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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.

Anténio Raposo, Renata Puppin Zandonadi, and Raquel Braz Assuncido Botelho
Editors
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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
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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.

Keywords: evaluation; instrument; menu; school feeding

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 SI—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.EB.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 111
(F.L.N.Q.) selected the conflicting articles from phase L. In phase 1III, 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 (FL.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 P.rosp.ecnve School menu X COMES YES NO NO NO X
longitudinal study
Descriptive, Elementary
2009 Dubuisson et al. [23] France rptive, school and high X X YES NO NO NO X
cross-sectional study
school
2017 Evans and Cade [24] England _Descriptive, Scholars from 08 X X YES NO NO NO X
cross-sectional study to 09 years
T . Observational, Primary school
2018 Llorens-Ivorra et al. [19] Spain cross-sectional study (6 to 12 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 Pre-school X X YES NO NO YES X
transversal study
2013 Longo-Silva et al. [14] Brazil Experimental study PUth and X X YES YES NO NO X X
private schools
2015 Gregoric et al. [26] Slovenia __ Descriptive, Primary school X X YES NO NO NO X X
cross-sectional study (6 to 14 years)
2018 Gonzilez et al. [18] Spai Descriptive, Primary school X X YES YES NO NO X
onzalez etal pain cross-sectional study. (6 to 14 years)
iptive Public :
2019 Myers et al. [7] Australia ___Descriptive, Public and X X YES NO NO NO X
cross-sectional study. private schools
2015 DaSilva Bastos Soares etal. [13]  Brazil Descriptive, School menus X X YES YES NO NO X
cross-sectional study.
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 DESCF‘PHVE School menus X X YES NO NO NO X
cross-sectional study
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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Did the evaluated indicator respond positively to implementation?

Is the study design adequate?

Was the statistical analysis adequate to the objective of the study?

Did the results answer the main question?

In the case of school mentoring services, was a sample of establishments selected to
analyze the representative and randomly determined indicators?

NG

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.

Web of Science — ' :
PubMed Science Scopus Direct Lilacs Additional records identified
(1=294) (n=145) (n=251) (n=457) (n=14) through other source- Google
Scholar (n=2028)
K
“E . -
B Records identified through
‘5 database search (n=1161)
=
|
]
( )
Records after duplicates
removed (n=3038)
\
-
| Records with irrelevant
o titles (n=2988)
-3
2 e 3
g Abstracts screened for
@ ligibili =50
. eligibility (w ) ) ﬂecords excluded (n=34): \
+ comments, letters,
> conference, review,
abstracts, papers and books
2z ! (n=6)
i « studies  that  assessed
R Full-text articles assessed for consumption and not in the
[ eligibility (n=16) planning stage (n=17)

+ studies that evaluated the
portion and  nutritional
composition (n=7)

- + studies that address the

-Q_;” guidelines but do not

E Studies included in \ Sviloaic themeat (5~}
quantitative synthesis (n=16)

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 (1 = 3) [13,14,16]. In Spain, a Brazilian
researcher developed a study exploring a method related to the Spanish school feeding
program (1 = 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 (1 = 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 (Avaliagao Qualitativa das Preparagoes
do Cardapio—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.
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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?

Has the practice been implemented in schools?

Did the practices present a positive implementation response?

Was the study design appropriate?

Was the statistical analysis adequate to the objective of the study?

Did the results answer the main question?

In the case of the schools, was the sample of establishments selected for analysis
representative and randomly determined?

N UL

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 (1 = 1), Ghana (n = 1), India (n = 1), Japan (n = 1), Wales (n = 1), Kenya
(n=1), and Tanzania (1 = 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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Identification

Identification of studies via databases and registers

Records identified from:
Medline via Pubmed (n = 89)
Scopus (n = 228)
Web of Science (n = 177)
Embase (n = 160)
Lilacs (n = 89)
Proquest (n = 620)
Google Scholar (n = 400)

Screening

)

Records screened
(n=1319)

)

Reports sought for retrieval
(n=134)

Records removed before
screening:
Duplicate records removed
(n = 444)

Records exduded
(n=1185)

}

Reports assessed for eligibility
(n=134)

}

Included

Reports retrivied from reference
lists
(n=16)

Studies induded in review
(n = 66)
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v

Reports not retrieved
(n=0)

Reports excluded (n=84):

1) Comments, letters,
conferences, reviews, abstracts,
reports, undergraduate ~ works,
discussion papers and books (n=14),

2) Studies carried out outside
schools orin which the school was not
responsible for the action (n=20);

3) Studies in which practices
were not performed or studies where
activities were punctual (n=15);

4) Studies focused on the
supplier or that only reported
purchases (n=23);

5) Studies that did not
describe  sustainability practices
(n=12).

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 (1 = 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 (1 = 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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Economic

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% (1 = 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).

Social

Sustainability

in
Schools

Environment

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

31



Foods 2022, 11,176

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).

35



*(sesse[o Areurnod pue siawIey [edo|
03 SJISTA SUTPNOUT ‘SUdPILS [00DS) SANTATIOR SUTUIES] UO-SpUel pue ‘DInjnoLIde A3Teal] “UoTLIINU “pO0J JNode UOTJedINPa ‘SAIATIOR
Surseypind pooj [ed0[ U0 paseq SI ] ‘SJUSPNIS 03 POOJ AYI[ea pue Usaly I9JJ0 0} s10npoid pooj [ed0] pue S[OOYDS S$}0aUU0d 3]

vsn

[16] (S14) T00YdS 03 urreg

*}SOD OU 10 S[PI[ HIM AS3a3ens e Sursn
‘3)SeM INPAI PUE SAIOYD PO0J AUYF[eay 93LINO0dUD Jey} SWOOIYDUN] 9}LID 0} PIsn SI S[OOUDS UI YDIL3SAI Aq PojeIsusd dATRTIIUL S,

vsn

[06] N'TS)
HC®E®>O§ mEOOMLUSSA Hmuuwgm

"SI9ULIRJ [EDO] PUR POOJ [OOUDS U8 M UOTIIIUUO0D A} Y3nory} Awouoda [edof ay3 310ddns pue uonimnu juepns
aaoxduur 0y 3a9s jeify sa1jod pooj [0oyds do[aAsp 03 SJUSWIUIZA0S YIM SHIOM WRIS0I] POO] PLIOM 9} YDTYM UI SATIRTUL Uy

1eqo1D

[z6] Surpaag [00Ydg UMOID) SWOL]
S,(IAM) surwrei3o1J poo,] PLIOp

*AJI[IqeUTEISNS 0] JUSWTWWOD S,[00YDS dUf} sjuasardar
Jel 9pod [ed130[008 Uk Jo uonoNpPoId pue ATUNUILIOD S} YHIM JUSWSA[OAUT PUR UOTJRULIOJUT “WN[NDLLIND JU} 0} SORTAROE JO Sunjur]
“uerd uonoe ay) jo uoryenyeas pue ‘Surrojruow ‘vonyeredard 4rpne AIqeurelsns e Jo UOHONPUOD “[00YDS 31} JOJ SUOT)OE [RI0S pue
[EJUSUIUOIIAUS SSNOSIP 0} (S[01 Urews & Aed Sjuspnjs YoTym Ur) 99)3TWWO.) 0JF Uk JO UoTjeuriof 3y ‘sdajs uaaas uo paseq st werdord
AU, "0URISU0D AJI[IqRUIRISNS PUE [RJUSWUOIIAUD Ue y3im a[doad urer) 0y suire ey} sjooyds a[qeurejsns jo weidoid [eqo[8 v

[eqo1d

[c6] stooydg-00g

*S90I0LD POO0J PUNOIL SINSSI [EJUSWUOIIAUS PUE [EDI}d 0} UOHIPPE UI “SISULIR] WOIJ SHSIA SUIATaI 10 SUT)ISIA
pue pooy Sunued ‘s[ps Sunjood jo juswdo[eap a} SOPNOUT , U0TJEdNPa [EUOHLHNY],, ‘SUd] 93Uel 991 WoIf S33a pue ‘Ysiy PalyI}Iad
UOTJRAIISUOD SULIRUI ‘SPIRPUR)S dILJ[OM [EWIUR S}99U JBLj} Jealll “‘Spo0j DTuedIo pue ‘[ed0] ‘RUOSeas “Usaij JO asn A} “S1030ej Io}0
Suouwre ‘sspnpour , Ayenb pooy,, ‘sdryszaujred pue Ayunurwod pue ‘uorpeonpa pooy ‘a1njmd pooy pue drysiapea] pooj ‘Ajirenb pooy
:;uowdo[aadp jo seare nojy y3noxy 3unes spqeureisns pue ‘Ajse} ‘Ayjreay sessarppe yeys yoeordde [ooyods-soym e yym werdord y

puerdug

[¥6] (d14)
drysiauyre g 9517 105 pooq

uondunsag

Apunod

aagenmu]

“S9TPNIS ) WO PaAdLIal saanentur/surerdoxd Surpasy [00Uds [eIUSWUIZA0S-UOU d[qe[leA. IO '€ d[qel,

9/1 L1 “220T spooq

36



Foods 2022, 11,176

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
.3390/foods11020176/s1, Table S1: Databases and terms used to search references on sustainability
practices adopted in schools; Table S2: Quality criteria of the studies selected for the systematic
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]
Amarante (2016) [120]

Andreatta et al. (2021) [121]
Anton-Peset, Fernandez-Zamudio and Pina (2021) [13]
Batlle-Bayer et al. (2021) [122]

Braun et al. (2018) [123]

Brena (2017) [124]

Carvalho (2009) [125]

Coleman et al. (2011) [126]

Colombo et al. (2019) [7]

Colombo et al. (2020) [127]
Constanty (2014) [128]

Constanty and Zonin (2016) [129]
Conner et al. (2010) [130]

Damapong, Kongnoo and Monarumit (2013) [131]
Dirks (2011) [132]

Eich (2015) [133]

Ellinder et al. (2020) [113]

Elnakib et al. (2021) [134]

Colombo (2021) [135]

Ferderbar (2013) [136]

Filippini et al. (2018) [137]
Fitzsimmons and O“Hara (2019) [138]
Franzoni (2015) [139]

Gaddis and Jeon (2020) [38]

Ghattas et al. (2020) [140]
Granillo-Maciias (2021) [141]
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Table A1. Cont.

Author (Year) Reason for Exclusion

Green (2016) [142]

Gregolin et al. (2017) [143]

He (2013) [144]

Hendler, Ruiz and Oliveira (2021) [145]

Henry-Stone (2008) [146]

Hodgkinson (2011) [147]

Johnston et al. (2009) [148]

Jones (2012) [149]

Kipfer (2018) [150]

Koch (2000) [151]

Lalli (2020) [152]

Lauffer (2019) [153]

Lawless (2013) [154]

Lindgren (2020) [112]

Loes; Nolting (2011) [28]

Loes; Nolting (2009) [155]

McCarty (2013) [156]

Medina (2009) [157]

Melao (2012) [158]

Mikkola (2010) [159]

Moss Gamblin (2013) [160]

Mosiman (2014) [161]

Morgan and Morley (2003) [162]

Morgan and Sonino (2007) [33]

Morgan (2008) [118]

Mota, Silva and Pauletto (2021) [163]

Muansrichai, Panyasing and Yonvanij (2015) [164]

Nunes et al. (2018) [165]

Nuutila, Risku-Norja and Arolaakso (2019) [166]

Orr (2020) [167]

Otsuki (2011) [168]

Padilha et al. (2018) [169]

Osowski and Fjellstrom (2018) [170]

Polo et al. (2017) [171]

Prescott et al. (2019) [172]

Rambing et al. (2020) [173]

Redman (2013) [174]

Resque et al. (2019) [175]

Ribeiro, Ceratti and Broch (2013) [176]

Rodrigues et al. (2020) [107]

Santos et al. (2014) [177]

Schachtner-Appel (2019) [178]

Scott (2011) [179]

Silva and Sousa (2013) [180]

Silva and Pedon (2015) [181]

Silva, Gehlen and Schultz (2016) [182]

Silva, Dias and Amorim (2015) [183]

Soares (2011) [184]

Soares et al. (2017) [185]

Solof (2014) [186]

Szinwelski et al. (2015) [187]

Trott (2017) [188]

Turpin (2009) [189]

Vasconcelos, Vieira and Rodrigues (2014) [190]

Valadao and Sousa (2018) [191]

Wade (2019) [192]

Wickramasinghe et al. (2016) [193]
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 ?
Bio-preservation of bread Nanoparticles incorporated into bread
Bread spoilage Bakery product storage life
Staling of bread Spoilage control of bread
Bread preservation by natural anti-microbes  Lactic acid bacteria used in bread preservation
Mold spoilage of bread Statistics on bakery waste

2 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 (ayw = 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 (ay 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 ay 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 3648 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 . Influencing Properties of The
Concerns Spoilage Agents Factor/Species Microbe’s Colony Issues Reference
Starch retrogradation
Moisture distribution Crust softenin
Physical Staling Protein ening [51,55]
. Crumb firming
Baking process
Storage condition
Lipid Off-flavors
. Lo Oxygen Off-odors
Chemical Rancidity Short-chain fatty acid Loss of vitamin (A,E) [54]
aldehyde Protein degradation
Bacillus subtilis Irregular shape Rotten fruit odor
Bacillus licheniformis White/dull color Sticky breadcrumbs [7,60,65]
Microbial Bacteria Protein degradation
Bacillus amyloliquefaciens Gram-positive Black discoloration
Bacillus pumilus Ellipsoidal
Rhizopus nigricans Grey, fluffy, fast .
spread Mycotoxin
o Blue/green, slow Product loss [66-69]
Penicillium expansum spread Chalk mold
Mold P
. . Black, fluffy,
Aspergillus niger sporehead
Cladosporium Dark green, flat,
spreads slowly
iy Rapid growth,
S. cerevisiae Chalky bread
thermotolerance White dot on bread [46,70-72]
Yeast H. burtonii Slow growth, low, Esteric off-odor
Scopsis fibuligera white, spreading
P. anomala 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
ay 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 a,, and short shelf life.

AR
[ N
Moldy

A bread

Growing of fungiin

bread surface

Bread contamination

Environmental air

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

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]
Lactic acid bacteria Gluten-free breads Lactobacillus amylovorus 4 days extended shelf life [99]
P. acidilactici KTUO05-7, P. 8 davs funeal erowth
Bread pentosaceus KTU05-8, and yinhib%ﬁ & [100]
KTU05-10 ©
Bread Lactobacillus hammesii 6 days extende.d mold-free [108-111]
shelf life.
Lactobacillus plantarum Up to 28 days fungal
Bread 1A7 inhibition [104]
Penicillium anomala Overall storage life is
Pan bread 6-8 days, when appearing [105]
Yeast SKM-T . .
with fewer fungi count
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 KTUOQ05-7, 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.

e  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 uL of
EQO 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), a, (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 uL/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 um) 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 pL/L,;, 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 No noticeable shelf-life extension [122]
P. paneum
Lemongrass P. expansum Mold growth was inhibited for 21 days [125]
Rosemary Pemczll.zum sp. Fungal generation .reduced by 0.7 and 1..5 log [123]
Aspergillus sp. cycles after using pure rosemary oil
Clove bud and Oregano A niger Reduced yeast and mold growth for 15 days [124]

Penicillium sp.

P. chrysogenum

Marjoram and clary sage 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/TiO;, Ag/N-TiO,, and Ag/TiO,-SiO,. They
discovered that packaging with Ag/N-TiO,, and Ag/TiO,-5iO, paper prolonged the shelf
life of bread by 2 days, while utilizing Au/TiO, 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 um), 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 ay, 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 (N;) and carbon dioxide (CO5)
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% CO, and 50% N, 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 a,y, 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].

2009

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year

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].
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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.

Top left: Pink Fair Apple
Top right: Salad Blue
Bottom: Highland Burgundy Red

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.
| ol Dt 7.CONTL, Comindebuey LU TGHA THOTID, e oVl (17
239-UA-1388, Chona negra, and Bruja
2 NA Louvain-La-Neuve, Belgium [13]
3 NA Louvain-La-Neuve, Belgium [18]
4 704,429—Quincho Negra, 700,347-S5-2613, LouYain—La—Neuve, [19]
702,535-Sipancachi, 701,997-Sullu, and 703,905-Huata Colorada Belgium
5 Waicha—Reddish Argentina [20]
Moradita—Purple
6  Spunta, CN1—Pink Sfax, Tunisia [21]
7  Nodata Global [22]
Purple (PA97B29-2, PA97B29-4, PA97B29-5, and PA97B29-6)
8  Red (PA97B29-3, PA97B35-1, PA97B35-2, PA97B36-3, PA97B37-2, PA97B37-3, Washington, DC, USA [23]
PA97B37-7, PA97B39-2, and NDOP5847-1)
Light Yellow (Adora, Divina, Fabula, Ilona, Morning gold, Provento, Satino, Yukon
Gold, and POR00PG4-2
9 Dark yellow (91E22, PA99P11-2, PA99P1-2, PA99P2-1, and POROOPG4-1) Washington, DC, USA [24]
Red and yellow (PO00PG9-1, POO0PG9-2, POO0PG9-3, POOOPGY-5, and POO0PGI-6)
10 38 Cultivars Washington, DC, USA [25]
Purple (PA97B29-2, PA97B29-4, PA97B29-5, and PA97B29-6)
11 Red (PA97B29-3, PA97B35-1, PA97B35-2, PA97B36-3, PA97B37-2, PA97B37-3, Washington, DC, USA [26]
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 gzr_li?’mcg ermany [28]
15 NA Sevilla, Spain [29]
16  Congo—Purple Bergen, Norway [30]
Yellow (Innovator, Bintje, Challenger, Yukon, AR2009-10)
Purple (AR2, ADB)
17  White flesh, red skin (Norland) New Brunswick, Canada [31]
Blue (Adirondack Blue)
Red (Adirondack Red, ADR),
Purple (705,534, 703,640, 706,726, 704,733, 703,862, and 704,133)
Red (702,556, 706,630, 700,234, 705,841, 703,752, 703,695, 705,820, 704,537, 705,946, .
18 705,500, 702,464, and 703,782) Lima, Peru [32]
Yellow (706,884 and 704,481)
19  Purple (Blue Congo, Blaue Veltlin, Blaue Schweden, Synkeéd Sakari). Finland [33]
2 (Firoio 26, Highland b.Red, Roalndo, and Rote Emma) - Prague, Casch 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.
Yellow (Agria, Russet Burbank, Lady Balfour, and Mayan Gold)
Purple (Violette, Vitelotte, Violetta, Valfi, Blue Congo, Blaue St. Galler, Olivia, and

22  Blaue Anneliese) Czech Republic [36]

Red (Rosemarie, Rote Emmalie, Highland Burgundy Red, and Herbie 26)
Yellow with red spots (Mayan Queen)
Salad Blue, Shetland Black, Blue Congo, Blaue St. Galler, Highland Burgundy Red, Pferov nad Lavbem,

23 Violette. and Valfi. Vitelott Suchdol, Valetov and [37]

rolette, I vitelotte Stachy, Czech Republic

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

25 Blaue, Shetland Black, Caribe, Purple and White, Mrs. Moerles Purple Baker, Long 0.01-1 5’7 /K Y [39]
Blue, Edzell Blue, Odenwa “lder Blaue, Schwarze Ungarin, Arran Victory, UAC 1258, V7 BIKE
Purple Fiesta, Viola, and Blaue Zimmerli). Red (Sangre, Kefermarkter Zuchtstamm,
and Red Cardinal).

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]
Red—Hongyoung

30 Purple—Jayoung, clones Jje08-11, Korea [44]
DJ12X-5, and Jje08-43

31 Purple (Salad Blue, Vitelotte, Valfi, Blue Congo) Prerov nad Labem, Czech [45]
Red (Rosalinde, Herbie 26, Highland Burgundy Red) Republic

- Purple (Blaue Elise, Blaue St. Galler, Blue Congo, Valfi, and Vitelotte) Pterov nad Labem, Czech [46]
Red (Highland Burgundy Red, Herbie 26, Rosalinde, and Rote Emma) Republic
Yellow (Agria, Russet Burbank, Valy, Salome, Bohemia, Axa, Jelly, Ditta, Bionta,

Ker "kovsky’ rohlic “ek, Dali, and Mayan Gold)
. s . . Valecov,

33 Red (Rosara‘, Rosemarie, Konigspurpur, Highland Burgundy Red, Herbie 26, and Czech Republic [47]
Red Emmalie)

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

3 C097226-2R /R, C0O99364-3R /R, CO97215-2P /P, CO97216-3P /P, CO97227-2P /P, Colorado, USA [48]
C0O97222-1R /R, Purple Majesty, Mountain Rose, and All Blue), and yellow (Yukon Gold) ’

Blue Congo, Highland Burgundy Red, Salad Blue, Shetland Black, Valf, Vitelotte,

35 Violette, Blaue St. Galler, Blaue Hindel Bank, Blaue Ludiano, Blaue Mauritius, Blaue =~ Czech Republic [49]
Schweden, British Columbia Blue, Farbe Kartoffel, Hafija, and Salad Red

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

Light yell 108-

38 ight yellow (599108-8) Priekuli, Latvia 50
Purple (Fenton, Purple Fiesta, British Columbia [52]
Blue, Purple Peru, and Blue Congo)

Red (Red Rodeo)
39  Yellow (Yukon Gold), and Washington, USA [53]

Purple Majesty (CO94165-3P/P)
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Table 1. Cont.

Cultivar and Colour Country Ref.
Red—Herbie 26
40 Poland [54]
Purple—Valfi, Blue Congo and Salad Blue
Purple (Violettfleischige x Blue Marker-B, (Violettfleischige)-A1, (Blue Marker)-B,
Purple, Violettfleischige x Blue Marker-D, (Violettfleischige)-A2, Vitelotte, and Blaue
41 Ajanhuiri) Grofs Liisewitz, Germany [55]
Yellow (Bangladesh, Desiree, Early Rose, and Shetland Blau I,)
Red (Ko nigspurpur, Rote Emmalie, and Rosemarie)
Red (C099256-2R, CO98012-5R, Colorado Rose, VC0967-2R /Y, CO97222-1R /R, and
42  C097226-2R/R) Colorado, USA [56]
Purple (CO01399-10P /Y, AC99329-7PW /Y, and Purple Majesty)
13 Purple (All Blue and CO94165-3P/P) Texas, USA [14]
Red (NDC4069-4 and CO94183-1R/R)
All Blue, NDC4069-4, Russian Blue, Purple Peruvian, CO111F2-1, COI12F1-1,
44 COI12F1-2, 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 C094183-1R/)
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 Prerov pad Labem, Czech [62]
Republic
50 Red—Rosemarie, Herbie 26, and Rote Emma Wroctaw, Poland [63]
51 Red (Rosemary, Red Emmalie, and Red Cardinal) Velestino, Greece [64]
Purple (Purple, Violetta, and Kefermarkter Blaue)
Purple (Moradita)
52  Yellow (Waicha) Argentina [65]
Red (Santa Maria)
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 Anji, Zhejiang Province, [69]
China
Red (Red Emmalie, Tornado, and Laura)
57 Dark purple (Violetta) Sirvintos district, [70]
Lithuania
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, Chengdu, China 73]
S03-2677, S03-2685, S03-2796, S05-603, S06-277, and S06-1693 60-294 mg

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.

' Natural \
1

Synthetic: EDTA,
BHA, Ethyoxyquin
etc

1
[ o :
I 1 1
. l . l 5 . Others: Protein/
Primary Secondary Polyphenols Vitamins Carotenoids Minerals Non-protein

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 o and {3 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
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are common in the food that we consume and only four have been exhaustively studied,
viz., x-carotene, 3-carotene, lycopene, lutein, and zeaxanthin [77].
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Figure 6. General structure of carotenoids—f3-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, (3-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, 3-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 pg/100 g [29]. Minor
carotenoids such as zeaxanthin, antheraxanthin, 3-carotene, and 3-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 (3-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
0and 17.7 ug/g and between 1.12 and 17.69 pg/g, respectively, while 3-carotene ranged
between 0.42 and 2.19 ug/g in 16 cultivars. 3-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 (3-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].

O+

~

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 B-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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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.

Keywords: agri-food system; food security; transformation; China; sustainability

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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Figure 1. Research framework.

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 ™! 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].

97



Foods 2022, 11,137

800
700
600
500

400 A

300 |

‘

200
100
0

ELLER P L ECFRDILL S
DDA AR A DA DTN

Output of grain (1,000,000 tons), per capita output of grain (kg)

125

120

115

110

100

mmmmm Output of grain [ Per capita output of grain == Sown areas of grain

Sown areas of grain (1,000,000 hectares)

Figure 2. China’s output of grain in 1978-2020. Data source: China Statistical Yearbook.

160

140

—
(3]
[=]

—_
(=3
S

x
(=]

N
(=]

N
IS

[N
(=]

2013 2014 2015 2016 2017 2018 2019

Per capita consumption of grain, vegetables and mushroom, meat
and meat products (kg)

s Poultry mmmm Aquatic products
s Egos Milk and dairy products
——e— Grain (rice, wheat, corn, barley, oats, etc.) =—e=— Vegetables and mushroom

—o— Meat and meat products

Figure 3. China’s per capita consumption of major foods in 2013-2020. Data source: China Statistical

Yearbook.

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].

106



Foods 2022, 11, 130

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 1549 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 1549 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 1549 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

Information and Definitions, forms and causes of Lecture, brainstorming and 1h

Module 1 . . .. . . .
behavioral skills malnutrition discussion 30 min

Information and Sign, consequences and prevention  Lectures, brainstorming and 1h

Module 2 . . .. .
behavioral skills of malnutrition role play 30 min

Information and Food Groups (macro and . 1h
Module 3 behavioral skills micronutrient). matching food 30 min

Prevention of malnutrition, 1h
Module 4 Motivation participant’s experiences and those Brainstorming, discussion 30 min

of other adolescent girls.
Intergenerational Cycle of

Module 5 Information and Malnutrition, Food Groups by Food Lectures, discussion and 1h

behavioral skills and Agriculture Organisation of the kitchen/backyard garden. 30 min
United Nations (FAO),
Precautionary measures, the norms

of their community, and best ways 1h

Module 6 Motivation they can spread what they have Brainstorming, discussion 30 min

learnt to their families and peers for
sustainability.

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 ¢-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.
. Experimental Control Total
Variables 1 C/Mean & SD 1 (%)/Mean + SD (%) X2ft p-Value
Age of adolescent girls (Years) 15.0+2.0 15.0 £ 2.0 —3.390 ¢ 0.697
Early adolescents (10-13) 55 (26.4) 52 (24.9) 107 (25.7) 0.1714 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 @ 0.704 d 0.983
JSS1 36 (17.3) 31 (14.8) 67 (16.1)
]SS2 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 4 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)

110



Foods 2022, 11, 130

Table 2. Cont.

. Experimental Control Total
Variables n (%)I;Mean +SD n (%)/Mean £+ SD n (%) X2t 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 0.0354 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 1.9914 0.158
Rural 30 (14.4) 41 (19.6) 71 (17.0)
Urban 178 (85.6) 168 (80.4) 346 (83.0)
Household size 0.0214 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 4 0.664
Less than 18,000 53 (25.5) 44 (21.1) 97 (23.3)
N18,000-30,000 65 (31.3) 69 (33.0) 134 (32.1)
N31,000-50,000 38 (18.3) 36 (17.2) 74 (17.7)
N51,000 and above 52 (25.0) 60 (28.7) 112 (26.9)
Head of household 2.466 4 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) 541+9.6 54.6 £9.9 —0.534 ¢ 0.593
35to 44 28 (13.5) 25 (12.0) 53 (12.7) 02114 0.646
>45 180 (86.5) 184 (88.0) 364 (87.3)
Education of father 7.4824 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 4 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 © 17 (8.2) 9(4.3) 26 (6.2)
Age group of the mother (Years) 41.6 £ 8.1 409 £ 8.3 0.850 © 0.396
<34 29 (13.9) 39 (18.7) 68 (16.3) 1.990 4 0.370
35to0 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 4 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 4 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 ¢ 0.660
Monogamy 123 (59.1) 128 (61.2) 251 (60.2)
Polygamy 85 (40.9) 81 (38.8) 166 (39.8)

single parenting

2 Junior secondary school (JSS), Senior secondary school (SS) b Karekare, Kilba, Minchika, Manga, Tambai, Yoruba,
Mandara, Basaye, Angas, Terawa, Kanakuru, Nupe. © Malami (Voluntary Quranic teacher), d Chi-square, € 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 Control Overall Sample Mini'mum- ¢ p-Value
Mean + SD (n=208) Mean + SD (n=209) Mean + SD (n=417) Maximum

Knowledge 8.75+4.2 8.98 +4.3 8.87 +4.3 0-19 0.540 0.589

Attitude 5328 +5.1 53.45 + 4.9 53.36 £ 5.0 41-70 0.327 0.744

Food security 551 +3.4 547 £ 3.6 549 £3.5 0-9 —0.120 0.904

t = independent ¢-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.

. Crude . 95% CI
Variables B SE Odd Ratio Exp (B) Wald Chi-Square Lower Bound Upper Bound p-Value
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 Wald Chi-Square 95% C1 p-Value
Exp (B) 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 1483 0413 4.407 12.929 1.964 9.893 <0.001 *

Post-intervention

Experimental * 6-months 2238 0446 9.379 25212 3915 22471 <0.001 *

Post-intervention

Class 2

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 2918 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 2

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 2

Poor information Ref

Good information 0.812 0.175 2.252 21.644 1.600 3.170 <0.001 *

Motivation 2

Poor motivation Ref

Good motivation 0.680 0.184 1.973 13.688 1.377 2.829 <0.001 *

Behavioral skills @

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,  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.

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

95% CI

. Crude .
Variables B SE 0dd Ratio Exp (B) Wald Chi-Square Lower Bound _ Upper Bound p-Value
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 1124 0.308 1.367 5.027 1.747 2501 0.017*
Post-intervention
Experimental * 6-months 0312 0322 3.076 12.160 1.636 5.785 <0.001 *
Post-intervention
Religion ?
Christianity Ref
Islam 0.409 0.120 1.505 1.027 1.189 1.903 0.001 *
Nutritional status (BMI
percentile) 2
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 2
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 2
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, # Covariates.

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

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

. Crude . 95% CI
Variables B SE 0dd Ratio Exp (B) Wald Chi-Square Lower Bound _ Upper Bound p-Value
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 0.749 0.291 2116 6.651 1.197 3.740 0.010
Post-intervention
Experimental * 6-months 0937 0283 2552 10.995 1467 4,440 0.001
Post-intervention
Place of residence @
Rural Ref
Urban 0.427 0.159 1.532 7.220 1.122 2.091 0.007 *
Monthly income ?
Less than N18,000 Ref
N18,000-30,000 0.027 0.158 1.311 2.950 0.963 1.785 0.086
N31,000-N50,000 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 @
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 4915 1.044 2.025 0.027 *
Source of information 2
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 @ 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; @ 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 = 2552, 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 N31,000-N50,000 and N51,000 and above have higher
odds of being in food secured level compared to those with monthly income less than
N18,000 (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
(552 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 (N31,000-N50,000; p = 0.012, N51,000 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:

overstocking; = wy - pandemic_risk; 4+ wy - poverty_relieved;
“+ag - poverty_stricken; + ay - ecommerce; + €

The dependent variable overstocking; 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_risk; 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_risk; 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_relieved;
and poverty_stricken;. The treatment group is the ordinary counties whose values of
poverty_relieved; and poverty_stricken; were set to 0. poverty_relieved; was set to 1 if a
county succeeded in alleviating poverty during 2014-2019. poverty_stricken; was set to 1 if
a county was still in the listed 52 poverty-stricken counties released by SCLGOPAD in 2019.
ecommerce; 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.
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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 48 Gansu 9 0.26
Shandong 151 434 Sichuan 8 0.23
Shanxi 147 422 Qinghai 8 0.23
Hainan 65 1.87 Zhejiang 7 0.2
Jilin 33 0.95 Liaoning 7 0.2
Hebei 28 0.8 Chongging 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].

130



Foods 2021, 10, 3027

53%

3%

3% 7%

|| /

Total
Sample

7% 14% 1% 2%
29% ~/°
5%

18% 20% “

\l

8%

Nior- Guangxi
Guangxi 24% Sample
Sample
73%
16%
B 30% C

= Grain and edible oil = Livestock and poultry
= Vegetables Fruit
= Acquatic products = Others

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).

: Grain and : Livestock Aquatic
Region Edible Oil Fruit Vegetables and Poultry Prgducts
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 Chonggqing, 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).

Grain and . Livestock Aquatic
Products Edible Oil Fruit Vegetables [y Poultry Products
Total sample 458.95 1673.09 604.10 4924.75 462.78
. value 8.93 1124.90 136.15 4108.37 78.28
Guangxisample ot 2% 67% 23% 83% 17%
Non-Guangxi value 450.02 548.19 467.95 816.38 384.50
sample 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 4.34] *** 2.523 *** 5.684 *** 2461 *** 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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4 Feb. MARA Urgent notice on maintaining livestock and poultry industry in operation and ensuring
supply of meat, egg and milk

6 Feb. MC Notice on ensuring delivery and distribution life necessities during COVID-19
epidemic

11 Feb. MARA Notice of ensuring agricultural products sales in poor-
stricken regions during COVID-19 epidemic

14 Feb. MC Notice on further strengthening linkages
between agricultural demand and supply
during COVID-19 epidemic

MC, MF Urgent notice on enhancing
collaboration and coordination between
agricultural and commercial sectors to improve
the food supply chain during COVID-19
epidemic

MF, MARA Notice on ensuring stable
production and adequate supply of agricultural
products during COVID-19 epidemic
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Figure 3. Timeline of Chinese government responses to allevi