhouses. The
other part sought to ascertain the possible causes of SPCs and method of disposal of evis-
cerated foetuses or gravid uterine contents, from which implications of SPCs on the meat
quality, food safety and security could be deciphered. This involved questions that aimed
to reveal the reasons for sale or slaughter of pregnant cows, distribution of pregnant cows
slaughtered, the method of disposal of eviscerated foetuses, and the estimated economic
losses of SPCs.

The initial draft questionnaire was subjected to face and content validations consistent
with the method described by Bolarinwa [48]. Thereafter, it was pilot tested on 20 respon-
dents in order to detect and correct possible errors that may arise during the actual survey
process. Additionally, Cronbach’s alpha test was performed to ascertain the reliability of
the data/questionnaire in determining the parameters of interest, using IBM® SPSS statis-
tics version 25 (SPSS Inc., Chicago, IL, USA). The test yielded a reliability coefficient (alpha
value) of 0.841 (which was ≥ 0.7), and therefore ascertained the questionnaire reliable and
valid, and ready for this current work.

2.6. Administration of Research Instrument

A total of 119 slaughterhouse workers, selected from a sampling frame of 356 workers,
across the three selected slaughterhouses, participated in the study. The slaughterhouse
workers surveyed included butchers, cattle dealers/marketers, animal attendants (herders)
and meat sellers. These workers performed various roles, one complementing the other in
some cases. For instance, a butcher could be herding the cattle after abattoir operations. In
another instance, the cattle marketers may butcher the slaughtered animals and also sell
the meat themselves. A simple random sampling technique (toss of coin) was used to select
the 119 respondent from over 200 slaughterhouse workers, who willingly volunteered to
partake in the survey.

The questionnaire survey was conducted during each visit. The survey was conducted
in the form of an interview, and the responses recorded accordingly. The veterinarian and
an assistant would ask questions from the questionnaire, and the slaughterhouse worker
would provide answers. In some cases where respondents were unable to fully understand
the question posed in the English language, the native language was used without change
of content or context, but to enhance participation, ensure least pressure (to the respondent),
and elicit appropriate response. Utmost care was taken to ensure that each respondent was
not surveyed more than once.

2.7. Elaboration of Questionnaire Parameters
2.7.1. Pathways to Determine the Slaughter Conditions

The task here was to determine what would eventually be called “assessment/decision-
making protocol of slaughterhouse conditions/welfare”. This would help identify and
subsequently establish in logical sequence the steps that would lead to decision-making
as regards conditions/welfare of slaughterhouses. This involved questions aimed to de-
lineate major factors that could serve as checks, as well as help establish right decisions
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regards the condition/welfare of the slaughterhouse. Brainstorming sessions with (slaugh-
terhouse) workers, together with the veterinarians that conducted the study, would enable
deductions/reflections on the positive and negative welfare conditions, to proffer potential
way-outs.

2.7.2. Pregnancy Status of the Selected Slaughtered Cows

The pregnancy status of the selected slaughtered cows was ascertained by visual in-
spection and palpation of the uteri and the uterine horns for gross/macroscopic evidence(s)
of pregnancy. The uteri and the horns were eviscerated post slaughter, longitudinally
incised, and then systematically and thoroughly inspected (post-mortem) for evidence of
pregnancy (presence of membrane slip, foetus/foetuses, placentation, placentome-foetal
cotyledon and maternal caruncle or other afterbirth materials). The ages of the dams were
estimated by the dentition method as described by Pace and Wakeman [49]. For the foe-
tuses, estimation of the gestational age was performed by crown-rump length measurement
using the formula: X = 2.5 (Y + 21); where X = age of the foetus in days and Y = crown-rump
length in cm as described by Kouamo and other researchers [50]. Thereafter, the gestational
age of the recovered foetuses were categorised as first (<90 days), second (90–180 days)
or third (>180 days) trimester. Similarly, sex of the foetuses was determined by visual
examination of the external genitalia at the inguinal region or below the base of the tail.

2.7.3. Estimated Loses of Beef from Slaughtered Pregnant Cows (SPCs)

Losses in beef production associated with SPCs was estimated based on a 63% carcass
yield [51], and an average maturity live weight of 460 kg per cattle, as described by Ndi
and co-workers [52]. The estimation assumed that the 148 foetuses would be born alive
and raised to maturity, but allowance for 5% pre-maturity mortality was factored in as
recommended by Ndi and co-workers [52]. Additionally, the associated economic losses
were determined by mark-up pricing methods, as described by Crowson [53], using the
prevailing price of beef in the local markets. The monetary value was estimated in Naira
(₦) and converted to US Dollars ($) based on the current market price of ~₦ 2000 (roughly
$5.3 at the Central Bank of Nigeria (CBN) official exchange rate of ₦ 380 per US Dollar as
of 01 April 2021) per kilo of beef.

2.8. Statistical Analysis

The resultant data were collated, analysed and presented in tables and figures. Fisher’s
exact test was used to determine whether there is significant association (p ≤ 0.05) between
SPCs and seasons, age, breed, months of the year and slaughterhouse locations. The
statistical significance was set at p < 0,05 (95% confidence interval). IBM® SPSS statistics
version 25 (SPSS Inc., Chicago, IL, USA) was used to run the statistical analysis.

3. Results
3.1. Establishing the Pathway of Slaughter Conditions/Welfare

Brainstorming sessions with (slaughterhouse) workers, together with the veterinarians
that conducted the study, enabled the deduction of the feasible pathway in regard to the
slaughterhouse conditions/welfare decision-making activity. The schematic diagram of
assessment/decision-making protocols of slaughterhouse conditions/welfare is shown
in Figure 3. It shows the major steps, from the assembly of the animal welfare team, to
the actual decision-making actions. Table 1 shows the considerations of cattle slaughter
conditions/welfare and corresponding way-outs, from environment at the lairage, to
during the slaughter of cattle. The considerations of cattle slaughter conditions/welfare
were either positive or negative. The way-outs were aimed to alleviate the negative (and
strengthen the positive) decision-making.
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Table 1. Positive and negative cattle welfare conditions and corresponding way-outs, from environment conditions at the
lairage, up to the actual slaughter process/practices.

Positive Cattle Welfare Condition Negative Cattle Welfare Condition Way-Outs/Remarks

CATTLE ENVIRONMENT AT THE LAIRAGE

* Adequate shelter at the lairage * No shelter, marshy or water-logged floor Provision of shelter, adequate floor space,
feed/water and conducive environment at the

holding pen/lairage; to limit overcrowding, stress,
fighting and hence injuries and lacerations

** Moderate stocking density and hence adequate
floor space ** Overcrowded or high stocking density

** Absence of wounds, lacerations or fight injury
** Presence of wounds, lacerations and

injuries/fractures due to fighting caused by
overstocking or starvation/thirst

** Ability to express innate abilities like mooing,
jumping, etc

** Depressed, afraid, in a state of pain and hence
unable to express innate abilities

PRE-SLAUGHTER CATTLE CONDITION

** No slipping or falling
** No hitting or mal-handling
** No dragging to the kill floor

** No vocalisation/groaning during handling

** Dragging, hitting, falling, groaning, etc during
pre-slaughter handling

Training and retraining on pre-slaughter human
handling. Mechanisation of slaughter and

processing processed to limit excessive use of force
or manual labour. Enactment and or strict

implementation of human animal handling before
and during slaughter.

DURING SLAUGHTER OF CATTLE

** Stunning prior to bleed ** No stunning prior to bleeding Training and retraining on modern and human
slaughter practices. Mechanisation of slaughter and
processing processed to limit excessive use of force
or manual labour. Provision of modern slaughter
facilities to automate slaughter process and limit

meat contamination. Enactment and or strict
implementation of human animal handling before

and during slaughter.

** Stunning to bleeding interval of less than 5 s ** Stunning to bleeding interval of ≥ 5 s
** No dropping, throwing or hoisting during

the slaughter
** Dropping, throwing or hoisting during

the slaughter
** All animals successfully stunned (were rendered

unconscious) at the first attempt.
** No or few animals successfully stunned (were

rendered unconscious) at the first attempt
** No vocalisation/groaning during stunning

or bleeding
** Vocalisation/groaning during stunning

or bleeding

* Veterinarians’ field experience; ** Sourced from published works [2,16,54–56].

3.2. Reasons for Sale or Slaughter of Pregnant Cows

The reasons for sale or slaughter of pregnant cows for meat among herders and
abattoir workers in South-Eastern Nigeria are shown in Table 2. Some of the reasons for
SPCs and a proportion of the respondents were: ignorance of the animals’ pregnancy status
(69.7%, 83/119), high demand for beef (61.3%, 73/148), buyers’ preference for large-sized
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animals (47.9%, 57/148), feed scarcity during drought (26.9%, 32/148), economic hardship
(52.1%, 62/148) and disease conditions (42.9%, 51/148).

Table 2. Reasons for sale or slaughter of pregnant cows for meat among herders and abattoir workers
(n = 119 *) in South-Eastern Nigeria.

Reasons/Causes
Number (%) of Respondents

Yes No No Response

High demand for beef 73 (61.3) 21 (17.6) 25 (21.0)
Economic hardship 62 (52.1) 57 (47.9) 0

Ignorance of the pregnancy status of the animal 83 (69.7) 32 (26.9) 4 (3.4)
Preference for pregnant cows because of size 57 (47.9) 46 (38.7) 16 (13.4)

Feed scarcity during dry seasons 32 (26.9) 87 (73.1) 0
Disease conditions 51 (42.9) 42 (35.3) 26 (21.8)

* Total number of herders and abattoir workers in the 3 slaughterhouses surveyed.

3.3. Distribution of Pregnant Cows Slaughtered

The age, season and breed distribution of pregnant cows (n = 148) slaughtered in
South-East Nigeria is shown in Table 3. The spatial and temporal distribution of pregnant
cows (n = 148) slaughtered in major slaughterhouses in South-East Nigeria is shown in
Table 4. The number of cows slaughtered statistically differed across the age groups
(p = 0.029) and season (p = 0.038), but not breed (p > 0.05). The majority of the slaughtered
pregnant cows (60.1% = prevalence) were in their active reproductive age (4–8 years).
Approximately 59% (87/148) of the pregnant animals were slaughtered during the dry/hot
season. Most of the pregnant cows (80.4%, 119/148) were of the White Fulani breed. The
number of cows slaughtered statistically differed across the month of slaughter (p = 0.021),
but not slaughter location (p > 0.05). Similarly, greater proportions (34.5%) of the pregnant
cows were slaughtered in December, while only 38.5% (57/148) were killed at the Akwata
slaughterhouse, located in Enugu State, Nigeria.

Table 3. Age, season and breed distribution of pregnant cows (n = 148) slaughtered in South-East Nigeria.

Variables Number (%) of
Cows Slaughtered

Number (%) of Pregnant
Cows Slaughtered Prevalence p-Value

AGE
<4 years 126 (14.8) 30 (23.8) 20.3 0.029 *
4–8 years 498 (58.5) 89 (17.8) 60.1
>8 years 227 (26.7) 29 (12.8) 19.6

SEASON
Wet 418 (49.1) 61 (14.6) 41.2 0.038 *
Dry 433 (50.9) 87 (20.1) 58.8

BREED
White Fulani 621 (72.9) 119 (19.2) 80.4 0.149
Sokoto gudali 130 (15.3) 18 (13.8) 12.2

Red bororo 63 (7.4) 7 (11.1) 4.7
Mixed breeds 37 (4.3) 4 (10.8) 2.7

* Significant statistical association (p ≤ 0.05), Fisher’s exact test.

Table 4. Spatial and temporal distribution of pregnant cows (n = 148) slaughtered in major slaughter-
houses in South-East Nigeria.

Variables Number (%) of
Cows Slaughtered

Number (%) of Pregnant
Cows Slaughtered Prevalence p-Values

MONTHS
December 197 (23.1) 51 (25.9) 34.5 0.021 *

January 157 (18.4) 24 (15.3) 16.2
February 129 (15.2) 21 (16.3) 14.2

July 118 (13.9) 17 (14.4) 11.5
August 121 (14.2) 16 (13.2) 10.8

September 129 (15.2) 19 (14.7) 12.8
SLAUGHTER LOCATIONS

Enugu 327 (38.4) 57 (17.4) 38.5 0.406
Nsukka 315 (37.0) 49 (15.6) 33.1
Awka 209 (24.6) 42 (20.1) 28.4

* Significant statistical association (p ≤ 0.05), Fisher’s exact test.
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The age and sex distribution of foetuses (n = 148) recovered from pregnant cows
slaughtered in South-East Nigeria is shown in Table 5. Furthermore, 55.4% (82/148) of foe-
tuses recovered were male, while 22.3% (33/148), 34.5% (51/148) and 43.2% (64/148) were
in their first, second and third trimester of gestation, respectively. Significant association
(p ≤ 0.05) existed between SPCs and age and season at p = 0.029 and 0.038, respectively. In
the same vein, there was significant association (p ≤ 0.05) between SPCs and months of the
year, but none was found between SPCs and slaughterhouse location at p = 0.406.

Table 5. Age and sex distribution of foetuses (n = 148) recovered from pregnant cows slaughtered in
Southeast, Nigeria.

Variables Number (%) of Foetuses

AGE
First trimester 33 (22.3)

Second trimester 51 (34.5)
Third trimester 64 (43.2)

SEX
Male 82 (55.4)

Female 66 (44.5)

3.4. Method of Disposal of Eviscerated Foetuses

The method of disposal of eviscerated foetuses among abattoir workers (n = 119)
surveyed in South-East Nigeria is shown in Table 6. Eviscerated foetuses or uterine contents
were sold for human consumption, 17.6% (21/119); preparation of dog food, 27.7% (33/119)
or disposed by open refuse dump methods, 54.6% (65/119). Likewise, 23.5% (28/119) of
the slaughterhouse workers surveyed sold foetuses or afterbirth materials for the feeding
of pigs or fish (Table 6). Only 5.9% (7/119), and 3.4% (4/119) of the respondents disposed
the foetuses or afterbirth materials by burial and incineration, respectively.

Table 6. Method of disposal of eviscerated foetuses among abattoir workers (n = 119) surveyed in
South-East Nigeria.

Method of Foetus Disposal * Number (%) of YES Respondents

Sold foetuses for human consumption 21 (17.6)
Sold foetuses for preparation of dog food 33 (27.7)

Sold eviscerated foetus for feeding of fishes or pigs 28 (23.5)
Dumped unsold foetus or gravid uterine contents in

municipal refuse dump 65 (54.6)

Incinerated unsold foetus or gravid uterine tissues 4 (3.4)
Buried unsold foetus or gravid uterine contents 7 (5.9)

* Many respondents disposed foetuses by more than one method.

3.5. Estimated Economic Losses of SPCs

As regards the economic losses inherent in SPCs and the consequential bovine foetal
wastages, if the 148 foetuses were born alive and reared to maturity, this would have
yielded 42,890 kg of beef (based on 63% carcass yield and average maturity live weight
of 460 kg). If the same numbers of foetuses were wasted in all of the slaughterhouses
nationwide, 4.3 tons of beef would have been lost. In monetary terms (based on current
market price of ₦ 2000 or $5.3 per kg of beef), this would amount to a loss of ₦ 70.1 million
($186,400), which corresponds to a loss of ₦ 8.6 billion ($23 million) nationwide (data not
shown). To estimate the annual economic losses associated in SPCs and the resultant foetal
wastages, the aforementioned figures would have to be doubled, since the estimated losses
were computed for just a period of six months in which the study lasted.
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4. Discussion

Identifying the right personnel, particularly with the appropriate experience, as shown
in Figure 3, is very crucial in ensuring that the conditions/welfare checks of the cattle
and its surroundings are adequately assessed. Additionally, from Figures 2 and 3, the
direct observation method is adapted to help ensure that the final decision-making ar-
rived at is evidence-based. Conditions of the lairage, keeping, handling and slaughter
conditions are among the key factors deemed needful in ensuring that optimal welfare
checks are adequate. On the other hand, Table 1 has elaborated positive and negative
conditions foreseeable in various cattle slaughter situations. Particularly, the way-outs
further substantiate how to ensure the authenticity, consistency and standardisation of
decision-making. Implementing the decision-making strategy herein (refer to Figure 3 and
Table 1) can help maintain humane slaughter practices of cattle thriving in slaughterhouses.
To see that humane slaughter practices apply to the slaughter animals, some factors have
to be considered, for example the number of cattle that: (1) were successfully stunned at
the first attempt, (2) were rendered unconscious post first stunning, (3) vocalised during
stunning and bleeding, (4) fall during handling, and (5) moved with an electric goad (where
applicable) [16,17]. At the post-slaughter of cattle, there could arise carcass/meat defects
such as PSE and DFD, which can be associated with an abnormal meat pH. This generally
happens when food-producing animals, prior to slaughter, are subject to poor welfare
conditions [14]. Such meat defects pose detrimental effects to the quality indices, which
impedes profitability and sustainability of any meat production enterprise [15]. Therefore,
cruel practices like dragging, dropping, throwing or hoisting during the slaughter process
should be prohibited, as it is not part of the humane handling practices [16]. Notably, poor
AW together with stress factors can increase disease susceptibility of slaughter-cattle, espe-
cially the pregnant ones. Such disease conditions may be zoonotic, and hence transmissible
to humans via the food chain [21].

The findings herein, that 17.4% of the cows slaughtered for meat were pregnant, is
unacceptably high from AW and animal production perspectives (Table 3). This portends
flagrant disregard and insensitivity to the welfare needs of the pregnant cows. To protect
the welfare of pregnant animals, the Nigerian Meat Edict of 1968, the Animal Disease
(Control) Act of 2004 (as amended), as well as the Council Regulation (No 1/2005) of the
EU [57], prohibits the transportation of gravid animals, especially at the late stage of their
gestation. The laws/regulations likely foresee that the welfare needs of the dam and that
of their foetuses may not be met en route, due to the delicate nature of pregnant animals.
Therefore, the SPCs only climaxed the abuse of the animals’ welfare, which was violated
ab initio when the gravid dams were transported to the abattoirs for slaughter. Although
Nigeria does not have a stand-alone legislation on the welfare of animals, legislations
guiding the use and ownership of animals, whether in the form of Acts, Code, and Laws, of
which some are considered obsolete, have been amended to promote AW. The development
of the Nigerian Animal Welfare Strategy Framework in 2016 is one of such amendments.
This welfare strategy, which applies to all domestic and captive animals, proscribes all
forms of cruelty, deliberate pain or suffering to animals, through negligence or failure to act
by the animal owners/custodians/care giver. Additionally, the Animal Disease (Control)
Act of 2004 (as amended) provides some additional protections for farm animals, including
limiting stocking density during transportation to ensure adequate ventilation. This specific
Act also provides for feeding en route, for slaughter/trade animals transported over very
long distances. However, there appears to be no significant progress, particularly to ensure
the strict implementation of these legal statutes. The operationalisation of standard AW
practices in Nigeria remains very challenging, because the nation’s cattle production sub-
sector is almost entirely in the hands of “Fulani” herdsmen, who engage in the nomadic
system of cattle-rearing that involves (calves or pregnant cows) trekking over very long
distances daily in search of food or water [58–60].

To actualise the effective implementation of humane slaughter practices in Nigerian
slaughterhouses remains very challenging, largely due to the limited mechanised slaughter
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facilities [61]. Moreover, stunning prior to bleeding during the slaughter process can greatly
reduce pain perception. However, the ‘halal’ slaughter widely practiced in Nigeria appears
yet to fully embrace stunning, particularly penetrative percussive stunning, even though
some workers [62,63] have reported this stunning type able to knock out the consciousness
in slaughter animals with ease. Stress due to decreased pre-slaughter welfare conditions
(no housing and harsh climatic conditions) observed in this study can lower the immune
status of slaughter cattle. This situation can aid the acquisition and dissemination of
economically important livestock diseases, thereby worsening the already precarious
welfare condition of the animals [64–66]. This is where and why the age of the cattle and
season of slaughter remains very crucial. In addition, the humane pre-slaughter handling
is key to preventing an abrupt increase in the rate of pH decline at the early phases of post-
mortem, because this situation can greatly affect both physiochemical and sensory qualities
of the meat [7,56,67,68]. For instance, the water-holding capacity (WHC) is a key index
of meat that demonstrates the ability of post-mortem muscle to retain moisture despite
external pressures (cooking/heating, gravity). Moreover, pre-slaughter stress or exhaustion
increases heart and respiratory rates, including muscle metabolic activities. This situation
will deplete the muscle glycogen available for enzymatic conversion to lactic acid in the
meat tissue, which is required to optimise the post-mortem pH (5.5–5.7) [69–72], prolong
the shelf life, and limit microbial spoilage. Humane pre-slaughter practices would improve
the sensory qualities of meat such as tenderness (or texture), juiciness and flavour [73,74].

A number of poor pre-slaughter practices were noted in this study. These included
dragging, strangulation and excessive beating, which can increase the levels of creatine
kinase (CK) and aspartate aminotransferase (AST) in meat. These enzyme markers are
indicative of muscle damage and low meat quality, due to their adverse effects on meat
colour (appearance), taste, and other quality indicators [75]. Agbeniga and Webb [76]
reported that reducing both anxiety/stress and pre-slaughter stunning enhanced bleed-
out, decreased blood retention in the trachea, as well as blood splash in the lungs, which
prolonged the meat shelf-life quality and limited the proliferation of spoilage bacteria.
Enhanced bleed-out during slaughter is cardinal to food safety, as it limits microbial meat
spoilage. Inefficient bleeding during slaughter owing to shock or fright-induced vasocon-
striction can withhold blood in edible tissues [77], which facilitates meat decomposition
and spoilage bacteria proliferation [78]. Further, high tissue cortisol level caused by pre-
slaughter stress also facilitates lipid oxidation and activities of autolysis enzymes, which
would enhance putrefaction or formation of PSE meat, even under storage (refrigeration or
frozen) conditions [1,12,78,79].

As per the welfare of the foetuses, the scientific debate has been on-going, for and
against the bridge of AW inherent in foetal wastages as a result of the SPCs. The contentions
focus on whether a foetus can perceive pain during maternal slaughter, and if so, at what
stage of gestation does the pain perception begin. While the EFSA [80] affirmed that
foetuses do not feel pain during the first and second trimesters, as the relevant physical and
neurological structures only develop during the third trimester, there are expert opinions
that suggest there could be between a 1%–33% likelihood that foetuses may experience
pain during the last stage of gestation (third trimester). Corroborating this, recent expert
opinions from the field of developmental neuroscience suggest that pain perception in
foetuses may even start earlier than might have been previously thought. Derbyshire
and Bockmann [81] reported that the brain cortex and the associated tracts, which are
responsible for pain perception, could develop and emerge functional during the latter
phase of the second trimester. Despite this, the “foetal pain” may be sub-cortically based,
even though the relatively undifferentiated experiences of discomfort may be due to neural
processing at levels below the cerebral cortex [82]. For actual pain perception to occur, the
foetus needs to be both sentient and conscious [83]. During the gestational life, foetuses are
maintained in a sleep-like unconscious mode through the activities of neuro-inhibitors [83].
Consciousness only appears after birth following a substantial withdrawal of the neuro-
inhibitors particularly adenosine [83,84]. This unconscious state makes pain perception in
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the foetus most unlikely. This implies that on event of unforeseen death of the dam, the
foetus simply passes from the unconscious state to death with no or minimal pain. This
argument, however, does not justify the unapproved slaughter of pregnant animals.

The high rate (17.4%) at which pregnant cows were slaughtered and foetuses recovered
(Tables 4 and 5) shown in this current study is rather surprising. This suggests that AW
awareness in the study area appears to be low. With the exception of the SPCs, on the
grounds of animal health and other welfare considerations, as may be approved by a
veterinarian on ethical grounds, maternal slaughter on the basis of increased meat demand
connotes cruelty and is hence unacceptable. It appears that the slaughter of gravid cows
and the associated welfare issues is not restricted to Nigeria, as SPCs have been reported
in more advanced countries such as the UK [85], Germany [86] and more recently in
Denmark [87]. However, the magnitude of the practice and the reasons for the slaughter
may vary from place to place. While the EFSA [80] reported that an average of 3% of dairy
cows, and 1.5 % of beef cattle slaughtered in the EU were in their last stage of gestation,
our findings shows that 43.2% of pregnant cows slaughtered were at their third trimester.
The slaughter of terminally gravid cows is worrisome, as pregnancies at the third trimester
of gestation should be detected with ease, even by visual assessment. The slaughter of
pregnant cows/heifers at the latter stages of pregnancy, as found in this work (Table 5),
agrees with the findings of Wosu [40], in which 74% of pregnant cows slaughtered were in
their second or third trimesters. This destructive practice does not only indicate animal
cruelty but also threatens the development or growth of the livestock industry through
excessive off-takes, depletion of the future herd, as well as loss of good genetic traits [88].

In the current study, SPCs within six months would lead to an estimated beef loss of
about 44,000 kg, which would be equivalent to about ₦ 70.1 million or $186,400, with con-
sequential foetal wastage. If this were to be replicated nationwide across slaughterhouses,
there could be an estimated loss of about 4.3 tons of beef, equivalent to about ₦ 8.6 billion
or $23 million. Further, if SPCs are allowed to persist unabated, the already precarious
situation of acute animal protein shortfall in the country may worsen. This is because the
21 million cattle in the country, with an average annual growth rate of 1.85% [89], may
not provide all the beef and dairy needs of approximately 210 million Nigerians with a
population growth rate of 3.5% per annum [26]. Given that most developing countries
are yet to achieve self-sufficiency in beef production [90], it is mind blowing to imagine
the colossal loss of 4.3 tons of beef or ₦ 8.6 billion ($23 million) due to SPCs and the
resultant BFW. These avoidable losses are major setbacks to food security and economic
development, in a country where meat supply grossly lags behind the demand [91].

Apart from the losses and the inherent economic wastages, SPCs may facilitate the
spread of zoonotic pathogens inhabiting the reproductive tract of cows. Brucella and Lep-
tospira organisms inhabit the reproductive and urinary tracts. Zoonotic transmission of
brucellosis in abattoirs is possible via direct contact with placenta, eviscerated foetuses,
uterine secretions or afterbirth materials from infected animals [92–95]. Leptospira infection
can result from direct or indirect exposure to body fluids (urine) from the reproductive
or urinary tracts of an infected animal [96,97], especially during abattoir meat processing.
During the dressing or gutting of an infected animal, the contamination of the processed
meat as well as the infection of the slaughterhouse workers would most likely be in-
evitable, if slaughterhouse workers do not wear personal protective equipment during
routine operations [98]. It is also possible for the abattoir environment to be contaminated
with the zoonotic organisms from food animals grazing around infected areas, which
become onward transmissions of the pathogens to humans. This can apply to eviscerated
foetuses discarded by unconventional methods (Table 6), which can aid environmental
contamination and disease spread.

In all ramifications, the conduct of SPCs for meat would not be profitable. Herders,
who may have erroneously culled their cows for infertility reasons, probably due to poor
proficiency in pregnancy detection, would be at a loss. The butchers and beef sellers are
equally at loss, as pregnant animals, especially those in their late stage of pregnancy, yield

363



Foods 2021, 10, 1298

less meat than non-pregnant ones [87,99,100]. Further, the quality of meat from pregnant
animals is doubtful. Meats sourced from pregnant animals are watery, have high pH
and peak shear force values, poor eye appeal and also smell and tastes abnormal, due to
high progesterone tissue levels [100,101]. In order to remedy the problem of slaughtering
pregnant cows, decisive steps should be taken to provide trained personnel who are
proficient in pregnancy diagnosis at the slaughterhouses. One major step in this regard is
the engagement of more veterinarians and other trained animal health workers as meat
inspectors and animal attendants, respectively. In Nigeria, the local and state governments
have the responsibility to oversee and regulate the operations of slaughterhouses domiciled
in their locality; however, some governments have contracted the oversight and regulatory
functions to privately owned organisations. As a result, ante-mortem inspections, including
pregnancy diagnosis in female animals intended for slaughter, have been reduced to
mere collection of revenue per animal slaughtered [102,103]. To worsen the problem,
veterinarians, who by training are competent on pregnancy and disease diagnosis in
animals, are hardly employed by the contractors, probably to save costs. This development
may have resulted in the high rate of SPCs being reported, and should be reversed by
engagement of trained personnel at the abattoirs to improve the welfare conditions of
slaughter-cattle and halt the SPCs.

Seasonality in the SPCs demonstrated herein (Table 3) could be a useful clue ex-
ploitable for effective control of AW challenges during the dry/hot seasons. A huge
quantity of animal feed could be stocked and sold off to livestock farmers during draught
and/or festive periods, at a subsidised rate, as an incentive to prevent sale or slaughter of
gravid cows for meat. Significant loss of body conditions, as a result of drought-related
food and water scarcities during the dry/hot season, usually compels livestock owners to
salvage their animals by selling them off, irrespective of their pregnancy status [89,104].
Additionally, diversification of meat production through intensification of poultry produc-
tion and other food animals could lessen the increased meat demand during festive periods,
which usually prompts livestock farmers to sell off their animals, including pregnant ones,
as buyers tend to offer higher prices. On the part of livestock farmers, there is a need for
supervised breeding (especially in outdoor/extensive farming systems), proper recording
of all breeding activities and routine on-farm pregnancy testing. This will help to limit
farmers’ ignorance on the pregnancy status of their animals, which was one of the major
factors underpinning the sale of SPCs for meat (Table 2). In this regard, farmers’ training
and retraining of abattoir workers on some on-farm and rapid pregnancy diagnostic meth-
ods will be a step in the right direction. Also, massive public enlightenment campaigns
on AW and the need to curtail the SPCs for meat is recommended, since the welfare of
animals, particularly slaughter-cattle, is not prioritised in most developing countries.

5. Concluding Remarks

The slaughter of pregnant cows (SPCs) and its implications on the meat quality and
food safety/security has been examined in this current study. Of the 851 cows, 17.4%
(148/851) were pregnant while 43.2% (64/148) of the total foetuses recovered were in their
third trimester. The finding that 17.4% of the cows slaughtered for meat were pregnant is
unacceptably high from AW and animal production perspectives. The high rate (17.4%) at
which pregnant cows was slaughtered is rather surprising, and suggests that AW awareness
in the study area appears low. In this study, SPCs within six months would estimate beef
loss amounting to 44,000 kg, which would be equivalent to ₦ 70.1 million or $186,400,
with consequential foetal wastages. Despite this, the SPCs for meat is unprofitable in all
ramifications, and its seasonality demonstrated herein could be useful clue for effective
control of AW challenges in slaughterhouses in South-East Nigeria.

Strict implementation of the provisions of the Meat Edict of 1968 and Animal Disease
(Control) Act of 2004, including humane slaughter and the prohibition of slaughter of
PFAs, remains imperative. In fact, an amendment of the laws or enactment of the Nigerian
Animal Welfare Strategy Framework drafted in 2016 in line with the present day AW
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issues, particularly at the slaughterhouses, is long overdue. Incorporating compulsory
pregnancy diagnosis of all slaughter female animals in the ante-mortem inspection protocol
is warranted. Proper labelling of meats obtained from pregnant animals, to guide buyers’
discretion, should be mandatory. Slaughter facilities and persons defaulting on the issue of
humane slaughter practices should be publicly reprimanded to deter others from doing
the same. Overall, SPCs for meat and inhumane slaughter practices at the slaughterhouse
should be prevented, to enhance the welfare needs of slaughter cattle, grow the national
herd size, and improve meat safety as well as food security in Nigeria.
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Abstract: Background: Food waste and food insecurity may co-exist in various balances in developing
and developed countries. This study aimed to explore the levels of food waste and food insecurity,
the factors associated with them, and their relationships at the household and individual levels
in Saudi Arabia. Methods: This study was a nationwide cross-sectional survey conducted via
computer-assisted phone interviews in January 2021. Quota sampling was utilized to generate
balanced distributions of participants by gender across all the administrative regions of Saudi Arabia.
Data collection included household demographics, food waste and disposal, the Food Insecurity
Experience Scale (FIES), and the Household Food Insecurity Access Scale (HFIAS). Results: Out
of the 2807 potential participants contacted, 2454 (87.4%) completed the interview. The mean age
was 31.4 (SD = 11.7; range = 18–99) and 50.1% were female. The weighted prevalence of uncooked
food waste in the last four weeks was 63.6% and the cooked food waste was 74.4%. However,
the food insecurity weighted prevalence at the individual level (FIES) was 6.8%. In terms of food
insecurity at the household level (HFIAS), 13.3% were in the “severely food insecure” category.
Moreover, this study found that “moderately food insecure” households were associated with
an increased likelihood to waste uncooked food (relative risk (RR) = 1.25), and the “mildly food
insecure” (RR = 1.21) and “moderately food insecure” (RR = 1.17) households were associated with
an increased likelihood to waste cooked food. However, “food secure” households were associated
with a decreased likelihood to waste cooked food (RR = 0.56). Finally, this study identified four
household factors associated with food waste and three household factors that were associated with
“severe food insecurity.” Conclusions: This first national coverage study to explore food waste and
food insecurity at the individual level and household level, identified household factors associated
with food waste and food insecurity and identified new associations between food waste and food
insecurity in Saudi Arabia. The associations found between food waste and food insecurity are
potential areas of intervention to reduce both food waste and food insecurity at the same time, toward
achieving the Sustainable Development Goal (SDG) targets related to food waste and food security.

Keywords: food security; food waste; household; food insecurity; Saudi Arabia

1. Background

As Saudi Arabia imports around 80% of its food needs and this trend is expected to
increase, the importance of food waste and food insecurity as concepts are expected to
grow exponentially in Saudi Arabia in the near future [1–3]. This importance is stimulated
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by the global coronavirus disease 2019 (COVID-19) pandemic, which has affected the
food supply chain and is expected to have a long-term effect on food production and the
supply chain globally [4–6]. Although Saudi Arabia mainly relies on food imported from
all around the globe, due to limited agricultural production, high levels of food waste are
still occurring [7,8].

Despite this local context, food waste is a global issue. Food waste reduction is one
of the global Sustainable Development Goal (SDG) targets [9]. Target 12.3 of the SDGs
aims to halve the global food waste per capita at the retail and consumer levels and to
reduce food losses along the production and supply chains, including post-harvest losses,
by 2030 [9]. Food waste and food insecurity may coexist in various balances in developing
and developed countries [10–12]. Surplus food management and the reduction of food
waste are increasingly acknowledged as being levers for the mitigation of food insecurity,
as both surplus food reduction at the source and its recovery for human consumption are
critical elements in the local and global food security effort [11].

In terms of the definitions of food waste and food security, food waste—which occurs
at the end of the food chain (retail and final consumption)—is acknowledged to be a
huge problem worldwide, even though the definition of various terms and information
collection processes are not yet well harmonized [1,11]. However, according to the Food
and Agriculture Organization (FAO), food security exists when “all people, at all times,
have physical and economic access to sufficient, safe and nutritious food to meet their
dietary needs and food preferences for an active and healthy life” [13].

Food waste at the consumption (household and individual) level can be categorized
into fresh or cooked food waste and unprepared or uncooked food, such as canned or
frozen food waste. It also can be categorized based on food type. In Saudi Arabia, a national
study conducted in 2018 led by the Saudi Grains Organization to estimate food losses and
food waste found that waste was estimated at 2.33 million tons, which represents 18.9% of
the volume of the targeted food groups in the study [8]. Most importantly, 57% of the food
waste was found to happen at the consumption level [8]. The most wasted types of food in
the study were rice at 31%, bread at 25%, meat at 19%, and fruits and vegetables at 16% [8].

Nevertheless, food security rests on three pillars: Food availability (existence of
sufficient quantities), food access (households are able to obtain the quantities required),
and food utilization (appropriate nutrition and hygiene) [14]. In terms of food insecurity
in Saudi Arabia, the FAO report Near East and North Africa, Regional Overview of
Food Security and Nutrition used the Food Insecurity Experience Scale (FIES) and stated
that severe food insecurity in Saudi Arabia between 2015 and 2017 was 8.1%. However,
one study looked at food insecurity during the COVID-19 pandemic in Saudi Arabia
using an online convenience sample recruited via social media platforms and used the
Household Food Insecurity Access Scale (HFIAS) and found that the overall prevalence of
food insecurity was 37.7% in the study sample, with 17.0% of participants experiencing
moderate and severe food insecurity [15]. As this is the only study exploring food security
on a household level in Saudi Arabia, the prevalence is very high and alarming.

Although few previous efforts have explored food waste at the consumption level
and food insecurity separately, it is important to explore them on a large national level
together to bring more insight into the relationship between food waste and food insecurity.
Thus, this study aimed to explore the levels of food waste and food insecurity, the factors
associated with them, and their relationships at the household and individual levels in
Saudi Arabia. The remainder of this paper is structured as follows. The main section
presents the method used to conduct this study, the survey question, and the outcomes
measured. Section 3 then presents the results based on the objectives of this study. Section 4
provides a summary of the results and a discussion of the important points.
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2. Method
2.1. Study Design

For this study, we conducted a nationwide cross-sectional survey in Saudi Arabia via
computer-assisted phone interviews in January 2021.

2.2. Sampling and Sample Size

A proportionate quota-sampling procedure was used to obtain an approximately
balanced allocation of participants based on gender across the 13 administrative regions
of Saudi Arabia (Ar Riyadh, Macca Al Mukaramah, Eastern Province, Asir, Baha, Jazan,
Najran, Al Madinah, Al Qassim, Hail, Tabuk, Northern Borders, and Al Jouf), leading to
a total of 26 quotas. The sample size was generated using a medium effect size at 0.30,
with an 80% sampling power and a 95% confidence interval (CI), to compare regions at
the gender level [16]. Therefore, 94 participants were needed in each quota, and a total
sample size of 2444 participants was required in this research project [16]. The total sample
size in each administrative region was 190 participants at an approximately 0.20 effect
size [16]. This study used “QPlatform”, an electronic data collection platform, which
has eligibility and sampling functions, to manage the sample distribution process and to
prevent human bias in the sampling procedure [17]. Two factors, gender and region, were
used to determine the adherence to the sampling quota.

2.3. Participant Recruitment

In this study, we recruited Saudi residents, Arabic-speaking adults (≥ 18 years old). We
used a random phone number list that was obtained from the Sharik Association for Health
Research (Sharik research participants’ database) to identify prospective participants [18].
The Sharik research participants’ database includes individuals who provided consent and
are willing to participate in future studies. The database includes more than 75,000 potential
research participants distributed across the 13 administrative regions of Saudi Arabia and
continues to expand [18]. Potential participants were called up to three times. If there was
no response, the number of a new participant with similar demographical characteristics
was generated from the Sharik database. After explaining the study to the potential
participant, consent to participate in the study was obtained, and the interviewer assessed
the eligibility of each participant on the data collection platform, based on the gender and
region quota completion criteria. Once the sampling quota was complete, recruitment
ceased automatically [17]. For the household-related questions, the participant responded
for the entire household.

2.4. Survey Design and Outcome Measures

The survey was divided into five sections.

1. The demographics section. This section included age, gender, region, educational
level, household’s net income, number of people living in the household, number of
children living in the household, elderly people living in the household, and social
support status.

2. The household food waste of uncooked items (such as canned food or fresh vegeta-
bles). In this section, we asked the participants if they had wasted any uncooked
food items within the last four weeks and the frequency of such behavior. If the
household had wasted any uncooked items, then they were directed to answer three
more questions about the reason for the food waste, the type of food, and how/where
the items were wasted.

Food waste for uncooked food items was calculated for the overall sample and cat-
egorized based on the reason of food waste, type of food, and how/where the items
were wasted.

3. The household food waste of cooked items. In this section, we asked the participants if
they had wasted any cooked food items within the last four weeks and the frequency

373



Foods 2021, 10, 681

of such behavior. If the household had wasted any cooked food items, then they
were directed to answer four more questions about the reason for the food waste, the
source of the cooked food, the type of food, and how/where the items were wasted.

Food waste for cooked food items was calculated for the overall sample and catego-
rized based on the reason for the food waste, the source of the cooked food, the type of
food, and how/where the items were wasted.

4. The individual food insecurity experience measured via the FIES [19,20]. The FIES
was the first tool to be used to measure food insecurity at the individual level globally
and was validated by the Food and Agriculture Organization (FAO) in 151 countries,
including in Saudi Arabia [21]. The FIES has eight questions, each of which is asked
with a recall period of 12 months [19,20]. Respondents answer yes/no to the eight
questions and the responses are aggregated to provide raw scores ranging from 0 to
8. Food insecurity is then classified into three categories: (1) Food secure (FS) with
raw scores = 0–3; (2) moderate food insecurity (MFI) with raw scores = 4–6; (3) severe
food insecurity (SFI) with raw scores = 7–8 [19,20].

5. Household food insecurity was measured via the HFIAS for measurement of food
access [22]. The HFIAS is an adaptation of the approach used to estimate the preva-
lence of food insecurity in the United States annually [22]. The scale was validated
in the Arabic language and has been widely used by United Nations countries to
measure household food insecurity [22–24]. The HFIAS has nine questions, each of
which is asked with a recall period of four weeks [22]. If the respondent answers
“yes” to an occurrence question, a frequency question is asked to determine whether
the condition happened 1 = rarely (once or twice), 2 = sometimes (three to ten times),
or 3 = often (more than ten times) in the past four weeks [22]. We used the inter-
viewer instructions and questionnaire administration guide recommended by the
Food and Nutrition Technical Assistance III Project [22]. Four indicators were used
to determine the characteristics of and changes in household food insecurity (access)
in the surveyed population, including (1) household food insecurity access-related
conditions, (2) household food insecurity access-related domains, (3) household food
insecurity access scale scores, and (4) household food insecurity access prevalence.
The calculation method for each indicator is explained in detail in the Food and
Nutrition Technical Assistance III Project guide, version 3 [22].

We conducted several rounds of linguistic validation to ensure clarity and understand-
ing of the survey questions via focus groups, where group members were asked to review
and discuss survey questions and answers. Based on the outcomes of linguistic validation
procedures, the survey was further edited, and the final version was approved.

2.5. Data Analysis

Descriptive analysis including (proportions, mean, median, etc.) were used to describe
the variables. The prevalence of all variables including food waste, reasons, types, and
disposal method by the HFIAS and FIES were weighted to equal the adult population
within regions in Saudi Arabia, according to the General Authority of Statistics 2017
Census Report [25]. Bivariate analysis was used to compare the categorical variables. To
identify the household factors associated with food waste and severe food insecurity, a
logistic regression model, including household characteristic variables including monthly
household income, total people living in the household, number of children living in the
household, elderly family members living in the household, and receipt of social benefits
or aids, was used.

3. Results

Out of the 2807 potential participants contacted, 2454 (87.4%) completed the interview.
The mean age was 31.4 (SD = 11.7; range = 18–99) and 50.1% were female. Table 1 shows
the participants’ demographics and household characteristics.
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Table 1. Participants’ demographics and household characteristics in the sample.

Variable n (%)

Sex

Female 1230 (50.1)

Male 1224 (49.9)

Education level

Less than bachelor’s degree 1077 (43.9)

Bachelor’s degree and above 1377 (56.1)

Regions

Asir 189 (7.7)

Baha 190 (7.7)

Eastern region 189 (7.7)

Hail 191 (7.8)

Jazan 185 (7.5)

Al Jouf 183 (7.5)

Madinah 192 (7.8)

Makkah 191 (7.8)

Najran 190 (7.7)

Northern border 182 (7.4)

Qassim 191 (7.8)

Riyadh 191 (7.8)

Tabuk 190 (7.7)

Monthly household income *

Less than SAR 5000 385 (15.7)

SAR 5001 to 8000 489 (19.9)

SAR 8001 to 11,000 394 (16.1)

SAR 11,001 to 13,000 290 (11.8)

SAR 13,001 to 16,000 304 (12.4)

SAR 16,001 to 20,000 250 (10.2)

More than SAR 20,000 342 (13.9)

Total people living in the household

0 to 2 277 (11.3)

3 to 5 779 (31.7)

6 to 8 779 (37.5)

9 and above 478 (19.5)

Number of children living in the household

0 702 (28.6)

1 to 4 1619 (66.0)

5 and above 133 (5.4)

Elderly family members living in the household

Yes 637 (26.0)

No 1817 (74.0)

Receiving social benefits or aids

Yes 364 (14.8)

No 2090 (85.2)
* SAR = USD 3.75.
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3.1. Food Waste

The weighted national prevalence of uncooked food waste in the last four weeks was
63.6%, while for the cooked food waste, it was 74.4%. Table 2 shows food waste, reasons,
types, and disposal method in the weighted sample for uncooked and cooked food.

Table 2. Food waste, reasons, types, and disposal method in the weighted sample.

Variable n (%)

Wasted any uncooked food in the last 4 weeks

Never 892 (36.4)

1 day a week maximum 1041 (42.5)

2 to 3 days a week 411 (16.8)

4 days or more per week 103 (4.2)

Reasons for wasting uncooked food in the last 4 weeks *

Expired food 1081 (44.2)

Old but not expired food 248 (10.1)

Recalled by authority 74 (3.0)

Caused extreme allergic reaction 87 (3.6)

Caused mild allergic reaction 66 (2.7)

Caused digestive issues 119 (4.9)

We don’t need it anymore 388 (15.9)

Not used for a long time (clearing storage) 663 (27.1)

Other 128 (5.2)

Types of wasted uncooked food in the last 4 weeks *

Fresh dairy products 864 (35.3)

Long-life dairy products 206 (8.4)

Fruits and vegetables 637 (26.0)

Egg 107 (4.4)

Baby food 94 (3.8)

Meat 93 (3.8)

Canned food 265 (10.8)

Poultry 109 (4.4)

Nuts 66 (2.7)

Fish 51 (2.1)

Long-life juice 129 (5.3)

Soft drinks 114 (4.7)

Eastern sweets 182 (7.5)

Chocolates 131 (5.3)

Uncooked rice 63 (2.6)

Other 227 (9.3)

Disposal methods of uncooked food in the last 4 weeks *

Trash bin 878 (35.9)

Feeding stray animals 990 (40.5)
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Table 2. Cont.

Variable n (%)

Feeding pets 279 (11.4)

Used as compost 57 (2.3)

Food donation to individuals 339 (13.9)

Food recycling 41 (1.7)

Food donation to nonprofit organizations 109 (4.5)

Other 67 (2.7)

Wasted any cooked food in the last 4 weeks

Never 626 (25.6)

1 day a week maximum 984 (40.2)

2 to 3 days a week 617 (25.2)

4 days or more per week 220 (9.0)

Reasons for wasting cooked food in the last 4 weeks *

It was more than what we could eat 1168 (47.8)

We do not store cooked food or leftovers 474 (19.4)

We don’t have enough space to store it 135 (5.5)

Spoiled 963 (39.3)

Burned or was not cooked properly 262 (10.7)

Other 145 (5.9)

Types of wasted cooked food in the last 4 weeks *

Bread and bakeries 916 (37.4)

Pies and pastries 679 (27.7)

Cooked vegetables and seasoned salads 657 (26.8)

Cooked rice 1293 (52.8)

Meat 492 (20.1)

Poultry 763 (31.2)

Fish 184 (7.5)

Egg 167 (6.8)

Grains and legumes 350 (14.3)

Other 196 (8.0)

Disposal methods of cooked food in the last 4 weeks *

Trash bin 732 (29.9)

Feeding stray animals 1183 (48.3)

Feeding pets 371 (15.2)

Used as compost 64 (2.6)

Food donation to individuals 502 (20.5)

Food recycling 60 (2.5)

Food donation to nonprofit organizations 137 (5.6)

Other 80 (3.3)
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Table 2. Cont.

Variable n (%)

Sources of wasted cooked food in the last 4 weeks *

Restaurant 1166 (47.7)

Home 1633 (66.8)

Local family food business ** 257 (10.5)

Neighbors or relatives 205 (8.4)
* Participant can provide more than one answer; ** cooked in the home of a family business entity and delivered
by order.

3.2. Individual Food Insecurity Experience

The individual food insecurity experience analysis showed that 2281 (93.2%) were in
the FS category, 122 (5.0%) were in the MFI category, and 44 (1.8%) were in the SFI category.

3.3. Household Food Insecurity Access

Table 3 shows the results of two HFIAS indicators: (1) Household food insecu-
rity access-related conditions and (2) household food insecurity access-related domains.
The weighted average Household Food Insecurity Access Scale score was 1.6 (SD = 3.9;
range = 0–27).

In terms of the household food insecurity access prevalence in the weighted sample,
1815 (74.2%) were in the “food secure” category, 226 (9.2%) were in the “mildly food
insecure” category, 104 (4.2%) were in the “moderately food insecure” category, and
325 (13.3%) were in the “severely food insecure” category.

3.3.1. Factors Associated with Food Waste

The regression model showed that only two household factors were associated
with uncooked food waste. Receiving social benefits or aids (odds ratio (OR) = 1.35;
95% CI = 1.04–1.75; p = 0.025) was significantly associated with increasing the likelihood
of uncooked food waste compared to those not receiving social benefits in the model. A
household income of less than SAR 5000 (OR = 0.62; 95% CI = 0.46–0.85; p = 0.003) and
SAR 5001 to 8000 (OR = 0.61; 95% CI = 0.46–0.81; p = 0.001) was significantly associated
with decreasing the likelihood of uncooked food waste compared to the highest income
group in the model.

In terms of cooked food waste, the regression model showed three associated factors.
A household income of SAR 11,001 to 13,000 (OR = 1.48; 95% CI = 1.01–2.16; p = 0.041)
and SAR 13,001 to 16,000 (OR = 1.68; 95% CI = 1.17–2.43; p = 0.005) was significantly
associated with increasing the likelihood of cooked food waste compared to the highest
income group in the model. Elderly family members living in the household (OR = 1.41;
95% CI = 1.12–1.78; p = 0.005) was significantly associated with an increased likelihood of
cooked food waste compared to no elderly family members living at home in the model.
A total of nine people or more living in the household (OR = 1.91; 95% CI = 1.30–2.85;
p = 0.001) was significantly associated with increasing the likelihood of cooked food waste
compared to those living with zero to two people in the model.

3.3.2. Factors Associated with Severe Food Insecurity

The regression model showed that only three household factors were associated
with severe food insecurity. A household income of less than SAR 5000 (OR = 12.49;
95% CI = 6.47–24.11; p < 0.001), SAR 5001 to 8000 (OR = 5.67; 95% CI = 2.93–10.95; p < 0.001),
SAR 8001 to 11,000 (OR = 3.391; 95% CI = 1.70–6.78; p = 0.001), SAR 11,001 to 13,000
(OR = 7.37; 95% CI = 3.71–14.65; p < 0.001), and SAR 13,001 to 16,000 (OR = 4.10;
95% CI = 2.01–8.34; p < 0.001) was significantly associated with increasing the likelihood of
severe food insecurity compared to the highest income group in the model. Elderly family
members living in the household (OR = 2.43; 95% CI = 1.70–3.17; p < 0.001) was significantly
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associated with increasing the likelihood of severe food insecurity compared to no elderly
family members living at home in the model. One to four (OR = 1.49; 95% CI = 1.09–8.34;
p = 0.012) and five or more children living in the household (OR = 3.97; 95% CI = 2.32–6.80;
p < 0.001) were significantly associated with increasing the likelihood of severe food inse-
curity compared to no children living at home in the model.

Table 3. The weighted prevalence and frequency of each item in the Household Food Insecurity Access Scale (HFIAS).

HFIAS Domains HFIAS Item

No Yes (Total) Frequency of Experience n (%)

n (%) n (%) Yes
(Rarely)

Yes
(Sometimes)

Yes
(Often)

Anxiety and uncertainty
1. In the past four weeks, did you

worry that your household would
not have enough food?

2048 (83.7) 399 (16.3) 289 (11.8) 67 (2.7) 43 (1.7)

Insufficient quality

2. In the past four weeks, were you or
any household member not able to
eat the kinds of foods you preferred
because of a lack of resources?

2027 (82.8) 419 (17.2) 253 (10.3) 122 (5.0) 45 (1.8)

3. In the past four weeks, did you or
any household member have to eat a
limited variety of foods due to a lack
of resources?

2039 (83.4) 408 (16.6) 279 (11.4) 81 (3.3) 48 (2.0)

4. In the past four weeks, did you or
any household member have to eat
some foods that you really did not
want to eat because of a lack of
resources to obtain other types of
food?

2144 (87.6) 302 (12.4) 192 (7.8) 83 (3.4) 27 (1.1)

Insufficient food intake

5. In the past four weeks, did you or
any household member have to eat a
smaller meal than you felt you
needed because there was not
enough food?

2209 (90.3) 237 (9.7) 148 (6.1) 57 (2.3) 31 (1.3)

6. In the past four weeks, did you or
any household member have to eat
fewer meals in a day because there
was not enough food?

2186 (89.4) 260 (10.6) 169 (6.9) 63 (2.6) 28 (1.1)

7. In the past four weeks, was there
ever no food to eat of any kind in
your household because of lack of
resources to get food?

2207 (90.2) 239 (9.8) 148 (6.1) 56 (2.3) 35 (1.4)

8. In the past four weeks, did you or
any household member go to sleep
at night hungry because there was
not enough food?

2189 (89.5) 257 (10.5) 179 (7.3) 49 (2.0) 29 (1.2)

9. In the past four weeks, did you or
any household member go a whole
day and night without eating
anything because there was not
enough food?

2265 (92.6) 181 (7.4) 123 (5.0) 34 (1.4) 24 (1.0)
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3.3.3. Associations between Food Waste and Food Insecurity

In terms of uncooked food waste, the chi-square analysis showed no significant differ-
ences between uncooked food waste and individual food insecurity in the FIES. In addition,
there were no significant differences between uncooked food waste and household food
secure, mildly food insecure, and severely food insecure categories of the HFIAS. However,
there were significant differences between uncooked food and the household moderately
food insecure category of the HFIAS X2 (1, n = 2447) = 10.5, p = 0.001, in which the mod-
erately food insecure participants were associated with increased likelihood of wasting
uncooked food (relative risk (RR) = 1.25; 95% CI = 1.25–1.39).

In terms of cooked food waste, chi-square analysis showed no significant differences
between cooked food waste and individual food insecurity in the FIES. In addition, there
were no significant differences between cooked food waste and the household severely
food insecure category of the HFIAS. However, there were significant differences be-
tween cooked food and the household mildly food insecure category of the HFIAS X2 (1,
n = 2447) = 25.9, p < 0.001, in which mildly food insecure households were associated with
an increased likelihood of wasting cooked food (RR = 1.21; 95% CI = 1.15–1.28). In addition,
there were significant differences between cooked food and the household moderately
food insecure category of the HFIAS X2 (1, n = 2447) = 8.3, p = 0.004, in which moderately
food insecure households were associated with an increased likelihood of wasting cooked
food (RR = 1.17; 95% CI = 1.08–1.27). Finally, there were significant differences between
cooked food and the household food secure category of the HFIAS X2 (1, n = 2447) = 8.3,
p = 0.004, in which food secure households were associated with decreased likelihood of
wasting cooked food (RR = 0.56; 95% CI = 0.44–0.70).

4. Discussion

This study aimed to explore the levels of food waste and food insecurity, the factors
associated with them, and their relationships at the household and individual levels in a
nationwide sample of adults from Saudi Arabia.

The results showed that the weighted prevalence of uncooked food waste in the previ-
ous four weeks was 63.6%, and the cooked food waste prevalence was 74.4%. However,
the food insecurity weighted prevalence at the individual level was 6.8%. In terms of
food insecurity at the household level, 13.3% of participants were in the severely food
insecure category. Moreover, this study identified four household factors associated with
food waste: Receiving social benefits or aids, household income, elderly family members
in the household, and total number of people in the household. In addition, the household
fac-tors that were associated with severe food insecurity were household income, elderly
family members in the household, and the number of children in the household. Finally,
this study explored the association between food insecurity and food waste and found that
moderately food insecure households had an increased likelihood of wasting uncooked
food. Moreover, the mildly and moderately food insecure households had an increased
likelihood of wasting cooked food; however, food secure households had a decreased
likelihood of wasting cooked food.

Our study showed a high level of food waste at the household level in the previous
four weeks, with prevalence levels of 63.6% and 74.4%, respectively. These values are higher
than the prevalence of general food waste at the household level in the previous four weeks
identified in a national survey in 2018 that found a weighted prevalence at 60% [26]. This
confirms the previous finding that 57% of food waste happens at the consumption level [8].
Nevertheless, food waste at the consumption level is a global challenge, accounting for
61% of all food loss and food waste in North America and Oceania and 52% in Europe.
Moreover, a recent study in South Korea found that approximately 63% of households
discharge food waste of less than 500 g a day [27]. Thus, a global effort to combat food
waste is urgently needed now more than ever before to protect global food security and
food sustainability.
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In addition to the high prevalence of food waste found in this study, the methods of
food waste disposal are also a challenge, as the two major methods of disposal found in
this study were trash bins and feeding stray animals. As well as being unstainable methods
of food waste management, they are also harmful to the environment. However, although
there is growing interest in the relegalization of using food waste as animal feed, the
practice of feeding stray animals could pose environmental and health threats, especially
in residential areas [28,29]. One study identified some major challenges for food waste
management in Saudi Arabia, including solid waste segregation, inadequate legislations,
well-accepted traditional landfill disposal practices, public attitudes, a lack of awareness,
and uncertainty of the acceptability of food waste byproducts [28]. These challenges need
to be prioritized and addressed at the national level in the near future.

Moving on to the prevalence of food insecurity, the prevalence of food insecurity at
the individual level in the previous 12 months was slightly lower than the figure generated
by the FAO in 2018, which was 8.1% in Saudi Arabia, and was also lower than the average
prevalence of food insecurity at the individual level in the Gulf cooperation region, which
was found to be 7.6% [29]. However, in terms of the prevalence of food insecurity at
the household level in the previous four weeks, the values found in this study were
relatively high; however, unfortunately, no previous national-level studies have used the
same measurement tool in Saudi Arabia or within the Gulf cooperation region to allow a
meaningful comparison. Despite this, it is important to mention that the 4 weeks measured
in this study fell in the period of COVID-19 restrictions, including limiting gatherings
to 20 people and closing all dine-in restaurants and food facilities in all regions of Saudi
Arabia, which may have contributed to the food insecurity recall by the participants. In
addition, cooked food banks rely on the use of food left over from restaurants and large
events, and thus they could not operate efficiently during this period of restrictions.

In terms of the factors associated with food waste and food insecurity at the house-
hold level, these factors seem logical in a local culture context. One study highlighted that
“Food waste patterns are shaped by cultural approaches to the special events and every-day
shopping, cooking, and eating. Saudis place high value on generous hospitality; providing
ample food is a gesture of welcome” [3]. However, no previous studies con-ducted in Saudi
Arabia have explored the associations of household characteristics with food waste or food
insecurity to allow a meaningful comparison to be conducted.

However, the associations between food waste and food insecurity are interesting.
Although there was no association between food waste and food insecurity at the individual
level, there were significant associations between food waste and food insecurity at the
household level. One simple explanation might be related to the fact that food waste was
measured on a household level, not an individual level. However, the findings showed that
food waste is likely to be greater among mildly and moderately food insecure households,
while it is lower among food secure households. These findings show that food waste and
food insecurity may co-exist in the same household, which represents both a challenge
in understanding why this phenomenon is happening and an opportunity to address the
food waste issue and to improve food security levels.

Nevertheless, this study has some limitations. It could be criticized for using quota
sampling, which has an associated risk of selection bias, rather than using a random
probability sampling approach. However, the costs of probabilistic sampling are signif-
icantly greater, and for this project intention and the type of variables, the risk of some
(generally low-level) [17,18] bias was considered acceptable [30,31]. In addition, using a
proportional large sample with large number of quotas plays an important role in reducing
the selection bias [30,31]. Currently, in Saudi Arabia, the only way to generate a random
national-level sample is via a household survey, which also has some significant limitations
due to sociocultural factors and was not possible during periods of COVID-19 restrictions.
However, the recruitment and sampling methods used in this research project have been
used successfully in many national projects in Saudi Arabia [32–34]. Another point that
may represent a limitation in relation to the HFIAS use in this study is that some of the
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participants may not be the head of the household, however, according to the national
authority of statistics in Saudi Arabia, the method nationally adopted of direct contact with
the household specifies that it can be through direct contact with the head of the household
or any adult member of the household who is familiar with the household affairs [35]. In
addition, the HFIAS administration guide followed in this study did not specify which
member of the household must be interviewed [22].

5. Conclusions

This first national coverage study to explore food waste and food insecurity at the
household level identified household factors associated with food waste and food insecurity
and identified new associations between food waste and food insecurity in Saudi Arabia.
The associations found between food waste and food insecurity are potential areas of
intervention for simultaneously reducing food waste and food insecurity, which could
aid in achieving the SDG targets related to food waste and food security. Some of the
interventions that may help include public awareness campaigns of food waste, food
security, and food waste management, providing food management educational programs
to households receiving social benefits, encouraging investment in the food recycling
industry, and reexamining regulations related to the utilization of food waste as animal feed.
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Abstract: Technological advances result in new traceability configurations that, however, cannot
always secure transparency and food safety. Even in cases where a system guarantees transparency,
the actual consumer involvement and a real consumer-based perspective cannot always be ensured.
The importance of such consumer centricity is vital, since it is strongly associated with effective
supply chains that properly fulfil their end-users’ needs and requests. Thus, the objective of this paper
was to explore the level of consumer centricity in food supply chains under a traceability system.
The methodological approach employed a framework of two studies validating subsequently a
similar set of variables, using initially consumers data and then supply chain actors data. The supply
chain of sustainable tomato was selected to design the studies. The level of agreement between
datasets suggested the level of the supply chain consumer centricity. Findings showed health, trust,
quality, nutrition, and safety-related values to be significant for the consumers towards accepting a
traceability system. The supply chain actors also accepted a traceability system based on the fact that
their customers’ needs rely on the exact same beliefs, indicating a high level of consumer centricity.
The current work underlines the magnitude of consumer centricity in food supply chains and provides
an easy and straightforward framework for its exploration. Key implications suggest the design of
more effective supply chain and consumer-based strategies for the food industry. Policymakers could
also adopt the concept of consumer centricity to further improve the food industry.

Keywords: food supply chains; food safety; tomato; Greece; end-to-end approach; sustainability

1. Introduction

Consumers by default are a vital part of any supply chain (SC). According to several
supply chain definitions [1,2] and, most importantly, based on the supply chain manage-
ment concept [3,4], the entire supply chain should serve the end-user of the product/service
produced and fulfilled by the supply chain, i.e., the consumer. Nonetheless, theoretical and
academic approaches usually are quite far from reality. The continuous pressure on the
economic viability of businesses—and eventually their supply chains—results in an overall
focus on high revenues and even higher margins [5]. Consequently, in practice (versus
theory), there are quite a few cases were supply chains choose to operate against their end-
users needs. This could be due to the absence of cooperation among different supply chain
actors, challenging the integration of key supply chain processes, and to a myopic view
focused on specific levels rather than on the entire chain [6]. The repeated food scandals
in food supply chains (for instance, horse meat [7], eggs–fipronil [8], pork–hepatitis [9])
perfectly illustrate the above point.

Nowadays, consumers pay close attention to food safety, requesting high-quality
food with information transparency and safety assurances [10]. Food traceability systems
can reduce information asymmetry, implement safety governance across geographical
boundaries, and help increase consumer faith in food safety to achieve a sustainable
agricultural development [11]. From a consumer perspective, traceability helps to build
trust, provide peace of mind, and increase confidence in the food system. For the growers,
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traceability is part of an overall cost-effective quality management system that can also
assist in continuous improvement and minimization of the impact of safety hazards. It also
facilitates the rapid and effective recall of products and the determination and settlement
of liabilities [12]. The implementation and benefits of a traceability system depend on
consumers’ awareness of food safety, thus an increasing need for such systems that provide
transparent information on the quality and safety of food supply chains. The greatest
benefit of food traceability could be realized when it is implemented at the entire supply
chain level and engages all the participants involved [13]. Therefore, there is a conceptual
link between food traceability and consumer-centric supply chains.

The current study aims to further explore the level of consumer centricity in food
supply chains implementing traceability systems. Such an investigation shall reveal any
association between these concepts. Greek sustainable tomato supply chain was chosen
as the research area, due to the high production and consumption of tomaotes in Greece.
Two different surveys took place, one based on the consumers and the other on the supply
chain actors. The analysis resulted in tangible evidence regarding the relationship between
traceability and consumer centricity. The analysis also provides further insights into the
nature and importance of consumer-centric food supply chains.

2. Materials and Methods

In this section, initially, we separately present the reviews of key studies on consumer-
centric food supply chains and food traceability. Afterwards, the relationship between
these concepts is further explored in the literature, revealing a specific research gap. Finally,
we describe the methodology employed.

2.1. Consumer-Centric Supply Chains

Every company claims a customer-driven strategy. However, the diverse interpreta-
tion of their customers’ needs by the numerous value-chain entities, either external, i.e.,
suppliers and retailers, or internal like R&D managers, results in loss of focus. Thus, a need
for frameworks and further research that can help companies develop strategies that are
actually customer-centric [14]. This sub-section presents and discusses several examples of
consumer-centric approaches in food supply chains. These cases employ diverse methods,
have different specific objectives, and use various terminologies (e.g., consumer-driven,
customer-oriented, demand-driven, consumer co-creation in new product development),
yet all are relevant to the same concept: consumer-centric food supply chains.

A study on the organic tomato supply chain in The Netherlands recommends shifting
from the Supply Chain Management concept to Value Chain Management and ultimately
to move towards more customer-based strategies. It suggests considering consumers’
sustainability concerns in the direction of “greening” the supply chains end to end, gain-
ing competitive advantage through a better position of the entire firm’s “greening” [15].
Another study on the blueberry supply chain in Italy highlights the impact of a demand-
driven supply chain towards the activation of innovation processes throughout the fresh
fruit supply chains. This case exemplifies the integration between a business firm and a
research centre, resulting in a new consumer-centred dialogue with the market. The main
output was a novel packaging system enabling the maintenance of the quality of the fruits
for a longer period, improving the exports, increasing the turnover of the associated group,
and improving the remuneration of the fruit growers [16].

Research on pork supply chains towards delivering superior eating quality to con-
sumers explored why there is more emphasis on mass production—which usually is
combined with traceability systems and high food safety procedures—than on essential
quality cues. A more consumer-centric approach suggests combining a hedonic assessment
of meat attributes end to end in the value chain, revealing the complexity regarding to the
formation, communication, and provision of attribute-related information to the final con-
sumers [17]. Product modularity and customization to consumer’s requirements is another
form of consumer-centric supply chain approach. A study investigating the relationships

386



Foods 2021, 10, 543

between sustainability, operations, and marketing suggests that such configurations may
generate higher demand due to greater satisfaction provision. They also reveal an associ-
ation between modularity and the development of sustainable products, which, in turn,
may enhance sustainable consumption [18].

New product development and co-creation with the active involvement of the con-
sumers is a key element in the consumer-centric supply chain configuration. A paper
exemplifies a novel methodology for the creation and design of new beverages, employing
a digital crowdsourcing tool to reveal consumer preferences. Afterwards, these prefer-
ences were transformed into actionable directions, that allowed a rapid production of
the beverage for tasting and evaluation. Hence, a closed-loop beverage design method
based on consumers co-creation was applied [19]. Another new product development
framework highlighting the importance of consumer-centric supply chains suggests the
development, integration, and triangulation of personalized food profiles for customized
healthier products [20]. Such reconfigurations suggest digital manufacturing and mod-
ularity principles for securing an authentic production–consumption alignment while
producing personalized healthier food products [6].

2.2. Food Traceability

The food industry is becoming more customer-oriented and needs faster response
times to deal with food scandals and incidents. An effective traceability system helps
to minimize the production and distribution of unsafe or poor-quality products, thereby
minimizing the potential for bad publicity, liability, and recalls. The current food labelling
system cannot guarantee that the food is authentic, safe, and of good quality. Therefore,
traceability is applied as a tool to assist in the assurance of food safety and quality as
well as to achieve consumer confidence [10]. Food traceability has gained considerable
importance, particularly following several food safety incidents during which traceability
systems were weak or absent [21]. Traceability appears as a tool to comply with legislation
and to meet food safety and quality requirements. It is considered to be an effective safety-
and quality-monitoring system with the potential to improve safety within food chains, as
well as to increase consumer confidence and to connect producers and consumers [11].

To supply top-quality, safe, and nutritious foods, as well as rebuild public confidence
in the food chain, the design and implementation of whole chain traceability from farm to
end-user have become an important part of the overall food quality assurance system [12].
FAO stated that managing food safety and quality should be a shared responsibility of all
actors in the food chain including governments, industry and consumers [22]. Because of
globalization in the food trade, effective food control systems are essential to protect the
health and safety of consumers. The foremost responsibility of food control is to enforce the
food law(s) protecting the consumer against unsafe, impure, and fraudulently presented
food [23]. Food traceability systems can provide a reliable and continuous information
flow in supply chains, identify root causes of problems, and recall high-risk products from
the market [24].

Therefore, food traceability systems can reduce consumer information asymmetry
and food safety risks [25–27]. Given that traceability is mainly a quality assurance tool,
its implementation depends on many factors linked to the supply chain [28,29] and trade-
related issues [30]. The use of traceability as a tool to increase consumer confidence in food
safety is also mainly linked to distrust in the food system that should be addressed by the
government [30–32].

2.3. Research Gap

The increasing consumer interest on short food supply chains highlights the impor-
tance of more information and more direct contact with the producers [33], revealing the
need for innovative traceability systems and further active consumer involvement in the
food supply system; hence, more attnetion on consumer-centric supply chains. Recent
technological advances have significantly contributed to traceability in food supply chains.
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For instance, blockchain technology increases trust, authenticity, and transparency [34].
However, there are several challenges such as the need for Internet-of-Things devices
throughout the food supply chain to capture all the necessary data from several parties
(supply chain actors) and transfer the data to the blockchain [35]. Moreover, blockchain
technology is quite new, and long-term impacts of its implementation in the food chain are
not yet proven [34]. Besides, with this technology, there is no actual consumer involvement,
thus no consumer centricity in the supply chain.

The paradigm of blockchain technology reveals an issue regarding the role of trace-
ability and transparency per se in the food supply chains. The approaches about consumer-
oriented traceability are limited in the literature (as illustrated above in Sections 2.1 and 2.2).
However, some studies highlighted the fact that consumers value a bi-directional connec-
tion to the supply chain through the ability to give feedback via a consumer-oriented food
traceability app, supporting in this way sustainable food consumption [36]. In the same
direction, another study revealed the importance of customer-delivered value of a food
traceability system, that contributes to enhancing their intention to purchase traceable
food [37]. Despite the above examples, the majority of extant research on food traceability
has taken either a firm-centric approach or a reflexive and non-thorough consumer-based
orientation. Whether and how food supply chain actors value their consumers’ motiva-
tion for a traceability system—including their relevant needs and requests concerning
such system—remain to be explored in significant detail. It seems appropriate and nec-
essary, then, to unpack the food supply chain consumer centricity concept for the case
of traceability.

2.4. Methodology

The review of previous studies on consumer-centric food supply chains and food
traceability revealed a gap in the literature concerning the way the entire supply chain
responds to consumers’ claims and requests. The case of traceability is the ideal scenario
to test the level of consumer centricity in food supply chains due to the, by default,
involvement of all the stakeholders through the entire supply chain. Given the certain
contribution of the retailers, wholesalers, logistics, manufactures, and producers at the
respective supply chain level, a traceability system requires strong collaboration among all
its participants to properly function. The question, however, is whether the supply chain
actors collaborate under their personal agendas and respond to their customers’ needs
and requests. The literature review shows a strong possibility of “accidental” response to
consumers requests, e.g., no consumer involvement (ergo, no consumer-centricity), yet a
satisfactory reaction to transparency claims. Thus, the objective of the study is to explore in
depth several aspects of consumer centricity to conclude whether its level is satisfactory
throughout the supply chain. An overall research question of the current study could be
formulated as follows:

What is the level of consumer centricity in food supply chains applying a traceabil-
ity system?

To explore such a research question, we designed two studies. The first study (study A)
is a consumer survey to identify consumers’ perceptions and concerns regarding a traceabil-
ity system. Similarly, the second study (study B) is a survey on supply chain stakeholders
(i.e., retailers, wholesalers, manufactures, and producers), exploring whether they accept a
traceability system based on their consumers’ perceptions for such a system. As illustrated
in the methodological framework (Figure 1), the level of agreement between consumers
and supply chain actors on the significant values associated with a traceability system
indicates the supply chain’s level of consumer centricity.
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The supply chain of sustainable tomato was selected to design the studies. That in-
cludes all supply actors from the production to the consumption of the tomatoes produced,
processed, and sold with sustainable practices, for example, under organic or integrated
management. This is essential, so we can present a consistent scenario, with a specific
product, to the consumers during the survey in study A and more importantly to target all
the stakeholders through the entire supply chain in study B. Regarding data collection, we
selected the Metropolitan area of Thessaloniki in Greece as a research area for both studies,
due to the high consumption of tomatoes and the availability in the region of the necessary
supply chain stakeholders [38].

For study A, we designed and disseminated a questionnaire using SurveyMonkey,
exploring consumers’ acceptance of a traceability system for sustainable tomato. In addi-
tion, we asked consumers to rank the importance of certain purchasing values focused on
issues related to: (i) health, (ii) quality, (iii) price, (iv) trust, (v) nutritional value, and (vi)
food safety. Most of these questions were framed in five-point Likert-scale intervals, so as
to encourage participation and minimize the cognitive burden on the respondents. As a
result, the key factors revealed were Quality, Trust, Nutrition, Health, Safety, and Price,
consistently with previous studies [39–43]. The sampling method involved an online ran-
dom sample [44]. The questionnaire was circulated for 4 months and resulted in 729 valid
responses.

For study B, we also stuctures and circulated a similar questionnaire using SurveyMon-
key, exploring supply chain stakeholders’ acceptance of a traceability system for sustainable
tomato. Moreover, the participants had to rank the importance of their customers’ specific
values (using a five-point Likert scale) about their decision to accept a traceability system.
The key values used were the same six values from study A, resulting in the same factors
(Quality, Trust, Nutrition, Health, Safety, and Price) plus three more business-oriented
values: Reliability, Better Market Access, and Stakeholders’ Sustainability [45,46]. In this
study, the sample was selected following the expert sampling technique [47]. Participants
were experts in the area of study, and this sampling method also involved sample assem-
bling of a group of people that could use their experience. The reason for using expert
sampling was to have a better way of constructing the views of individuals that were
expert in a definite area. The sampling objective was to include representatives from
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the entire tomato supply chain, i.e., producers, middlemen, wholesalers, manufactures,
logistics, and retailers. Given the significantly smaller number of supply chain stakeholders
compared to consumers and the objective to achieve—an analogy among the available
stakeholders in every category and those in our sample—we concluded with a sample of
69 valid responses.

3. Results

Initially, in this section, we separately present, in their respective subsections, the
analysis and the results of the two studies. Then, we discuss these results by reflecting on
the methodological framework and the status of the supply chain consumer centricity.

3.1. Study A (Consumers)

Descriptive statistics of the demographic characteristics (Table 1) suggested a repre-
sentative sample based on other related studies [48–50]. Reliability analysis confirmed that
the scale was reliable, Cronbach’s alpha coefficients ranged from 0.712 to 0.809, exceeding
the minimum standard of 0.60 suggested by Malhotra [51].

Table 1. Descriptive statistics of consumers’ demographic characteristics.

Education

Frequency Percent

Valid

High school 71 9.7
University 329 45.1

Masters 178 24.4
PhD 153 20.7
Total 729 100.0

Gender

Valid
Female 474 65.0
Male 255 35.0
Total 729 100.0

Age

Valid

18–24 135 18.5
25–34 138 18.9
35–44 173 23.7
45–54 164 22.5
55–64 96 13.2
65+ 23 3.2

Total 729 100.0

Annual Household Income

Valid

<€7999 126 17.3
€8000–€14,999 202 27.7

€15,000–€24,999 190 26.1
€25,000–€39,000 154 21.1
€40,000–€59,999 44 6.0
€60,000–€74,999 7 1.0
€75,999–€99,999 6 8

Total 729 100.0

Family Status

Valid
Married 354 48.6
Single 375 51.4
Total 729 100.0

Bivariate Spearman correlation was employed, since Pearson’s correlation assump-
tions were violated [52], to explore the relation between Accept traceability system and the
six purchasing factors (Quality, Trust, Nutrition, Health, Safety, and Price). Table 2 presents
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the output of the statistical analysis using SPSS. Quality, Trust, Nutrition, Safety, and
Health were positively related to Accept traceability system, with a correlation coefficients
rho = 0.129, rho = 0.144, rho = 0.156, rho = 0.218, and rho = 0.156, respectively, which were
also significant at p < 0.01 probability. Only Price was not statistically significantly related
to Accept traceability system.

Table 2. Correlations (consumers).

Accept Traceability System Spearman Correlation Coefficient (rho)

Quality 0.129 **
Trust 0.144 **

Nutrition 0.156 **
Safety 0.218 **
Heath 0.156 **
Price 0.029

** Indicates that correlation is significant at the 0.01 level (two-tailed).

3.2. Study B (SC Stakeholders)

The sampling procedure (as justified above in Section 3) suggested a representative
sample, including a sufficient number of every stakeholder through the entire supply
chain. Reliability analysis confirmed that the scale was reliable, with Cronbach’s alpha
coefficients rangein from 0.805 to 0.913, exceeding the minimum standard of 0.60 suggested
by Malhotra [51].

Bivariate Spearman correlation was employed, since Pearson’s correlation assump-
tions were violated [52], to explore the relation between Accept traceability system and the
six customers’ values (Quality, Trust, Nutrition, Health, Safety, and Price) plus the three
business-related variables (Reliability, Better Market Access, and Stakeholders’ Sustainabil-
ity). Table 3 presents the output of the statistical analysis using SPSS. Trust, Health, Safety,
Quality, Nutrition, Price, and Reliability awee positively related to Accept traceability
system, with correlation coefficients rho = 0.612, rho = 0.539, rho = 0.584, rho = 0.422,
rho = 0.564, rho = 0.341, rho = 0.442, respectively, which were also significant at p < 0.01
probability. Stakeholders’ Sustainability, and Better Market Access were positively related
to Accept traceability system, with correlation coefficients of rho = 0.277 and rho = 0.343,
significant at p < 0.05 and p < 0.01, respectively.

Table 3. Correlations, supply chain (SC) stakeholders.

Accept Traceability System Spearman Correlation Coefficient (rho)

Increase consumers’ trust 0.612 **
Protect consumers’ health 0.539 **

Increase food safety 0.584 **
Better food quality 0.422 **

Positive on products nutritional value 0.564 **
Improve stakeholders’ sustainability 0.277 *

Product price 0.341 **
Stakeholders’ reliability 0.442 **

Better market access 0.343 **
*, ** Indicates correlation is significant at the 0.05 level (two-tailed) and 0.01 level (two-tailed), respectively.

4. Discussion

This section discusses the results, reflecting on the supply chain consumer centricity
dimention. Study A resulted in five (out of six) significant factors related to the acceptance
of a traceability system. That means consumers have a positive perception of a traceability
system. Specifically, applying such a system to the sustainable tomato supply chain
enhances consumers’ trust in the entire supply chain. Also, it improves their perception
of a product’s quality and its nutritional value, while increasing their sense of product’s
safety. Overall, applying a traceability system to food products makes consumers believe
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that these products are more beneficial to their health. These findings are consistent with
previous studies [24,53].

Study B resulted in seven (out of nine) significant factors related to the acceptance of a
traceability system. That means sustainable tomato supply chain actors have a positive
perception about a traceability system. Particularly, the supply chain stakeholders believe
that the acceptance of a traceability system would increase their customers’ trust. Moreover,
they believe that it would improve their customers’ perception of the nutritional value and
both the safety and the quality of their products. Overall, they believe that such a system
makes their customers believe that traceable products protect their health. On top of these
customer-related values, supply chain stakeholders believe that a traceability system will
have a positive effect on their reliability and on products’ prices—thus strengthening their
reputation—which is consistent with their previous positive perceptions. Past studies also
suggest a similar supply chain stakeholder’s behavior [54], though not necessarily related
to their customers’ perceptions.

Comparing the output of both studies, according to the methodological framework,
we should highlight the absolute matching among the significant purchasing values of
the consumers and the supply chain actors’ perceptions on their customers’ needs and
requests (values). Reviewing such an outcome from a supply chain perspective results
in prominent conclusions concerning the consumer centricity of a sustainable tomato
sector that has adopted a traceability system. The tomato supply chain end-users (the
consumers) appreciate the positive effect of a traceability system on the product’s quality,
safety, and nutritional value, on their trust for these products, and overall, on their health.
Identically, the rest of the supply chain actors (the retailers, wholesalers, logistic operators,
manufactures, and producers) value in a similar manner the exact same beliefs, considering
the positive effect of a traceability system on their customers. In other words, the supply
chain responds to the requests of the consumers and considers adopting a traceability
system following a uniform end-to-end logic. This a priori test of traceability-related
variables among consumers and subsequently multiple supply chain actors is the main
conceptual contribution of the current study.

The set of variables (purchasing-related values) tested in study A and next tested in
study B (as customers’ needs according to supply chain actors) corresponds to the depth of
a consumer centricity exploration: the larger the set of variables, the more thorough the
exploration. Similarly, the higher the agreement on these variables among consumers and
supply chain stakeholders, the higher the level of consumer centricity. This means that
adopting a traceability system for such a supply chain shall be very well appreciated by
its consumers.

5. Conclusions

Findings from study A suggested consumer’s acceptance of a traceability system for
a sustainable tomato supply chain based on the significance of quality, trust, nutrition,
safety, and health-related values. Similarly, study B verified that the supply chain actors
accept a traceability system based on the fact that their customers’ needs rely on the exact
same beliefs, indicating a high level of consumer centricity. Reaching such a conclusion
before investing the implementation of a food traceability system is extremely valuable. It
is not just a positive signal regarding the supply chain effectiveness but also predefines a
significant consumer engagement in the presence of a traceability system. In line with pre-
vious studies [36], such level of supply chain consumer centricity indicates a bi-directional
connection that could result in interactive communication between consumers and multiple
supply chain actors.

Underling the magnitude of supply chains’ consumer centricity is the key contribution
of the current study. The framework employed to achieve this is also significant. Despite
the availability of a few studies on consumer-oriented supply chains [14,16,17,55,56], the
extant literature fails to provide a straightforward approach to explore the actual consumer
centricity at a supply chain level.
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The obvious implication of the current research findings is a recommendation to apply
the framework to the existing traceability systems and further improve these systems
by adopting consumer involvement and engagement principles. Moreover, there are
wider applications that go beyond just a positive impact on traceability systems, with
several managerial and policy-making implications. Concerning the former, a consumer
centricity assessment shall be part of any management toolbox, especially among C-level
executives and decision-makers. A firm’s strategy and the design of future investments
must be viewed from a consumer’s perspective. Regarding the latter, the food industry,
and generally, the agricultural sector could also benefit from shifting their policy towards a
more consumer-centric direction. Policymakers should realize that the entire food system
has to work towards fulfilling consumers’ needs. Therefore, the current study establishes a
necessity of better understanding the importance of supply chains consumer centricity and
adopting its principles in the policy-making process.

Limitations of the study and, simultaneously, recommendations for further research
regard the generalization of the findings due to the fact that this work was based on a single
case and a national sampling. Similar studies should be designed in several countries for
multiple food supply chains, covering many types of products, i.e., vegetables, meat, and
dairy. Moreover, additional variables and multivariate statistical analyses could enhance
the current framework. Nevertheless, caution is necessary about adding variables, which
would increase the complexity of the system and its analysis. In fact, one of the objectives
(and also key advantages) of the framework is the fact that it is easy and straightforward.
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