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Preface

Two years ago, when we announced the first edition of this Special Issue, the world was

changing rapidly due to the Coronavirus effect. The first edition was entitled “Innovative Agrifood

Supply Chain in the Post-COVID 19 Era”. This Special Issue focused on innovative scientific

insights and technological advances in natural resources, organic pollutants identification, new food

product development, traceability, packaging, chain management, consumer attitudes, and eating

motivations, aiming to tackle the foreseen changes in the global economy and society. A year after the

second edition was completed, entitled “Prospects, Challenges and Sustainability of the Agri-Food

Supply Chain in the New Global Economy II Era”, on the Agri-food Supply Chain (AFSC), the world

was still changing in an unpredictable and unprecedented way with unforeseen consequences. The

AFSC is at the center of these changes and has been the subject of worldwide studies, due to global

economic change, necessitating drastic changes to adjust to and accept the new conditions. The

process “from farm to fork” is, no doubt, a key factor in the sustainability and progress of the food

produced for the consumers worldwide.

A year after (two years from the beginning), with the completion of this third Special Issue on

the Innovative Agri-food Supply Chain (IAFSC), the world is still changing, with serious regional

troubles and disputes drastically affecting the global economy and growth. Innovation plays a vital

role in modernizing the AFSC towards the 2030 sustainable development goals (SDGs) agenda set by

United Nations in 2015 to achieve a sustainable future. Among other things, SDGs provide a basis to

end poverty, eradicate hunger, protect the planet, and improve quality of life in the word, ensuring a

balance between social, economic, and environmental sustainability.

In this special edition, selected papers on the prospects, challenges, and sustainability of

the Innovative AFSC in the new global economy are presented. The driving force of the chain

remains, no doubt, the end users of the food, namely, the consumers. The topic of this Special

Issue includes modern, state-of-the-art research topics on the subjects of the “primary sector” (five

papers), “innovative foods” (one paper), food waste management (three papers), “consumers’ and

stakeholders” perceptions of foods (four papers), and food diets (one paper). Overall, a total of 14

papers are presented in this issue.

Dimitris Skalkos

Editor
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Editorial

Scientific Advancements for an Innovative Agri-Food Supply
Chain towards the 2030 Sustainable Development Goals III
Dimitris Skalkos

Laboratory of Food Chemistry, Department of Chemistry, University of Ioannina, 45110 Ioannina, Greece;
dskalkos@uoi.gr; Tel.: +30-2651008345

The world has been changing at an unprecedented speed in the last five years, with
unforeseen consequences globally. First it was the COVID-19 pandemic, which changed
the social and economic conditions, and now are the regional disputes that are affecting
the global economy, generating crises worldwide [1]. In this uncertain environment,
as mentioned by the Lancet Commission in 2019, “Food is the single strongest lever to
optimize human health and environmental sustainability on the planet” [2]. Food is
currently threatening both people and the planet [3]. Food production in a sustainable
manner is becoming an urgent issue today for the sustainability of human life and the
planet. In 2000, at the Millenium Summit, the Millennium Development Goals (MDGs)
were set. At the World Summit on Sustainable Development in 2002, in Johannesburg,
terms such as “sustainable diet” [4], “sustainable food consumption” [5], “sustainable
nutrition” [6], and “nutritional sustainability” [7] were considered as efforts to produce and
consume food in a more sustainable manner. In 2006, the connection between biodiversity,
food, and nutrition was established at the Convention of Biological Diversity [8], followed
by the World Food Summit on Food Security, where the declaration of the World Summit
on Food Security was adopted in 2009 with the commitment for the end of hunger by all the
participating countries. In 2012, in Rio de Janeiro, Brazil, at the conference on Sustainable
Development with the outcome document, “The Future we Want”, the open working
group for the Sustainable Development Goals (SDGs) was established. This led to the 2030
Agenda for Sustainable Development, adopted by the United Nations in 2015, and the
17 Sustainable Development Goals (SDGs) [9]. These goals are as follows [10]:

1. No Poverty: end poverty in all its forms everywhere.
2. Zero Hunger: End hunger, achieve food security, improve nutrition, and promote

sustainable agriculture.
3. Good Health and Well-Being: Ensure healthy lives and promote well-being for all at

all ages.
4. Quality Education: Ensure inclusive and equitable quality education and promote

lifelong learning opportunities for all.
5. Gender Equality: Achieve gender equality and empower all women and girls.
6. Cleaning and Sanitation: Ensure availability and sustainable management of water and

sanitation for all.
7. Affordable and Clean Energy: Ensure access to affordable, reliable, sustainable, and

modern energy for all.
8. Decent Work and Economic Growth: Promote sustained, inclusive, and sustainable

economic growth, full and productive employment, and decent work for all.
9. Industry, Innovation, and Infrastructure: Build resilient infrastructure, promote inclusive

and sustainable industrialization, and foster innovation.
10. Reduce inequalities: Reduce inequality within and among countries.
11. Sustainable Cities and Communities: Make cities and human settlements inclusive, safe,

resilient, and sustainable.
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12. Responsible Production and Consumption: Ensure sustainable consumption and produc-
tion patterns.

13. Climate Actions: Take urgent action to combat climate change and its impacts.
14. Life below Water: Conserve and sustainably use the oceans, seas, and marine resources

for sustainable development.
15. Life on Land: Protect, restore, and promote sustainable use of terrestrial ecosystems;

sustainably manage forests; combat desertification; and halt and reverse land degra-
dation and biodiversity loss.

16. Peace, Justice, and Strong Institutions: Promote peaceful and inclusive societies for sus-
tainable development, provide access to justice for all, and build effective, accountable,
and inclusive institutions at all levels.

17. Partnership for the Goals: Strengthen the means of implementation and revitalize the
global partnership for sustainable development.

The SDGs have been designed to create a vision for achieving a sustainable future.
More specifically, they were designed to, among other things, provide a basis to end poverty,
eradicate hunger, protect the planet, and improve the quality of life in the world, ensuring
a balance between social, economic, and environmental sustainability [11]. Out of the
17 goals of SDG presented above, two of them aim to “end hunger, achieve food security,
improve nutrition, and promote sustainable agriculture”. This goal is characterized by
multiple dimensions (social, economic, and environmental) that go much further than food
security [12]. All SDGs were meant to ensure homogeneity between different policy sectors,
especially those related to Agri-Food Supply Chain (AFSC), which is at the core of the
SDGs’ objectives [13]. The following are a few examples of these interrelation links:

1. The promotion of nutrition as poverty makes it difficult to meet nutritional recom-
mendations and restricts access to proper food production included in SDG1.

2. The promotion of sustainable food production to cope with the undernourishment
included in SDG2.

3. The promotion of healthy and sustainable nutrition supporting good health is in-
cluded in SDG3.

4. The promotion of food systems within the sustainable consumption and produc-
tion part.

The global food system plays a central role in the achievement of the SDGs [14]. The
world’s major staple crops, i.e., maize, wheat, and rice, must be sustainably produced
and contribute to human health and wellbeing to achieve these goals. The intense in-
volvement of the private sector in developing the SDGs is ubiquitous [15]. Almost each of
the 169 targets listed under the SDGs is, to a greater or lesser extent, related to food and
farming. Indeed, there is overwhelming historical evidence from the developed and the
newly emerging economies of the developing world that indicates that agricultural growth
has been the primary engine of overall economic growth [16].

From a realistic point of view, it should be mentioned that the implementation of the
SDGs has deep economic implications and difficulties, especially for the least developed
countries [11]. The urge for achieving the SDGs by 2030 implies that more attention should
be placed on the analysis and assessment of the costs of implementing the SDGs and
the (intemporal) costs of not pursuing them [17]. The implementation of the SDGs is a
global priority, and the role of economic instruments and sustainable financing options has
become essential in overcoming the costs associated with implementing the 2030 agenda
through bridging the funding gaps for socioeconomic and environmental challenges [18].

In this third special edition, selected subjects of the Agri-Food Supply Chain (AFSC)
towards the 2030 sustainable development are presented in 14 published papers. These
include modern, state-of-the-art research topics from the subjects of primary sector (five
papers), innovative foods (one paper), food waste management (three papers), consumers’
and stakeholders’ perceptions of foods (four papers), and food diet (one paper).

The five papers that are covering topics of the primary sector are as follows:
POPULATION DYNAMICS OF THE OLIVE FLY BACTROCERA OLEAE:

2
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Katsikogiannis et al. investigated the population dynamics of the olive fly, Bactrocera
oleae, one of the most studied pests of its kind, due to its economic impact on the olive trees’
production worldwide. Their findings indicate that ply populations are influenced mostly
by climate and attitude over longer periods in the season and from bait sprays for shorter
periods of time, which appear to be less effective in autumn.

A NATURE-BASED SOLUTION DRIVEN BY MEDITERRANEAN LEAVING LABS:
Yahya et al. investigated insights on an open innovation ecosystem of Mediterranean

Living Labs for the synergetic development and participatory assessment of decentralized
wetland-aquaponics in disadvantaged rural areas. This study addressed the knowledge
gap and the limited research on the subject while revealing the role of public participation
in ascertaining the solution and evaluating its feasibility.

INNOVATIVE IV AND CSD CONDITIONS FOR IMPROVED GRAPE PRODUCTION:
Alba et al. investigated optimizing combined effects of irrigation volumes (IV) and

effective cold storage duration (CSD) practices on the quality of grapes produced. Their
findings indicate that the proposed IV and CSD conditions gave superior organoleptic and
dietary characteristics to the grapes produced, meeting consumers’ demands year-round in
a better way.

RESEARCH ON WINERY VINEYARD AGRICULTURAL PRODUCTION:
Merkouropoulos et al. investigated an innovative holistic approach in viticulture to-

wards wine production, applying a multidisciplinary methodology for the wine “Asproudi”
of the Monemvasia vineyard of Greece. Their findings revealed the genetic relationship of
the winery genotypes to the varieties maintained in the reference collection, whereas some
other genotypes remained unknown.

EFFECTIVE STRATEGIES FOR RURAL POVERTY REDUCTION:
Ruben investigated the analytical linkages between key problems that cause small-

holder poverty, the constraints that limit the effectiveness of ongoing rural development
initiatives, and the prospects for alternative strategies to support behavioral change. He
concludes that coordinated structural reforms in farms and community organizations, value
chain integration, and more effective public–private cooperation are needed to improve
poverty conditions.

The paper, which is covering the topic of new foods, specifically new packaging, is
as follows:

AN INNOVATIVE INTELLIGENT CHEESE PACKAGING WITH SPIRULINA:
Kontogianni et al. proposed the use of whey protein-based edible films containing

spirulina as an innovative cheese packaging alternative, and they found that the proposed
intelligent packaging was appropriate for “kefolotyri” yellow Greek cheese.

The three papers covering topics of food waste management are as follows:
INNOVATIVE FEED ADDITIVE FOR IMPROVED NUTRITIONAL PRODUCT:
Kotsou et al. investigated the use of spent coffee grounds (SCG), a by-product, as a

feed additive of alternative protein sources with a reduced environmental impact for insect
species Tendbrio molitor larvae, commonly used for fish, poultry, and pig feeding. They
found increased protein composition in the final product.

POTENTIAL SUSTAINABLE USES OF BREWERY BY-PRODUCTS:
Soceanu et al. investigated sustainable strategies for the recovery and valorization of

brewery by-products, determining the chemical characteristics of different types of brewery
waste, such as moisture content, ash, pH, total content of phenolic compounds, and total
protein content. The experimental values obtained have shown that brewery waste is a
valuable by-product indeed.

REDUCTION OF FOOD WASTE THROUGH ORGANIZATIONAL THEORIES:
Ramanathan et al. investigated food waste from an operational and supply chains of

view, especially from the lens of existing theories in the operations management literature
and newer sustainability theories. They proved that existing theories could help explain
the motivations of firms engaging in food waste reduction but also call for more research
that could help explain interesting observations, not apparent at first glance.
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The four papers covering topics of the consumers’ and stakeholders’ perceptions on
foods are as follows:

THE USE OF EDIBLE INSECTS AS A VALUE ANIMAL FEED SOURCE:
Gomes et al. investigated the value chain of the use of edible insects in animal feed in

Brazil through the framework of SWOT, the business model, and the multiple case study
of two companies, highlighting the sustainability characteristics, identifying the actors
in the chain, and how value is generated. They found that the value chain can become a
more significant aspect of sustainable agriculture by closing nutrient and energy loops,
promoting food security, and minimizing climate change and biodiversity losses.

THE REVALORIZATION OF SURPLUS MATERIAL FROM FRUIT AND VEGETABLE
SECTOR:

Fox et al. investigated how industry stakeholders in Ireland manage surplus fruit and
vegetable material remaining as a way to reduce food waste through valorization after their
main processing. They found that joined-up thinking is required among all stakeholders,
including consumers and policymakers, to create positive sustainable changes in view of
achieving food waste reduction targets and encourage revalorization.

WINE TOURISM OPPORTUNITIES FOR GROWTH IN THE POST-COVID-19 ERA:
Santorinaios et al. investigated consumers’ perceptions and attitudes for wine tourism

opportunities in Greece using a formatted questionnaire promoted through the Google
platform. Based on the participants’ answers, they found three distinctive types of support
for the successful development of wine tourism in wine-producing countries such as Greece.

REDUCED-SALT GREEN TABLE OLIVES OPPORTUNITIES FOR DEVELOPMENT:
Paltaki et al. investigated consumers’ behavior, attitude, and expectation for the devel-

opment of a new reduced-salt table olive product from Chalkidiki, an area of Greece. They
found that such an innovative food is promising as the interests of consumers and industry
have turned to foods that add nutritional value and meet updated food expectations.

Finally, the paper covering a topic of food diet is as follows:
THE GLOBAL GROWTH OF SUSTAINABLE DIET:
Gialeli et al. investigated trends and turning points over time, based on literature

evaluation, covering the research on sustainable diets (SD), though a comprehensive
bibliometric analysis of publications during the period 1986–2022. Among several dietary
patterns, Mediterranean diet (MD) was identified as the most popular among the local SDs,
with synergies among scientists in the Mediterranean region.

Acknowledgments: As the Guest Editor of the Special issue titled “Scientific advancements and
pathways for an innovative Agri-Food Supply Chain towards the 2030 Sustainable Development
Goals III”, I express my deep appreciation to all authors whose valuable work was published under
this issue and thus contributed to the success of this edition.

Conflicts of Interest: The author declares no conflicts of interest.

List of Contributions:

1. Gomes, J.G.C.; Okano, M.T.; Ursini, E.L.; Lodo do Santos, H.C. Insect Production for Animal
Feed: A multiple Case Study in Brazil. Sustainability 2023, 15, 11419. https://doi.org/10.3390/
su151411419.

2. Gialeli, M.; Troumbis, A.Y.; Giaginis, C.; Papadopoulou, S.K.; Antomiadis, I.; Vasios, G.K.
The Global Growth of “Sustainable Diet” during Recent Dacades, a Bibliometric Analysis.
Sustainability 2023, 15, 11957. https://doi.org/10.3390/su151511957.

3. Kontogianni, V.G.; Kosma, I.; Mataragas, M.; Pappa, E.; Badeka, A.V.; Bosnea, L. Innovative
Intelligent Cheese Packaging with Whey Protein-Based Edible Films Containing Spirulina.
Sustainability 2023, 15, 13909. https://doi.org/10.3390/su151813909.

4. Katsikogiannis, G.; Karvoudakis, D.; Tscheulin, T.; Kizos, T. Population Dynamics of the Olive
Fly, Bactrocera oleae (Diptera: Tephritidae), Are Influenced by Different Climates, Seasons, and
Pest Management. Sustainability 2023, 15, 14466. https://doi.org/10.3390/su151914466.

5. Yahya, F.; Samrani, A.E.; Khalil, M.; Abdin, A.E.D.; El-Kholy, R.; Embady, M.; Negm, M.;
Ketelaere, D.D.; Spiteri, A.; Pana, E.; et al. Decentralized Wetland-Aquaponics Addressing
Environmental Degradation and Food Security Challenges in Disadvantaged Rural Areas: A

4



Sustainability 2024, 16, 5693

Nature-Based Solution Driven by Mediterranean Living Labs. Sustainability 2023, 15, 15024.
https://doi.org/10.3390/su152015024.

6. Markopoulos, G.; Miliordos, D.E.; Tsimbidis, G.; Hatzopoulos, P.; Kotseridis, Y. How to Improve
a Successful Product? The Case of “Asproudi” of the Monemvasia Winey Vineyard Sustainability
2023, 15, 15597. https://doi.org/10.3390/su152115597.

7. Fox, S.; Kenny, O.; Noci, F.; Dermiki, M. A Pilot Study on Industry Stakeholders’ Views towards
Revalorization of Surplus Material from the Fruit and Vegetable Sector as a Way to Reduce
Food Waste. Sustainability 2023, 15, 16147. https://doi.org/10.3390/su152316147.

8. Kotsou, K.; Chatzimitakos, T.; Athanasiadis, V.; Bozinou, E.; Athanassiou, C.G.; Lalas, S.I.
Utilization of Spent Coffee Grounds as a Feed Additive for Enhancing the Nutritional Value of
Tenebrio molitor Larvae. Sustainability 2023, 15, 16224. https://doi.org/10.3390/su152316224.

9. Santorinaios, A.; Kosma. I.S.; Skalkos, D. Consumers’ Motives on Wine Tourism in Greece in
the Post-COVID-19 Era. Sustainability 2023, 15, 16225. https://doi.org/10.3390/su152316225.

10. Soceanu, A.; Dobrinas, S.; Popescu, V.; Buzatu, A.; Sirbu, A. Sustainable Strategies for the
Recovery and Valorization of Brewery By-Products-A Multidisciplinary Approach. Sustainability
2024, 16, 220. https://doi.org/10.3390/su16010220.

11. Ramanathan, R.; Ramanathan U.; Pelc, K.; Hermens I. How Do Existing Organizational The-
ories Help in Understanding the Responses of Food Companies for Reducing Food Waste?.
Sustainability 2024, 16, 1534. https://doi.org/10.3390/su16041534.

12. Paltaki, A.; Mantzouridou F.T.; Loizou, E.; Chatzitheodoridis, F.; Alvanoudi, P.; Choutas, S.;
Michailidis, A. Consumers’ Attitudes towards Differentiated Agricultural Products: The Case
of Reduced-Salt Green Table Olives. Sustainability 2024, 16, 2392. https://doi.org/10.3390/su1
6062392.

13. Alba, V.; Russi, A.; Forte, G.; Milella, R.A.; Roccotelli, S.; Campi, P.; Modugno, A.F.; Pipoli,
V.; Gentilesco, G.; Tarricone, L.; Caputo, A.R. From Farm to Fork: Irrigation Management
and Cold Storage Strategies for the Shelf Life of Seedless Sugrathirtyfive Table Grape Variety.
Sustainability 2024, 16, 3543. https://doi.org/10.3390/su16093543.

14. Ruben, R. What smallholders want: Effective strategies for rural poverty reduction. Sustainability
2024, 16, 5525. https://doi.org/10.3390/su16135525.

References
1. Hussein, H.; Knol, M. The Ukraine War, Food Trade and the Network of Global Crises. Int. Spect. 2023, 58, 2211894. [CrossRef]
2. EAT-Lancet Commission. The Eat-Lancet Commission Brief for Everyone. Lancet. 2019. Available online: https://eatforum.org/

lancet-commission/eatinghealthyandsustainable/ (accessed on 28 June 2024).
3. Willett, W.; Rockström, J.; Loken, B.; Springmann, M.; Lang, T.; Vermeulen, S.; Garnett, T.; Tilman, D.; DeClerck, F.; Wood, A.; et al.

Food in the Anthropocene: The EAT–Lancet Commission on Healthy Diets from Sustainable Food Systems. Lancet 2019, 393,
447–492. [CrossRef] [PubMed]

4. Gussow, J.D.; Clancy, K.L. Dietary Guidelines for Sustainability. J. Nutr. Educ. 1986, 18, 1–5. [CrossRef]
5. Friel, S.; Barosh, L.J.; Lawrence, M. Towards Healthy and Sustainable Food Consumption: An Australian Case Study. Public.

Health Nutr. 2014, 17, 1156–1166. [CrossRef] [PubMed]
6. Smetana, S.M.; Bornkessel, S.; Heinz, V. A Path from Sustainable Nutrition to Nutritional Sustainability of Complex Food Systems.

Front. Nutr. 2019, 6, 39. [CrossRef] [PubMed]
7. Portugal-Nunes, C.; Nunes, F.M.; Fraga, I.; Saraiva, C.; Gonçalves, C. Assessment of the Methodology That Is Used to Determine

the Nutritional Sustainability of the Mediterranean Diet—A Scoping Review. Front. Nutr. 2021, 8, 772133. [CrossRef] [PubMed]
8. Burlingame, B.; Lawrence, M.; Macdiarmid, J.; Dernini, S.; Oenema, S. IUNS Task Force on Sustainable Diets—Linking Nutrition

and Food Systems. Trends Food Sci. Technol. 2022, 130, 42–50. [CrossRef]
9. Kumar, S.; Kumar, N.; Vivekadhish, S. Millennium Development Goals (MDGS) to Sustainable Development Goals (SDGS):

Addressing Unfinished Agenda and Strengthening Sustainable Development and Partnership. Indian. J. Community Med. 2016,
41, 1–4. [CrossRef] [PubMed]

10. United Nations Transforming Our World: The 2030 Agenda for Sustainable Development United Nations United Nations
Transforming Our World: The 2030 Agenda for Sustainable Development. United Nations 2015. Available online: https:
//sdgs.un.org/2030agenda (accessed on 28 June 2024).

11. Filho, W.L.; Dinis, M.A.P.; Ruiz-De-maya, S.; Doni, F.; Eustachio, J.H.; Swart, J.; Paço, A. The Economics of the UN Sustainable
Development Goals: Does Sustainability Make Financial Sense? Discov. Sustain. 2022, 3, 20. [CrossRef] [PubMed]

12. Galabada, J.K. Towards the Sustainable Development Goal of Zero Hunger: What Role Do Institutions Play? Sustainability 2022,
14, 4598. [CrossRef]

13. Lencucha, R.; Kulenova, A.; Thow, A.M. Framing Policy Objectives in the Sustainable Development Goals: Hierarchy, Balance, or
Transformation? Glob. Health 2023, 19, 5. [CrossRef] [PubMed]

5



Sustainability 2024, 16, 5693

14. Tanumihardjo, S.A.; McCulley, L.; Roh, R.; Lopez-Ridaura, S.; Palacios-Rojas, N.; Gunaratna, N.S. Maize Agro-Food Systems to
Ensure Food and Nutrition Security in Reference to the Sustainable Development Goals. Glob. Food Sec. 2020, 25. [CrossRef]

15. Terlau, W.; Hirsch, D.; Blanke, M. Smallholder Farmers as a Backbone for the Implementation of the Sustainable Development
Goals. Sustain. Dev. 2019, 27, 523–529. [CrossRef]

16. Abraham, M.; Pingali, P. Transforming Smallholder Agriculture to Achieve the SDGs. In The Role of Smallholder Farms in Food and
Nutrition Security; Springer: Berlin/Heidelberg, Germany, 2020.

17. Zdzienicka, A.; Prihardini, D. Meeting the Sustainable Development Goals in Small Developing States with Climate Vulnerabilities: Cost
and Financing; IMF Working Papers; IMF Publications: Washington, DC, USA, 2021; Volume 2021. [CrossRef]

18. Clark, R.; Reed, J.; Sunderland, T. Bridging Funding Gaps for Climate and Sustainable Development: Pitfalls, Progress and
Potential of Private Finance. Land Use Policy 2018, 71, 335–346. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

6



Citation: Katsikogiannis, G.;

Kavroudakis, D.; Tscheulin, T.; Kizos,

T. Population Dynamics of the Olive

Fly, Bactrocera oleae (Diptera:

Tephritidae), Are Influenced by

Different Climates, Seasons, and Pest

Management. Sustainability 2023, 15,

14466. https://doi.org/10.3390/

su151914466

Academic Editors: Marko Vinceković
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Abstract: Pest management practices interact with many species and have an impact on the ecology
and the economy of the area. In this paper, we examine the population dynamics of the olive fly,
Bactrocera oleae (Rossi), Diptera: Tephritidae, on Samos Island, Greece, observing the spatial and
temporal changes of the pest along an altitude associated with area-wide pest management. More
specifically, we analyze data from an extended McPhail trap network and focus on experimental sites,
where we monitor the pest population in relation to sprays, temperature, and relative humidity inside
the tree canopy during the season for a three-year period. Our findings indicate that fly populations
are influenced mostly by climate and altitude over longer periods in the season and from bait sprays
for shorter periods of time, which appeared to be less effective in autumn, probably due to population
movements and overlapping generations. Apart from the factors that were taken into account, such
as the weather conditions and pest management regimes that were proven important, more factors
will have to be considered for infestation level, such as fruit availability, inhibition factors (natural
enemies, symbiotic agents, food supplies), and cultivation practices. Site microclimate conditions
and the landscape can be used to explain changes at the plot level.

Keywords: olive fruit fly; Bactrocera; spatial analysis; population dynamics; bait sprays

1. Introduction

Bactrocera oleae (Rossi), Diptera: Tephritidae, known as the olive fruit fly (OFF), is
perhaps one of the most studied pests due to its economic impact [1]. There are, however,
still considerable knowledge gaps regarding its biology, like the diapause season and
reproductive quiescence [1,2]. It is widely known that, OFFs reportedly overwinter as
pupae on the ground or inside infested fruits, but in mild weather conditions, adults can
overwinter in a facultative reproductive dormancy and remain active all year round in the
canopy [3–6]. Adults can feed on many organic sources, like plant nectar, pollen, and insect
honeydew [7]. Each fertilized female lays about 12 eggs a day and about 200–250 eggs in a
lifetime [8].

Larvae feed inside fruits, causing premature fruit drop [3,9], and/or, if fruits are
harvested, lower the quality of the pressed olive oil due to increased acidity [1,8,10].
Populations and the number of generations per year depend on many different factors,
including microclimate (temperature and humidity), fruit availability, and quality [11–14].
Spring reproductive dormancy drives the synchronization of the first (‘base generation’)
and the following generations [2]. Laboratory studies at constant temperatures show that
temperatures of 35 ◦C and above are lethal to pupae [15], and older studies determined
that the lower temperature threshold for larval development ranges from 10 to 12.5 ◦C
and the upper temperature from 30 to 32 ◦C (summarized by Tsitsipis 1980 and Fletcher
1987) [16,17]. In the field, larval development occurs at 12–35 ◦C [18]. Higher temperature
is a major mortality factor for early stages of OFFs, especially for eggs and young larvae.
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Also, pupal mortality in the soil during winter plays a pivotal role in population
dynamics [19]. To minimize production loss of quantity and quality, OFFs are usually
managed with chemical attractants and/or pheromone traps, bait sprays, and cover sprays
with insecticides as well as sanitation management, such as the removal of fallen fruits.
Long-term use of certain insecticides causes gradual loss of their effectiveness in OFF
population control. Examples in Greece include resistance to pyrethroids [20], spinosad [21],
and organophosphates [22,23]. Results after a 9-year survey from various regions of Greece,
including our study area, suggest increasing resistance for all above substances [24], with a
few exceptions. A few developments, including Geographical Information System (G.I.S.)
applications and more environmentally friendly spraying substances, but also the extensive
abandonment of plantations and the decrease in funds for the practiced control program,
brought forward the need for integrated pest management that considers landscape and
pest ecology.

Population dynamics of most arthropod species are influenced at the landscape
scale [25] by environmental (e.g., relief, microclimate, interactions between organisms,
such as parasitoids) and anthropogenic factors (e.g., rural, urban, and industrial activ-
ities) [26,27]. Olive plantations are cultivated along a landscape that exhibits different
microclimates, especially when these landscapes are continuous [6,13,28,29]. Along these
gradients, surrounding land cover can also profoundly affect fly population levels by
providing food and/or habitat for parasites/predators [30]. A relationship between pop-
ulation density change and elevation over time has also been found [31], suggesting that
adult flies move actively through the landscape. In northern Greece [13], hot spots of OFF
populations were observed in the summer months at mid-to-high altitudes (up to 700 m)
where conditions were cooler, while the corresponding lowland populations were very
small and the opposite phenomenon in the autumn months, when temperatures were closer
to the OFF optimum were measured in the lowlands. In a similar study in Israel, apart from
environmental factors (mainly temperature and availability of fruit), endogenous factors,
such as reproductive quiescence [1,5,27], were found to be important in annual changes of
population dynamics. Even in nearby plots (less than one km apart, with same cultivars,
tree ages, planting distances, etc.), the different ground morphology yielded different levels
of population and damage [27].

In this paper, we investigate spatial and temporal OFF population dynamics on
Samos Island, Greece. A spatial Krigging model approach [32] was used on the island
to determine spatial and temporal similarities and differences in OFF populations for
three seasons. Here, we build on that model and consider applications of crop protection
management (bait spraying) rarely studied in the literature. We separate after each spraying
event the area into sprayed and unsprayed and compare the effects of spraying for three
10 day periods. This is an exploratory approach, with the use of data for three seasons
(2017–2019) for the whole island, which integrates local meteorological (from our own
network of temperature and relative humidity data loggers), insect, and spatial data to
provide insights on the landscape ecology of OFFs and recommendations for area-wide
plant protection management programs.

Our overall goal is to examine how climate, altitude, and pest management influence
OFF population dynamics in the landscape. More specifically, the research objectives are:

(1) To monitor the changes in the OFF populations over space in the period June to
October for three seasons, both within each season and among the seasons;

(2) To analyze the changes in OFF populations in relation to previous populations for all
years and other climatic variables using a linear mixed-effects model and considering
spraying events.

2. Materials and Methods
2.1. The Case Study Area: Samos Island

The study area is Samos Island, which is located in the North Aegean Region between
circa 37.6 and 37.8 north latitudes and 26.6 and 27.1 east longitudes and covers an area of
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477.395 km2. The island has a varying topography with two mountain ranges, one in the
center north (“Ampelos” or “Karvounis” at 1153 m) and the dry, rugged Kerkis mountain
(1434 m) on the west coast (Figure 1). The climate is predominantly Mediterranean, with
mild, wet winters and warm, dry summers and prolonged sunshine. Mean annual tem-
peratures range from 10.0 ◦C in February to 28.5 ◦C in July. The coldest month is usually
February (6.5 ◦C to 13.2 ◦C) and the warmest is July (22.2 ◦C to 32.5 ◦C). Depending on the
local topography, rainfall is within the range of 700 to 900 mm per annum, with somewhat
higher averages in the northern part. Summers are usually dry and hot. Almost 60% of
the total rainfall occurs in winter, whereas rain is almost absent during the driest months
of July and August. The prevailing wind direction in Samos is northerly (almost 60% of
the total winds throughout the year). The rugged and diverse terrain and the steep slopes
generate microclimates.
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Land use is roughly 25% agricultural land (53% of which are olives and 10% vineyards);
54% shrublands, maquis, and phrygana; and 21% forests (pine and oak). Olive groves
cover almost 10,000 ha with ca. 1.3 million olive trees, 55.6% of which are in lowlands
(0–200 m), 27.4% in semi-mountainous areas (200–400 m), and 17% in mountainous areas
(>400 m), and olive crops are not irrigated. An unknown proportion of fields are neglected
(few cultivation practices, except for periodically collecting olives; [33] reports the same
for neglected plantations on Lesvos Island) or abandoned, especially in remote and less
accessible areas as a direct result of the depopulation of the island in the last 10 years (−36%
from 1951 to 1981, +4% since), which was more pronounced in rural and mountainous
settlements, and the declining olive oil prices. The most extended cultivar is non-irrigated
“Throumpolia”, followed by “Koroneiki”, “Manaki”, “Kalamon”, etc. Throumpolia is
classified as an intermediate-sized fruit cultivar (weight 2.7–4.2 gr) for mixed use (olive
oil/table olives).

2.2. The Olive Fly Management Program on Samos

Twelve plots were selected to represent the island’s olive groves according to altitude,
percentage of olive cover in one km2 zone around the trap, and ensuring that both northern
and southern exposures were selected. The selected plots were two above 400 m, four in
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the 200–400 m zone, and six in the lowland area (<200 m). Two temperature and humidity
loggers were set inside the tree canopy in each location [34,35].

Hourly minimum, mean, and maximum temperature and relative humidity measure-
ments were taken from these loggers for the three seasons of the study (June to October).
Daily maximum and minimum temperature and and relative humidity data were obtained
from the Hellenic National Meteorological Service (HNMS, hereafter) reference station,
which is stationed at the airport (latitude: 37.69, longitude: 26.91, altitude: 6.0 m a.s.l.). The
long-term climatic series were utilized to define monthly means, identify extreme values,
and present the average intra-monthly daily variations of maximum and minimum temper-
ature and relative humidity. Long-term climatic averages for every day were calculated for
the normal thirty-year period 1961–1990 for each month (June to October).

In Greece, as well as in our case study area, OFFs are controlled with administrative
area pest management programs, recognizing the necessity of a area-wide approach. Insect
populations are monitored and insecticide bait sprays are applied by tractors and pedestrian
personnel, the frequency and intensity of which are determined by population levels, olive
growth stage, and weather conditions. Within the framework of this program, a network of
McPhail traps was installed. These traps are commonly used to monitor the OFF population,
typically filled with 2% ammonium sulfate solution or protein food lures. On Samos, there
is a dense network of around 400 (1 trap/2000 trees) McPhail traps (Figure 1), re-installed
at the start of each season (end of May). Traps were checked, cleaned, and refilled every
five days. Pest numbers in traps were regularly recorded in a database [36]. The first
spray every year is applied at the pit hardening stage (usually starting in the second half of
June) because it is when olives start to be susceptible to OFF attack, and then sprays are re-
applied only in hot spots suggested by monitoring. The overall efficiency of these spraying
programs has been questioned: (a) many fields, especially in remote and inaccessible areas,
are abandoned and not sprayed, acting as sources for OFF populations [37]; (b) organic
fields scattered throughout the plantations’ mosaic are not sprayed; and (c) as the available
funds of the pest management program decrease, spraying has to be more selective in
areas with more intense pest pressure. Nevertheless, and despite these shortcomings,
the analysis can shed some light on the effectiveness and the impact of these events on
OFF populations.

Transformation of the OFF data according to spaying events was performed on a
10-day basis, which was deemed more appropriate to estimate spraying event impacts for
two reasons: the first is that the actual spraying event typically lasts more than three days.
The five-day measurement may be wholly during the event itself. The second is that it
agrees with the spraying directions for all substances used. Sprayed areas were calculated
based on the routes of the tractors. Traps that fell within a 100 m radius from the line were
considered “sprayed”, and the rest of the traps were “unsprayed”. Therefore, the 399 traps
were divided into two subsets every ten days: spayed and unsprayed areas.

The data from the McPhail trap network and spraying data (date, area, substance) in
the OFF-management program for three seasons (2017–2018–2019) were used to monitor
OFF populations’ temporal and spatial dynamics. The trap network used to collect our data
consisted of 399 McPhail traps (Figure 1) set on olive trees on June 1 and checked every five
days until October 31. We used a mobile phone application [36] to automatically record and
control the accuracy and reliability of measurements, which involved digitizing the trap
location and the development of a geodatabase accessible via mobile internet where results
were stored. The data for the insect populations were automatically stored in a geodatabase
by the “trap-setters”. Agronomists performed occasional blind controls. Spraying data
were provided by the rural development authority using an Android application to record
the routes of the tractors used for spraying [36]. All experimental plot data (trap results
and meteorological data) are derived from trees over one hundred years old and of the
Throumpolia variety to exclude a potential selection bias of the OFFs [38,39].
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2.3. Statistical Analysis

The measured variables are listed in Table 1.

Table 1. List of variables used in the analysis.

Variable Name Definition Data
Availability

variable 1 Spatial location and altitude of
the traps Geographical coordinates of trap locations once

variable 2 Hours with maximum
temperature exceeding 32 ◦C

Hours per 10 days and month when maximum
temperature exceeds 32 ◦C calculated by

hourly measurements of temperature
10 days/monthly

variable 3 Hours with maximum
temperature exceeding 35 ◦C

Hours per 10 days and month when maximum
temperature exceeds 32 ◦C calculated by

hourly measurements of temperature
10 days/monthly

variable 4 Hours with Relative Humidity
below 60%

Hours per 10 days and month when RH is
below 60% calculated by hourly measurements

of temperature
10 days/monthly

variable 5 OFF population Olive female fly populations as measured in
each trap per 5 days, recalculated for 10 days 10 days/monthly, seasonal

variable 6 OFF population Olive fly populations as measured in each trap
per 5 days, recalculated for 10 days 10 days/monthly, seasonal

variable 7 % fertile infestations on the
olive fruit/month

Percentage of fertile infestations of total
infestations, measured in sampled olives per
month for August, September, and October

monthly

variable 8 Spraying incident If a spray is performed, the area is considered
as sprayed for the particular 10 day period random

Climatic analysis, where maximum and minimum temperature and relative humidity
records from the data loggers were transformed into (1) the number of hours within the period
used where the temperature exceeds 35 ◦C represents the absolute maximum temperature for
the insect’s movement; (2) the number of hours within the period used where the temperature
exceeds 32 ◦C that hinders its movement and activity; and (3) the number of hours within the
period where the relative humidity is below 60% as unfavorable conditions.

We performed linear regressions every ten days with (i) the population in the next
10-day period (T1) and (ii) populations for the next three 10-day periods (T1, T2, T3) for
the 399-trap network. These regressions are performed for each calculation’s spayed and
unsprayed areas in T0. We also calculated % population differences for these periods
(T1–T0%, T2–T1%, T3–T2%).

More details can be found in the Supplementary Materials. The efficacy of the treatments
was verified by monthly olive fruit sampling and infestation control by the local Office for
Rural Economy and Veterinary of Samos: Olives are collected randomly from a set number of
trees for 22 local communities of the island, the number of trees is determined by the type of
terrain (flat, intermediate, mountainous), and the total number of trees in each community is
also determined (twenty trees are sampled and marked per 10,000 trees in total). Ten olives
per tree are picked in the last 10 days of August, September, and October from different
heights in each tree and are dissected to determine the ratio of infested to uninfested olives.
The infested olives are further classified by the age of larvae and/or exit points on the fruit.

2.4. Analysis

We performed linear regressions for every 10 days with (i) the population in the next
10-day period (T1) and (ii) populations for the next three 10-day periods (T1, T2, T3) for the
399-trap network. These regressions are performed for the spayed and unsprayed areas
in T0 of each calculation. We also calculated % population differences for these periods
(T1–T0%, T2–T1%, T3–T2%).
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OFF population fluctuations over longer time periods in the season per altitude zone
were also performed with descriptive statistics and ANOVA tests per altitude zone for
each month.

OFF numbers per trap numbers were log-transformed (log(x + 1)) to achieve a normal
distribution and the data were checked for homoscedasticity. We then built a linear mixed-
effects model for non-negative count data in R [40] using the function lme in library nlme to
test the effects of various explanatory variables on fly numbers in the traps on the basis of
maximum likelihood. All fixed effect explanatory variables (altitude (continuous), sprayed
(yes/no), olive infestation levels (continuous), fly numbers after 10 days (continuous), fly
numbers after 20 days (continuous), and fly numbers after 30 days (continuous) were added
to the full model as main factors. In addition, the variables fly numbers after 10 days, fly
numbers after 20 days, and fly numbers after 30 days were also added as two- and three-
way interactions. We used the following random effect structure in the model: Region/Trap
ID/Year/Sampling date to account for the temporal and spatial non-independence of the
fly counts and hence to avoid pseudoreplication. All correlations (Pearson’s r) between
the main factors were well below 0.7. Consequently, we used the function step (AIC) in
the library MASS to simplify the model. During this process, the explanatory variables
olive infestation, the three-way interaction fly numbers after 10 days–fly numbers after
20 days–fly numbers after 30 days, and the interaction fly numbers after 20 days–fly
numbers after 30 days were eliminated from the full model. We then performed an ANOVA
test of the simplified model using the function anova.

To estimate the importance and effect of spraying, we numbered all counts of each
year in 10 day periods from one to thirteen to cover the 150 days of the season (130 days +
10 before the first count and 10 days after the last) and then divided the total number of
traps into those that were in areas that were sprayed (and labeled “sprayed”) and the rest
(labeled “unsprayed”).

3. Results
3.1. Measured Weather Parameters

The weather conditions on Samos Island according to the measurements of our sensors
appear rather similar concerning Tmean (Table 2): 2019 was slightly hotter in most months
of the season than the other two years except June, but there is no overall pattern detected,
and most early differences were ironed out later in the season. Relative humidity% values
indicate again that 2018 was cooler on average and with higher humidity in the start of
the season than both 2017 and 2019, and this trend continued until late in the season.
Lower average humidity was recorded in 2017 for almost all months of the season (Table 2).
This picture of relative uniformity is not confirmed though when the average hours with
temperatures over 32 ◦C are examined: 2018 is characterized by significantly fewer hours
of higher temperatures than the 2017 and 2019 in June, a fact that could potentially lead to
more favorable conditions for early development of OFF populations (RH% is also high,
which also is expected to favor early growth), while in hotter 2019, lower OFF numbers are
expected early in the season. July was significantly hotter in 2017 (20 more hours of high
temperatures on average than 2019, Table 2), but then the trend reversed, and August 2019
was hotter than 2017 and 2018. September was again cooler in 2019, which seems to be a
year of temperature extremes. These lower temperatures late in the season are expected to
favor OFF populations significantly. What becomes evident is that average temperatures
and relative humidity figures appear to be unsuitable to describe some trends that could be
of importance for OFFs.

3.2. OFF Populations: Temporal and Spatial Differences

OFF populations measured in our trap network were not statistically significantly
different in the three reference years. (Table S1). The season in 2019 starts with significantly
lower OFF adult counts in the traps, compared to 2017 and 2018 (Figure 2), even though
maximum values do not differ so much due to the presence of so-called “hot spots”. This
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pattern continues into July, with the counts of 2019 being as low as 25% of those in other
years but with a very high maximum value. In August, OFF counts in the traps in 2019
catch up with those of two previous years, while the highest maximum values of arrests
are also recorded in 2019 (one count is more than 1350 OFFs). The lowest counts for August
are recorded in 2017. This high growth rate continues in September 2019 with very high
average trap arrests, as well as the absolute maximum value of arrests. Counts in October
2019 drop again below the average values of the two previous years. These develop-
ments seem to follow the weather conditions of the month in question and those of the
previous month.

Table 2. Mean temperature (Tmean), mean relative humidity% (RH%), and average hours with
temperatures over 32 ◦C per month and year on Samos.

Average Hours with
Temp > 32 ◦C Tmean ◦C RHmean%

Month 2017 2018 2019 2017 2018 2019 2017 2018 2019

6 24.9 7.7 30.1 25.8 24.9 27.2 52.5 61.4 55.8
7 52.3 34.5 30.4 28.2 27.7 27.0 46.5 56.2 50
8 36.2 33.2 47.3 27.7 27.7 28.3 52.4 58.3 49.9
9 13.2 11.9 4.7 24.3 24.7 23.5 51.8 58.1 60.2

10 0.7 0 0.2 18.6 19.1 20.7 62.1 72.7 70.9
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that were sprayed do not seem to correspond to decreases in the OFF populations. In some 

Figure 2. Boxplots of annual and monthly OFF populations on Samos (2017–2019).

A closer look at the monthly differences with elevation classes reveals similar patterns
in population changes over the season in different altitudes despite the significant differ-
ences in each year and especially 2019 in our case study. In the first month of each season,
OFF counts in the lowland traps and 200–400 m altitudes are typically larger, but in hotter
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July, counts at higher altitudes increase (Table 3). In August, most counts are reported
in middle altitudes, and in the final two months, lower temperatures and higher relative
humidity favor lowland populations.

Table 3. Average counts of OFFs per month and year for different altitude zones (asterisks indicate
statistically significant differences—between values with the same indication e.g., *1, *2 etc.—of the
average values with ANOVA tests and p < 0.05 for each month per year and altitude zone).

Altitude
Zone Year/Month June July August September October

0–200 m
2017 23.7 38.8 *2 25.3 *3 53.7 *4 82.2 *7

2018 25.5 49.0 49.6 69.4 *5 100.6 *6

2019 6.0 *1 13.5 53.4 83.6 59.7

200–400 m
2017 18.6 51.5 66.7 *3 70.6 *4 39.9 *7

2018 26.0 50.6 52.8 50.1 *5 51.7 *6

2019 4.0 13.6 68.2 102.0 68.6 *8

>400 m
2017 27.8 74.4 *2 33.8 *3 36.8 *4 28.4 *7

2018 21.6 42.4 49.0 51.8 41.2 *6

2019 1.1 *1 27.9 35.9 54.3 45.2 *8

Total
2017 22.9 43.2 33.8 56.0 71.0
2018 25.4 49.0 50.2 64.7 87.8
2019 5.4 14.3 55.2 85.5 60.6

For the importance and effect of spraying, the findings vary significantly (Table 4),
but overall and especially in the period of the first 10 days after the event, counts in areas
that were sprayed do not seem to correspond to decreases in the OFF populations. In
some cases, the effect of the spraying seems to be present in the second 10-day period.
But, in many cases, the third 10-day period marks a rapid recovery of the OFF population.
The timing within the season also seems to be important, as spraying events in the hotter
months and until roughly the 6th period (end of July) appear more effective than in the
last part of the season in the autumn (10th–13th period). Finally, infestation results from
olive fruit sampling indicate that infestation rates rise as the fruits mature and grow in
September and October each season, and climatic conditions also become more favorable
for OFF populations.

Table 4. The 30-day differences per number of trap counts for traps in sprayed and unsprayed areas
for three 10-day periods: 10 days after spraying (T1), immediately before spraying (T0)%, 20 days
after spraying T2–T1 (%), and 30 days after spraying T3–T2 (%).

10-Day Periods for
3 Years

T1−T0 (%) T2–T1 (%) T3–T2 (%)

Unsprayed Sprayed Unsprayed Sprayed Unsprayed Sprayed

1st 69.8 −26.0 4.1
2nd −28.7 20.5 −1.4 65.1 −7.4 11.4
3rd 5.7 2.6 −27.4 19.7 −14.7 29.3
4th 0.5 −34.8 17.1 −34.5 36.6 90.1
5th −8.4 98.7 40.1 39.1 14.1 40.6
6th 42.5 9.5 22.4 32.1 14.0 −24.4
7th 52.8 −17.3 12.5 8.5 −10.5 18.5
8th 21.9 2.3 11.4 −16.7 −0.4 −4.2
9th −3.7 18.0 −3.4 17.1 −15.2 −28.1

10th 2.1 −9.1 −28.1 6.6 46.6 −0.5
11th −3.4 −41.3 22.6 37.8 −16.4 3.2
12th 15.7 51.0 −9.0 −15.6
13th −11.8 −10.2
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The findings of the linear mixed-effects models (Table 5) that combined many of the
aforementioned explanatory variables for OFF numbers in the traps of our network did
not show some significant results when all explanatory variables were included (altitude,
sprayed, olive infestation levels, fly numbers after 10 days, fly numbers after 20 days, fly
numbers after 30 days, and their interactions) (Table S2). The removal of the 20- and 30-day
fly numbers and infestation levels improved the reliability of the results.

Table 5. R-core Data Analysis Results.

Value Std. Error DF t-Value p-Value

Intercept 0.5037640 0.11655140 718 4.322248 <0.001
Altitude 0.0032617 0.00037427 346 8.714936 <0.001

Spray 0.3988375 0.06502091 718 6.133989 <0.001
1st 10-days 0.0282857 0.00176229 718 16.050507 <0.001
2nd 10-days 0.0131370 0.00153348 718 8.566800 <0.001
3rd 10-days 0.0176605 0.00211540 718 8.348552 <0.001

1st: 2nd 10-days −0.0000568 0.00000792 718 −7.174855 <0.001
1st: 3rd 10-days −0.0002365 0.00003094 718 −7.644837 <0.001

4. Discussion
4.1. Relevance of the Approach

In this paper, we investigate OFF population dynamics in relation to applications of
crop protection management (bait spraying), with an approach that separates areas after
each spraying event into sprayed and unsprayed and compares the effects of spraying
for three ten-day periods. This approach is descriptive and exploratory, considering only
macroscopic or landscape level effects of management practices. It does not take into
account tree-level and field-level factors (see e.g., [13,30,31]). Nevertheless, its landscape
scale is the actual scale at which OFF management is practiced, and we therefore argue
that it should be practiced at that scale. The use of data for three seasons (2017–2019)
for the whole island ensures that meteorological differences are considered, along with
spatial data. We discuss some of the most important findings and lessons from and for
better management.

4.2. Temporal Patterns of OFF Populations

The findings of the counts of OFF populations show that while weather conditions
have a strong impact, conventional indicators such as the average daily temperature, or
even the maximum daily temperature, are not suitable to describe or explain differences in
OFFs over the different seasons or even different altitudes. Cumulative indicators though
seem to correspond better to these differences in OFF populations. The average hours
with temperatures over 32 ◦C are the indicator that best describes both higher OFF counts
in cooler early 2018 and lower early 2019 counts during the hot start of the season. The
values of RH% have to be also taken into account as they may favor or hinder insect
movement and growth [41,42]. Later in the seasons, the hours over 32 ◦C again seem
to describe the rapid growth of OFF counts in September of 2019. But, overall for the
three seasons, despite the seasonal and the spatial differences of OFF counts, the overall
populations counted in our trap network are not significantly different. Even in seasons
such as 2019, where OFF numbers initially lagged, the populations quickly reached average
levels. This seems a fundamental result and has to be taken into account in any efforts
for collective management. At the same time, counts are not necessarily infestations. The
data collected by the local office on fruit infestations do not indicate significant differences
within each year. Infestation rates rise as the fruits mature and grow in September and
October and climatic conditions favor OFF population growth. It has to be stressed though
that many other factors affect infestation rates, such as unsuitable fruit (shrunken) due to
low precipitation, higher predation rates, and others [43]. Differences are observed though,
during and between the seasons, from north to south, and at high to low altitudes. This
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could be attributed to humid and cool northerly winds that prevail in the Aegean in the
summer months that lower temperatures. OFF populations in the south increase later in
the season due to hotter conditions in the southern lowlands and flatter terrain.

These findings also suggest that adults actively move in the landscape, as has been
documented elsewhere [13,27,31,35]. Changes in favorable conditions that the climatic analysis
has revealed may also affect reproductive success and population growth rates [41,44,45].
In fact, both factors could explain the differences observed here, and other authors have
suggested that these factors are related: movement towards areas with more favorable
conditions affects population dynamics [6,13,27,46]. The inclusion of more seasons would
help in making sense of the climatic changes in the landscape.

4.3. Spraying

The analysis for spraying seems to reveal that the results are at best mixed in terms
of the effectiveness of the management approaches used. This can be explained by a
combination of different factors. The first, and most important one, is that they represent
local events, typically one or two communities and their fields. To be ordered, OFF
populations in the area have to be high and/or rising. Therefore, they are focused on
“hot-spots” of OFF populations and a proper comparison has to take into account not just
comparing these areas with other areas where OFF populations were lower or decreasing
but with the same area populations if the spraying did not take place [27].

Another factor is the type of substances used: a typical example is the second period
of the season, where counts in columns T2–T1 (%) and T3–T2 (%) are increasing and then
decreasing due to the use of pyrethroid insecticides (deltamethrin) in the spray. These have
a rapid effect but reduced effectiveness over time, and therefore OFF populations recover
fast. Kampouraki et al. corroborate this [24], but Varikou et al. (mostly in 2018, but also in
their 2017 and 2015 publications) question such claims and state that all attractants used
are not very efficient, especially late in the season [47–49].

One more issue of concern for spraying seems to be its effectiveness in areas where
populations are consistently high. The findings seem to suggest that spraying is more
effective in areas of relatively low populations, even if it was found that the OFF population
is vulnerable to insecticides on Samos island [24].

Finally, the changes must be weighed against the eventual movements of OFF pop-
ulations due to weather conditions and the need to find food. These movements are a
well-documented fact [13,27,31,50–53]. On Samos, the presence of many organic fields
(almost 20% of the total area that is not sprayed) and abandoned fields (around 15% of the
total area) in the margins or within the landscape matrix of the olives allows the movement
of flies from unsprayed fields to the ones that were sprayed.

4.4. OFF Population Management

One of the objectives of our approach is to provide insights for OFF management.
Four issues stand out:

(a) Spraying seems to be more effective in areas of average or relatively low overall
populations but less so in areas where populations are consistently high;

(b) Spraying late in the season seems to be less effective in the lowlands, where weather
conditions support a rapid increase in the population;

(c) Even in seasons like 2019, where OFF counts were low at first and infestation rates
were also low, in late September and especially October in all periods, OFF populations
increase significantly. This highlights the need of integrated pest management and use of
alternative pest control methods, like repellents or mechanisms to confuse host recogni-
tion [54], which is more necessary considering the late stage of the fruit maturation, the
greater damage inflicted, and the requirement of no residues in olive oil.

(d) The management regime of the olive plantation and most importantly the presence
of neglected or abandoned plantations needs to be recorded. Mapping of these sites will
support the effectiveness of the pest management program. Such fields are mostly located
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in uplands and intermediate altitude zones and can serve as “reservoirs” for flies as they
are unsprayed, and fruits are not harvested.

The findings also indicate some shortcomings of the current management system.
Possible improvements include:

(i) Mapping of abandonment hotspots;
(ii) Zone sprays between treated and untreated olive plantations that reduce pest

movements, which is an old practice (Greek Ministry of Agriculture, 1949), discontinued
in recent decades due to: (a) the decrease in available funds for spraying and (b) the false
feeling that collective management can be successful in local areas due to extremely active
substances that were used in the past (all out of circulation now) and air applications;

(iii) Grazing in abandoned fields can reduce pest population by consumption of the
infested fruits;

(iv) Ground cover of (organic) olive groves with mixtures of selected flowering plants
can enhance the presence of natural enemies of pests (Braconidae, Miridae, Chrysopidae)
by providing them habitat and food and could be part of a sustainable management
system [55];

(v) Mass trapping of fruit flies, especially in organic olive orchards, could decrease the
OFF population [56] and improve the efficacy of management programs;

(vi) Improvement of bait sprays and frequent treatment in hot spots could be applied
depending on the active substance and lure duration [49,57], as reduced efficacy of the
usually applied food attractants mixed with registered plant protection products has been
reported [58], along with reduced attraction of hydrolyzed proteins [47], indicating the
need for refreshing bait spots of the treated olive trees only with attractants reducing the
insecticide doses per hectare by two- or three-fold [48].

5. Conclusions

Insect dynamics in the field are a complex topic due to a plethora of interrelated factors.
In this paper, we investigated the landscape-level dynamics of OFFs to provide insights for
more effective management at the area level. We advocate for landscape-level management
to account for the landscape-level factors that need to be considered. Weather conditions
and pest management regimes were proven important, but more factors will also have
to be considered, such as host (fruit) availability; inhibition factors, like natural enemies,
symbiotic agents, or other food supplies; and cultivation practices that were not measured
in our approach.

The results nevertheless indicate that the landscape level can indeed be used to
describe changes in detail that add depth to explanations at the individual-plot level.
These descriptions seem to confirm movements in the population. The shortcomings of
management were also identified in our approach, the most important of which refer to
the presence of neglected or abandoned plantations interspersed in the olive mosaic that
underline the need for more comprehensive area-level management and the incorporation
of the landscape matrix in the estimations, which can reduce the need for spraying and
overall costs.
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Abstract: The Mediterranean region is highly vulnerable to climate change, soil and water resource
degradation, and biodiversity loss. These challenges disproportionately affect disadvantaged rural
areas, impacting both natural resources and the livelihoods of local agricultural societies. Urgent
transformative measures are essential to address land and water management as well as food security
challenges in these disadvantaged areas. Living labs are being called upon to play a key role in
addressing these challenges through the development of Nature-based Solutions (NbSs) that are
able to provide environmental and socioeconomic benefits towards the achievement of Sustainable
Development Goals. The aim of this work is to provide insights on an open innovation ecosystem
of Mediterranean Living Labs for the synergetic development and participatory assessment of
decentralized wetland-aquaponics, as NbSs are able to address environmental and food security
challenges in disadvantaged rural areas. The study addresses the knowledge gap of Living Labs
contribution to the development of decentralized wetland-aquaponics and the limited research on
small-scale aquaponics systems in rural Mediterranean settings, while revealing the role of public
participation in ascertaining the solution and evaluating its feasibility and impacts in light of the local
social values and interests in the mountainous area of Akkar al-Atika in Lebanon.

Keywords: living-labs; cross-border cooperation; participatory; aquaponics; constructed floating
wetlands; food security; environmental management; impact assessment; Nature-based Solutions;
pollution control; water resources; climate change; Mediterranean

1. Introduction

The Mediterranean is one of the most vulnerable regions in the world to the impacts of
climate change, water scarcity, land degradation and biodiversity loss [1]. These threats are
especially severe for Mediterranean Areas that face Natural or other specific Constraints
(ANCs), such as mountainous areas, islands and low-income areas with clear biophysical
limitations. In these areas, climate change affects not only natural resources but also local
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societies and economies that depend on agricultural production. As indicated by recent
remote sensing studies, the combined impacts of both climate and human interventions
in Land Use and/or Land Cover changes may not only harm water-dependent natural
ecosystems such as lakes and wetlands [2], but also artificial ecosystems related to agricul-
tural production (e.g., paddy fields) [3], and thus restrict the access of rural communities to
fundamental ecosystem services for their survivability [4]. In such disadvantaged areas,
land degradation, along with unsustainable exploitation of water resources and water
scarcity, lead to increased use of agrochemicals and high production costs, food insecurity,
economic decline and eventually depopulation. Therefore, there is an evident need for
transformative measures of land and water management to sustaining the livelihoods of
local societies [1,5].

The implementation of Nature-based Solutions (NbSs) in the food production process
can contribute to sustainable environmental management while also providing multiple
socioeconomic benefits [6]. In particular, solutions that rely on ecosystem services could
be integrated with modern food production processes through an ecological approach
with a dual objective of pollution control and safe food production. In this perspective,
decentralized, low-cost aquaponic systems that take advantage of wetland ecosystem
functions and services could be considered an effective solution for food production based
on circular economy concepts that minimize inputs and waste. In the last decade, food
production systems such as closed-loop aquaponics systems based on floating wetlands
principles for primary production and/or using constructed wetlands as biofilters [7] have
attracted considerable attention from academics and practitioners [8,9]. These systems are
part of the circular bioeconomy, which is an emerging field of research [10], but their global
adoption is described as “small and limited” [11,12], while the assessment of their positive
environmental and socio-economic impact is still limited [13].

The adaptation of such NbSs to the needs of local societies, especially in disad-
vantaged areas, is of prominent importance for the Mediterranean. In this process, the
Living Labs approach can be part of an institutional transformative change that combines
top-down and bottom-up strategies for achieving sustainability [14]. Living Labs provide
a collaborative environment that enables the integration of research and innovation pro-
cesses in real-life communities and environments [15]. According to the United Nations
General Assembly held in 2015, Living labs are seen as assets to achieve the Sustainable
Development Goals (SDGs) and mainstream NbSs. A key factor in Living Labs’ success is
the engagement and active participation of stakeholders in both the development and
assessment of NbSs, as these are two critical steps for their endorsement and adoption
by local societies. However, recent studies indicate that the way in which Living Labs
contribute to the development of operational solutions and sustainability transitions has
yet to be explored in more detail [16,17]. Furthermore, there is a research gap in the partic-
ipatory assessment of the feasibility and impact of NbSs [18] and especially of aquaponics
as a Nature-based Solution in the Mediterranean context. Thus, there is an evident need
for evaluations of decentralized small-scale systems tailored for disadvantaged rural
areas and the opening of research outcomes and potential up to participatory approaches
in real-world contexts [19].

The aim of this work is to provide insights on an open innovation ecosystem of
Mediterranean Living Labs for the synergetic and participatory development and assess-
ment of decentralized aquaponic systems that integrate floating wetlands services as NbSs
for disadvantaged rural areas. The specific objectives of this work are: (a) to illustrate the
critical role of Living Labs and the added value of cross-border cooperation and synergies
in the development of decentralized wetland-aquaponics as operational agri-environmental
NbSs for disadvantaged areas; and (b) to assess the feasibility of adoption and the potential
environmental and socioeconomic impacts of decentralized systems using a bottom-up
approach in the mountainous and low-income area of Akkar al-Atika in Lebanon.
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2. Methodological Framework
2.1. Living Labs Deployment and Operation

This work has been realized within the framework of the Mara-Mediterra project, a
research and innovation action funded by the PRIMA foundation under the EU Horizon
2020 Programme. The project demonstrates an open innovation ecosystem of six Living
Labs in hotspots of land and water degradation around the Mediterranean, which include
the Djelfa area in Algeria, the coastal area of the Nile Delta in Egypt, the North Aegean
islands in Greece, the Akkar al-Atika mountainous area in Lebanon, the Lake Marmara
area in Turkey, and a peri-urban area in Malta, which provides the pathways for the Living
Labs operation.

In a local context, the Living Labs of Mara-Mediterra operate as user-centered innova-
tion platforms based on a systematic approach to co-creating users and integrating R&D
and innovation processes in real-life communities [20,21]. A multidisciplinary group of
farmers, local community representatives and key stakeholders form a roundtable that
guides the operations of the local living lab. These operations include experimental trials
and demonstration actions for the co-deployment and co-assessment of eco-engineering
and agro-ecological NbSs in real-life settings. At the international cooperation level, the
Mara-Mediterra project provides a cross-border facilitation network that allows for the
cross-fertilization of local knowledge. This is achieved through scheduled, dedicated events
of knowledge and experience exchange between the coordinators of the Living Labs, the
deployment of open-access audiovisual materials, and knowledge exchange missions in
mirror hotspot areas. The above activities, at the local and cross-border level, create a
favorable environment for participatory knowledge development and transfer that allow
not only the deployment and validation of NbSs but also the customization and scaling
out of best practices, as in the case of wetland-aquaponics, in order to integrate societal
challenges and nature conservation across different scales and landscapes.

2.2. Bottom-Up Feasibility and Impact Assessment

The participatory feasibility assessment of wetland-aquaponics took place in the
municipality of Akkar al-Atika in Lebanon. The population of this mountainous area is
approximately 14,000, with a considerably low density (168 hab/km2). The local economy
is mainly based on forestry and agriculture. However, between 2001 and 2019, Akkar
al-Atika showed a significant decrease in forest productivity due to forest fires and climate
change impacts. Furthermore, the agricultural areas are impacted by the limited availability
of water, while the groundwater is extensively overexploited due to uncontrolled drilling
activities, resulting in the degradation of water resources and a decreasing level of the water
table. To address these challenges, there is a need for transformative changes in the primary
sector. Akkar al-Atika, as the case study area of the present work, is a representative
disadvantaged rural area in Lebanon in which the introduction of decentralized wetland-
aquaponics as NbSs through the local Living Lab could be a promising alternative to
primary production.

To assess the feasibility and the potential environmental and socioeconomic benefits
of wetland-aquaponics in Akkar al-Atika, a participatory bottom-up approach was applied
through the Living Lab as a novel way to assess decentralized aquaponics systems, in
contrast to common expert-driven assessments. In line with similar studies [22], structured
interviews of the local stakeholders with the use of questionnaires have been used to assess
the acceptance and potential benefits of decentralized wetland-aquaponics in the targeted
area. The questionnaires consisted of 4 parts addressing social, technical, economic, and
environmental factors related to the wetland-aquaponics system, and basic statistical tools
were used for the exploratory analysis of the data.

In terms of data collection and characterization, the survey took place in the Mu-
nicipality of Akkar Al-Atika, during the period June–September 2023 and consisted of
100 participants. Amongst the interviewed persons, 95% live in Akkar Al-Atika village all
year and 5% live in the area only during the summer. The gender balance was 48% male
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and 52% female, while most of the participants had a secondary and higher education
degree. The majority of the respondents had an average annual income of less than
600 USD (48%), and only 5% had an average annual income of over 2000 USD.

3. Synergies of Mediterranean Living Labs for Agri-Environmental Nature-Based
Solutions: The Case of Wetland-Aquaponics

NbSs have the potential to offer long-term transformative pathways towards the sus-
tainability of rural Mediterranean landscapes. Using the Living Labs approach, the overall
ambition of Mara-Mediterra is to open up the NbSs innovation process to all active players
so that new ideas can circulate more freely and eventually be transformed into tools, ser-
vices and practices that address key environmental challenges in rural Mediterranean areas
and foster a stronger culture of environmental stewardship and green entrepreneurship,
thereby safeguarding sustainable rural landscapes and boosting the rural economy. In
this effort, the synergistic effect and the added value of Living Labs cooperation across
borders, within the open innovation ecosystem of Mara-Mediterra are illustrated in the
development and evolution of the decentralized wetland-aquaponics concept as a NbS for
areas that are facing natural or other specific constraints (Figure 1).
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Figure 1. Cross border synergies of Living Labs within the open innovation ecosystem of the
PRIMA funded Mara-Mediterra project. Visual representation of Living Labs contribution in
the development process of decentralized wetland-aquaponics for Areas facing Natural or other
specific Constraints (ANCs).

Aquaponics, which combines fish and plant production in a controlled environment,
has been visioned by the participants in the Egyptian Living Lab as a possible solution
for food production in the seawater intrusion-affected area of the upper Nile Delta, where
biophysical limitations due to the degradation of soil and water quality have deteriorated
agricultural production. The conceptualization and novelty of the design were achieved
with the collaboration and critical contributions of three other Living Labs. Their key
inputs included: (a) the introduction of floating wetlands simulating the provisional
and regulatory wetland ecosystems’ services for growing plants on floating rafts and for
algae-based water quality improvement in a closed loop system; (b) the identification of
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climate change challenges for the operation of the system; and (c) the practical aspects of
water treatment and reuse for biomass production in arid and semi-arid areas, from the
Living Labs of Greece, Turkey and Algeria, respectively. Following a genuine participatory
approach, the design of the wetland-aquaponics system was finalized in cooperation with
the actors involved in the Egyptian Living Lab and the prototype unit was established by
the Egyptian Chinese University, which coordinates the Living Lab in Egypt.

The prototype system triggered the interest of the Lebanese Living Lab for sustainable
food production in the disadvantaged (mountainous and low-income) area of Akkar al-
Atika, while the open ecosystem of the Living Labs network facilitated the cross-fertilization
of knowledge and results across borders. Through the assessment of the local implemen-
tation particularities and priorities in the Lebanese Living Lab, an alternative system
configuration and implementation model was formulated. Small, decentralized units were
defined as more appropriate for the area in order to be used at the household/neighborhood
level, while the system configuration was optimized to reduce construction and operation
costs. The added value from other Living Labs was delivered in the form of scientific
expertise for the assessment of water resource availability (Living Lab of Turkey) and in
the form of ideas for the improvement of resource efficiency in the operation of the system,
through the recycling of rainwater and the use of Photovoltaics (PVs) for energy autonomy
(Living Lab of Malta).

The resulting design of the small-scale decentralized aquaponic system for Lebanon
is aimed at increasing the farm productivity and profitability without significant water
consumption, supporting poor families in producing their own fresh foods, and keeping
farmers active during winter seasons, especially during periods of limited access to their
lands. The proposed decentralized solution was finalized with the active involvement
of stakeholders in the Living Lab of Lebanon, including both the co-design and the co-
assessment of impacts on the local society (presented in Chapter 4).

The final system design (Figure 2) includes a 63 m2 greenhouse (L × W × H/
9 × 7 × 4.5 m) made from polyethylene films, which has the lowest cost in the mar-
ket, a small-scale hydroponic system (16 pipes × 24 growing crop positions/pipe) and a
small-scale aquaponic system (16 pipes × 24 growing crop positions/pipe). In each set-up,
4 inches of growing pipes, 2 inches of recuperation pipes, and net cups for growing crops of
upper and lower diameter, respectively, 7.5 and 4.5 cm, are used. The distance between two
horizontal positions is 22.5 cm and the distance between two vertical positions is 37 cm.
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The hydroponic growing pipes have a triangular prism shape and are connected to a
main feeder tank of 1000 L by a 135 W circulating pump. The water is recirculated to the
tank by gravity. A 50-L fertilizer mixing tank is connected to the feeder tank. The aquaponic,
having the same prismatic shape, is directly connected to a 1000-L tank receiving treated
water coming from the fish-rearing tank reservoir of 1000-L; the two tanks are aerated
continuously. For the treatment of aquaculture effluents, a wetland biofilter is introduced
in the design for pollution control since several studies have demonstrated that constructed
wetlands can efficiently remove the major pollutants from catfish, shrimp and milkfish
pond effluents under low hydraulic loading rates (between 0.018 and 0.135 m) and long
hydraulic retention times (1–12.8 days) [23–25]. As physical and biochemical processes take
place, the wetland functions as a natural filter for water quality improvement [26]. Effluents
coming from the fish tank are treated inside an aeration tank connected to the biofiltration
bed; the treated water outlet is connected to a gridding setup before being conducted to the
feeder tank and to the fish rearing tank. A fertilizer mixing tank is connected to the feeder
tank manually, and if needed. The whole system is operated by using three submersible
pumps, two of which are 135 W and one of which is 100 W. Normally, the temperature in
Akkar al-Atika fluctuates between 8 and 30 ◦C; thus, the temperature must be controlled.
For this reason, the feeding tank is laid underground to minimize temperature fluctuation,
while the power setup can support the operation of the system on or off-grid through
photovoltaic panels if necessary to feed the heating water system when needed during
extreme cold days. In addition to the economic aspects, stand-alone photovoltaics present
additional climate-beneficial effects on reducing greenhouse gas emissions that should also
be positively evaluated [27].

In addition, a nursery has been included in the design for a two-fold purpose:
(a) to feed the hydro and aquaponic systems, and (b) to distribute the small plants to
the farmers for free. This last objective is designed to attract farmers to attend the Living
Lab, interact with the system, observe its functioning, and compare the growth in these two
systems with their own traditional production. This strategy allows for corrective actions
to be taken in the Living Lab, free access for continuous training, integration of farmers in
decision-making and corrective procedures, and finally encouraging the farmers to reach
the appropriate conclusions within their own particular context. Throughout this process,
the farmers are comforted by the knowledge that they will be served by the know-how to
find the right balance in the application of these practices.

Overall, it is highlighted that although the Living Labs in each country operate as
intermediaries between local stakeholders, research organizations, key actors and decision
makers [15], the establishment of a transnational network provides a cooperation platform
for cross-border transfer of knowledge and experience for joint value co-creation, proto-
typing, or validation to expand innovation [28] and thus reveal and promote solutions
across borders in order to address common problems. This approach, as adopted in the
Mara-Mediterra project and supported by the PRIMA Foundation, creates the opportunity
to re-establish meaningful connections between societies and ecosystems across borders.
Thus, with the support of EU it demonstrates the strengthening of cooperation and relation-
ships between Southern-Southern Mediterranean Partner States through direct interaction,
while promoting their collaboration with Northern Mediterranean countries and actors
towards sustainability. In this perspective, it allows for socio-ecological interventions that
can provide, across borders, viable solutions [21] for areas that are facing natural or other
specific constraints and common challenges, and thus promote the safeguarding of the
environment and the livelihood of Mediterranean rural communities.

4. Participatory Assessment of Feasibility and Potential Impacts
4.1. Public Perception and Feasibility

The participatory feasibility assessment focused on appraising public perception,
attitude, and social acceptance level of the decentralized wetland-aquaponics as NbSs in
Akkar al-Atika. Based on the outcomes of the survey in Akkar al-Atika, a considerable
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part of local society (83% of the local stakeholders) considered decentralized wetland-
aquaponics as an interesting economic activity for their area (Figure 3). This result indicates
that the social acceptance of such systems is very high and paves the way for their potential
future adoption in the area. This perception is in line with the FAO statement, according to
which aquaponics finds its niche within the realm of sustainable yet intensive agriculture,
particularly in applications tailored for family-scale operations [29].

1 
 

 
Figure 3. Public interest for decentralized wetland-aquaponics as an alternative economic activity in
Akkar al-Atika.

The main reasons behind the acceptance and interest in decentralized wetland-aquaponics
are the vision of a system that offers supportive and collaborative methods of vegetable
and fish production and thus the opportunity to grow food in locations and situations
where soil-based agriculture has been proven to be very challenging. The main reason for
interest in the Akkar al-Atika area is related to food security for the local families, that is,
the increase in food availability and quality for self-consumption (Figure 4).
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Figure 4. The main reasons of interest in decentralized wetland-aquaponics, according to their order
of importance for the stakeholders in Akkar al-Atika. In the y axis, the 3 digits per class represent
the order of importance for the stakeholders (first the most important reason and third the least
important reason).

This reason has been identified as the first priority (highest importance) for 68% of the
stakeholders. For most stakeholders (45%), the first, in order of importance, reason was
food security; the second was the lower cost of production that can be achieved using lower
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inputs of water and fertilizers; and the less important reason was the potential commercial
exploitation of products.

In terms of the decentralized implementation model, two equally balanced trends have
been identified in the area. On the one hand, 52% of stakeholders prefer cooperative systems
operating at the community/neighborhood level that will allow the sharing of workload,
risks and profits. On the other hand, 47% prefer slightly smaller systems operating at the
household/farm level as an independent family business (Figure 5).
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Figure 5. Public perception regarding the most beneficial level of decentralization for the wetland-
aquaponics systems Akkar al-Atika.

However, there remain several challenges that need to be addressed at the oper-
ational level in order for this technology to be adopted by local stakeholders. In the
case of Akkar al-Atika, the vast majority of stakeholders (68%) are mainly concerned
about the capital costs of construction, as this is a low-income area. Similar concerns
were also reported in a similar study with small-scale farmers in São Carlos, Brazil [20].
Furthermore, the lack of knowledge regarding construction and operation is considered
the main difficulty for 35% of stakeholders, while 21% are concerned by the lack of scien-
tific/technical guidance and support (Figure 6). From this perspective, the mobilization
and cooperation with administrative authorities, the scientific community, NGOs, market
networks and potential investors, the exploitation of financing mechanisms and tools, as
well as the promotion of social innovation initiatives, could be explored to address these
multidimensional challenges.
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Figure 6. Stakeholders’ assessment of challenges/drawbacks for the establishment and operation of
decentralized wetland-aquaponic systems in Akkar al-Atika.
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4.2. Environmental and Socioeconomic Impact Assessment

The participatory impact assessment is exploring the sustainability of aquaponics
considering the environmental, economic and social dynamics [29] through the prism of
local society in Akkar-al Atika. From an economic point of view, the initial investment cost
is probably the main disadvantage of small aquaponic systems. Beyond this, the systems are
usually characterized by low operational costs as well as viable returns from the production
and commercial exploitation of fish and vegetables, which is of particular importance for
small-income households. In the case of Akkar al-Atika, this is clearly reflected in the
public perception of economic benefits since 77% of the stakeholders consider that the
establishment of decentralized wetland-aquaponics systems could improve the economy
of the area (Figure 7).
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Figure 7. Public expectations regarding the impact of decentralized systems on the local economy of
Akkar al-Atika.

The above expectations have been explored through an empirical economic analysis
using stakeholders and experts’ opinions, for the preliminary assessment of potential
economic benefits from the operation of decentralized systems in Akkar al-Atika (Table 1).
Running costs are divided between variable and fixed costs. Since the operational cost
associated with fish production is quite higher than the cost of vegetable production [30],
a higher ratio of plant to the fish revenue model was considered, providing a cost-
effective solution for the smallholder operators of Akkar al-Atika. It is assumed that
each water pump is working between 10 and 14 h per day and consuming 16 to 18 kW
per month, while the air pump working 24/7 consumes about 45 kW per month. Total
monthly power consumption is about 100 kW, and 1 kW is rated at 0.1 USD. Tilapia
production is estimated to be 10 kg per month, with a mean price rate of 8 USD per kg.
The net profit for commercial purposes can reach 255 USD per month, or a yearly profit
of 3060 USD, assuming a monthly production efficiency of 95%. However, this high
efficiency rate is usually reachable in hydroponic practices. Returning to the objectives
that led to this study, small-scale aquaponics is proposed to be decentralized and is
designed to help farmers and the rural population. Thus, in the economic model, it
becomes more profitable by removing the worker’s salary cost (100 USD per month),
which leads to an enormous improvement in net profit of about 28%, which becomes
355 USD per month. Thus, for the vast majority of the local stakeholders with low annual
income (<600 USD/year for 48% of the population, as mentioned in Section 2), the
small-scale aquaponic system may provide a significant increase in their yearly income
of at least five to seven times.
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Table 1. Empirical analysis of operational Cost and Profit for a mothy production of 770 crops of
lettuce and 10 Kg of Tilapia fish.

Cost Per Month in USD

Variable costs

• Seeds
• Germination compost
• Fertilizers and nutrients,

packaging, * Fish feed for Tilapia
• * Tilapia Fish

80 USD/Month

Fixed costs
1 Worker 100 USD/Month
Electricity (15–20 kW) 10 USD/Month

Total cost: 190 USD/Month
Gross profit per month in USD

Production of lettuce (french
lettuce) as lolloroso,
lolloverde, oak leaf lettuce
(Lactuca sativa var. crispa) red
and green, endive, kale, etc. . .)

Carton trays number to be sold on a
on monthly basis: 128

• 6 crops in each carton tray
• Sales ratio 95%
• 1 head of lettuce 0.5 USD
• 3 USD/tray

365 USD/Month

* Production of Tilapia Fish 10 kg of Tilapia fish
−1 kg of Tilapia 8 USD 80 USD/Month

Gross profit: 445 USD/month
Net Monthly Profit: 255 USD/month

* The fish feed amount and tilapia production is calculated based on the following data: (1) at the beginning of
fish rearing: 200 fish/m3 are put in the tank (80–100 g/fish, 16–20 kg/m3, 0.5 USD/fish (2) Feeding: (a) Starting
cultivation period <150 g/fish (0.75 kg/day); (b) Mid cultivation period >200 g/fish (1 to 1.2 kg/day); (c) Fast
growing period >300 g/fish (1.7 to 2 kg/day), at this stage it is assumed that the rearing tank contains 150 fish
having weight greater than 600 g/fish and the 1 m3 tank has 130 kg of fish. (3) Protein content in fish feed fluctuate
between 27 and 35% as a function of the cultivation period. (4) Total rearing cycle is around 6 months.

What remains to be resolved is the problem of the implementation cost of such systems
for families having very low incomes. In this context, the intervention of financing pro-
grams developed by world organizations, or communal installations, would appear to be
realistic solutions.

Environmentally, aquaponics may play a crucial role in the sustainable management
of natural resources in Mediterranean watersheds. According to the stakeholders of
Akkar al-Atika, the establishment of decentralized systems may benefit both the soil and
water resources of the area and thus address multiple environmental challenges that are
related to climate change as well as human activities. Specifically, the main potential
environmental benefit (Figure 8) identified by 37% of stakeholders is the prevention
of soil and water pollution due to closed-loop water treatment and the reduced use
of agro-chemicals in food production. As near-zero discharge systems, aquaponics
drastically reduces the problem of nutrient and emerging contaminants pollution and
runoff from soil-based agricultural systems while preventing the eutrophication and
degradation of water resources and thus addressing environmental challenges, which
are particularly evident in Mediterranean watersheds and coastal zones [31]. In addition,
a significant percentage of stakeholders (30%) anticipate that aquaponics will effectively
contribute to the conservation of water due to the recirculation of water and the lower
water demand for primary production. The water scarcity problem in arid and semi-arid
regions is of primary importance, especially in food production. It is highlighted that in
such areas, the water recirculation in aquaponics can reach a water reuse efficiency of
95–99% [32].
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Figure 8. Public perception regarding the main potential environmental benefits of decentralized
systems in Akkar al-Atika.

Socially, aquaponics can contribute to the livelihood of societies in disadvantaged
areas in multiple ways. In the case of Akkar al-Atika, the potential positive impact on local
society has been identified by a vast percentage (95%) of stakeholders (Figure 9), in terms of
increased skills and future employment opportunities, green job creation in the area during
construction and operation, as well as the willingness to stay in the area and thus prevent
the depopulation of Akkar al-Atika.
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Figure 9. Public perception regarding the main potential benefits of decentralized systems for the
local society in Akkar al-Atika.

The food that is grown locally, with culturally appropriate and socially acceptable
crops, taking into account the local preferences and characteristics, strengthens the links of
ownership and pride between the land, the people and their products. Most important, local
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food production, along with access to markets and the development of skills, are invaluable
tools for promoting the emancipation of women and the empowerment of vulnerable
groups of society. In this perspective, the creation of green jobs and the strengthening of
employment opportunities for people with increased skills provide a solid basis for fair,
equitable, and sustainable socio-economic growth [33].

Furthermore, local society will also benefit in terms of food security and health.
In terms of food safety, and given the fact that aquaponics are controlled systems with
biosecurity measures, they require far fewer agro-chemicals (e.g., chemical fertilizers
and pesticides) for plant production [31], which makes the food safer to consume while
safeguarding against potential contamination.

In terms of food security, aquaponics can be considered a constant source of crops (e.g.,
vegetables) and fish protein throughout the year. Especially the fish protein is a valuable
addition to the dietary needs of several people, particularly in remote mountainous areas.
More than 47% of the stakeholders in Akkar al-Atika are willing to reduce their meat
consumption and replace it with fish protein produced locally (Figure 10), as long as the
price of fish is not higher than the price of meat. Such dietary improvement may result in
multiple health benefits since fish is considered a primary source of omega-3 fatty acids,
while several studies document the lower risk of heart attacks and strokes for people who
regularly consume fish protein [34].
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5. Discussion and Recommendations

The main challenge for the Akkar al-Atika area was to find an effective way for the
customization and introduction of a system that would be able to address key societal
challenges and needs in the area. In this perspective, the Living Labs in the open innovation
ecosystem of Mara-Mediterra, acted as a participatory mechanism, facilitating stakeholders
to: (a) co-create and interact with an operational system; (b) assess the potential and
usefulness of such a solution; and (c) transfer their experience to other areas.

The participatory development and evaluation of NbSs, such as decentralized wetland-
aquaponics, creates a favorable environment for their adoption and mainstreaming, as
the stakeholders are actively involved in the deployment and assessment of solutions
that address their needs in a real-life context. The findings of this work address the
lack of field evaluations of small-scale aquaponics with constructed wetlands in rural
Mediterranean areas. Furthermore, reveal the stakeholder perspectives that provide new
insights compared to techno-economic feasibility studies performed by scientists and
accredited professionals, which are likely cost prohibitive to marginalized regions and
local grassroots initiatives and can have a transformative impact on sustainability [35].
The participatory assessment engages diverse actors in local society in scrutinizing and
appraising knowledge on the specific issue. It does not aspire to directly influence political
decisions but rather to enlighten them with social values and interests and to accelerate
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the transition process towards sustainable development with respect to local societies and
the environment.

However, it is underlined that decentralized systems may have different economic
viability and sustainability implications compared to large-scale commercial aquaponics.
Thus, there is a need for more assessments of small-scale decentralized aquaponics installa-
tions in real-life settings to evaluate sustainability performance, as well as field testing for
the quantification of their environmental benefits (e.g., water conservation).

The case of wetland-aquaponics within the framework of the Mara-Mediterra project
illustrates the cross-border cooperation potential of Living Labs in the development of
novel as well as practical solutions within a sustainability context. However, implementing
a practice such as decentralized wetland-aquaponics, will not be easily affordable for
small farmers in disadvantaged rural and mountainous areas. Quantified performance
assessment, technical assistance, training programs and financial support are needed to
safeguard the successful implementation of such a practice. Investments by local authorities
and NGOs are essential companions for starting up low-cost and small-scale wetland-
aquaponics systems. It is clear that decentralized small-scale wetland-aquaponics are not
miracle solutions for eradicating famine and food security problems, but they may certainly
provide access to food both in terms of quantity and quality, increase incomes for farmer
families, and promote the empowerment of vulnerable groups of society while contributing
to sustainable environmental management by preventing the degradation of soil and
water resources, maintaining soil fertility, and reducing the overexploitation of fresh water
supplies for crop production in arid and semi-arid climates [36]. The major challenges
remain the cost of investment and the energy consumption, which can be reduced by using
renewable energy. In this context, the local stakeholders in Akkar al-Atika were skeptical
about the investment to be made and the return that they could have. However, they
showed enthusiasm regarding the decentralized, small-scale aquaponics implementation if
funded and initiated through SDG programs.

Overall, based on the outcomes of the Living Labs and participatory assessment
survey and taking into account recent scientific studies [30] as well as the relevant FAO
recommendations [29], the potential key factors of success for decentralized systems in
disadvantaged areas include:

• Size between 50 and 150 m2, depending on the preferred level of operation (farm,
neighborhood or small community).

• Construction that uses locally sourced materials and workforce to minimize capital
costs and maximize green job opportunities.

• Exploitation of harvested rainwater in the production process if and where possible.
• Promotion of energy autonomy through the use of renewable energy sources (e.g.,

photovoltaics, biogas from waste).
• Use of natural systems and processes for the quality improvement of the recirculated

water (e.g., constructed wetlands)
• Efficient management systems that will lower the operational costs while ensuring the

delivery of quality products able to satisfy both the consumption needs of the owner
as well as the market needs for commercial exploitation of production.

• Mobilization and engagement of local society in demonstration actions through par-
ticipatory processes of co-design, co-development and co-evaluation of pilot systems
(e.g., Living Labs) that will allow the community to embrace and support relevant
initiatives for the benefit of the local economy.

• Deployment of a multi-actor cooperation network in and beyond the area, supporting
the establishment and operation of the decentralized systems through communica-
tion and publicity actions, knowledge transfer, market exploitation, capital leverage,
entrepreneurship support, lifelong learning, and skills development.
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6. Conclusions

Living labs are participatory platforms that enable the co-creation and co-evaluation of
sustainable Nature-based Solutions to address rural challenges in the Mediterranean region.
At the local level, Living Labs bring together different actors from the quadruple helix
model, such as public authorities, academic institutions, the private sector and civil society,
to collaborate on common goals and accelerate the development and adoption of solutions
at the operational level. Thus, the Living Labs approach could be expanded to optimize
the design of both technological and nature-based solutions, assess their feasibility across
different contexts, and promote their mainstreaming. At the cross-border level, Living
Labs may play a critical role not only in the cross-fertilization of applied innovations that
are aligned with the United Nations Sustainable Development Goals (SDGs), but also in
bringing corresponding communities together and contributing to the establishment of
bridges between countries and societies that face common challenges. In this direction,
the strengthening of cross-border cooperation pathways, especially in Mediterranean,
needs to be further enhanced through enabling governance schemes and mechanisms
of collaboration.

The increasing environmental consciousness within society, coupled with the progress
in Nature-based Solutions (NbSs) and the demand for dependable yet cost-effective so-
lutions, foster a conducive environment for the emergence of decentralized wetland-
aquaponic systems. These systems present themselves as an appealing eco-technology
capable of effectively tackling environmental challenges and ensuring sustainable food
security. However, more real-life assessments are needed to evaluate their sustainability
performance. In light of this, it becomes imperative to assess and quantify through field
testing both the environmental (e.g., water conservation) and economic performance of
these systems in the rural Mediterranean context and enhance their design and construction.
This optimization process will unlock their scale-out potential and mainstreaming.
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Abstract: Background: Sustainable water management for table grape has the primary goal of
optimizing irrigation through Smart Irrigation (SI) approaches, particularly in Mediterranean regions.
In addition, extending the shelf life of table grapes through effective cold storage practices is crucial
to meet consumer demands year-round. This research examined the journey “from farm to fork” of
Sugrathirtyfive variety (Autumn Crisp® brand), exploring the combined effects of Irrigation Volumes
(IV), SO2-Generating Pads (SGPs) and Cold Storage Duration (CSD) on the quality of grapes. Methods:
Normal Irrigation (NI—based on the farmer’s experience) and SI (100% vine evapotranspiration
restored) were supplied in 2023 to Sugrathirtyfive variety white table grape, trained to an overhead
tendone system. Yield and quality parameters, berry texture, CIELAB colour coordinates, phenolic
content, flavonoids, antioxidant activity and sensory attributes were evaluated on grapes subjected
to different times and methods of cold storage. Results: SI grapes showed higher Total Soluble
Solids (TSSs) and nutraceutical content, as well as improved CIELAB coordinates with interesting
improved berry texture parameters. No differences emerged between single- or dual-release SGPs
after 15 days (T1) and 40 days (T2) of CSD. Conclusions: Under our cold storage conditions (3 ◦C,
85% U.R.), 40 days represent the maximum temporal limit for the cold storage of Sugrathirtyfive
variety, regardless of IV, provided they are refrigerated with the aid of SGPs.

Keywords: sustainable water management; table grapes; cold storage; SO2-Generating Pads; shelf life

1. Introduction

Limited natural water resources are the primary constraint for table grape cultivation,
particularly in the Mediterranean region, where the ambient evapotranspirative demand
exceeds the modest precipitation levels, resulting in a water deficit extending from spring
to early autumn [1,2]. In a Mediterranean climate with hot and dry summers, irrigation is
absolutely necessary for grapevines to secure production [3], especially in Southern Italy.
Precipitation often does not exceed the threshold of 500 mm/year [4]. Moreover, the rainfall
is mostly concentrated in the autumn–winter period and is not usable during phenological
phases with higher water requirements, such as the flowering–beginning of berry ripening
period [5].
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Sustainability in water use in agriculture thus becomes a priority, achievable through
the optimization of the irrigation variables involved in the water balance. In addition,
the scarcity of water resources in these environments must avoid using empirical irriga-
tion scheduling. This methodology could overestimate irrigation volumes, resulting in
unnecessary water losses due to runoff and drainage [2].

Adopting solutions capable of correctly determining the crop water requirement
through the losses due to evapotranspiration is necessary. The use of soil water balance
integrated with dedicated sensors (Smart Irrigation) is a sustainable solution. Theoretically,
many Decision-Support Systems (DSSs) can be generated to satisfy the above exigencies,
and these DSSs have become available in the scientific literature over the past 30 years [6].
The most widely used DSSs are based on evapotranspirative methods.

The literature reveals a growing interest in the impact of irrigation practices on grape
quality attributes, underscoring the intricate relationship between irrigation levels and
qualitative and quantitative traits of table grapes [7–11].

The production of table grapes in Puglia is increasingly diverse, covering the period
from June to December, due to the cultivation of various early and late varieties and the
adoption of plastic film covering and agronomic techniques to force early ripening or to
delay harvest [12]. In addition to this, the table grape viticulture in Puglia is undergoing a
phase of profound renewal in response to increased global competition from new competi-
tors in both the northern hemisphere (Spain, Egypt, India) and the southern hemisphere
(Chile, South Africa, Peru) [13], offering seedless varieties that cater to European consumer
preferences. In particular, the varietal landscape of table grapes has undergone a significant
evolution in recent years. In newly established vineyards, greater emphasis is placed on
incorporating novel seedless grape varieties, reflecting a progressive shift towards aligning
production with market demands. Among these new table grape varieties, Sugrathirtyfive
is a patented (commercial name Autumn Crisp®—United States Plant Patent USOOPP20491
P2) late-season white seedless table grape variety, with extra-large, oval, milky-green berry
with excellent flavor, firmness and berry attachment (Figure 1). As consumer demand for
fresh products transcends seasonal boundaries, the need to extend the shelf life of table
grapes through effective cold storage practices becomes paramount. Moreover, offering
the consumer grapes with high nutraceutical properties even many days after harvest-
ing is essential, considering that consuming fresh grapes significantly benefits human
health [14–16]. The intricate balance between maintaining optimal conditions for grape
preservation and the inherent perishability of this fruit poses a fascinating challenge [17].

To fulfil market demands and ensure a year-round supply of high-quality grapes to
consumers, it is essential to employ techniques that enhance grape shelf life. Thanks to table
grape’s low sensitivity to chilling, minimal respiration rates and low ethylene production,
cold storage is a widely employed post-harvest method, proven to be effective in extending
fruit shelf life, significantly mitigating mass loss, and managing the occurrence of pathogens
like grey mold induced by Botrytis cinerea [18,19]. Grapes exhibit diverse responses to
cold storage, depending on the cultivar and storage duration, which is constrained by
specific factors, necessitating effective methods for handling, packaging and specialized
cooling to ensure the optimal condition of grapes upon delivery, ranging from a few
days immediately after harvest up to even a month away [20]. Several papers report the
impact of different storage times and conditions on table grape cultivars like Thompson
Seedless [21], Italia and Red Globe [19,22], Kyoho [23], Regal Seedless [24] and Benitaka [18].
Cold storage combined with the utilization of sulfur dioxide (SO2)-Generating Pads has
exhibited promising outcomes in controlling post-harvest diseases, presenting a convenient
and effective alternative. This combination facilitates gas circulation within the storage
container, preventing mass loss while ensuring the desired preservation outcomes [25,26].
In this sense, the storage of table grapes represents a critical juncture in ensuring the
provision of high-quality, flavorful grapes to consumers year-round. The delicate nature of
table grapes demands a nuanced understanding of the interplay between storage duration,
cold storage conditions and the resulting impact on grape quality.
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Figure 1. Sugrathirtyfive seedless table grape ready to harvest grown in a private commercial
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Until now, research on table grapes has considered irrigation factors, methods and
storage duration individually, or, at most, by separating the phases related to vineyard
irrigation management from the subsequent post-harvest phase. Therefore, integrating
irrigation effects with post-harvest storage conditions, especially concerning a newly in-
troduced seedless grape variety on the market, represents a research frontier that merits
deeper investigation. This research focuses on an exploration of the interplay between two
different Irrigation Volumes (IVs), different post-harvest types of SO2-Generating Pads
(SGPs) and the Cold Storage Duration (CSD). In particular, their collective influence was
investigated from field to table by evaluating grape quality and productive traits, texture,
color and nutraceutical content (polyphenols, flavonoids and antioxidant activity) of berries
over time, with a final sensory evaluation of the grapes—emerging high-quality seedless
Sugrathirtyfive table grapes.

2. Material and Methods
2.1. Field Trial and Irrigation Volumes

The experimental trial was conducted in 2023 on a private commercial vineyard that
was 9 years old, situated in Adelfia (BA), Southern Italy (latitude: 40◦59′14′′ N, longitude:
16◦51′34′′ E, elevation: 172). Vitis vinifera cv. Sugrathirtyfive (Autumn Crisp® brand),
grafted onto Vitis berlandieri × Vitis rupestris 34 E.M. rootstock, was spaced at 2.50 × 2.50 m
(1600 vines ha−1). The vines were pruned to 30 buds per vine, trained using an overhead
tendone system (Apulia type) and subjected to drip irrigation. Additionally, the vineyard
was covered with netting and a polyethylene plastic film with a 200 µm sheet thickness
from budbreak to harvest to protect the canopy and clusters from adverse effects of wind,
rain, and hail.

According to the United States Department of Agriculture (USDA) classification, soil
texture was clay. At 0.5 m of depth, there was a parent rock that reduced the capacity of the
root systems to expand beyond this layer. Soil water content in volume at field capacity
(fc, −0.03 MPa) and wilting point (wp, −1.5 MPa) were 0.34 and 0.26 m3 m−3, respectively
(measured in the Richards chambers).

39



Sustainability 2024, 16, 3543

Irrigation was supplied by a drip irrigation system having 3 drippers per vine and a
flow rate of 16 L h−1 per dripper. Two Irrigation Volumes (IV) were considered:

• Normal Irrigation (NI): empirical irrigation management based on the knowledge
and experience of the farmer, tendentially at fixed intervals approximately every
7 days, depending on the occurrence of rain, starting from 24 June (175th Julian day)
until the last irrigation intervention on 10 October (283rd Julian day), for a total of
14 watering rounds;

• Smart Irrigation (SI), which restored 100% of crop evapotranspiration. Irrigation
occurred when ready water availability was exhausted, according to the methodol-
ogy of Allen et al. [27]. In particular, the tabulated crop coefficients (Kcinit = 0.15;
Kcmed = 0.80; Kcend = 0.40) and depletion fraction value of 0.45 were adopted. Cor-
rection of Kcini (for precipitation events), Kcmed and Kcend (for climatic conditions
and crop height) was performed according to the methodology of Allen et al. [27].

Soil water content in volume (SWC) was measured by capacitive probes 10HS (Meter
Group Inc., Pullman, WA, USA). For each treatment, three vines were monitored. At each
point, two capacitive probes were installed horizontally into the soil profile and transversely
to the row, at −0.125 and −0.375 m from the soil surface, to intercept the dynamics of
SWC below the dripping lines. All sensors were connected to data-loggers (TECNO.EL srl,
Roma, Italy) and data were transferred to a web server via GPRS mode. Daily soil water
content for the soil profile (0.5 m) was determined as an average of the values measured for
each depth.

The farm did not have its own well, and water was supplied on a rotational basis from
consortium irrigation systems. For this reason, the study focused on defining the irrigation
volume rather than the irrigation timing.

2.2. Yield and Grapes Quality Parameters

Grapes were commercially harvested on 19 October 2023 when they reached ~18◦Brix.
Five clusters for each IV were considered and the following parameters were recorded:
Cluster Weight, 20 Berry Weight, Equatorial Diameter, Total Soluble Solids (TSSs), pH,
Titratable Acidity (TA).

A total of 100 berries per treatment were collected and pooled and a sample of
20 berries was employed to determine the color coordinates and texture attributes. Berry
color was determined by a chromameter CM-5 (Konica Minolta, Chiyoda, Tokyo, Japan)
using the CIELAB color system. The CIELAB, or CIE L* a* b*, system is a three-dimensional
color-space consisting of three axes: L* axis (Lightness)—a grey scale with values from
0 (black) to 100 (white), a*axis—a red/green axis with positive (red) and negative (green)
values and b* axis—a yellow/blue axis with positive (yellow) and negative (blue) values.

Compression and tensile tests were performed on the 20 berries/cluster/thesis using
a Zwick Roell ver. Z 0.5 Materials Testing Machine (Woonsocket, RI, USA). A 2-cycle
compression test was carried out on each whole berry in the equatorial position under a
deformation of the berry of 20%, with waiting time between the two bites of 1 s, using a
crosshead speed of 3.334 mms−1, with a standard force of 0.1 N and a 0.02 m diameter
cylindrical probe. Typical berry texture parameters scored were Hardness (N), Cohesiveness
(adimensional), Gumminess (N − Hardness × Cohesiveness), Springiness (mm) and
Chewiness (mJ, Gumminess × Springiness).

2.3. Preparation of Grape Skin Extracts (GSEs) and Total Phenolic Content (TPF), Total Flavonoids
(FLV) and Antioxidant Activity (DPPH)

Skins from 10 frozen berries were manually separated from the pulp and extracted,
according to Di Stefano and Cravero [28] with slight modifications. Briefly, skins were
incubated overnight in the dark in 25 mL of 70% ethanol containing 1% chloridric acid.
Then, the extracts were filtered through a 0.45 µm syringe cellulose filter and stored at
−20 ◦C until further analysis.
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TPF in GSEs was determined by the Folin–Ciocalteu colorimetric method described
by Waterhouse [29]. Briefly, 1 mL of water, 0.02 mL of extract sample, 0.2 mL of the
Folin-Ciocalteu reagent and 0.8 mL of 10% sodium carbonate solution were mixed and
brought to 4 mL. The mixture was stored for 90 min at room temperature in the dark, and
the absorbance was measured at 760 nm with a spectrophotometer Agilent 8453 (Agilent
Technologies, Santa Clara, CA, USA). Results were expressed as milligrams of gallic acid
equivalent/kg (mg GAE/Kg fw) of fresh grape based on a gallic acid calibration curve (50
to 500 mg/L with R2 = 0.998).

FLV was determined by the aluminum chloride method [30] with some modifications.
First, 1 mL of the GSE (diluted 1:10 with ethanol) was mixed with 1 mL of 2% aluminum
chloride and incubated at 25 ◦C for 30 min. Then, the absorbance of the mixture was
measured at 402 nm. Results were expressed as µg of rutin equivalent per kg (µg RE/Kg
fw) of fresh grape using the calibration curve of quercetin (0–150 mg/L).

The antioxidant activity was evaluated by DPPH (2,2 O-diphenyl-1-picrylhydrazyl)
assays, a radical scavenging assay based on single-electron transfer. The DPPH assay was
conducted according to the technique of Brand-Williams et al. [31] with some modifications.
A free-radical working solution was prepared by dissolving 2.5 mg of DPPH stock solution
in 100 mL ethanol. The solution absorbance was adjusted at 0.7 ± 0.02 in 515 nm using
a UV–Vis spectrophotometer Agilent 8453 (Agilent Technologies, Santa Clara, CA, USA).
An aliquot of 200 µL of the sample, appropriately diluted, was mixed with 2 mL of DPPH
solution (Asample). A solution without grape extract was used as a blank (Ablank). The
decrease in absorbance at 515 nm was measured after 30 min of incubation at 37 ◦C.
Calibration curves were prepared using Trolox (Sigma-Aldrich, St. Louis, MO, USA).
DPPH values were expressed as µM Trolox equivalents/kg of fresh grape (µg TE/Kg fw).

2.4. Times and Methods of Cold Storage

In order to test the storage suitability of the Sugrathirtyfive variety subjected to two
different IVs, at harvest, grapes were refrigerated in fruit crates at 3 ◦C and 85% U.R. Three
treatments for each of the two IVs were defined. Specifically, a Control (C) thesis was
refrigerated without SO2-Generating Pads (SGPs), while the other two theses were treated
with the following:

SmartPac® bags (SPB) (Sodium Metabisulphite 12.5% w/w) (Serroplast, Rutigliano,
Italy) are patented single-release SO2-Generating Pads composed of a single multilayer film
that allows the fruit’s natural moisture to circulate through the inner layers of the coating,
enabling linear preservation of the product for extended periods;

DECCO Grapage® (DECCO), (DECCO ITALIA S.R.L., Belpasso, Italy) a dual release
SO2-Generating Pad (5 g Sodium Metabisulphite 50%, Inert Technical Coadjuvants 50%);

The grapes were evaluated for quality parameters at different values of Cold Storage
Duration (CSD): harvest (T0), after 15 days (T1) and after 40 days (T2) of cold storage.

2.5. Sensory Evaluation

To evaluate the sensory attributes and resilience to CSD of Sugrathirtyfive grapes
cultivated under different IVs and subjected to two distinct SGP treatments, they underwent
sensory assessment at 15 days (T1) and 40 days (T2) post-harvest. The sensory evaluation
was conducted on blind samples within specially equipped individual workstations with
neutral-colored walls and odor-neutral surfaces. The environmental temperature was
maintained at a comfortable 22 ◦C, ensuring optimal conditions for evaluation. Brightness
within the room was adjusted to an appropriate level, and extraneous noise or distractions
were minimized, adhering to the guidelines outlined by [32]. ISO 2007. The taster panel
was composed of 20 trained judges from the Research Centre for Viticulture and Enology,
Council for Agricultural Research and Economics. The judges were requested not to smoke
or eat for 1 h prior to the sensory sessions. The grapes were evaluated based on 23 OIV
descriptors for table grape sensory analysis [33] for visual, olfactive, taste and tactile traits
on cluster, stem, berries, skin and pulp.

41



Sustainability 2024, 16, 3543

Judges scored each attribute on a preference scale structured from 1 (low perception
of the descriptor) to 10 (maximum perception of the descriptor).

2.6. Statistical Analysis

A three-way ANOVA with interactions between factors was performed on a total of
14 theses derived by the combination of the three factors (IV, SGP and CSD) as follows:
NI-C-T0, SI-C-T0, NI-C-T1, NI-SPB-T1, NI-DECCO-T1, SI-C-T1, SI-SPB-T1, SI-DECCO-T1,
NI-C-T2, NI-SPB-T2, NI-DECCO-T2, SI-C-T2, SI-SPB-T2, SI-DECCO-T2. Means were firstly
by Tukey test, while a subsequent Dunnett’s test was employed to compare the values of
each individual trait for each thesis against the control sample, which, in our case, was
NI-C-T0. Furthermore, a multivariate approach by means of a biplot PCA was performed
at T0, T1 and T2. In addition, the differences in the perception of each descriptor during
sensory evaluation of grapes were statistically analyzed by Non-Parametric Kruskall–Wallis
test, and a Box Plot for the descriptors that resulted in statistically significant differences is
provided. All the statistical analyses were performed using R Statistical Software v4.3.2.

3. Results
3.1. Soil Water Content (SWC) and Irrigation Volumes (IVs)

In the Smart Irrigation (SI) treatment, the irrigation scheduling allowed the opti-
mization of the SWC (from −0.10 m to −0.50 m soil depth) within the RAW threshold
(0.296 m3 m−3), avoiding any water stress. In particular, the SWC reached the field capacity,
after irrigation or consistent precipitations. In August, irrigation was carried out before the
SWC reached the RAW threshold, as irrigation was provided rotationally. In the Normal
Irrigation (NI), SWC exceeded the field capacity almost throughout the entire vine cycle
(Figure 2). This resulted in only water losses due to drainage because the flat ground and
drip irrigation system avoided runoff losses. In this case, NI was excessive. Seasonal IVs
were 335 and 264 mm for NI and SI treatments, respectively, with the number of irrigations
during the 2023 season being 14. Thus, with SI treatment, 21% of the irrigation water
was spared.

3.2. Univariate Analysis

This manuscript presents a comprehensive investigation into the impact of two dif-
ferent Irrigation Volumes (IVs)—Normal Irrigation (NI) and Smart Irrigation (SI), distinct
SO2-Generating Pads (SGPs)—Control (C), SmartPac® Bag (SPB), and DECCO Grapage®

(DECCO) and three different Cold Storage Durations (CSDs)—harvest (T0), 15 days post-
harvest (T1) and 40 days post-harvest (T2) on various parameters related to carpometry,
must composition, berry skin colorimetric coordinates, berry texture, nutraceutical traits
and cluster damages induced by cold storage on Sugrathirtyfive table grape. Table 1
presents the outcomes of a three-way ANOVA, illustrating interactions among the three
factors and means separated by post hoc Tukey tests for each factor individually.

Regarding IVs, no differences in carpometric data were observed, indicating a sub-
stantial equality in the size and weight of berries between the two IV levels. Similar
observations were noted for the other two factors, SGP and CSD. However, a statistically
significant interaction was identified between SGP and CSD, specifically in relation to the
20 berries’ weight. Additionally, a significant interaction was found regarding berry diame-
ters, expressed as Equatorial Diameter, between IV and SGP. Cluster weight and its related
weight loss over time (Figure 3) were analyzed independently of the other parameters.
Clusters were weighed at harvest before packaging and cold storage. The direct monitoring
of this parameter on the same clusters allowed for a paired sample t-test analysis, unlike
other indices and parameters that, due to the destructive nature of the relief methods, did
not permit time-dependent measurements on the same biological sample.
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Figure 2. Soil water content (SWC) and Irrigation Volumes (IVs) of Normal Irrigation (NI) and Smart
Irrigation (SI) provided to Sugrathirtyfive in 2023 on a private commercial farm trained using an
overhead covered tendone trellis system.

By T2, grapes from the cold storage treatment without SGP were entirely covered
in mold, rendering them unprocessable. Comparing cluster weight between T0 and T1,
no statistical difference was found, except for the theses NI-C and SI-DECCO. At T2,
cluster weight loss appeared generalized in all theses, except for those treated with SPB,
regardless of IV. Concerning berry juice composition, Total Soluble Solids (TSSs) were
significantly influenced by IV, with SI treatment showing higher values than NI and
the employed SGP. Treatments with SPB or DECCO preserved sugar content integrity
compared to the Control. CSD had no isolated effect on TSSs, except when combined with
the other two factors. Juice pH behaved similarly, influenced by IV and SGP, with CSD
also affecting it. Titratable Acidity (TA) remained relatively constant across all factor levels,
with significant interactions.

IV statistically influenced the CIELAB coordinates, with an increase in Lightness
(L*) in SI, where grapes also exhibited lower greenness (a*), indicating berries with a
less intense green color compared to those under NI. Likewise, concerning SGP, SPB and
DECCO demonstrated opposing effects. DECCO appeared to preserve L* better but lost
a* compared to both SPB and the Control treatment. Additionally, it is noteworthy that
L* tended to decrease with increasing CSD, while a* remained relatively unchanged over
time. In contrast, yellowness (b*) was unaffected by IV and SGP but increased from T0
to T1 and T2, suggesting a shift towards yellow coloration over time. Importantly, no
significant interactions were found among the combination of the three factors for all
CIELAB coordinate parameters.
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Compression and texture tests on the berries provided insights into firmness and
crunchiness. Hardness, representing the force required to achieve a given deformation,
was significantly higher in the SI group compared to NI. SGP showed no significant effect
on Hardness. Conversely, a notable decline in Hardness was observed with increasing
CSD, with no significant interactions among the three factors. Springiness, representing
the rate of material returning to its original state after deformation, remained constant and
unaffected by individual factors. However, a significant interaction was observed between
IV and SGP. Cohesiveness, reflecting a product’s tendency to cohere, was unaffected by IV
but was higher in grapes refrigerated with SGPs than Control. Similarly, CSD exerted an
effect, progressively resulting in higher cohesiveness values. Only the interaction among
the three factors was statistically significant in this case. Chewiness and Gumminess were
influenced by IV, being higher in SI grapes, while remaining unaffected by the other two
factors. Only the interaction between IV and SGP was statistically significant in both cases.
In the analysis of the nutraceutical aspects of grapes, both Total Polyphenol Content (TPF)
and Flavonoid (FLV) concentrations were influenced by IV. Within the scope of SGP, only
SPB significantly preserved the concentration of both PFT and FLV, with no discernible
effect from CSD. Significant interactions were observed for the combinations IV × SGP and
IV × SGP × CSD for TPF, while FLV displayed a significant interaction for the combination
SGP × CSD. Additionally, the radical-scavenging activity, assessed as the antioxidant
power of extracts from grape skins using DPPH, corroborated the aforementioned trend.
Grapes from SI exhibited a higher DPPH concentration, unaffected by SGP. Conversely,
concerning CSD, there was an increase in DPPH until T1, followed by a decline at T2,
returning to values comparable to those at harvest. No significant interaction was observed
in this case, indicating an independent behavior of the three factors.
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Figure 3. Comparison of cluster weight loss by means of paired sample t-test between clusters
weighted at three different storage durations (T0 = at harvest; T1 = after 15 days; T2 = after 40 days)
for each of the combined factors: Irrigation Volumes (IVs) (NI = Normal Irrigation; SI = Smart
Irrigation) and SO2-Generating Pads (C = Control; SPB = SmartPac® bags; DECCO = DECCO
Grapage®).

Regarding parameters related to damages from storage, the percentage of berries
damaged by SO2 was minimal but present in modest quantities in the SGP treatments.
Concerning CSD, damage from SO2 onset was observed only at T2. Consequently, the
only statistically significant interaction occurred in the combination of SGP × CSD. The
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percentage of berries with rot/mold exhibited a similar trend, with SGP use naturally
reducing its incidence compared to the Control. As expected, a considerable increase was
noted, particularly at T2, with values exceeding 27%. In this case, the combination of
SGP × RSD also showed a statistically significant interaction. Regarding the percentage
of stem browning, no effect of IV and SGP was recorded, while, though CSD showed no
difference between T0 and T1, its effects were visible at T2, with stem browning values
exceeding 10%. The data suggested that this issue arose only when a substantial CSD was
reached, regardless of the other two factors.

In pursuit of a comprehensive assessment and identification of the most effective
combination among the factor levels, these factors were consolidated into 14 overall theses.
This amalgamation aimed to facilitate a Dunnett test (Table 2) for comparing each thesis
with combined factors against the Control thesis. In our study, the Control thesis is
represented by NI without SGP during cold storage and at CSD T0 (NI-C-T0). While no
discernible differences were noted between the theses for berry weight and equatorial
diameter compared to the Control, significant variations were observed for Total Soluble
Solids (TSSs). The only theses that did not exhibit significant differences in TSSs were
NI-C-T1, SI-C-T1 and NI-SPB-T2. In contrast, all other theses displayed higher TSSs values,
particularly those derived from SI, regardless of the SGP employed and the considered CSD
(SI-SPB-T1, SI-SPB-T2, SI-DECCO-T1, SI-DECCO-T2), with values close to or exceeding
18◦Brix, compared to the 15.6 ◦Brix of NI-C-T0. At harvest (T0), juice pH was confirmed to
be higher in the NI thesis, and a general increase was observed for all theses at T2, with
SGP DECCO also showing an increase at T1. Furthermore, variations in Total Acidity (TA)
were exclusive to the SI-DECCO, theses, lower at T1 and higher at T2 compared to the
Control, affirming the stability of parameters among theses as reported in Table 1.

Few differences were identified in CIELAB coordinates. Specifically, Lightness (L*)
was higher than the Control in the SI-C-T0 and SI-DECCO-T1 theses, and more stable in
the other theses. Parameters a* and b* demonstrated relatively stable values, with SI-SPB-
T1 exhibiting lower values of greenness, while, conversely, in the NI-DECCO-T1 theses,
the berries displayed more pronounced green notes. Furthermore, higher yellowness (i.e.,
higher b* values) compared to the Control was observed for the NI-C-T1, SI-SPB-T1, and NI-
DECCO-T1 theses. In terms of texture analysis parameters, including Hardness, Chewiness
and Gumminess, SI-C-T0 was the only thesis showing significantly higher values compared
to the Control. Conversely, regardless of IV or SGP, all other theses displayed similar values
to the Control, even with the progression of CSD. On the contrary, Springiness remained
generally constant, with no significant differences observed between the theses. Regarding
nutraceutical parameters, in the SI-SPB-T1 thesis, both Flavonoid content (FLV) and 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity yielded significantly higher
values compared to the reference thesis NI-C-T0. SI-C-T0 (at harvest), and SI-SPB at both
T1 and T2 exhibited higher TPF contents, while all the theses from NI and those treated
with SGP DECCO were identical to the Control thesis in all CSD. Finally, regarding cold
storage damages, the percentage of berries damaged by SO2 was negligible when no SGP
was used. However, both SPB and DECCO systems showed mild signs of SO2 scorching,
never exceeding 1.8%. A distinct consideration must be made for the incidence of the
percentage of berries with rot/mold, absent at harvest (T0) but progressively increasing
from T0 to T1 and T2, exclusively in the theses without the SGP device, as expected. This
phenomenon rendered the clusters at T2 entirely unusable for analysis, reaching stem
browning percentages of 76.0% and 80.0%, respectively, in the NI-C and SI-C theses. Thus,
it can be affirmed that both SPB and DECCO preserved the grapes from the onset of
mold. The significant onset of percentage of stem browning occurred for all the theses
at T2, irrespective of the IV. Additionally, the thesis treated with DECCO proved to be
less effective than SPB in containing this phenomenon, already exhibiting issues of stem
browning at T1.
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3.3. Multivariate Analysis

A Principal Component Analysis (PCA) biplot analysis was conducted at T0, T1 and
T2 to gain a comprehensive understanding of the data. In Figure 4, the PCA at T0 focused
on freshly harvested grapes from two levels of the IV factor. PC1 explained 52.47% of
the variance, PC2 described 24.92%, totaling 77.39%, rendering further analysis on the
third axis PC3 unnecessary. Notably, the NI and SI treatments were distinct, as illustrated
by 95% confidence ellipses. The SI treatment was characterized by texture parameters,
berry juice composition, colorimetric aspects, and significant contents of TPF and DPPH. In
contrast, the NI treatment was predominantly characterized by FLV and pH, followed by
Cohesiveness and, marginally, by Equatorial Diameter. Other variables contributed mainly
to PC2, which explained variances within groups rather than distinguishing between NI
and SI treatments.
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two different Irrigation Volumes (IVs) (Normal Irrigation = NI; Smart Irrigation = SI). Ellipse 95% is 
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Figure 4. Biplot of Principal Component Analysis: eigenvalues, eigenvectors and percent of vari-
ation accounted for the first three principal components (PCs) of carpometric, must, colorimetric
coordinates, texture and nutraceutical traits at harvest (T0) of Autumn Crisp table grapes grown
with two different Irrigation Volumes (IVs) (Normal Irrigation = NI; Smart Irrigation = SI). El-
lipse 95% is shown. CW = Cluster weight; BW = 20 berries’ weight; ED = Equatorial Diameter;
TSSs = Total Soluble Solids; TA = Titratable Acidity; Ha = Hardness; Sp = Springiness; Co = Cohe-
siveness; Ch = Chewiness; Gu = Gumminess; TPF = Total Polyphenolic Content; FLV = Flavonoids;
DPPH = 2,2-diphenyl-1-picrylhydrazyl; DSO2 = % berries damaged by SO2; BRM = % berries with
rot/mold; SB = % stem browning.

As expected, the PCA biplot at T1 significantly changed, necessitating consideration
of IV levels, SGP and damages caused by CSD (Figure 5). PC1 explained 32.91% of the
variance, PC2 contributed 20.32% and PC3 added 11.82%, totaling 76.32%. Variables con-
tributing to PC1 included texturometric parameters, colorimetric aspects, berry dimensions
and parameters derived from cold storage damages. Simultaneously, PC2 was strongly
characterized positively by nutraceutical parameters, TSSs content and higher a* values,
leading to a distinct separation of the SI-SPB treatment. Conversely, the NI-DECCO treat-
ment exhibited opposite behavior, overlapping with treatments refrigerated without SGP,
highlighting a significant incidence of the percentage of berries with post-harvest decay,
as expected. Using PC3, correlated with carpometric variables, all treatments tended to
overlap, except for NI-SPB.
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Figure 5. Biplot of Principal Component Analysis: eigenvalues, eigenvectors and percent of variation
accounted for the first three principal components (PCs) of carpometric, must, colorimetric coordi-
nates, texture and nutraceutical traits after 15 days’ Cold Storage Duration (CSD) (T1) of Autumn
Crisp table grapes grown with two different Irrigation Volumes (IVs) (Normal Irrigation = NI; Smart
Irrigation = SI) and different SO2-Generating Pads (SGPs) (C = Control; SPB = SmartPac® bags;
DECCO = DECCO Grapage®). Ellipse 95% is shown. CW = Cluster weight; BW = 20 berries’ weight;
ED = Equatorial Diameter; TSSs = Total Soluble Solids; TA = Titratable Acidity; Ha = Hardness;
Sp = Springiness; Co = Cohesiveness; Ch = Chewiness; Gu = Gumminess; TPF = Total Polyphenolic
Content; FLV = Flavonoids; DPPH = 2,2-diphenyl-1-picrylhydrazyl; DSO2 = % berries damaged by
SO2; BRM = % berries with rot/mold; SB = % stem browning.

The latest PCA biplot at T2 (Figure 6) excluded the NI-C and SI-C treatments due to
their deterioration. Similar to T1, PC1 (46.24%) and PC2 (16.00%) explained the most vari-
ance, and PC3 (14.08%) was necessary, totaling 76.32%. As in T1, berry texture, colorimetric
and nutraceutical variables contributed positively to PC1, while parameters related to cold
storage damages correlated with PC2. SI treatments, whether SPB or DECCO, substantially
overlapped, while NI-DECCO showed reduced cold storage damages, lower nutraceutical
content, but good values of 20 berries’ weight, while NI-SPB was positioned intermediately.
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Figure 6. Biplot of Principal Component Analysis: eigenvalues, eigenvectors and percent of vari-
ation accounted for the first three principal components (PCs) of carpometric, must, colorimetric
coordinates, texture and nutraceutical traits after 40 days’ Cold Storage Duration (CSD) (T2) of
Sugratable grapes grown with two different Irrigation Volumes (IVs) (Normal Irrigation = NI; Smart
Irrigation = SI) and different SO2-Generating Pads (SGPs) ((C = Control; SPB = SmartPac® bags;
DECCO = DECCO Grapage®). Control (i.e., grapes with no SGP) was excluded in T2, due to extensive
development of mold on the berries. Ellipse 95% is shown. CW = Cluster weight; BW = 20 berries’
weight; ED = Equatorial Diameter; TSSs = Total Soluble Solids; TA = Titratable Acidity; Ha = Hardness;
Sp = Springiness; Co = Cohesiveness; Ch = Chewiness; Gu = Gumminess; TPF = Total Polyphenolic
Content; FLV = Flavonoids; DPPH = 2,2-diphenyl-1-picrylhydrazyl; DSO2 = % berries damaged by
SO2; BRM = % berries with rot/mold; SB = % stem browning.
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Analyzing PC1 and PC3, NI-SPB and NI-DECCO practically overlapped, characterized
by higher pH values and greater yellowness (b*), positively correlated with PC3. SI-SPB and
SI-DECCO stood out distinctly, showing higher nutraceutical contents, texture parameters
and reduced effects of variables related to cold storage damages. This suggests good
storage resilience for SI treatments, with better outcomes for SPB refrigerated treatments.

3.4. Sensory Analysis of Grapes

During the initial tasting session at T1 (Figure 7), all experimental treatments were
included, encompassing grapes refrigerated without any SGP devices, which, as previously
noted, remained in satisfactory condition both in terms of edibility and marketability at
15 days post-harvest. Beyond the inherent variations in descriptors due to the subjective
nature of evaluation, the Kruskal–Wallis test unveiled statistically significant differences
among treatments for the attributes “Berry crunchiness” (p < 0.01) and “Pulp consistency”
(p < 0.001). Specifically, “Berry crunchiness” was notably higher in the NI-SPB and SI-
SPB treatments compared to NI-C and SI-C, with NI-DECCO and SI-DECCO exhibiting
intermediate values. Moreover, NI-C and SI-C displayed statistically lower values for “Pulp
consistency”, while all other treatments exhibited statistically similar results.

The sensory analysis was reiterated 40 days post-harvest (T2) (Figure 8). As previously
mentioned, in this session, grapes from refrigerated treatments without SGP (NI-C and
SI-C) were excluded due to their inedibility resulting from a high incidence of percentage
of berries with rot/mold (Table 2). In this subsequent evaluation, descriptors that exhibited
statistically significant differences among treatments were Stem coloration (p < 0.05); Stem
turgidity (p < 0.05); Peduncle browning (p < 0.01); Berry color uniformity (p < 0.05) and
Overall appearance (p < 0.05).

“Stem coloration” was notably lower in the NI-DECCO treatment compared to the
NI-SPB and SI-DECCO treatments, with SI-SPB positioned in an intermediate position. Re-
garding “Stem turgidity,” contradictory results were observed, with NI-SPB and SI-DECCO
showing statistically higher values than NI-DECCO and SI-SPB, as rated identically by the
panel. Concerning “Peduncle browning,” the SI-SPB treatment notably better preserved the
grapes for this descriptor, while the others were evaluated similarly. Additionally, “Berry
colour uniformity” received positive evaluations for all treatments except SI-DECCO, which
was statistically less favored. Moreover, “Overall Appearance” exhibited statistical differ-
ences among treatments, with the SI-DECCO treatment being judged to have the overall
best appearance, followed by the NI-SPB and NI-DECCO treatments in an intermediate
position and the SI-SPB treatment being the least appreciated.
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cally significant differences for the Kruskal–Wallis test, are reported on the right. 

Figure 7. Spider chart of medians of sensory descriptors on Autumn Crisp table grapes grown with
two different Irrigation Volumes (IVs) (Normal Irrigation = NI; Smart Irrigation = SI) and different
SO2-Generating Pads (SGPs) (C = Control; SPB = SmartPac® bags; DECCO = DECCO Grapage®) after
15 days’ Cold Storage Duration (CSD) (T1). Box and Whisker plot of descriptors, showing statistically
significant differences for the Kruskal–Wallis test, are reported on the right.
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Figure 8. Spider chart of medians of sensory descriptors on table grapes grown with two different
Irrigation Volumes (IVs) (Normal Irrigation = NI; Smart Irrigation = SI) and different SO2-Generating
Pads (SGPs) (SPB = SmartPac® bags; DECCO = DECCO Grapage®) after 40 days’ Cold Storage
Duration (CSD) (T2). Box and Whisker plot of descriptors, showing statistically significant differences
for the Kruskal–Wallis test, are reported below the chart.
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4. Discussion

This research aimed to monitor and evaluate a recently introduced seedless table
grape cultivar, Sugrathirtyfive, throughout its journey from the field to cold storage and,
ultimately, to the final consumer. The study investigated the potential for reducing irrigation
water inputs to enhance agronomic and production sustainability, the ability to maintain
premium quality characteristics of grapes through cold storage aided by SO2-releasing
devices and the sensory appreciation of the grape.

Reducing water inputs in table grape cultivation is a pressing objective, as evidenced
by the publication of guidelines on the sustainable use of water in winegrape vineyards
by the International Organization of Vine and Wine [34]. Among various strategies, Smart
Irrigation (SI) in table grape cultivation represents a technological opportunity for growers,
offering a simple and intuitive approach as part of Decision Support Systems (DSSs). SI is a
well-established practice in both wine grapes [35–37] and table grapes [11,38], particularly
in environments like Southern Italy, where growing without irrigation is impractical [3]. In
a previous study conducted by Campi et al. [39] in the same area, IV calculated for Normal
Irrigation (NI) by an empirical program was lower (296 mm) with respect to the value of
335 mm calculated in this trial. Meanwhile, Irrigation Volumes (IV) provided by SI were
lower when compared to those provided by the deficit irrigation regime (300 mm) by Colak
and Yazar [40] in Turkey. The IV saved with SI was about 80 mm higher than the water
savings found by Vox et al. [41] for the cv. ‘Crimson Seedless’ that imposed a mild Deficit
Irrigation (at 80% ETc).

Moderate water stress generally leads to improvements in grape quality, including
increased Total Soluble Solids (TSSs), anthocyanins and phenolic concentrations, although
berry weight and Titratable Acidity (TA) may decrease [42]. Instead, Conesa et al. [43]
observed no significant differences in berry size and weight for another seedless variety,
Crimson Seedless, under a 35% reduction in irrigation, indicating that production compo-
nents were not compromised. These findings are in line with our data on grapes at harvest,
for which TSSs and nutraceutical components were higher in SI, while berry weight and TA
remained almost unchanged between NI and SI. In addition, Temnani et al. [44] reported
that reducing irrigation by up to 40%, particularly post-veraison, enhanced water use
efficiency and increased berry color and firmness. SI grapes exhibited higher berry firmness
at harvest than NI grapes, particularly for parameters such as Hardness, Chewiness and
glyming. Sugrathirtyfive generally revealed quite interesting firmness values when com-
pared to other white berry varieties. As an example, Sugrathirtyfive showed similar values
for Hardness and Gumminess compared to Regal seedless or Italia [45], while Springiness,
Cohesiveness and Chewiness were even higher. Even the 10 white berry varieties analysed
by Rolle et al. [46] provided results related to berry firmness that were absolutely in line
with our values, except for Chewiness, which was significantly higher in Sugrathirtyfive.
Chewiness is intended as the ability to measure the resistance to penetration of a given
berry skin, and the very high values scored by Sugrathirtyfive suggest a skin thickness that
makes it interesting for long refrigerated storage. In this sense, further investigation into
the skin thickness of this variety should be undertaken.

At harvest, SI grapes showed significantly higher values of lightness (L*) and a greater
tendency for berries to develop intense color (b*) compared to the greenness observed in
NI grapes. In this sense, Pisciotta et al. [45] recorded slightly higher L* values around 40 in
clusters of cv Regal seedless and around 37 for cv Italia, consistent with our values. The
same authors also reported lower a* values for the same white berry varieties compared to
Sugrathirtyfive, with a greater component of greenness and consistently higher b* (redness)
values. These differences can be attributed to the training system (covered plastic film
tendone or not), variety, vineyard management and environmental conditions. It is known
that, in white grape varieties, color intensity and yellowness are primarily influenced by
kaempferol, with minor contributions from quercetin and isorhamnetin [47,48]. These
flavonols are part of the flavonoid group, and their biosynthesis is regulated by flavonol
synthase (FLS), which studies have shown can be upregulated in response to water stress.
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This upregulation is often a plant’s defense mechanism to cope with stress by produc-
ing secondary metabolites that help mitigate its effects [49,50]. In our study, the higher
flavonoid content in the SI treatment may be due to the upregulation of genes involved in
their biosynthesis. Similarly, the total polyphenol content (TPF) was also stimulated to a
greater extent in the SI treatment with reduced irrigation, which was expected, as polyphe-
nol synthesis is generally triggered by plant defense mechanisms in response to abiotic
stress [42]. Moreover, SI grapes showed significantly higher DPPH values than NI grapes.
The antioxidant activity of grapes greatly depends on the quantitative and qualitative
differences in phenolic compounds [51] and several classes of compounds (anthocyanins,
phenolic acids and stilbenes) could contribute to the grape antioxidant activity, suggesting
a synergic effect of these compounds. As well known, phenols are good antioxidants due
to their susceptibility to oxidation resulting from the hydroxyl groups and unsaturated
double bonds in their chemical structure [52].

Regarding the effects of SO2-Generating Pads (SGPs) aimed at prolonged Cold Storage
Duration (CSD), both SmartPac® bags (SPB) and DECCO Grapage® (DECCO) offered satis-
factory results in preserving TSSs compared to the Control, and the berryic characteristics
of the grapes such as Berry weight and Equatorial Diameter. For its part, the average cluster
weight (Figure 3) mainly remained constant in the T0-T1 comparison, except for NI-C and
SI-DECCO. At T2, SPB proved to be more effective than DECCO on both NI and SI grapes,
contrasting with what was reported by Fernández-Trujillo et al. [53], who stated that the
dual-phase SGP showed better performance for the long-term storage of grapes than the
single-phase one. As for CIELAB coordinates, the dual release SO2 system (DECCO) gener-
ally proved to be more effective in maintaining brightness (L*), which, however, decreased
over the cold storage period. On the contrary, DECCO showed a decline in the a* index,
which led the grapes to have more pronounced shades of green. However, L* significantly
decreased over time, while the b* yellowness index increased. Ahmed et al. [25], in a study
conducted on cv Italia, a white berry table grape variety that, although seed-containing,
can serve as a benchmark with Sugrathirtyfive, reported average L* values around 30 at
both 7 and 50 days of refrigerated storage. In our case, under all conditions and for all
factors, L recorded values close to 40, indicating that grapes were still in commercially
acceptable conditions even at 40 days post-harvest. Regarding the firmness of the berries,
no significant difference was observed in the use of the different SGPs in all cold storage
periods evaluated, in line with Roberto et al. [18], except for Cohesiveness, which increased
over time, probably due to dehydration phenomena of the berry that, however, did not
reflect, as mentioned, their variation in weight and size.

Regarding the nutraceutical aspect, the sensitivity to SO2 generally differs among
the various table grape varieties. Previous studies reported that phenolic compounds
presented a different behavior post-harvest. After 54 days, phenolic content decreased
for the Crimson Seedless or increased for new seedless table grape cultivars Timco™ and
Krissy™ stored in perforated polyethene bags with an SO2-generating mat [54]. In our
study, the nutraceutical molecules TPF and FLV also did not suffer from the CSD effect,
but rather from the SGP system considered, for which SPB proved to be more effective
than the dual release SO2 DECCO. However, the phytosanitary aspect of grapes is of
fundamental importance for defining the commercial qualities of grapes over time after
harvest. As known, SGPs have the function of preventing the incidence of grey mold,
mainly caused by Botrytis cinerea [25]. This was also observed in our research, where both
SGPs were effective in containing the percentage of berries with rot/mold compared to
the Control, for which, as mentioned earlier, grapes at T2 were covered with mold to a
rate exceeding 70% (Table 2) and thus deemed inedible. Moreover, the SGP, combined
with cold storage, yielded appreciable results in terms of containing the phenomenon of
stem browning, as reported in other studies [55]. It is also worth noting that the incidence
of SO2-induced damage caused by SGPs, while statistically significant compared to the
Control, was marginal in terms of magnitude, with values averaging below 2%.
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5. Conclusions

By examining the data in absolute terms through the combination of the levels of the
three factors IV, SGP and CSD, the shelf life of Sugrathirtyfive grapes for periods exceeding
15 days (T1) requires the use of SGPs, under penalty of product loss. The use of SGPs allows
grapes to still maintain commercially appreciable quality, with greater efficiency already
at T1 in preserving the characteristics of firmness perceived by the panel in terms of Pulp
Consistency and Berry Crunchiness with respect to Control. Subsequently, after 40 days of
CSD (T2), regarding firmness aspects, no differences were observed among the treatments,
describing a similar behavior despite the SGPs or IVs. On the contrary, some differences
regarding stem and pedicel integrity began to emerge, with loss of berry color uniformity
and the onset of phenomena such as peduncle browning and loss of stem turgidity. Some
authors [54] reported that dual-phase release extends the shelf life of grapes by around
1 month. Under the storage conditions used in the study, the 40-day period may represent
an appropriate time limit for the cold storage and consumption of Autumn Crisp grapes,
even if grown more sustainably under SI, provided that they are refrigerated with the aid
of SGPs.
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Abstract: An interesting way to maintain genetic diversity in the vineyard could be based on selecting
the desirable characters of each clone or variety in order to produce a high-quality poly-clonal or poly-
varietal wine, according to the consumer’s desire. The current study describes a holistic approach in
viticulture towards wine production, applying a multidisciplinary methodology. Firstly, “Asproudi”,
a rare Greek variety, was analyzed molecularly. The initial hypothesis that “Asproudi” is a distinct
variety was questioned; microsatellite analysis showed that “Asproudi” is a population of different
genotypes, at least in the Monemvasia Winery vineyard. A targeted harvest of each genotype was
performed during the same day and was followed by micro-vinifications. All standard analyses of
must and wine were performed in the laboratory, while a sensory analysis by a professional team
evaluated each of the produced wines, showing distinctive differences. The genetic relationship of
some of the Monemvasia Winery “Asproudi” genotypes to the varieties maintained in the reference
collection was revealed whereas some other genotypes remained unknown.

Keywords: Vitis vinifera; rare grapevine varieties; microsatellites; SSRs; micro-vinification; must
analyses; wine analyses; sensory analysis

1. Introduction

Viticulture and wine-making represent long-standing activities in Greece. The area
around Mt Pangaion (Figure 1) in the north-east part of the country provides an example
where myth and scientific evidence meet: according to myth, the god of wine-making,
Dionysos, lived with his followers, the Maenands on the slopes of Mt Pangaion. Thousands
of charred grapevine seeds, together with grapevine pressings and clay cups used for drink-
ing the grape juice or wine, have been recently unearthed from the Neolithic settlement of
Dikili Tash located in the valley on the north of Mt Pangaion, making this area the oldest
known wine-making site in Europe [1].

The term “Asproudi” comes from the word “Aspo” (“
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some “heretic” statements, judging on the phenotypic characteristics, referred that 
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“Asproudes”), is a general term that has served as a verbal repository for grouping in the 
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color and their time of maturation. 

“Asproudi” vines are large with high vividness; it is considered as an early ripening 
local variety. Ripening occurs from early to mid-August, producing about four to five kil-
ograms of grapes per vine. The wine that is produced by this variety has received many 
international awards pointing out the high value of this autochthonous grapevine mate-
rial. 

The Hellenic Agricultural Organization DIMITRA (ELGO-DIMITRA) officially main-
tains the reference collection of the country—more than five hundred autochthonous ac-
cessions—in three vineyards: (i) In Lykovrysi (Athens). This is the oldest and largest vine-
yard established in 1929. During the 1950s and 1960s, clonal experiments were performed 
for some of the most common autochthonous and international varieties, while in the 
1980s numerous expeditions throughout the country ended up in the collection of nearly 
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and etymologically represents a case of diminution, a phenomenon quite common in the
Greek language, through which new words are produced that enrich the original meaning
with a delightful and cheerful mood while indicating new properties.
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In the wine-related Greek literature, the term “Asproudi” was found as early as
1888 referring to grapevines cultivated in various areas of the country, such as in the central
parts of Peloponnese, in Thessaly, and in the north Aegean islands (Figure 1) [2]; a few years
later, however, the term was used to define the most dominant grapevine variety in the
country [3] pointing out the color of the fruit. In the study “Greek Ampelography”, a total
of 12 varieties were described under the term “Asproudi” [4,5]. Nearly all of them were
identified and discriminated either by the corresponding toponym of the cultivation area
or by an adjective referring to a particular and well-observed feature. In recent years, some
“heretic” statements, judging on the phenotypic characteristics, referred that “Asproudes”
represent groups of white varieties that need to be separated [6], regardless of how difficult
the task might be [7]. Therefore, a working hypothesis was emerged, according to which
the term “Asproudi”, together with its variants (e.g., “Asprouda”, “Asproudes”), is a
general term that has served as a verbal repository for grouping in the same heterogeneous
group different varieties, exclusively on the basis of their light berry color and their time
of maturation.

“Asproudi” vines are large with high vividness; it is considered as an early ripening
local variety. Ripening occurs from early to mid-August, producing about four to five kilo-
grams of grapes per vine. The wine that is produced by this variety has received many
international awards pointing out the high value of this autochthonous grapevine material.

The Hellenic Agricultural Organization DIMITRA (ELGO-DIMITRA) officially main-
tains the reference collection of the country—more than five hundred autochthonous
accessions—in three vineyards: (i) In Lykovrysi (Athens). This is the oldest and largest
vineyard established in 1929. During the 1950s and 1960s, clonal experiments were per-
formed for some of the most common autochthonous and international varieties, while
in the 1980s numerous expeditions throughout the country ended up in the collection of
nearly all of the autochthonous varieties. (ii) In Thermi (Thessaloniki). This is a copy of the
Lykovrysi collection enriched with native varieties collected from the northern parts of the
country. (iii) In Heraklion (Crete). This is a collection of the Cretan varieties as well as of
varieties cultivated in the islands of the southern Aegean Sea.
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From an economical/consumer point of view, the world market has started turning to
distinct high-quality wines produced from the less-utilized autochthonous grapevine vari-
eties imposing an absolute necessity to revalorize and preserve these varieties. This trend
is not limited to specific regions and is observed in countries such as Italy [8], Germany [9],
Argentina, Chile, and Bolivia [10]. The preservation and revitalization of these varieties aim
to provide distinctive identities to wines and promote biodiversity in vineyards. Addition-
ally, there is a need to adapt to changing environmental conditions, such as climate change,
which may require the cultivation of new varieties for sustainable viticulture [11]. However,
the market introduction of new resistant selections can be impeded by preconceptions about
their wine quality. Overall, the cultivation and promotion of autochthonous grapevine
varieties contribute to the diversity and sustainability of the wine market, investing in a
novel high-quality wine product of unique organoleptic characteristics.

The pathway towards the valorization and utilization of such cultivars commences
with the crucial phase of accurate varietal identification. This, however, could turn out to be
a difficult task due to the occurrence of synonyms, homonyms, and misidentifications [12].
Ampelographic identification is based on phenotypic differences. The primary drawback
of this approach is that identification solely relies on visual data, necessitating an expert
with extensive training to ensure effectiveness. Nevertheless, misidentifications may still
occur due to the sheer number of existing cultivars and their resemblance, exacerbated
by the impact of external factors on grapevine morphology [13]. At present, grapevine
identification is typically augmented through the use of molecular markers. Molecular
analysis offers a more precise identification and characterization, as its outcomes are
not influenced by environmental factors [14]. Among the various types of DNA markers,
microsatellite markers (SSRs) have been widely employed in grapevine identification. These
markers are highly informative and their application can yield distinctive profiles that
provide unambiguous identification of grapevine cultivars, independent of environmental
factors, diseases, or vineyard practices. SSR markers are locus-specific and co-dominant,
enabling the inference of familial relationships between different grapevine cultivars [15].

The revival of autochthonous grape varieties emphasizes the necessity of evaluating
the produced wine, particularly due to the lack of previous research data. Molecular
identification of the plant material that is used for the production of wine or related
products together with their chemical analysis are needed to ensure authenticity [16]. A
novel and more extensive approach involving molecular identification of the plant material
used, together with a chemical analysis of the produced must and the wine, followed by
sensory analysis of the final product, have been introduced recently [17] on the study of
two minor Greek grapevine varieties, Karnachalades and Bogialamades. Previously, a
multidisciplinary approach was used for the accurate ampelographic description of four
Albanian varieties ultimately aiming to improve local economies [18].

Herein, we describe our involvement with the “Asproudi” grapevines of a commercial
vineyard in Peloponnese. Initially, we were interested in revealing the molecular profile of
this autochthonous Greek variety. Interestingly, however, we found out that it is a popula-
tion of distinct genotypes. To evaluate their oenological potential, we performed targeted
micro-vinifications for each of these genotypes; must and wine chemical analyses were
carried out, followed by the sensory analysis on the final products. At later stages, when
the molecular profile of the grapevine varieties maintained in the Greek reference collection
became available, the molecular profiles of the genotypes found in the “Asproudi” popu-
lation were compared to them. Some genotypes of the “Asproudi” population identified
as varieties maintained and conserved in the reference collection while some others still
remain unidentified.

2. Materials and Methods
2.1. Monemvasia Winery Management

The Monemvasia Winery vineyard, owned by the Tsimbidis family, is located in
Monemvasia (36◦40′59.1′′ N 22◦54′53.6′′ E), the eastern part of Laconia facing the Aegean
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Sea (Figure 1). It is planted in a homogeneous sandy-clay field in a sloppy hill. Vines are
planted in R110 rootstocks, in 2.5 m × 1.1 m blocks, and trained on double cordon. All
vine training, irrigation, and spraying operations were regularly performed each year. The
pruning system that followed was three spurs in each cordon.

2.2. Molecular Studies

Young leaves had been collected from various plants of the Monemvasia Winery
vineyard and were kept on ice until stored at −80 ◦C for further use. Genomic DNA
was extracted from about 100 mg of the frozen tissue using the commercially available
NucleoSpin Plant II kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s
instructions. The integrity of the extracted genomic DNAs was evaluated by agarose gel
electrophoresis, and the concentration was estimated by using a Quawell (Q3000 UV-Vis
Spectrophotometer, Quawell Technology Inc., San Jose, CA, USA) spectrophotometer.

Polymerase chain reactions (PCRs) were performed as before [17,19], in a volume
of 20 µL using 25 to 30 ng genomic DNA as a template, 200 mM of each dNTP, 10 pmol
primers, 2 µL 10× KAPATaq DNA Polymerase buffer, and 1 U KAPATaq DNA Polymerase
(KapaBiosystems, Cape Town, South Africa). Ten pairs of primers were used: VVS2 [20],
VVMD5 and VVMD7 [21], VVMD25, VVMD27, VVMD28, and VVMD32 [22], and VrZAG62,
VrZAG67, and VrZAG79 [23]. Forward primers were 5′–end fluorescently labeled with
different fluorophores: FAM, HEX, ROX, and TAMRA. Primers were custom labeled
according to (i) each dye’s absorption and emission wavelength and (ii) the length of the
amplified product to avoid overlapping during gel electrophoresis. PCR amplifications
were performed in a 96-well MiniAmp Thermal Cycler (Applied Biosystems, Foster City,
CA, USA) as follows: 1 cycle (95 ◦C, 2 min), 35 cycles [95 ◦C, 15 s; 52 to 60 ◦C (depending
on the primers), 15 s; 72 ◦C, 10 s], and 1 cycle (72 ◦C, 20 min). PCR fragments were
separated using capillary electrophoresis in a 3730xl DNA Analyzer (Applied Biosystems,
CA, USA). Data analysis, sizing, and genotyping were performed using the GeneMapper
(version 4.0) software. The GenAlEx 6.5 program [24] was used for statistical analysis
(Genetic Distance—Codom Genotypic). Data were then exported to the MEGA4.1(Beta)
program [25] as a Tri-Matrix using the default options. Dendrograms were constructed
using the UPGMA method in the MEGA4.1(Beta) program.

2.3. Harvest and Standard Grape Juice Analysis

“Asproudi” vines from the Monemvasia Winery were grown under the same viticul-
tural management until their manual harvest; they were all harvested during the same day,
early in the morning in order to avoid oxidations [26].

The exact harvest date (last week of August 2019) was decided considering the same
criteria as every year: desirable physiochemical parameters (◦Brix, titratable acidity, and pH
value) and technological maturity. The grapes were harvested by hand with care to ensure
consistency and were pooled in one (or more) basket per group. Groups were defined
according to the outcome of the microsatellite analysis. All baskets were transferred to the
Laboratory of Enology and Alcoholic Drinks at the premises of the Agricultural University
of Athens, and stored overnight in a cooling chamber (at 4 ◦C), before being moved
to the experimental winery for vinification. As a reference, harvest of the “Asprouda”
variety, maintained by ELGO-DIMITRA at Lykovrysi (38◦04′09.1′′ N 23◦46′32.9′′ E) was
also performed.

Prior to fermentation, a set of physiochemical parameters related to maturity were
conducted in the must. The analytical methods recommended by the International Organi-
zation of Vine and Wine (OIV) were used to determine the sugar concentration and titratable
acidity of the grape juices. Thereafter, each group was divided into three small-scale vini-
fications. Due to lower acidity levels in white musts often causing the polymerization of
phenolic compounds and resulting in brown deposits and therefore causing darkening of
white wine [27], 1 kg/tn of tartaric acid was added in each vinification.
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2.4. Small-Scale Vinification Protocol, and Must Analysis

Grapes were destemmed, crushed, and softly pressed—the grape juice was sulfated
with 15 mg/L of sulfur dioxide (SO2) during the crushing. The pressed juice was placed
in 10 L plastic bottles, and 3 mg/L Safizym pectinase enzyme (Safizym Clean, Fermentis,
Marquette-lez-Lille, France; endo-polygalacturonase) was added in order to facilitate
sedimentation. The bottle headspace was purged with N2 before the bottles were sealed and
left overnight at 4 ◦C for sedimentation. Clear juice, coming from each group, was racked
off the sediment. Conventional analysis (pH, ◦Brix, and titratable acidity) was conducted
in the clear must of each group. Two liters (2 L) of clear must was transferred into clean
3 L tanks, in triplicates for each group. The clear grape must was inoculated with Safoeno
GV 107 (Fermentis, Lille, France) yeast, prepared in accordance with the manufacturer’s
instructions. As for the yeast nutrient (20 g/100 kg), SpringFerm™ (Fermentis, Lille,
France) was used—this includes inactivated yeast (rich in growth factors). Fermentations
in triplicates of each group were conducted in a temperature-controlled environment (16 to
18 ◦C).

Alcoholic fermentation showed a regular trend, and was considered finished when
the reducing sugar concentration was lower than 2 g/L. At the end of fermentation (ap-
proximately after 10 days), wines were racked and they were stored for the stabilization
process at a controlled temperature (4 ◦C). Finally, before sealing the wines, 30 mg/L SO2
was added for protection.

2.5. Analysis of Conventional Oenological Parameters and Total Phenolic Index

After sealing the wines in the plastic bottles, they were analyzed using the OIV
methods [28] on alcohol percentage, reducing sugars, pH value, and total acidity.

The total polyphenol index (TPI) was determined by measuring the 280 nm absorbance
of a 1:100 dilution of wine with a spectrophotometer, using a 10 mm quartz cuvette and
multiplying the absorbance value by 100 [29]. The total polyphenol concentration was
determined by the Folin–Ciocalteu assay, with the micro-scale protocol [30]. The results
were expressed as mg/L of gallic acid equivalents (GAE).

A modification of the model described by Singleton and Kramling [31] was used to
assess browning development. Wine lots of 30 mL were filtered and placed in a 30 mL,
screw-cap glass vial (7.5 cm length, 2.1 cm internal diameter). Samples were subjected to
heating at a constant temperature of 55.0 ± 0.2 ◦C in a heating chamber. Aliquots were
withdrawn at 24 h intervals over a period of 13 days, and browning was measured at
A420. The samples were then immediately returned to the vials to maintain the initial
headspace volume.

2.6. Sensory Evaluation of the Wine

Sensory trials were carried out by twelve trained assessors (recruited by the Laboratory
of Enology and Alcoholic Drinks; equal sex distribution) with professional experience in the
wine industry, and at least one year experience in tasting white wines. Wine samples used
for the sensory evaluation were unfiltered, and the evaluation was performed two months
after sealing the tanks.

Samples (25 mL) of wines were presented in a randomized order for each participant.
Samples were served in ISO standard glasses 3591 [32] and numbered by a random three-
digit number; each glass was covered with a glass cup in order to avoid diffusion of
odorants [33,34]. The evaluation consisted of describing the appearance, aroma, taste, and
harmony of each wine sample; the taster participants were first asked to describe each wine
by a list of seven descriptors (“Color Intensity”, “Aroma Intensity”, “White Fruits/Flowers”,
“Vegetal Aroma”, “Taste Balance”, “Acidity”, “Aftertaste”), and then to proceed to a
quantitative assessment, using a scale of 0 to 10 (from lowest to highest intensity).
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2.7. Statistical Analysis

Small scale vinifications were performed in triplicates. All values are presented as
the mean ± standard error. All values are presented as the mean and standard deviation.
Statistical analyses were performed using the Statgraphics Centurion application (version
1.0.1.C). The significance of the results was determined with an unpaired t-test or one-way
ANOVA with Tukey’s test. Multivariate statistical data analysis (MVA) of the samples was
performed with XLstat (XLSTAT 2017: Data Analysis and Statistical Solution for Microsoft
Excel; AddinSoft, Paris, France, 2017).

The sensory evaluation data were analyzed by a non-parametric Kruskal–Wallis
one-way analysis of variance using Statgraphics Centrurion. The Kruskal–Wallis Non-
Parametric Hypothesis Test is used when a variable does not meet the normality assump-
tions of a one-way ANOVA. When the p-values were <0.05, a post-hoc Mann–Whitney–
Wilcoxon test was applied to compare, one by one, the wines for each variable.

3. Results
3.1. Molecular Studies Showed That “Asproudi” of the Monemvasia Winery Is a Population of
Different Genotypes

Searching for autochthonous grapevine material in Peloponnese, an initial sampling
mission was performed at the early stages of the vegetative period (1 June) of 2018 in the
Monemvasia Winery vineyard. A total of sixteen samples were collected from the vineyard;
eight of the samples were collected randomly from the vines of the white variety that was
known as “Asproudi”. Molecular identification on microsatellite loci was performed on
these samples and on the autochthonous varieties “Monemvassia” (spelling according to the
updated national Catalogue: ya530_57378_020322-2), “Kydonitsa”, “Assyrtiko, “Glykerithra”,
and “Gaidouria” which are commonly cultivated in the wider geographical area of Monemva-
sia, and in other parts of the Monemvasia Winery vineyard. Samples of these five reference
varieties were also collected from the grapevines that are maintained in the reference collec-
tion at Lykovrysi. This analysis ended up in the distinction of the eight Monemvasia Winery
“Asproudi” samples in four different and discreet groups not related to the five reference
varieties analyzed (Figure 2; Groups i, ii, iii, iv); since the empirical names of the Monemvasia
Winery working team were considered, the molecular analysis detected misnamings (indi-
cated by asterisks in Figure 2): “Glykerithra-MW-2018” and “Gaidouria-MW-2018” are indeed
“Assyrtiko”. As no studies, neither ampelographic nor molecular, were performed prior to
that analysis, this distinction was the first evidence that the Monemvasia Winery “Asproudi”
material is actually a heterogeneous population of different genotypes. The emerging question
was whether all genotypes that make up “Asproudi” have been represented in this primary
analysis. To answer this question, sampling was repeated the following year, when bunches
were mature (the last days of July 2019). Thirty-one samples were collected: phenotypic differ-
ences were considered when choosing the vines to sample. In addition, twenty-one samples of
white grapevines cultivated in the surrounding vineyards (“Unknown” samples from Estate
Loulouda and Estate Sarra) were also collected. The analysis on the same microsatellite loci
brought up seven groups (Table 1 and Figure 3; hereafter, the constituting groups are called
“Groups”: A, B, C, D, E, F, G).

Table 1. Microsatellite analysis at nine loci; the microsatellite loci are designated in the top line.
Allele size (in base pairs) are shown; asterisks (*) indicate the varieties that are maintained by
ELGO-DIMITRA at the Lykovrysi’s grapevine vineyard (Athens); “MW”: “Monemvasia_Winery”;
“Est_Loulouda” and “Est_Sarra” are estates located in the wider Monemvasia area; “2018” or “2019”
indicate the year the samples were collected. Xinomavro, Koundoura lefki, and Cabernet Sauvignon
were included as reference material. Data for the VVMD5 are not shown because the data produced
were not available for all samples.

VVS2 VVMD7 VVMD25 VVMD27 VVMD28 VVMD32 VrZAG62 VvZAG67 VvZAG79

Asproudi-MW-2018-1 141 155 238 246 243 253 183 187 259 279 250 254 195 203 138 160 241 241
Asproudi-MW-2018-2 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 249
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Table 1. Cont.

VVS2 VVMD7 VVMD25 VVMD27 VVMD28 VVMD32 VrZAG62 VvZAG67 VvZAG79

Asproudi-MW-2018-3 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 249
Asproudi-MW-2018-4 133 143 246 248 237 239 187 191 249 259 256 268 201 203 138 150 241 249
Asproudi-MW-2018-5 143 151 238 252 253 261 179 183 249 261 248 256 187 187 124 130 249 257
Asproudi-MW-2018-6 143 151 238 252 253 261 179 183 249 261 248 256 187 187 124 130 249 257
Asproudi-MW-2018-7 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 249
Asproudi-MW-2018-8 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 249
Asproudi-MW-2019-1 141 155 238 246 243 253 183 187 259 279 250 254 195 203 138 160 241 241
Asproudi-MW-2019-2 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 247
Asproudi-MW-2019-3 143 143 240 252 237 239 177 187 255 259 248 254 187 199 130 148 241 249
Asproudi-MW-2019-4 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 247
Asproudi-MW-2019-5 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 247
Asproudi-MW-2019-6 131 143 238 242 239 239 179 191 245 261 248 254 187 187 130 138 239 253
Asproudi-MW-2019-7 143 151 240 252 253 261 179 183 251 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-8 143 149 238 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-9 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 247
Asproudi-MW-2019-11 143 143 240 252 237 239 177 187 255 259 248 254 187 199 130 148 241 249
Asproudi-MW-2019-13 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 138 241 247
Asproudi-MW-2019-14 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 138 241 247
Asproudi-MW-2019-15 143 151 240 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-16 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 247
Asproudi-MW-2019-17 143 151 240 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-18 133 135 238 246 237 239 177 177 255 259 250 270 187 187 148 148 241 247
Asproudi-MW-2019-19 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 247
Asproudi-MW-2019-20 143 149 238 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-21 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 247
Asproudi-MW-2019-22 143 149 238 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-23 143 151 238 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-24 143 143 240 252 237 239 177 187 255 259 248 254 187 199 130 148 241 247
Asproudi-MW-2019-25 143 149 238 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asproudi-MW-2019-26 143 143 240 252 237 239 177 187 255 259 248 254 187 199 130 148 241 249
Asproudi-MW-2019-27 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 247
Asproudi-MW-2019-28 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 249
Asproudi-MW-2019-29 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 247
Asproudi-MW-2019-30 133 143 246 248 237 239 187 191 259 259 256 270 201 203 138 150 241 249
Unknown-Est_Loulouda-46 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 247
Unknown-Est_Loulouda-47 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 249
Unknown-Est_Sarra-48 133 143 246 248 237 239 187 191 249 259 256 268 201 203 138 150 239 239
Unknown-Est_Sarra-49 143 151 240 252 253 261 179 183 251 261 248 256 187 187 124 130 247 255
Unknown-Est_Sarra-50 143 143 238 252 237 239 177 187 255 259 248 254 187 199 130 148 241 247
Unknown-Est_Sarra-51 143 151 240 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Unknown-Est_Sarra-52 143 149 238 252 253 261 179 183 249 261 248 256 187 187 124 130 247 255
Asprouda_Aitoloakarnanias-1 * 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 249
Asprouda_Aitoloakarnanias-2 * 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 249
Asprouda-1 * 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 249
Asprouda-2 * 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 249
Asprouda or Dimitreiko-1 * 133 143 246 248 237 239 187 191 249 259 256 270 201 203 138 150 241 247
Asprouda or Dimitreiko-2 * 133 143 246 248 237 239 187 191 249 259 256 268 201 203 138 150 241 247
Xinomavro * 131 131 248 248 237 239 177 179 229 245 248 250 193 203 122 136 235 247
Koundoura lefki * 139 143 244 248 239 247 183 191 237 259 250 256 195 201 144 154 235 247
Cabernet Sauvignon * 137 151 238 248 237 247 173 187 235 237 238 238 187 193 122 136 243 243

The eight genotypes analyzed in 2018 were identified in these seven groups, together
with the samples from the wider area (Estate Loulouda and Estate Sarra). These results
demonstrated that the “Asproudi” of the Monemvasia Winery vineyard represents indeed
a population of at least seven genotypes. Some of these genotypes are represented in high
numbers (Groups A and D) in the “Asproudi” population of the Monemvasia Winery vine-
yard while some others are represented minimally (Groups B, C, and G consisted only of
one vine). At that point, the emerging question was whether the seven genotypes that make
up the “Asproudi” population in the Monemvasia Winery vineyard represent unknown
autochthonous material or they are registered in the National Catalogue and in the Greek
bibliography. To answer this question, the molecular profile of the seven Monemvasia
Winery Groups were compared to the molecular profile of many of the varieties maintained
in the reference collection by ELGO-DIMITRA; this comparison was performed in summer
2022 (when such molecular data became available for the genetic material maintained in
the reference collection). The analysis showed that: Group A possesses a high degree of
similarity to the variety “Asprouda” (synonym: Dimitreiko), originally collected from Arka-
dia (the central part of Peloponnese), and “Asprouda Aitoloakarnanias”; both maintained
in the reference collection. Group D is related to “Arkadino”, also a variety of Arkadia,
while Groups E and F are both highly close to the variety “Proimo aspro”, a white variety
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collected from the area of Serres—a region in the very north of the country. For the single
member Groups B, C, and G, only the latter was found to be closely related to the variety
“Svarna” collected from Magnesia (central Greece), while the former two remained uniden-
tified. Some of the Monemvasia Winery “Asproudi” genotypes have also been detected in
neighboring vineyards (Estate Loulouda and Estate Sarra; “Unknown” samples 46 to 52;
Figure 3 and Table 1) supporting the concept that these genotypes represent common local
grapevine genetic material.
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Figure 2. Dendrogram showing the relationship among the “Asproudi” genotypes of the Monemvasia
Winery (MW) and the reference samples collected from the reference collection maintained by
ELGO-DIMITRA (ELGO D). Since the empirical names of the MW were used, misnamings have
been detected (indicated by asterisks): “Glykerithra-MW-2018” and “Gaidouria-MW-2018” are
indeed “Assyrtiko”.

3.2. Oenological Potential of the Monemvasia Winery “Asproudi” Constituting Genotypes

As long as it was clear that the Monemvasia Winery “Asproudi” was indeed a popula-
tion of discreet genotypes, the aim of this work was to evaluate the oenological potential of
the constituting genotypes.

Harvest time was decided by the experts of the Monemvasia Winery taking into con-
sideration the technological maturity of the grapes; harvest was performed in the same day
(27 August 2019; Table 2) for all groups. Group G was heavily infected by fungal infections;
therefore, it was excluded from further experimentation on vinification. An additional
sample was harvested on 4 September from “Asprouda” (synonym: “Dimitreiko”) main-
tained in the reference ELGO-DIMITRA grapevine collection (hereafter: Group H). Table 2
shows the sugar concentration and titratable acidity of the grape juices of the different
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groups, confirming that they were at different ripen stages: ◦Brix values in musts varied
from 17.2 (Group C) to 26.3 (Group B). In the oenological field, the different groups provide
grape berries with different levels of maturity (Table 2): the pH values varied between 3.47
(Group C) and 3.93 (Group H). Group H showed by far the highest content of total acidity
(4.95 g/L) compared to the lowest 3.1 value (Groups B and D).
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Figure 3. Dendrogram showing the distinction of the “Asproudi” Monemvasia Winery (MW) geno-
types to seven groups (A to G). Samples from the area that surrounds the Monemvasia Winery
vineyards were also included in this analysis (Unknown-Est_Loulouda and Unknown-Est_Sarra)
together with reference material from the reference collection (indicated by an asterisk). “2018” and
“2019” indicate the year that sampling occurred.

A key factor to produce wines with high-quality characteristics is the distinctive aroma.
The warm and dry summer of the respective vintage of Monemvasia during the ripening
period provided must with low levels of total acidity, recorded in all Monemvasia Winery
“Asproudi” groups. Therefore, tartaric acid was added to the musts to adjust the pH of the
must and ensure a smooth alcoholic fermentation.

Wines were analyzed approximately two months after the end of fermentation to
record the evolution of ethanol content, pH, and total acidity in the micro-vinifications
(Table 3). The ethanol content of the wines produced by the Groups B, D, A, and G was
high; this is in agreement with the corresponding sugar concentration observed in grapes.
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An exception is recorded: the wine produced from Group D. Total acidity indicates the
freshness of the wines, and the stability of a wine over time; in this respect, the wines
from Groups A and B attained the highest values of acidity (7.8 and 7.42 tartaric acid g/L,
respectively; Table 3), whereas the lowest values were recorded by wines from Group H
and F (5.24 and 5.77 tartaric acid g/L, respectively). Group H had the highest wine pH
value (3.6), whereas Group C had the lowest (2.88). All wines can be considered as dry
wines because the reducing sugar content was less than 2 g/L (Table 3).

Table 2. Details of harvest and vinification (cultivation area, harvest time, and vinification time), and
conventional must analysis (◦Brix, pH, and total acidity) of all groups analyzed. Groups A to F refer to
the Monemvasia Winery vineyard “Asproudi” plant material, while Group H refers to the “Asprouda”
variety that is maintained in the ELGO-DIMITRA vineyard at Lykovrysi. Means ± Standard errors
followed by a different letter, in the column, do differ by Tukey’s HSD test at 5% probability. Values
represent means of triplicate determinations ± standard error.

Grape
Group

Cultivation
Area Harvest Date Vinification Date Total Soluble

Solids (◦Brix) pH Total Acidity
(Tart. Ac. g/L)

A Monemvasia 27 August 2019 28 August 2019 24.1 ± 0.3 c 3.62 ± 0.04 b 4.30 ± 0.1 b
B Monemvasia 27 August 2019 28 August 2019 26.3 ± 0.2 a 3.87 ± 0.07 a 3.10 ± 0.16 d
C Monemvasia 27 August 2019 28 August 2019 17.2 ± 0.3 f 3.47 ± 0.04 c 3.75 ± 0.10 c
D Monemvasia 27 August 2019 28 August 2019 24.8 ± 0.4 b 3.8 ± 0.09 a 3.10 ± 0.21 d
E Monemvasia 27 August 2019 28 August 2019 20.9 ± 0.5 d 3.68 ± 0.07 ab 3.75 ± 0.19 c
F Monemvasia 27 August 2019 28 August 2019 21.4 ± 0.6 de 3.69 ± 0.07 ab 3.70 ± 0.07 c
G Monemvasia 27 August 2019 --- --- --- ---
H Lykovrysi 4 September 2019 5 September 2019 22.5 ± 0.4 e 3.93 ± 0.06 a 4.95 ± 0.04 a

Table 3. Conventional wine analysis (alcohol volume, pH, and total acidity) of the wines from all
seven groups; Groups A to F refer to the Monemvasia Winery “Asproudi” Groups, while Group H
refers to the “Asproudi” variety that is maintained in the ELGO-DIMITRA vineyard at Lykovrysi.
Means ± Standard errors followed by a different letter, in the column, do differ by Tukey’s HSD test
at 5% probability. Values represent means of triplicate determinations ± standard error.

Grape
Group

Alcohol Volume
(V.V.%) pH Total Acidity

(Tartaric Acid g/L)
Residual Sugars

(g/L)

A 13.5 ± 0.01 c 3.093 ± 0.014 bc 7.80 ± 0.07 f 0.76 ± 0.02 c
B 15.4 ± 0.04 e 2.975 ± 0.021 ab 7.42 ± 0.10 e 0.61 ± 0.02 f
C 9.2 ± 0.07 a 2.888 ± 0.016 a 6.82 ± 0.035 d 0.67 ± 0.02 df
D 14.6 ± 0.11 d 2.948 ± 0.044 ab 6.86 ± 0.051 d 1.40 ± 0.02 a
E 12.3 ± 0.11 b 3.150 ± 0.096 c 6.11 ± 0.018 0.93 ± 0.02 b
F 12.2 ± 0.09 b 3.026 ± 0.040 abc 5.77 ± 0.03 b 0.72 ± 0.023 cd
H 13.3 ± 0.07 c 3.601 ± 0.026 f 5.24 ± 0.03 a 1.44 ± 0.023 a

Groups B and D were at a higher degree of maturity (Table 2), thus provided wines
with higher values of absorption and phenolics, in contrast to Groups C, E, and F which
had not reached comparable maturity levels. Similar results have been reported [35]: wines
from early harvests showed a pale yellow-soft color and lower color intensity. The wines
produced from grapes with a high degree of phenolic maturation (Groups B and D) had
a higher absorption value at 420 nm (Table 4), so they appeared darker in color and with
higher values of phenolics (Figure 4). Therefore, the degree of the grapes ripening during
harvest is a critical factor for the color of the produced wine as well as for its aromatic
potential. Wines from Groups B, D, and A have shown maximum ethanol content, the
highest values of absorbance at 420 nm, and degrees in TPI and K factor (Table 4). The
results imply that the identified factors are unique to each distinct group, underscoring the
significance of scrutinizing these groups more extensively with regards to viticultural and
oenological utilization and exploitation. It can be stated that the wines from the genotypes
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of the Monemvasia Winery “Asproudi” plant material can be distinguished according to
their classic parameters.

Table 4. Compositional factors and browning characteristics determined in the wines from all groups
analyzed: Groups A to F refer to the Monemvasia Winery “Asproudi” Groups, while Group H
refers to the “Asproudi” variety that is maintained in the ELGO-DIMITRA vineyard at Lykovrysi.
Means ± Standard errors followed by a different letter, in the column, do differ by Tukey’s HSD test
at 5% probability. Values represent means of triplicate determinations ± standard error.

Grape
Group 420 nm Folin Ciocalteu

(Gallic Acid mg/L) TPI k Factor

A 0.0965 ± 0.0016 d 2.8511 ± 0.0303 b 9.5266 ± 0.3407 c 0.0026 ± 0.00026 c
B 0.3485 ± 0.0025 f 3.9944 ± 0.0032 cd 14.1266 ± 0.0878 d 0.0082 ± 0.00016 e
C 0.0525 ± 0.0007 a 2.5947 ± 0.1097 a 7.21330 ± 0.0838 a 0.0013 ± 0.00017 ab
D 0.1780 ± 0.0016 e 3.8696 ± 0.0488 c 13.9866 ± 0.1215 d 0.0068 ± 0.00048 d
E 0.0610 ± 0.0009 b 2.8063 ± 0.0092 b 8.2200 ± 0.07540 b 0.0006 ± 0.00040 a
F 0.0515 ± 0.0002 a 2.5097 ± 0.0013 a 7.8400 ± 0.08210 ab 0.0022 ± 0.00031 bc
H 0.0880 ± 0.0009 c 4.0590 ± 0.0382 f 7.5266 ± 0.2087 a 0.0008 ± 0.000005 a
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Figure 4. Visual wine color evaluation—from left to right, the wines of Groups A to H (no wine from
Group G).

In the analysis of compositional factors and browning characteristics, a repeated
pattern was observed: wines of Groups B, D, and A received the highest values in the
absorption at 420 nm, Folin index, TPI factor, and K factor (Table 4) with one exception:
wine from Group H in the Folin index. These results might be explained by the high
oxidation of those wines and the tendency to be oxidized in a shorter period than the rest
of the wines.

Absorbance at 420 nm varied from 0.0515 to 0.3485 (Groups F and B, respectively).
Total phenolics showed great variance: the values of equivalent of gallic acid mg/L in the
Folin Ciocalteu assay ranged between 2.5097 (Group F) and 4.059 (Group H), whereas the
values of the TPI ranged between 7.2133 (Group C) and 14.1266 (Group B). Finally, the
accelerated browning test provided significant differences among the k factor (from 0.0008
to 0.0082) (Table 4). The wines that showed significantly lower values regarding the k factor
were those made from Groups E and H: practically, these two groups produce wines which
would develop a brown color later than the others.

3.3. Sensory Analysis Confirmed That Different Wines Are Produced by Different Genotypes

Sensory analysis was conducted two months after the end of alcoholic fermentation—
during this period wines were kept at 4 ◦C for protein and tartaric stabilization. Quantita-
tive descriptive sensory analysis was assessed for average wine odor and taste intensity
scores (Table 5 for statistical data elaboration; Figure 5).

The sensory descriptor “Color Intensity” showed a diverse performance, with the
wines of Groups B and D possessing the highest values. In “Aroma Intensity”, wine from
Group H showed by far the highest score, whereas all the other groups possessed compa-
rable scores. As for the odoriferous “White Fruits/Flowers” character, wine produced by
Group B presented the lowest value—all other wines presented a comparable performance.
Wine from Group A received the highest score in “Vegetal Aroma”. In respect to the
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descriptor of “Taste Balance”, the lower scores were recorded by the Groups B and C. The
panelists judged wines B and D with the highest value for the “Acidity” descriptor while
wine H received the lowest value. Finally, no significant differences were observed among
the wines for the descriptor “Aftertaste”.

Table 5. The Kruskal–Wallis test and, when significant, (p < 0.05) the Mann–Whitney–Wilcoxon test
were applied for multiple comparisons to the results of the sensory scores for the wines produced
by the different fertilization treatments. Test statistics: the Kruskal–Wallis test was statistically
significant when p < 0.05. Different letters in each row indicate significant differences (p < 0.05) among
different samples.

Sensory Descriptors Kruskal–Wallis Test p-Value
Post-Hoc Mann–Whitney–Wilcoxon Test

A B C D E F H

Color Intensity 2.004 × 10−8 b d ab c d a ab
Aroma Intensity 0.007 a a a a a a b

White Flowers/Fruits 0.004 a b a a a a a
Vegetal Aroma 0.03 a ab b ab ab b b
Taste Balance 0.0124 a b b ab a ab a

Acidity 0.02 a a a a ab ab b
Aftertaste 0.04 ab a b a ab ab a
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Figure 5. Spider plot of the sensory profile of the experimental wines produced by the various
Monemvasia Winery “Asproudi” Groups, as outlined by a group of trained panelists from the
Laboratory of Enology and Alcoholic Beverages of the Agricultural University of Athens. Wines were
judged using predefined quality attributes on a scale from 1 (absent) to 10 (high).

The Kruskal–Wallis test was applied due to the fact that it is a rank-based test that is
similar to the Mann–Whitney U test, but can be applied to one-way data with more than
two groups. The Kruskal–Wallis test does not address hypotheses about the medians of the
groups. Instead, the test addresses if it is likely that an observation in one group is greater
than an observation in the other (Table 5). The outcome of the Kruskal–Wallis test unravels
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differences among the groups, but does not unravel which groups are different from other
groups; this was achieved by performing the post-hoc Mann–Whitney–Wilcoxon testing
(Table 5).

Principal component analysis (PCA) showed that the wines produced by the various
Monemvasia Winery “Asproudi” genotypes differ in their classic parameters, confirming
the assumption that different varieties produce different wines. Projection on the plot
clearly separated the samples into two main groups: one on the left and one on the right of
the Y axis (Figure 6a). Each group is subdivided into two subgroups: one above and one
below the X axis, so as, in the end, an even distribution of the “Asproudi” Groups in the
plot is observed providing additional support to the concept that different and distinctive
characteristics of each variety lead in the production of wines with a particular sensory
profile while applying the same winemaking technique. It is noted that the same genotype
cultivated in different terroirs (Group A in Monemvasia and Group H in Lykovrysi) may
produce wines with different chemical and sensorial characteristics.
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chemical parameters of wines of the different groups identified in the Monemvasia Winery “Asproudi”
population. (b) PCA applied to the seven sensory descriptors from the experimental wines of the
different “Asproudi” Groups. Samples in the score plots was colored according to the groups.

To analyze further the relationships of the attributes to the wine samples, PCA was
conducted on the covariance matrix using seven additional terms (“White Flowers/Fruits”,
“Flavor Balance”, “Aroma Intensity”, “Aftertaste”, “Acidity”, “Vegetal Aromas”, “Color
Intensity”) (Figure 6b). PC I explained 27.56% of the variance, whereas PC II explained
22.65% of the variance, totaling 50.21% of the variation of the data represented in the biplot.
PCA showed that “Color Intensity” and “Vegetal Aroma” were associated mostly with the
A, B, and D Groups, whereas “White Flower/Fruits” was associated with the G, C, and F
Groups. As a consequence, the wines produced by different groups could be determined
after building two PCAs: the wines of the H, F, C, and E groups are localized in the left side
and the wines produced by the A, B, and D groups are localized on the right part of the
two PCAs (Figure 6a,b).

Besides demonstrating the associations among the descriptors, PCA can also be used
to display the relative “locations” of the samples with respect to each other and their
characterizing attribute. Furthermore, a significant finding is that the discrimination
regarding the chemical and sensorial analysis of the Monemvasia Winery “Asproudi” plant
material is closely related with the grouping according to the molecular classification.
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4. Discussion

For years, the identification of grapevine varieties was based solely on ampelographic
descriptions. This method, however, is time consuming, requires experienced person-
nel, and depends on the terroir, the cultivation techniques, and the sanitary stage of the
vines. During the last two decades, microsatellite analysis, a method based on DNA
technology, has been used instead [36]. A complementary combination of the former,
traditional ampelography, and the latter, modern ampelography, should be used, to achieve
scientific progress.

“Asproudi” has long been cultivated in the central and south-east parts of Pelopon-
nese. It is considered as a discreet grapevine variety, regardless of the recent statements
that support it is a population of different genotypes [6,7]; it is noted, however, that
in the recently updated National Catalogue of cultivated grapevine varieties in Greece
(ya530_57378_020322-2), the term “Asproudi” has been replaced by the term “Asproudes”
(plural of “Asproudi”). Our current work demonstrates that the Monemvasia Winery “As-
proudi” is comprised of at least seven genotypes. One of these seven genotypes was identi-
fied as “Asprouda” (synonym: “Dimitreiko”), a registered variety maintained in the refer-
ence grapevine collection at the ELGO-DIMITRA premises. It was also found that the mi-
crosatellite profile of “Asprouda” is similar to the profile of “Asprouda_Aitoloakarnanias”,
another accession in the ELGO-DIMITRA reference collection. Another four of the seven
genotypes were found to be genetically related to three registered accessions, whereas two
genotypes remained unidentified. Future work could aim towards a comprehensive ampel-
ographic description in combination with the molecular analysis of the four genotypes and
also of the two unidentified (and undescribed) ones.

The chemical as well as the polyphenolic profile of a given grapevine cultivar serves
as a significant indicator of its inherent genetic and commercial potential, and can be used
as a valuable tool for discerning between distinct cultivars. The wines underwent analysis
approximately two months subsequent to the cessation of the fermentation process. It is
necessary to focus on the differences of total acidity among the “Asproudi” genotypes. This
feature has added value due to climate change, which is considered as the main factor for
the decreased acidity of wines, as well as the production of unbalanced wines [37].

Moreover, noteworthy variations were detected among the genotypes with regards
to the maturity of grape berries. Therefore, it is important to ensure that cultivars do
not ripen too early because ripening during the hottest period of the summer results
in unbalanced wines that can be high in alcohol, lacking acidity, freshness, and aroma
expression features [37–39].

During the grape ripening period, the sugar concentration increases whilst the acidity
level declines. Grapes from cooler areas have higher levels of acidity, which is linked to
slower grape ripening, compared to grapes from warmer climate areas [40]. It has also been
reported that lower acidity levels in white wines are often the cause of the polymerization
of phenolic compounds, resulting in brown deposits and therefore causing darkening of
white wine [27].

The absorbance at 420 nm exhibits comparability with the previously reported values
pertaining to the phenomenon of the browning test observed in Greek white wines over
time [41]. According to the determined k factor, the genotypes of the Monemvasia Winery
“Asproudi” provide wines with a decreased color intensity, low phenolic compounds, and
the tension to brown later than the other Greek autochthonous white grapevine varieties,
such as Assyrtiko, Moschofilero, Roditis, Petroulianos, and Malagousia [41,42].

“Color Intensity” is a key descriptor in the sensory evaluation; the wines of Groups B
and D displayed the most elevated levels. Consistent with prior investigations on white
wines, it is plausible that amplified mouthfeel qualities may be linked to a heightened
phenolic compound presence [43]. Previous studies differentiated clones of the white
grapevine variety Albarino based on their physiochemical parameters [44].

Our efforts extensively documented the chemical and sensory variability of wines ob-
tained from different “Asproudi” groups that were grafted onto the identical rootstock and
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cultivated under similar mesoclimatic conditions. It is important to note that altered chemi-
cal and sensory characteristics of wine were observed across different groups even when the
same vinification protocol was applied. Six groups of the Monemvasia Winery “Asproudi”
underwent evaluation, revealing significant differences in the classic parameters among
musts and wines, as well as in sensory profiles. The outcome of this examination led to
the conclusion that chemical compounds can serve as a valuable tool for the classification
and differentiation of various clones, and those wines may possess distinct characteristics
not only in relation to varieties but also to groups within a given variety. The application
of PCA demonstrated that wines originating from different groups differ in their classic
parameters. For instance, Groups B, D, and A exhibited the highest levels of ethanol content.
Classic parameters analysis confirmed that distinct groups produce different wines. These
findings suggest that the parameters are characteristic to individual groups, highlighting
the importance of characterizing these groups for industrial use and consumer preference.

Characterizing autochthonous grapevine germplasm is crucial for preventing the
erosion of genetic resources and the loss of local oenological products that are deeply
rooted in the traditions of the region. However, in addition to conventional molecular and
ampelographic analyses, it is also necessary to consider information about the natural envi-
ronment in order to assess the optimal growth conditions for the genotype–environment
relationship. Moreover, understanding the spatial distribution of local biodiversity within
the indigenous territory can provide insights into the degree of erosion risk, which is in-
versely related to the extent of diffusion, as well as the importance of on-farm conservation.
Abandoning vineyards would not only result in landscape loss and land degradation,
but also undermine the preservation of the local biodiversity. Therefore, in the current
research it is proposed that integrated criteria for evaluating and promoting local varieties
are adopted as the means to promote the sustainability of grapevine production in the face
of climate-related obstacles.

The multidisciplinary approach—molecular identification, must and wine evaluation,
and sensory analysis—indicates that the genotypes found under the name “Asproudi” in
the Monemvasia Winery vineyard could satisfactorily be used separately. This practice can
satisfy the various grapevine growing and oenological requirements in different environ-
mental conditions, taking advantage of their individualities, such as earliness of ripening,
productivity, and ability to influence wine sensory characteristics in terms of body and
complexity of aroma. Shaping the final quality features of the Monemvasia Winery, “As-
proudi” grapes at harvest can offer valuable support to orient viticultural practices aimed
at enhancing the quality of grape production in light of growing site and clone/variety
preference. Alternatively, depending on the range of oenological objectives, it may appear
advantageous for the simultaneous cultivation of several clones, chosen according to their
level of production and aromatic complexity that can be used in mixes.

The objective of a sustainable agriculture/viticulture, as advocated by the new Rural
Development Program (2014–2020) in alignment with the European 2020 Horizon objec-
tives, will also entail the preservation of agro-biodiversity and landscape, as well as the
mitigation of habitat fragmentation or simplification. In the Monemvasia region, numerous
autochthonous grapevine cultivars are currently at risk alongside their respective land-
scapes. This investigation focuses on a local grapevine genotype, namely “Asproudi,” and
furnishes an analysis of its molecular characteristics, as well as the chemical and sensory de-
scriptors, with the ultimate aim of utilizing distinct grapevine genotypes for the sustainable
exploitation of genetic resources.

5. Conclusions

The multidisciplinary approach incorporated in the current study managed to distin-
guish a population of varieties that are known as “Asproudi”. Each of these genotypes was
evaluated in terms of vinification by chemical and sensory analysis.

Therefore, to answer the initial question, “How to improve a successful product”, our
suggestion would be to use scientific research as an essential tool in everyday practice. This,
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although it may be considered as a self-evidenced assumption, is still not the main issue in
many cases. The application of modern scientific research could be an important advantage
to the primary sector representing two-way communication and cooperation between the
scientists and the people of the primary sector (viticulturists, farmers, nurseries, etc.): the
common goal would be to improve agricultural production, and ultimately the national
economy and the private income. Our current work aims to serve as a first step towards
this perspective.
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Abstract: Since poverty is particularly concentrated amongst smallholder farmers, development
programs intend to support rural livelihoods and agricultural entrepreneurship. The final impact of
these programs remains, however, rather limited due to insufficient understanding of key challenges
that smallholder families are facing. Many well-intended initiatives for reinforcing smallholder
production systems and for strengthening their commercial relationships meet conceptual and
practical limitations that reduce their effectiveness. Smallholder livelihoods are most constrained
because behavioural drivers for adopting innovations and for upgrading value-chain relationships
are not well understood and are frequently overlooked. This article discusses the analytical linkages
between the key causes of smallholder poverty, the constraints that limit the effectiveness of ongoing
rural development initiatives, and the prospects for alternative strategies to support behavioural
change. A better understanding of what smallholders want and need may lead to fundamentally new
policy propositions. It is argued that technological change in smallholder production or integration
into market systems will only take place if embedded in behavioural change mechanisms that
are complemented by appropriate institutions and governance regimes. This asks for coordinated
structural reforms in farm and community organisation, value chain integration and more effective
public-private cooperation.

Keywords: rural poverty; smallholders; Innovation; empowerment; impact; behavioural change

1. Introduction

There is an ongoing and lively debate on the most appropriate strategies for improving
the position of smallholders in tropical commodity chains in Sub-Sahara Africa [1–3]. While
many studies focus on opportunities for increasing yields or improving prices, far less
attention is usually given to opportunities for reducing risk or strengthening trust in tropical
value chains. This divergence is largely due to the fact that the behavioural drivers for
smallholder decision-making are little understood, and, therefore, many well-intended
initiatives that try to reinforce smallholders’ incomes and livelihoods meet major constraints
that limit their effectiveness [4].

In this article, we outline an analytical framework to better understand the key objec-
tives that smallholder farmers pursue. Our analysis is grounded in the systematic analysis
of empirical field studies on smallholder behaviour, complemented by longstanding ex-
pertise in farm-household production, consumption and marketing decisions [5,6]. This
provides the basis for a further analysis of different strategic initiatives for improving
smallholder welfare, such as fair trade certification and living income benchmarks. We
show that many of these market-based interventions were rather ineffective due to the
limited consideration given to the required changes in the behavioural drivers for the
adoption of innovations and the engagement in market relationships.

The article relies on a conceptual approach (see Figure 1) that starts with an overview
of key constraints that smallholder farm-households have to face, followed by an analysis
of why many strategic initiatives for ‘making markets work for the poor’ are delivering

77



Sustainability 2024, 16, 5525

such limited impact [7]. This paves the way for a further discussion on the possibilities of
providing better incentives for behavioural change that enable smallholder livelihoods to
respond to key challenges.
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Figure 1. Linkages between smallholder livelihoods, strategic development initiatives, and incentives
for behaviour change.

Smallholders are defined as family-operated farms that mainly use family labour for
their agricultural activities. They comprise farms up to 2 hectares that make intensive use
of scarce land resources and use part of the produce for direct household consumption [8].
Smallholder livelihoods strongly rely on agriculture, usually a mixture of cash crops,
livestock rearing and subsistence farming. In addition, they engage in off-farm work and
non-farm (self)employment to diversify their household income. Part of the rural labour
is moving out of agriculture and absorbed into low-productivity services and informal
urban activities, such as retail trade, transportation, food preparation, etc. Smallholders
still depend for essential necessities on community exchange networks that provide access
to water, food, feed, shelter and services.

Smallholder farmers represent an important segment of global agrifood systems
where a significant part of rural poverty is still concentrated. Of the 570 million farms
worldwide—83% of which are in sub-Saharan Africa (9%) and Asia (74%)—475 million are
smallholder farms (<2 hectares). These farms operate about 24% of the world’s agricultural
land and provide around 30–34% of the food supply [9]. Some 400 million rural people
live in extreme poverty, of which 76% are in sub-Saharan Africa. Yet, many of these poor
farmers are systematically neglected in agricultural and rural development programs.

After several decades of gradual reduction of rural poverty, it started to increase again
with the COVID-19 pandemic. Currently, around 680 million people (=8.5% of the world
population) still face (extreme) poverty. Two out of three people experiencing poverty
live in rural areas and much of this poverty is concentrated in sub-Saharan Africa. Rural
poverty is most strongly affecting families living in conflict regions and/or facing the effects
of climate change [10]. Especially women and children suffer from the consequences of
rural poverty in terms of malnutrition, stunting and wasting [11], as well as the negative
educational and psychosocial effects.

The current literature on smallholder engagement in tropical value chains shows
important limitations. Most studies mention a range of practical challenges that need to
be addressed to improve farming systems and household revenues and identify some
actions to overcome these problems [12,13]. However, they fail to outline the key drivers
and mechanisms to modify this situation. This article argues that—instead of just com-
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bining different actions for strengthening the smallholder sector—it is important to better
understand the underlying drivers of rural household behaviour for adjusting their liveli-
hoods and engaging in any of these strategies. Therefore, we need to identify which issues
shape prospects for adopting innovations into smallholder livelihoods and how they can
become engaged in strategies for improved resource management and better governance
of agrifood value chains.

These issues are especially important in tropical commodity chains of cocoa, coffee,
tea and cotton. Bymolt et al. [14] assess the opportunities for poverty reduction in the cocoa
sector in Ghana and Ivory Coast—looking at the role of land tenancy, production systems
and marketing regimes—and conclude that more fundamental institutional and market
reforms are required for improving farmer’ welfare and living wages and to overcome
existing structural bottlenecks. In a similar vein, Waarts and Kiewisch [15] study on cocoa
farmers in West Africa shows that neither increases in yields nor better farm-gate prices
offer sustainable alternatives for reaching minimum living income. The authors, therefore,
make a plea to support the poorest cocoa farmers towards income diversification and
engagement in non/off-farm and self-employment. Taher [16] reaches a similar conclusion
for Indonesian cocoa farmers, showing that adoption of improved production technologies
is only possible if appropriate risk management practices are in place. Therefore, major
emphasis should be given to better market linkages and improved governance to enable
farmers to achieve a decent living standard.

Recent studies on value chains for coffee and cotton also provide evidence that initia-
tives for improving yields and prices through (fairtrade or organic) certification of cropping
systems and upgrading of agro-processing facilities focus too much on the supply-side
facilities (credit and technical assistance services, etc). They generally neglect the high
investment costs and the intensive labour demands that make adoption less attractive to
many smallholders and underestimate the marketing and governance constraints (such as
price fluctuations, weak cooperatives, over-certification, etc.) that limit their feasibility [17].

Value chains for staple food crops (maise, wheat, rice) report similar constraints for the
adoption of improved practices and the involvement of relevant stakeholders, particularly
women. Jain et al. [18] show that promising strategies for sustainable intensification of
smallholder farms—such as water harvesting and the system of rice Intensification—have
considerable potential to scale to reach more than 50% of smallholder farmers who plant
staple crops, but significant barriers to adoption remain related to limited access to land
and water, labour shortages and market constraints. Adoption of climate-smart agricultural
practices is especially limited due to high risks and insecure revenue streams [19].

Whereas all studies seem to agree on the idea that there is ‘no one size fits all’ solution,
they tend to disagree on the concrete priorities and policy pathways for implementing a
combined set of measures for strengthening farmers’ livelihoods. In essence, this is due to
their reliance on partial and strictly operational approaches that make rather limited use of
systems transformation thinking [20]. Current literature shows a preponderance of studies
focussing on the adoption of new technologies for (semi-)commercial farmers but is notably
scarce in generating knowledge on adaptive livelihood change in a smallholder context.
This is partly due to the fact that behavioural change processes are far more complex, face
more resistance and, thus, require a longer time period, which is why structural bottlenecks
are identified earlier than institutional constraints. This article intends to fill this gap by
focussing on the drivers of smallholder behaviour and identifying policy alternatives to
support rural poverty reduction.

2. Key Challenges That Smallholders Face

Agricultural and rural development programs in the global South tend to focus
strongly on strategies for improving yields since smallholders only operate small plots of
land and are therefore considered to be better off if returns to land improve [21]. While
land is certainly scarce and land ownership remains insecure in many settings, livelihood
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strategies of poor rural households also include a number of other objectives that are
equally important—albeit more difficult—to pursue.

Even while local livelihood realities are substantially different between farmers and
locations, the empirical literature on smallholder preferences, needs and priorities points
towards a coherent set of farm-household objectives that are considered of primary impor-
tance to guarantee their resilience and survival and eventually enable them to raise their
living standards beyond poverty [11,22,23].

Based on a thorough review of the literature on the determinants of income and
revenues for smallholder farmers and the structural causes of poverty amongst rural
households, we identify six main challenges that notably influence smallholder behaviour
and need to be addressed for combatting rural poverty (see Figure 2).
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Figure 2. Key livelihood challenges for poverty reduction by smallholder producers.

2.1. Reducing Stress

Smallholder farmers are poor, and this poverty tends to become a chronic feature (that
is intergenerationally transmitted) due to the high variability and low predictability of
income streams. Consequently, they regularly face critical shortfalls in basic consumption
that lead to a context of stress, where mental and physical disparities limit opportunities for
coping. Uncertainty about future income streams is further enhanced by strong variations
in prices and limited prospects for improving resource productivity.

There is wide evidence that higher incomes do not automatically lead to better nutri-
tion and health [24]. Even while most investments for improving production or trade are
controlled by men, income streams steered by women have substantially stronger effects
on household food security, child nutrition and the life course of the family.

Considering rural farm households as a unit of production and consumption implies
that they are not merely interested in higher net farm incomes but especially in ‘consumption
smoothing’ through stable revenue streams with small fluctuations [25]. Incomes that are
less variable and more predictable are appreciated more than just higher incomes. Stable
expectations about future income streams enable rural households to invest in education,
nutrition, housing and health, in such a way that they can allocate windfall profits to
investments in farm household assets. It is therefore advocated to reduce smallholders’
stress from the consumer side, using vouchers and cash transfers as incentives for allocating
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expenditures to better nutrition. This may lead to higher labour productivity and can be
paid off by earnings from the production side of the household.

2.2. Managing Risks

Smallholders continuously face chronic poverty traps that are caused by unexpected
income shortfalls due to personal disasters (such as illness, death, fire or theft) or local
climatic events (drought, floods, storms, plagues and diseases, etc). The management of
such risks asks for the maintenance of substantial reserve stocks (cattle, jewellery, etc.) that
may be mobilised for risk-coping purposes, but can also lead to compulsory sales of critical
assets (land, house, cattle) for overcoming income shortfalls [26].

Building resilience into smallholder households implies that farmers tend to engage
more in low-return activities that enable flexible adjustments, usually at the expense of
investments with a higher earning capacity. Poor farmers thus become risk-averse and
exhibit a low willingness to invest in potential improvements, a trend that can be reversed
by providing insurance, deepening education and/or diversifying income-generating
activities. Some of these strategies depend on public support.

2.3. Decreasing Dependency

Smallholder farmers usually face insecure land (ownership or use) rights that inhibit
making investments in better resource management. More secure and registered land rights
offer opportunities for borrowing (using land as collateral) and enlarge the time horizon
for expected returns, thus enabling poor farmers to engage in other income-generating
activities. In a similar vein, better access to loans and credit may support farmers to increase
their returns to land and labour

Efforts for decreasing smallholder dependency usually focus on activity and income
diversification through labour engagement in non- and off-farm employment and farm
investments for upgrading (financed from off-farm income and remittances), thus creating
important spillovers between different activities within the household [27]. Moreover,
diversification of household revenues reduces dependence on a single crop and improves
farmer’s capacity to adapt to shocks and their ability to invest in household nutrition. Simul-
taneous engagement of farmers with midstream traders in different markets is also helpful
in diversifying risks [28,29]. Gender-balanced decision-making on priorities for house-
hold resource allocation in production, consumption and trading requires that women’s
empowerment is reinforced in such a way that lifetime perspectives of livelihoods for all
household members are adequately considered.

2.4. Inclusive Transactions

Even while part of smallholder production is likely to be devoted to household food
consumption, they also depend on market exchange for generating cash resources to
finance non-food expenditures. Farmer’s bargaining position in rural markets is heavily
affected by high transaction costs that lead to strong price fluctuations and low margins.
High transaction costs are caused by low frequency (small trade volumes), limited price
information, individual sales and fierce competition.

Smallholder trade transactions on input and output markets are mainly spot exchanges
that are characterised by low trust with traders, short-term arrangements and the absence
of collective action (cooperative organisation). Many poor farmers operate as net buyers on
local markets [30] and are, therefore, more interested in low prices (as consumers) instead
of high prices (as producers). This leads to a perverse response to prices and tends to
limit opportunities for engaging women in trade as a pathway for supporting changes in
intra-household bargaining power.

2.5. Improving Resource Productivity

Smallholder farmers face low and declining crop yields (due to limited input use
and progressive land degradation) combined with stagnating labour productivity. Since
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smallholders’ incomes simultaneously depend on the returns to land, labour and capital,
attention should be devoted to raising ’Total Factor Productivity’ (TFP). While much
emphasis is usually given to technical opportunities for improving returns from agricultural
production- either through higher yields (relying on better breeds, fertiliser and irrigation)
or through better prices—farmers prefer to increase welfare by adding value from resources
that are most scarce to them [31]. The key strategy for strengthening rural livelihoods thus
starts with investing in the labour capacity of the household workforce. This particularly
includes investment in education and human capital that generate prospects for farm
innovation and create opportunities for on- and off-farm income generation.

In the smallholder sector, both land and capital are limited, but (family) labour is espe-
cially scarce [32,33]. This may sound strange given the high level of local unemployment,
but prospects for sustainable intensification and regenerative agriculture require fairly
labour-intensive production systems with peak labour requirements that ‘ty up’ family
labour to the farm. It is, therefore, not sufficient to increase only the availability of resources,
but incentives and leverage points need to be identified at the institutional and behavioural
levels to generate higher returns to production factors.

2.6. Creating Rents

Much of the income growth by smallholder farmers is based on horizontal extension
of cultivated area. Far less progress is made with efforts for increasing (physical) resource
productivity (i.e., reducing yield gaps) and improving (financial) returns to resources. The
value added created by smallholders remains low due to a lack of vital assets and limited
access to complementary resources (electricity, storage, transport, etc.).

Therefore, a large part of agricultural production is sold as raw materials at depressed
farm gate prices and most of the value added is captured by midstream stakeholders,
such as shopkeepers, traders, processors and exporters [29]. Moreover, access to rents is
constrained due to limited infrastructure at the farm and village levels and the control over
resources dominated by large landowners and predominantly male household members.

It should be noted that there are critical interlinkages between these challenges that
need to be addressed through coordinated strategies. Opportunities for reducing risks are
related to policies for decreasing dependency and exclusion, whereas prospects for creating
rents are based on strategies for enhancing productivity and strengthening competitive
markets. These structural causes of poverty amongst rural households are mutually re-
lated and cannot be ‘solved’ with straightforward strategies for improving livelihoods by
broadening access to resources, markets, services and information. Instead, they are linked
through behavioural relationships characterised by limited confidence and low trust [34,35]
that lead to social exclusion from networks and inequality in bargaining power within and
outside households [10]. Breaking the vicious circles of rural poverty, therefore, requires
that key attention is given to intra-household organisation (i.e., the gender division of
work, assets and incomes) and the external governance relationships with value chain
stakeholders as well as public and civic institutions.

3. Why Current Rural Development Initiatives Are So Little Effective?

Most investments for smallholder development are focussed on improving farm
production systems, while far less attention is usually given to the backwards linkages
between the farm and the household, and the forward linkages between the farm and the
value chain. Interventions that take the household as an entry point look at family nutrition
as a main outcome (that may, in turn, lead to higher labour productivity or reduced losses of
working days to health problems) and also focus on the intra-household division of labour
and gender bargaining power differences as underlying causes of poverty and malnutrition.
In a similar vein, value chain interventions that try to improve the competitive position of
smallholders—through better prices and longer-term contractual arrangements—contribute
to higher commercial margins and improved security for sales.
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Rural development programs face major constraints if they do not adequately consider
these interlinkages between farm, household and value chain dimensions. This is mainly
caused by structural inequalities in ownership of land and limited access to capital markets
and knowledge and information systems [11,36]. In addition, appropriate institutions for
farmer organisation and value-chain bargaining are often not in place. Different incentives
and instruments can be used to improve the performance of each of these components (see
Figure 3). Especially the timing of smallholder support measures—before/during or after
the harvest—matters a lot for the generation of revenue streams at critical moments of the
family lifecycle. Widening the perspective on farm-household livelihoods enables to target
the focus of poverty alleviation programs from ‘Investing in farms’ to ‘investing in people
in poor places’ [37].
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3.1. Cost Sharing

Cost sharing and Input support programs are used to promote the adoption of Good
Agricultural Practices (GAP) that increase the profitability and/or sustainability of farming
practices. Most sustainable intensification activities require access to better seed material,
(organic) fertilisers and knowledge/training in land- and crop-management practices to
enable their adoption by smallholders.

Cost sharing with other upstream partners (input providers, shopkeepers) or with
downstream traders and processors is based on pre-finance arrangements that commit part
of the harvest as repayment. Even while access to inputs is guaranteed, smallholders might
lose a substantial part of their higher productivity by receiving low output prices. Many
programs focus on intensification strategies for enhancing smallholder welfare through
better resource use efficiency [38,39], but far less attention is usually given to their cost-
effectiveness and the increasing labour demands. Therefore, suitable market incentives
that support farmers towards the adoption of these practices need to be in place.

3.2. Price Support

Higher and especially more stable (i.e., predictable) farmgate prices are critical to
sustaining the minimum livelihoods of many smallholder farmers. Prices will need to rise
if ‘real costs’ are considered and social and environmental externalities are included. Such a
true pricing approach enables smallholders to apply more sustainable production practices
and to attain household food security [40]. However, consumer’s willingness to pay true
prices is still unknown.

Minimum prices are the core of several commodity certification programs (such as fair
trade, ecological labelling and certificates or origin) that reward smallholders for maintain-

83



Sustainability 2024, 16, 5525

ing certain production standards to gain preferential access to premium markets. Minimum
prices can be guaranteed to producers for delivering better and more homogeneous quality
or for supporting the use of more sustainable production methods.

In practice, however, minimum prices are only slightly higher than regular prices.
They are difficult to enforce and can be easily circumvented. Due to heavy over-certification,
farmers can only sell a minor share of their production under premium conditions, and
need to pay high costs to obtain the certificate and verify compliance [41].

3.3. Contracts

Contracts between farmers and traders are meant to provide a reliable commitment to
deliver inputs or collect output at pre-established conditions. Contracts that include price
guarantees still face the risk of non-compliance. Traders sometimes do not honour their
obligation of buying the full harvest and smallholders frequently face delayed payments.
Otherwise, farmers are tempted by side sales, if market prices become higher than the
earlier-agreed price [42,43].

In practice, many contracts are rather ‘incomplete’ (i.e., do not fully define all price,
delivery and quality requirements) and fail to include adequate conflict resolution pro-
cedures. Contracts give limited attention to the distribution of value added. Currently,
smallholders receive a tiny share of total value added that only represents 4–6% of the final
consumer price. More than 80% of the value added is realised in processing, transport
and retail activities, often dominated by foreign firms. Local taxes take away another part
of the value added. When contracts become more inclusive and embrace stakeholders
throughout the value chain, the perspective may eventually be widened from ‘fair prices’
towards ‘fair chain’.

3.4. Insurance

Insurance against the risk of crop losses due to unforeseen weather conditions or
natural disasters is an important ex-post device for smallholders’ engagement in sustainable
intensification [44]. Given their limited internal reserve capacity, farmers cannot afford
to take too much risk and, therefore, may prefer to rely on low-input low-productivity
production methods. Insurance can offer an alternative that enables smallholders to build
resilience and rely on productivity-enhancing external inputs while committing a larger
share of production to market exchange.

New inclusive insurance products, such as weather Index-based insurance and health
insurance, may also contain a savings component, which can help smallholder farmers
build a financial base that can serve multiple purposes. Insurance could also be offered
as part of a wider set of business services that support smallholders. Group-based and
community-centred rotating savings and borrowing schemes (such as the well-known
Savings and Credit Cooperative Societies or SACCOS)—mainly with female members—are
particularly effective in enhancing financial inclusion and reducing chronic poverty and
malnutrition [45]. Digital and mobile platforms nowadays offer innovative opportunities
for widening access to credit and insurance.

3.5. Living Income

Living income benchmarks define a net annual income required for a household in
a particular place to afford a decent standard of living for all its members. Some trade
arrangements with international companies may include price- or wage criteria that allow
farmers and workers to cover minimum living standards and guarantee healthy diets.
Living income thus represents the wider dimension of rural livelihoods and connect input-
and output markets as well as pre- and post-harvest aspects.

Empirical studies on living income in the cocoa value chain from West Africa, Waarts
and Kiewisch [15] show that neither increases in yields nor better farm-gate prices offer
sufficient guarantees for reaching the minimum living income benchmark. In a similar
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vein, Cordes et al. [46] show that most coffee-sourcing programs of roasters and retailers
fail to close the living income gap.

Some certification programs deliver periodical lump-sum payments to farmers’ coop-
eratives or rural communities to support investments in collective goods (infrastructure) or
social services (education; health care). These investments have a wide coverage and also
benefit non-affiliated families. However, local participants are scarcely informed about the
governance of these community funds [47] and tend to prefer individual payments instead
of collective use of funds [48].

3.6. Cash Transfers

Cash transfers—either through vouchers or as direct payments to smallholders—are
increasingly used as a strategy for combatting poverty and supporting a variety of other
outcomes. Cash transfers can be made conditional on participation in education or primary
health care. They provide social protection to beneficiaries, their households and communi-
ties can foster horizontal relationships within communities and vertical relationships with
the state through forms of social accountability and citizenship engagement [49].

Cooke et al. [50] show how cash transfers delivered in three (mobile phone) instal-
ments to coffee farmers in Eastern Uganda lead to a significant increase in household
welfare (e.g., 40% higher expenditures), as well as improvements in production outcomes
(e.g., doubling of coffee revenue, coffee investment). Conditional cash transfers for cof-
fee farmers in Mexico proved to be effective in mitigating the negative effects of falling
coffee prices on early childhood development [51]. Similar studies in Zambia find that
cash transfers help households cope with agricultural production and price shocks and
enable them to substantially increase their food consumption and overall food security [52].
Other experiences with monthly cash transfers to smallholders indicate that engagement of
children in hazardous work strongly declines since households are better protected against
adverse shocks, such as sickness, bereavement in the family, income fluctuations or loss of
agricultural production.

Many studies are available that outline a broad set of policy interventions to support a
more inclusive and sustainable smallholder sector. Key strategies include higher output
prices, input support, yield improvement, crop diversification, better market linkages and
improved value chain governance. Some measures may contradict each other (i.e., im-
proving yields usually requires higher input costs), whereas others lead to perverse results
(i.e., higher prices stimulate production; however, additional market supply will exercise
downwards pressure on prices and margins). Experts, therefore, agree that a more compre-
hensive set of measures is needed to support smallholder commodity farmers [12,53]. The
‘right’ composition of this package and the size and sequence of the related measures are of
fundamental importance for being able to influence smallholder behaviour.

4. Strengthening Smallholder Behaviour and Rural Governance

The fundamental weakness of current studies that focus on improving the smallholder
position in tropical supply chains is that excessive attention is given to socio-economic
conditions (farm size, prices, income) and the possibilities for technical innovations (bet-
ter inputs and assistance services, options for digitalisation), thus trying to answer the
question: ‘what can be done to improve smallholder livelihoods?’. There is, however, a far
more relevant question that has to be addressed, namely: ‘how to change the dynamics of the
smallholder sector?’. The latter question focuses on the required changes in behaviour and
the improvement of the interactions amongst stakeholders in the value chain.

Supporting the dynamics of agricultural system transformation requires thorough
insights into what farmers value most and how they can be motivated to make adjustments
in the use of their land, labour, knowledge and other production factors. This is not only
dependent upon the access and availability of these resources, but also on the underlying
motivations for changing the social relationships that determine access to these resources
by all household members.
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Notwithstanding the importance of promoting a comprehensive set of interventions
that make the smallholder sector both inclusive, sustainable and future-proof. Above
all, we need better insights into how these interventions can be helpful for improving
farmers’ responsiveness and strengthening rural governance. Therefore, attention is given
to institutional innovations and incentives for behavioural change that create self-enforcing
mechanisms for (re)defining the smallholder’s relationships with other (public, private and
civic) stakeholders within the agricultural sector. Adoption of any of the before-mentioned
innovations in land use, input intensity, labour allocation and trade networks will only take
place if the underlying behavioural drivers are effectively addressed.

To support our future thinking on these strategic issues, we can derive from the
widely available experimental research (based on participatory field labs and Randomized
Controlled Trials) six related system interventions for improving smallholder behavioural
responses (see Figure 4).
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lying motivations for changing the social relationships that determine access to these re-

sources by all household members. 

Notwithstanding the importance of promoting a comprehensive set of interventions 

that make the smallholder sector both inclusive, sustainable and future-proof. Above all, 

we need be�er insights into how these interventions can be helpful for improving farmers’ 

responsiveness and strengthening rural governance. Therefore, a�ention is given to insti-

tutional innovations and incentives for behavioural change that create self-enforcing 

mechanisms for (re)defining the smallholder’s relationships with other (public, private 

and civic) stakeholders within the agricultural sector. Adoption of any of the before-men-

tioned innovations in land use, input intensity, labour allocation and trade networks will 

only take place if the underlying behavioural drivers are effectively addressed. 

To support our future thinking on these strategic issues, we can derive from the 

widely available experimental research (based on participatory field labs and Random-

ized Controlled Trials) six related system interventions for improving smallholder behav-

ioural responses (see Figure 4). 

 

• Security of ownership or use rights

• Larger time horizon for lifecycle investment 
Property rights

• Insurance against unexpected events

• Reinforcing farm-household resilience
Diversification

• Women empowerment and gender equity

• Supporting self-esteem and respect
Empowerment

• Equitable pricing and payment procedures

• Creating trust and reliability throughout supply chain
Value added

• Cooperation towards economies of scale and scope

• Underpinning confidence in joint action
Collective action

• Decision-making on collective goods and services  

• Mobilize committment for community participation
Inclusive Governance

Figure 4. Key system interventions to support smallholder behavioural change.

Effective rural development interventions should trigger these behavioural change
principles in order to guarantee that smallholders engage in—and respond to—the in-
centives provided by public, private or civic promotion policies or outreach programs.
Realising structural change in smallholder behaviour should be based on adjustments
in the agrifood system conditions that simultaneously influence smallholder production,
exchange and reproduction (consumption) decisions. As outlined in Section 2, structural
factors like stress, risk, dependency, distrust and exclusion represent critical constraints that
need to be overcome before smallholder livelihoods can be improved. This also requires
that due attention is given to the underlying beliefs, traditions and governance mechanisms
that determine the scope for behavioural change. Therefore, interventions at the system
level need to be identified that influence these coordination mechanisms. We briefly outline
the importance of six structural drivers of behavioural change:

4.1. Property Rights for Extending the Time Horizon

Registered and acknowledged (ownership or use) rights over land (+water and trees)
provide security for investments and strengthen the time perspective for improving rural
household livelihoods [54]. Property rights are important as collateral to borrowing, both
for access to (bank) credit as well as for loans from informal moneylenders (mainly delivered
as advance payments). They also provide a sense of ‘identity’ to smallholder farmers who
depend on nature for their survival. Land is not only a productive resource but also serves
as an old-age pension.
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Farmers need a larger time horizon to be able to engage in long-term in-depth invest-
ment decisions (such as tree renovation or the purchase of machinery) that deliver revenues
after several years. In addition to ownership rights also information on future prices and
longer-term delivery contracts are important to enlarge the time horizon. On the other
hand, frequent weather changes and immanent trends of climate change tend to reduce
the time horizon and can only be mitigated through reliable weather information systems,
eventually combined with complex index insurance packages.

Land rights are thus conceived as an Incentive for Investment in agricultural inten-
sification. Land rights registration may be cumbersome as it is usually heavily biased
against women and in many cases disregards inheritance rules. Land fragmentation and
compulsory land sales strongly reduce household income. Loans based on land collateral
are perceived as risky but easily lead to forced land sales if debt payments cannot be made
in time [55].

4.2. Diversification for Insurance

Major constraints for reinforcing rural livelihood and enabling sustainable intensifica-
tion are related to market inefficiencies and uncertainties on future returns. This may be
due to several factors: deficient input and seed quality, untimely access to input markets,
price variation on output markets, low yields due to drought or excessive rainfall, etc. Some
parts of these risks are idiosyncratic or personal (diseases, fire, theft), while other risks are
stochastic and faced by many farmers at the same time (climate, market prices, political
upheaval, etc.).

Interestingly enough, farmers can only insure themselves against the idiosyncratic
risks and look for such insurance through the diversification of activities (e.g., ‘putting
their eggs in different baskets’). Whereas diversification enables better access to different
income streams (thus also managing seasonal variation in prices) and usually improves
dietary diversity, it may go at the expense of lower revenues due to the loss of specialisation
advantages [56]. More formal insurance devices are costly and, therefore, only affordable
to better-off farmers.

4.3. Women Entitlement for Empowerment

Recognition and anchoring of women’s rights on land, products and revenues is a key
strategy towards more balanced household decision-making. Gender equity is important
for decisions on production and diets, as well as for reproductive health, housing and
schooling. There is wide evidence that investments in women’s capacity-building and
empowerment deliver high payoffs in terms of labour productivity, sense of security and
physical integrity [57]. Efforts for improving rural livelihoods should therefore start with
giving a voice to women in the decision-making processes on key farm, family, household
and community issues.

Strengthening women’s rights on income, assets and family affairs requires substantial
improvements in their bargaining power on livelihood strategies [58]. This implies their
involvement in key production and trade activities, as well as the recognition of self-
determination rights in family and community affairs. Empowerment of rural women can
be supported through their engagement in self-help groups that provide better access to
credit, education and information [59].

4.4. Value Chain Trust and Reliability

Linkages between farmers, traders and input providers are subject to large inefficien-
cies, partly due to unequal competition. This is caused by the small volume of transactions,
but is also related to insecurities regarding sales and purchase transactions. Farmers are not
always considered as ‘reliable’ by traders (e.g., when side sales occur against earlier agree-
ments), whereas traders are equally mistrusted by farmers because of the manipulation of
weights, delayed payments or untransparent quality grading practices [36].
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Investments in mutual trust, reliable and enforceable (longer-term) contracts and
reputation are therefore considered critical for improving the efficiency and traceability of
transactions in the agrifood supply chain. Such higher efficiency—or lower transaction
costs—might enable an improvement in trade margins and a redistribution of value-added
shares in favour of upstream segments of the supply chain. There is an urgent need to
support ‘fair chain’ practices based on transparency and a substantial redistribution of
revenues between supply chain parties. A tiny 1% reduction in the retail share could be
easily translated into a 10% increase in farmer’s income [15].

4.5. Cooperation for Collective Action

Individual smallholders are usually weak partners in negotiations with traders and
input providers. They therefore need some sort of collective organisation that creates
economies of scale and improves their bargaining power. Willingness to cooperate does
not emerge automatically and requires some sort of confidence in each other capacities.
Moreover, a legal framework for establishing cooperatives needs to be in place. Ostrom [60]
outlines that clear access boundaries, open exchange of information and transparent rules
and sanctions for conflict resolution are key conditions for successful collective action.

Farmer’s groups frequently fail if members have similar properties and problems
(the so-called ‘coalition of the poor’) and therefore need some degree of heterogeneity where
also midsize and larger farmers join the marketing cooperative. In addition, due attention
needs to be given to transparent internal decision-making procedures that guarantee
compliance with commitments and to equitable decision-making procedures that avoid
coercive dominance by a few members.

4.6. Inclusive Governance

Public investments in physical and commercial infrastructure and services are required
to guarantee smallholder’s access to markets and information and to support more equal
exchange conditions. Smallholder participation in public governance institutions is usually
limited to the local or sub-regional level, whereas national policies still strongly rely on
clientelism. Smallholder’s bargaining position in outgrower schemes still heavily depends
on the priorities of international firms.

Local communities need to be engaged in decision-making before committing to major
investments. Public levies for land, water and trees as well as market fees easily become a
disincentive for further investments in value chain integration. Current taxation regimes
hinder functional upgrading and tend to discourage local processing [36]. Most indirect
taxes on inputs, consumer goods and processed commodities are already strongly anti-
poor. A key role for public policy is therefore related to the enforcement of better quality
grading practices, more responsive technical assistance schemes and the support for more
transparent market governance mechanisms.

Supporting changes in each of these institutional conditions for smallholder develop-
ment is likely to create opportunities for overcoming the structural livelihood challenges
(as outlined in Section 2). Instead of just reducing external constraints, these actions in-
tend to support adaptive smallholder behaviour, enabling a more constructive response to
different types of incentives (that are discussed in Section 3). While each of these system
interventions is relevant for reinforcing the smallholder decision-making environment, it
is even more important to put into action an interactive framework that combines public
interventions (e.g., land right registration; taxation; public investments) with private sec-
tor activities (credit and insurance facilities; market transparency) and civic engagement
(community-led organisation; women’s groups; accountability mechanisms).

5. Conclusions and Outlook

Rural development programs and agricultural development policies have devoted
much attention to strategic actions aimed either at providing better access to social and
collective services or at investments for improving productivity or raising incomes. Much
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of these efforts meet major constraints in low-income economies, where high land fragmen-
tation and limited value chain coordination tend to limit prospects for structural change.
Whereas structural reforms are certainly important and relevant, we still face insufficient
insights into the behavioural drivers for engaging smallholder farmers, families and com-
munities into these transition pathways. This may be the reason why many well-intended
initiatives turn out to have little effectiveness in strengthening smallholder livelihoods.

We, therefore, developed an analytical framework that could be helpful in overcoming
these challenges and may contribute to more responsive and inclusive smallholder-oriented
policies and programs. This is mainly based on a systematic analysis of secondary informa-
tion sources that provide insights into major trends and patterns in smallholder decision-
making strategies and outline possible leverage points for pathways for agrifood system
transformation. This analysis provides comprehensive insights into the intrinsic driving
forces for smallholder behaviour (Section 2) and explains the disappointing impact of many
current agricultural development programs for rural poverty alleviation (see Section 3).
We, therefore, highlighted (in Section 4) some alternative strategies for more inclusive
and sustainable pathways towards agrifood system transformation that more adequately
capture the possibilities and needs of smallholder producers.

Such an approach requires that due attention is given to the behavioural constraints
that define the reactions of resource-poor households to different kinds of external in-
centives. In addition, the focus of interventions on farm-level, household-level or value
chain-level activities and their adequate timing throughout the lifecycle matters a lot for
the effective uptake of transformative livelihood strategies. Finally, some fundamental
institutional changes are necessary to enable smallholder farmers to take advantage of the
range of rural development incentives.

The analysis and examples presented in this article point to a few underestimated
complexities in the dynamics and performance of smallholder livelihoods. First, scarcity
in resource endowments is subject to much confusion. Whereas smallholder farmers—by
definition—meet major land constraints, on many occasions—along the season and the
lifecycle—family labour is the most limiting factor (especially for land preparation and
harvesting activities). Promotion of labour-intensive sustainable innovations of agricul-
tural production systems—such as agroforestry or conservation agriculture—therefore
frequently fails.

Second, intra-household relationships and decision-making arrangements are hardly
addressed. Many studies still rely implicitly on a unitary farm-household approach that
overlooks the specific interests of women and children in innovations that render results in
terms of nutrition (instead of only production) and in terms of professional careers (instead
of just education services). Gender equity is frequently the stepping stone towards more
inclusive smallholder development.

Third, linkages of farm-households with external governance networks are of critical
importance for creating trust and confidence in durable and sustainable development
pathways. Both horizontal (spatial) cooperation and vertical (value chain) linkages can
contribute to the engagement and commitment of smallholders with rural development
initiatives, and provide longer-term perspectives for rural transformation programs. Struc-
tural changes in the governance framework for agricultural development programs should
therefore precede any other—more focussed—incentives that are aimed at the reduction of
poverty and malnutrition in rural areas.

Finally, two important issues still deserve attention. First, there is considerable vari-
ation amongst different types of smallholder farmers, both in terms of farm size and the
degree of specialisation, as well as in terms of resource-use intensity, labour productivity
and crop yields. This implies that agrarian policies and rural development programs
need to be differentiated to consider the demands and opportunities of different types of
farmers. Second, for the selection of the appropriate set of policies and incentives, we need
identify the key constraints for improving farm-household income, revenues and welfare
(the so-called ‘most limiting factor’). Policy-making is based on the selection of instruments
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and it is inefficient just to combine many different incentives without fully understanding
their mutual relationships. Making choices is an intrinsic part of policy making!

In summary, the structural transformation of smallholder livelihoods is pursued,
priority attention should be given to the reform of governance mechanisms, institutional
innovation and reinforcement of ownership structures. This may pave the way to support
behavioural responses by smallholder farmers. We need ‘clever incentives’ to enable
smallholders to escape from poverty. Hopefully future discussions are based on careful
listening to what drives smallholder resource use decisions and thus may support more
fundamental changes in their behaviour.
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Abstract: The use of edible and biodegradable films and coatings as active packaging for cheese has
recently attracted great attention as it meets the concept of sustainability and ensures safety. Spirulina
is a rich source of high-added-value biocompounds, which could be used as functional ingredients.
In the present study, spirulina was added in different concentrations (0.5; 1; 2; 4% w/w) to the
edible films produced from whey protein concentrate-based solutions. The films were characterized
according to their optical parameters (color); they were studied for their total phenolic content,
and the viability of the films in simulated gastric juice was investigated. The possible use of the
developed films for intelligent food packaging, as colorimetric pH indicators, was also investigated.
Finally, a preliminary evaluation of selected films containing spirulina (WPC-based films containing
2% spirulina) as packaging for “kefalotyri” cheese was also assessed. The effect of these films, applied
as packaging for “kefalotyri” cheese during two months of refrigerated storage, was evaluated. GC-
MS analysis was used to evaluate the effect of the spirulina odor of the film with spirulina incorporated
and the cheese products where the film was applied.

Keywords: whey protein concentrate; edible film; spirulina; cheese packaging; functional food

1. Introduction

Since cheeses are considered biologically and biochemically to be in the unstable food
category, there has been an increase in the demand for innovative proper packaging systems
to promote their safety [1]. The need to design bio-based food materials has increased, and
the use of biodegradable biopolymers for food packaging has attracted great attention given
the lack of sustainability of conventional food packaging [2]. Active packaging such as
edible and biodegradable films is suggested in order to avoid undesired microbial growth
and lipid oxidation on cheese [3]. Edible films and coatings can enhance the organoleptic
and nutritional properties of cheese, either due to their film/coating composition, which
may have beneficial properties by itself, or due to their capacity to incorporate active
ingredients, which are eaten with the coating [4]. Whey protein (WP), a nutrient-rich
byproduct of the cheese industry, has been applied to edible film formulations, which
could be consumed with the cheese, generate no waste, lengthen its shelf life, and increase
its quality [5]. Active packaging could provide the potential for bioactive compounds
to be introduced both into packaged foods [6,7] and into the consumer’s gastrointestinal
system, at a controlled rate [8]. Another concept, called intelligent or smart packaging
materials, is also trending in the same area. Such packaging can detect, monitor, and
transmit information about changes occurring inside the food to the outside world [9].
Therefore, consumers can visualize changes in the state of the material and avoid wasting
food and resources to a certain extent. This kind of food packaging material is more in line
with the requirements of sustainable development.
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WP edible films with antimicrobial and antioxidant agents with a natural origin
incorporated can have a functional effect on the surface of cheese, as detailed below.
Pluta-Kubica et al. [10] developed films produced from furcellaran–whey protein isolate
solutions with the addition of yerba mate and white tea extract, which were successfully ap-
plied in order to improve the shelf life of soft rennet-curd cheese. Recently, Robalo et al. [11]
prepared films produced from WP-based solutions enriched with green tea extracts and
implemented them as a packaging material for Latin-style fresh cheeses, which efficiently
protected them. In one of our previous works [12], the application of whey protein concen-
trate (WPC)-based films enriched with rosemary and sage infusions as a packaging material
for soft cheese was able to protect the soft cheese from spoilage or pathogenic bacteria.

Spirulina (sp.) is abundant in important human health constituents, such as proteins, vi-
tamins, amino acids, and minerals, and is a natural polyphenol source with many biological
functions [13]. The safety and effectiveness of sp. biocompounds in the treatment of many
human diseases has led scientists to apply sp. or its bioactive compounds to foods [14,15].
However, its inclusion, owing to the peculiar flavor and aroma associated with sp., has a
negative impact on the final product’s sensory attributes. A recent review covered studies
on the use of sp. biomass and its blue extract for the enrichment of edible films and coatings
(gelatin-based, chitosan-based, etc.) and their application to fruits, meat, fish, etc. [16]. Our
research group used WPC, a troublesome byproduct of the cheese industry, to develop
edible films with the addition of a commercial sp. powder in different concentrations,
applying different treatments [17].As far as we know, this research constitutes the first
approach toward the production of WPC-based films enriched with sp. powder.

Therefore, the present study expands this research, in which sp. was added in different
concentrations (0.5; 1; 2; 4% w/w) to the edible films produced from WPC-based solutions,
and the physicochemical, mechanical, and antioxidant properties, along with the optical
parameters of the prepared films were evaluated [17].In the current investigation, the
above films were characterized according to their optical parameters (color), and they
were studied for their total phenolic content. The possible use of the developed films
as an intelligent pH change indicator was also investigated along with the viability of
the films in simulated gastric juice. The primary goal of this research was to assess the
possible application of the WPC films with the best properties as a packaging material
for “kefalotyri” cheese. WPC-based films containing 2% sp. were applied as packaging to
“kefalotyri” cheese stored in refrigerated conditions to determine their influence on the
cheese’s microbiological stability. GC-MS analysis was used to evaluate the effect of sp.
odor in the film with sp. incorporated And the cheese products where the film was applied.

2. Materials and Methods
2.1. Chemicals and Standards

All chemical reagents and solvents used in the current study and the ingredients used
for the production of the film systems were the same as previously described [17].

Ringer’s solution tablets, potato dextrose agar, and plate count agar were purchased
from Neogen Culture Media (Heywood, UK).

2.2. Preparation of Film Systems

The films were prepared according to Kontogianni et al. [17]. The film-forming solution
was prepared by dissolving 10 g WPC and 5 g glycerol in 100 mL water. The pH of each
solution was adjusted to 5.95 using 3% w/v CH3COOH. Then, the sp. powder at different
concentrations (0.5; 1; 2; 4; 6; 8% w/w) and 1 drop of Tween 80 were added. The obtained
solutions were stirred magnetically and homogenized with an Ultra Turrax homogenizer.
The dispersion was placed in a common ultrasonic bath for 15 min at 70 ◦C, homogenized
with the Ultra Turrax, and degassed by sonication for 30 min. After cooling the solutions at
room temperature, their pH was adjusted to 5.5, and they were filtrated with a cheese cloth.
Finally, the films were dried and stabilized.
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2.3. Color Measurements

The Hunter color (L*, lightness; a*, redness; b*, yellowness) values were measured
using a HunterLab, Model D25 L optical sensor (Hunter Associates, Reston, VA, USA).
Each sample was analyzed using three independent repetitions with four to six measure-
ments taken on each repetition (n = 3 × 4). The results reported are the mean of the
above determinations.

2.4. Total Phenolic Content

For the preparation of the film solutions, we used the procedure followed for the
antioxidant properties’ evaluation as previously described [17]. The total phenolic con-
tent (TPC) was determined according to the method described by Jamróz et al. [18], ex-
pressed as mg of gallic acid/g of film. The analysis of each sample consisted of two
independent measurements.

2.5. Viability of Films in Simulated Gastric Juice and Intelligent Material Analysis

For simulated gastric juice (SGJ), we dissolved pepsin in a 0.5% NaCl (w/v) solution
to a concentration of 3 g/L. The pH was adjusted to 2.0 with a 1.0 M HCl solution. The
gastric juice was freshly made for use on the same day. Next, 1 g of Control films and the
WPC-based edible films incorporating six different concentrations of sp. powder were
suspended in 9.0 mL of SGJ solution, placed in glass Petri dishes, and incubated at 37 ◦C
for 3 h under orbital shaking in a formal orbital shaker (Thermo Electron Corporation,
Waltham, MA, USA). Optical observation was made at regular time intervals, every 5 min
for the first hour of observation and every 30 min for the 2 h left until the films were fully
disintegrated.

The trial of the intelligent material assay was according to Jamróz et al. [18].

2.6. Application as Packaging for “kefalotyri” Cheese Pieces

The WPC-based films containing 2% sp. powder were selected as the best concentra-
tion for the evaluation of their potential as a packaging material for “kefalotyri” cheese
portions. “Kefalotyri” is a traditional hard Greek cheese, manufactured from a mixture
of sheep and goat milk. It has a flat cylindrical shape, firm texture, salty taste, and strong
flavor. The cheese composition according to the label was: maximum moisture 38.0%; mini-
mum dry fat 40%.; protein 26%; and salt 2.7% (the “kefalotyri” cheese was a commercial
product purchased from local supermarket).Two cheese pieces in a trapezium shape (~5 cm
long, 2.5 and 3.5 cm wide, 0.5 cm thickness) were layered with one film (Ø 90 mm), placed
in a glass Petri dish, and vacuum packaged and sealed in sterile LDPE granule extruded
bags (18 × 30 cm size). Furthermore, Control films were used to cover the cheese pieces
in the same way for comparison purposes. The packages were stored at 4 ◦C for 7 days.
Then, they were left at room temperature (23 ◦C) for 2 h before opening and evaluation.
The sensory evaluation was performed by three analysts individually. The experiments
were repeated three times. Each judge evaluated three packages with edible films as pack-
aging for “kefalotyri” cheese pieces. The observations about the wholeness of the films
after the storage and their removal from the cheese, about changes of color or odor in the
cheese pieces after storage, and the smell and appearance of the film were recorded by
questionnaires based on the respective analysis performed by [19]. Actually, they recorded
the film wholeness after opening the package of the LDPE bag, expressed as the percentage
of broken films to the total number of films, and easiness of the separation of the film from
the cheese, expressed as the percentage of each evaluation related to the total evaluated
surfaces. The samples used for microbiological analyses were prepared as follows. Pieces
of cheese,12–14 g, in a trapezium shape were placed in sterile Petri dishes and distributed
into three groups. The first group was kept without a surface film (Control, containing
only “kefalotyri” cheese); the second group was layered with the edible film without sp.,
while the third group was layered with edible films containing 2% (w/w) sp., respectively.
Films before use were sterilized as previously described [12]. The above samples were kept
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for two months of refrigerated storage (stored at 4 ◦C), and proper cheese samples were
collected for analysis at 0, 30, and 60 d of storage.

2.7. Microbiological Analyses

For the microbiological analyses of the cheese samples, we used the procedure as pre-
viously described [12].Viable counts for total mesophilic counts (TVCs), molds, and yeasts
were performed in duplicate. More specifically, total mesophilic counts were enumerated
on plate count agar (PCA) (30 ◦C for 72 h), and yeasts and molds were enumerated on
potato dextrose agar (PDA) (30 ◦C for 72 h). All counts were recorded as logcfu/g.

2.8. Analysis of Volatile Compounds: Identification and Percentage Ratio of Volatile Compounds
Using SPME–GC/MS

For the volatile analysis, the method described by Vatavali et al. [20] was used with
minor modifications. Briefly, three grams of sample (“kefalotyri”, film, or sp. powder) were
used for analysis. SPME was performed with the fiber as previously described [20]. The
samples were placed in an 80 ◦C water bath and stirred at 800 rpm. There were 30 min
used for the sample to equilibrate and 15 min for the exposure of the fiber. The column was
initially maintained at 40 ◦C for 2 min, heated to 170 ◦C at a rate of 5 ◦Cmin−1, heated to
260 ◦C at a rate of 10 ◦Cmin−1, and held for 2 min. For the volatile compounds of sp., the
method according to Ozogul et al. [21] was used. Peak identification was performed by the
comparison of the mass spectra of the eluting compounds to those of the Wiley library [22].
The retention indices (RIs) of the volatile compounds were calculated using-n-alkane
(C8–C20) standard solution (Fluka, Buchs, Switzerland).

All determinations were carried out in triplicate.

2.9. NIR Spectroscopy: Spectra Acquisition

The homogenized “kefalotyri” sample and the “kefalotyri” cheese sample layered with
film containing 2% sp. after storage at 4 ◦C for 7 days were subjected to NIR spectroscopy
using a FoodScan 2 spectrophotometer (FOSS Analytical, Hillerod, Denmark).

2.10. Statistical Analysis

ANOVA was applied to the results using SPSS software [23]. Tukey’s test was used to
assess differences between means, and differences were considered significant at the level
of p < 0.05.

3. Results
3.1. Color Measurements

One of the most-important factors of edible films developed for food products is color.
It can influence both the product appearance and consumer acceptance. The color properties
of WPC-based films with sp. incorporated are shown in Table 1. As was expected, the L*
value, which gives the lightness, was higher in Control films, and its value decreased as the
sp. powder concentrations increased from 0.5 to 4% (p < 0.05). The reduced L* value with
increased sp. concentrations indicated that the films with sp. became darker. The color value
between red and green is expressed by the a* value; the highest was found in the film with
1% sp. (−21.57 ± 1.04); the lowest was found in film with 4% sp. (0.90 ± 0.03), recording
statistically significant differences. The color value between yellow and blue, which is expressed
by the b* value, was found to be the highest in the film with 0.5% sp. (24.86 ± 0.45) and the
lowest in the film with 4% sp. (−0.27 ± 0.05), also statistically significant (p < 0.05). Yellowness,
which is expressed by the b* value, increased with the addition of 0.5% sp. and, then, with
increasing sp. concentrations, decreased. In accordance with the findings of Balti et al. [24], the
addition of sp. had a remarkable impact on the color of the resulting WPC films and could be
attributed to the presence of phenolic compounds and colored substances.
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Table 1. Color of WPC films with the addition of sp. and total phenolic content of the films.

Film L * A * B * TPC
(mg Gallic/g Film)

Control 75.17 ± 0.44 e,* −3.36 ± 0.39 d 15.91 ± 0.43 c 62.00 ± 4.35 b

0.5% sp. 51.88 ± 0.29 d −18.80 ± 1.44 b 24.86 ± 0.45 e 41.00 ± 2.22 a

1% sp. 29.99 ± 0.23 c −21.57 ± 1.04 a 21.73 ± 0.47 d 86.75 ± 5.11 d

2% sp. 14.75 ± 0.29 b −8.95 ± 0.66 c 6.22 ± 0.44 b 100.75 ± 6.21 e

4% sp. 7.08 ± 0.13 a −0.90 ± 0.03 e −0.27 ± 0.05 a 74.75 ± 3.52 c

* Values with different letters in the same column indicate statistically significant differences; p< 0.05.

3.2. Total Phenolic Content

Film containing 0.5% sp. showed the lowest total phenolic content (TPC) (41.00 ± 2.22 mg
gallic acid/g), even lower than the Control film (62.00 ± 4.35 mg gallic acid/g). In general,
the TPC of films with sp. incorporated increased with an increasing amount of sp. powder
until the concentration of 2% sp.(p < 0.05).The DPPH assay results were in accordance with
these results [17], where the edible film containing 2% sp. powder showed the highest
percentage of radical scavenging activity(higher than the films containing 4, 6, and 8% sp.).

Miranda et al. [25] reported that the major phenolic compounds identified in sp. were
salicylic, trans-cinnamic, synaptic, chlorogenic, quinic, and caffeic acids. Our results are
in agreement with those of Balti et al. [24], who found that the TPC in crab chitosan films
made with sp. extract increased with increasing sp. extract concentration. However, they
reported that the TPC in crab chitosan films made with sp. ranged from 5.62 to 21.85 mg
GAE/g film, quite lower values compared to our films.

3.3. Simulated Gastric Juice Test and Intelligent Material Analysis

The incubation of WPC-based films containing 0.5; 1; 2; and 4% sp. powder and
the incubation of the Control films in SGJ imitating the low-pH and highly digestive
conditions in the stomach resulted in the digestion of the films (Figures 1 and 2). The above
films can be hydrolyzed by pepsin in the simulated gastric juice. According to optical
observations, the WPC-based films containing 0.5; 1; 2; and 4% sp. powder and the Control
films disintegrated within 1 h (60 min), and only small fragments of the films were still
detectable. Especially, the WPC-based films containing 4% sp. disintegrated faster than the
others and almost disappeared entirely within 60 min. On the contrary, the WPC-based
films containing 6 and 8% sp. remained intact throughout the treatment with simulated
gastric juice, even after 2 h (Figure 2).

The food transit time in the stomach has been found to be between 2 and 4 h, while
the emptying time of liquid foods from the stomach is about 20 min. Therefore, WPC-based
films containing 0.5; 1; 2; and 4% sp. and the Control films could be used as a primary
packaging (the packaging that is in direct contact with the food), which is contained in a
secondary or tertiary packaging and can probably be consumed safely with the food as a
food additive and work as a functional food. According to Nourmohammadi et al. [26], who
encapsulated sp. using alginate and whey protein concentrate (WPC) by the emulsification
method and investigated its addition to non-fat stirred yogurt during storage, the total
release of the sp. from the microcapsules was observed in simulated intestinal fluid. Sp.
as a prebiotic source enhances the population of Lactobacillus in the human intestine by
producing growth factors such as extracellular carbohydrates. The Lactobacillus population
in the human intestinal tract is enhanced using sp. as a source of prebiotic substances by
liberating growth substances such as extracellular carbohydrates [27].

Intelligent packaging is a crucial aspect of food technology that can help to improve
food quality control. Considering that the change in the acidity of foods is common when
they begin to deteriorate, this simplistic, optical measurement can be utilized to detect pH
changes in food products. The color response of the pH indicator of the WPC films with sp.
and the Control films was tested by immersing them in different pH solutions (pH 3.0 and

97



Sustainability 2023, 15, 13909

pH 12.0). The color of the WPC films with the addition of sp. in all different concentrations
did not change after being placed either solution.

Recently, a research group developed films with C-phycocyanin as a pH indicator
for food quality control and confirmed that, at an alkaline pH above 8, the films lost their
blue and green tones, giving a color inclining toward white [28]. Such a phenomenon was
attributed to some natural pigments present in sp. that are susceptible to pH changes, such
as β-carotene, tocopherols, phycoerythrin, and chlorophylls. Furthermore, according to
Kuntzler et al. [29], who incorporated sp. biomass into nanofibers, color changes occurred
between pH 5 and 7, a pH value range that includes an extensive diversity of fresh foods.

3.4. Evaluation of Films as Packaging Material of “kefalotyri” Cheese Pieces

In order to select a film containing sp. in a concentration that showed the best charac-
teristics as a packaging material for “kefalotyri”, we compared all the parameters evaluated
in our previous work [17] and in the present study. The ultrasound-treated WPC films with
2% sp. had the best uniform appearance and homogeneous texture. The incorporation of sp.
had a beneficial impact on the mechanical properties of the edible films; the film with 2% sp.
presented the highest TS value (TS for Control: 0.69 ± 0.07; for 2% sp.: 2.55 ± 0.36; for
4% sp.: 1.43 ± 0.27), exhibiting a strong structure and being more flexible than the film with
4% (presenting a higher E% value, E% for Control: 51.09 ± 5.69; for 2% sp.: 12.10 ± 1.40;
for 4% sp.: 9.44 ± 1.38). It also had the highest percentage of radical scavenging activity.
Based on the results of the current study, the film with 2% sp. showed good color properties
and the highest total phenolic content and could be hydrolyzed by pepsin in the simulated
gastric juice, which disintegrated within 1 h. Therefore, films with 2% sp. were selected to
be applied as packaging for “kefalotyri” cheese surfaces.

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 1. Photographs of WPC-based films (control, 0.5% sp., and 1% sp.) containing different 
concentrations of sp. immersed in SGJ for different times. 

Figure 1. Photographs of WPC-based films (control, 0.5% sp., and 1% sp.) containing different
concentrations of sp. immersed in SGJ for different times.

98



Sustainability 2023, 15, 13909
Sustainability 2023, 15, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 2: Photographs of WPC-based films (2% sp., 4% sp, and 6% sp.) containing different con-
centrations of sp. immersed in SGJ for different times. 

The food transit time in the stomach has been found to be between 2 and 4 h, while 
the emptying time of liquid foods from the stomach is about 20 min. Therefore, 
WPC-based films containing 0.5; 1; 2; and 4% sp. and the Control films could be used as a 
primary packaging (the packaging that is in direct contact with the food), which is con-
tained in a secondary or tertiary packaging and can probably be consumed safely with 
the food as a food additive and work as a functional food. According to Nourmoham-
madi et al.[26], who encapsulated sp. using alginate and whey protein concentrate (WPC) 
by the emulsification method and investigated its addition to non-fat stirred yogurt 
during storage, the total release of the sp. from the microcapsules was observed in sim-
ulated intestinal fluid. Sp. as a prebiotic source enhances the population of Lactobacillus in 
the human intestine by producing growth factors such as extracellular carbohydrates. 
The Lactobacillus population in the human intestinal tract is enhanced using sp. as a 
source of prebiotic substances by liberating growth substances such as extracellular car-
bohydrates [27]. 

Intelligent packaging is a crucial aspect of food technology that can help to improve 
food quality control. Considering that the change in the acidity of foods is common when 
they begin to deteriorate, this simplistic, optical measurement can be utilized to detect 
pH changes in food products. The color response of the pH indicator of the WPC films 

Figure 2. PPhotographs of WPC-based films (2% sp., 4% sp, and 6% sp.) containing different
concentrations of sp. immersed in SGJ for different times.

In the evaluation of the films’ wholeness after storage with cheese pieces at 4 ◦C for
7 days in LDPE bags (after opening the bag), the Control films were stuck to the bag when
the package was opened, and small pieces of the film stayed on the surface of the cheese
(Figures 3a and S1). The color of the Control film was almost the same as that of the cheese,
so it is necessary to focus on Figure S1a in order to detect the broken parts of the Control
film material that stayed stuck to the bag. In the evaluation of the film wholeness after
opening the bag, 98.71% of the Control films broke during opening the package and stayed
stuck to the bag. On the contrary, all the WPC-based films containing 2% sp. stayed intact
on the surface of the cheese after 7 days of storage at 4 ◦C (Figure 3b). Regarding the ease of
the film separation from the cheese both for the Control films and the films with sp. added,
it was not possible to separate them from the cheese surface. The packaging material did
not affect the smell of the cheese, neither for the Control film nor the film with sp. The
evaluators did not find any changes to the odor of the cheese caused by the packaging
material laid on the surface of the cheese. As they indicated, the odor of the Control film
and the film with sp. added was the same and did not resemble the unwanted aroma of sp.
The evaluators reported a slight change in the tonality on the surface of the cheese after the
removal of the WPC-based films containing 2% sp. It turned darker, but it did not stain the
cheese surface green (Figure 3c; the same piece after removing the film containing 2% sp.
(on the right side) with a freshly cut piece of cheese (on the left side) for comparison).

99



Sustainability 2023, 15, 13909

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 17 
 

 

ible with cheese products [30]. Since all the film ingredients are safe for consumption, this 
does not threaten the health of the final consumer, but the consumer could benefit from 
the health-promoting effects of sp. and its great nutritional value. Spirulina has received 
Generally Recognized As Safe(GRAS) certification from the Food and Drug Administra-
tion (FDA), allowing it to be used as a food or food supplement [31]. Both the WPC and 
sp. powder used in this study were commercial products sold as dietary supplements, 
accompanied by toxicological tests and all the necessary tests by national organizations. 
This packaging material possesses trustworthy characteristics. It is non-toxic, has mini-
mal manufacturing expenses, and is completely compatible with the packaged product. 
Utilizing a film with sp. incorporated as a packaging material for a food that could be 
consumed with it could prove an effective method to suppress the unwanted aroma and 
even taste of the core material. It could be used probably to cover the undesirable taste of 
sp. and enhance the customer’s satisfaction. Further analysis of the odor of the cheese 
after the removal of the film containing 2% sp. and the odor of the film on its own using 
instrumental analysis would prove this speculation. Furthermore, the organoleptic 
evaluation of the cheese after the removal of the film with sp. and the combination of the 
films and the cheese is recommended. 

Cruz-Diaz et al.[19]evaluated films from whey proteins as a separation material for 
cheese slices; the films exhibited similar results regarding slice separation ease and slice 
wholeness after separation with those of the commercial material, without modifying the 
cheese color and odor. Pluta-Kubica et al. [10] assessed the organoleptic quality of soft 
rennet-curd cheese wrapped with films produced from furcellaran–whey protein isolate 
solutions with the addition of yerba mate and white tea extract. They concluded that the 
application of the films as packaging positively influenced the consistency and the over-
all quality of the cheese samples, although it had a negative impact on the appearance of 
the film, the appearance after removing the film, and the smell of the cheese samples.  

 
Figure 3. (a) “Kefalotyri” cheese layered with Control film after storage at 4 °C for 7 d; (b) cheese 
layered with WPC-based films containing 2% sp. after storage at 4 °C for 7 days; (c) the same piece 
after removing the film containing 2% sp. (on the right side) with a freshly cut piece of cheese (on 
the left side) for comparison. 

3.5. Microbiological Changes of “kefalotyri” Cheese with Edible Films Applied 
The results of the total mesophilic counts, molds, and yeasts are shown in Table 2. 

Until the 30th day of storage, no spoilage bacteria were found in any of our cheese sam-
ples. In the Control samples (cheeses without film), 5.3 logcfu/g of yeasts were counted 
on the 30th day of storage and persisted to rise until they amount to 7.6 logcfu/g on Day 
60. Yeast spoilage was also obvious from Day 30 on those samples as colorful stains were 
observed on the surface of the cheeses without films. No spoilage bacteria were evident 

Figure 3. (a) “Kefalotyri” cheese layered with Control film after storage at 4 ◦C for 7 days; (b) cheese
layered with WPC-based films containing 2% sp. after storage at 4 ◦C for 7 days; (c) the same piece
after removing the film containing 2% sp. (on the right side) with a freshly cut piece of cheese (on the
left side) for comparison.

The above packaging material (film with sp.) was unable to be separated from the
cheese surface after a storage time of 7 days at 4 ◦C intact, so probably, we should consider
and evaluate the possibility of the film being consumed with the cheese and constituting a
functional food consumed together with the cheese. WP is an animal protein with great
nutritional value that closely matches the human body’s requirements for all eight essential
amino acids; thus, WP-based films have nutritional properties themselves [4]. WP- based
films are non-toxic, biodegradable, safe to use, tasteless, odorless, and biocompatible with
cheese products [30]. Since all the film ingredients are safe for consumption, this does not
threaten the health of the final consumer, but the consumer could benefit from the health-
promoting effects of sp. and its great nutritional value. Spirulina has received Generally
Recognized As Safe(GRAS) certification from the Food and Drug Administration (FDA),
allowing it to be used as a food or food supplement [31]. Both the WPC and sp. powder
used in this study were commercial products sold as dietary supplements, accompanied
by toxicological tests and all the necessary tests by national organizations. This packaging
material possesses trustworthy characteristics. It is non-toxic, has minimal manufacturing
expenses, and is completely compatible with the packaged product. Utilizing a film with
sp. incorporated as a packaging material for a food that could be consumed with it could
prove an effective method to suppress the unwanted aroma and even taste of the core
material. It could be used probably to cover the undesirable taste of sp. and enhance the
customer’s satisfaction. Further analysis of the odor of the cheese after the removal of the
film containing 2% sp. and the odor of the film on its own using instrumental analysis
would prove this speculation. Furthermore, the organoleptic evaluation of the cheese
after the removal of the film with sp. and the combination of the films and the cheese
is recommended.

Cruz-Diaz et al. [19] evaluated films from whey proteins as a separation material for
cheese slices; the films exhibited similar results regarding slice separation ease and slice
wholeness after separation with those of the commercial material, without modifying the
cheese color and odor. Pluta-Kubica et al. [10] assessed the organoleptic quality of soft
rennet-curd cheese wrapped with films produced from furcellaran–whey protein isolate
solutions with the addition of yerba mate and white tea extract. They concluded that the
application of the films as packaging positively influenced the consistency and the overall
quality of the cheese samples, although it had a negative impact on the appearance of the
film, the appearance after removing the film, and the smell of the cheese samples.
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3.5. Microbiological Changes of “kefalotyri” Cheese with Edible Films Applied

The results of the total mesophilic counts, molds, and yeasts are shown in Table 2.
Until the 30th day of storage, no spoilage bacteria were found in any of our cheese samples.
In the Control samples (cheeses without film), 5.3 logcfu/g of yeasts were counted on the
30th day of storage and persisted to rise until they amount to 7.6 logcfu/g on Day 60. Yeast
spoilage was also obvious from Day 30 on those samples as colorful stains were observed
on the surface of the cheeses without films. No spoilage bacteria were evident until the end
of the storage days in cheese samples layered with films containing 2% sp. (Table 2).

Table 2. Total TVC and yeast/mold levels of “kefalotyri” cheese during two months of refrigerated
storage.

Kefalotyri
log cfu/g

Kefalotyri + Film Control
log cfu/g

Kefalotyri + Film spirulina
log cfu/g

Time (days) of Storage TVC Yeasts/Molds TVC Yeasts/Molds TCV Yeasts/Molds

0 7.2 ± 0.0 a,* 3.2 ± 1.1 A,** 7.2 ± 0.1 b 3.1 ± 0.0 A 7.4 ± 0.1 b 2.6 ± 0.5 A

30 8.0 ± 0.1 b 5.3 ± 1.6 A 7.2 ± 0.1 a 3.6 ± 1.9 A 7.8 ± 0.3 b 3.2 ± 1.4 A

60 9.2 ± 1.0 b 7.6 ± 1.3 B 8.2 ± 0.4 b 5.6 ± 1.0 B 7.7 ± 0.1 a 3.6 ± 0.2 A

* Values with different lowercase letters in the same row indicate statistically significant differences, p < 0.05;
** values with different capital letters in the same row indicate statistically significant differences, p < 0.05.

Balti et al. [24] showed that chitosan edible films with sp. extract incorporated ex-
erted good antibacterial activity, exhibiting better results against Gram-positive bacteria
(L. monocytogenes) than Gram-negative bacteria (E. coli, P. aeruginosa, and S. typhimurium).
The chlorogenic acid contained in sp. extract was the bioactive substance to which the
antimicrobial properties of the above films could be attributed. Closely related to this
study, hake fillets packaged in gelatin films containing Spirulina platensis protein con-
centrate [32] showed enhanced storage stability. According to the results, the aerobe
mesophiles, psychrotrophs, proteolytics, lipolytics, and Enterobacteriaceae counts were sig-
nificantly decreased. Phycocyanin exhibited a significant in vitro antibacterial activity
against food-borne pathogens such as S. aureus, M. luteus, E. coli, and Pseudomonas spp. [33].

Recently, Stejskal et al. [34] observed a remarkable antimicrobial effect of a gelatine-
based packaging film with a protein concentrate from sp. applied on the quality of refriger-
ated Atlantic mackerel. According to Martelli et al. [35], the antimicrobial activity of the
crude sp. extract was attributed to the synergistic effect between the wide diversity of
bioactive phenolic compounds and other compounds found in sp., such as carotenoids,
C-phycocyanin, and chlorophyll (a and b).

3.6. Analysis of Volatile Compounds of Films, sp. Powde r, etc.

The volatile compounds of the films are shown in Table 3. A total of 43 compounds
were identified in the WPC-based film containing 2% sp. and 30 in the Control film.
There were 28 common compounds among these films. The same major compounds
were identified in the films, namely glycerin (44.21% for Control film and 33.25% for
2% sp.); acetic acid (18.10% for Control film and 11.55% for 2% sp.); nonanoic acid (8.92%
for Control film and 11.51% for 2% sp.); octanoic acid (5.83% for Control film and 6.35%
for 2% sp.); nonanal (3.84% for Control film and 2.96% for 2% sp.); hexanal (3.29% for
Control film and 3.31% for 2% sp.); decanoic acid (3.01% for Control film and 2.12% for
2% sp.); heptadecane (2.51% for Control film and 11.15% for 2% sp.); and hexanoic acid
(2.04% for Control film and 2.84% for 2% sp.). The 2% sp.film had 15 compounds more
than the Control film (pentanal; disulfide dimethyl;(E)-2-hexenal;(E)-2-heptenal; heptanoic
acid; 1-octanol; cyclohexanol, 2,6-dimethyl-;9H-pyrrolo[3’,4’:3,4]pyrrolo[2,1-a]phthalazine-
9,11(10H)-dione,10-ethyl-8-phenyl; 1,3-cyclohexadiene-1-carboxaldehyde, 2,6,6-trimethyl-
; 1-cyclohexene-1-carboxaldehyde; 2,6,6-trimethyl-;alpha-ionone; 4,5,6,7-tetrahydro-7,7-
dimethyl-1(3H)-isobenzofuranone; beta-ionone epoxide; 6(Z),9(E)-heptadecadiene; 4-oxo-
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beta-ionone), and the Control film had 2 more compounds than the 2% sp. film (butanoic
acid and 2,6-di(t-butyl)-4-hydroxy-4-methyl-2,5-cyclohexadien-1-one).

Table 3. Percentage ratio of volatile compounds of the films.

Control (%) 2% sp. (%)

A/A RI Exp * RI Lit ** Compound

1 571 606 Acetic acid 18.1 11.55
2 690 695 Pentanal - 0.16
3 780 785 Disulfide, dimethyl - 0.03
4 790 784 Butanoic acid 0.43 -
5 793 810 Hexanal 3.29 3.31
6 848 854 (E)- 2-hexenal, - 0.07
7 890 Oxime-, methoxy-phenyl- 0.33 0.27
8 895 893 Styrene; 0.3 0.23
9 895 899 n- heptanal 0.39 0.34

10 925 915 Pyrazine, 2,5-dimethyl- 0.27 0.43
11 933 963 2(E)-heptenal - 0.88
12 955 970 Hexanoic acid 2.04 2.84
13 989 Glycerin 44.21 33.25
14 1067 1083 Heptanoic acid - 0.74
15 1067 1062 2 octenal 0.41 1
16 1070 1070 1-octanol - 0.36
17 1100 1099 Nonanal 3.84 2.96
18 1110 1088 Maltol 0.62 0.4
19 1110 1110 Cyclohexanol, 2,6-dimethyl- - 0.75
20 1184 1193 Octanoic acid 5.83 6.35

21 1200 9H-pyrrolo[3’,4’:3,4]pyrrolo[2,1-a]phthalazine-
9,11(10H)-dione,10-ethyl-8-phenyl - 0.1

22 1210 1203 Decanal 0.57 0.37
23 1218 1198 1,3-cyclohexadiene-1-carboxaldehyde, 2,6,6-trimethyl- - 0.13
24 1230 1280 1H-pyrrole-2,5-dione, 3-ethyl-4-methyl- 0.18 0.78
25 1233 1208 1-cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl- - 0.13
26 1238 1237 Nonanoic acid 8.92 11.51
27 1289 1300 Tridecane 0.22 0.14
28 1356 1371 Decanoic acid 3.01 2.12
29 1405 1400 Tetradecane 0.15 0.13
30 1425 1617 Tetradecanal 1.35 0.94
31 1475 1437 alpha-ionone - 0.08
32 1485 1454 (E)-geranylacetone 0.32 0.24

33 1493 1478 2,6-di(t-butyl)-4-hydroxy-4-methyl-2,5-cyclohexadien-
1-one 0.06 -

34 1498 Cyclododecane 0.38 0.18

35 1501 4,5,6,7-tetrahydro-7,7-dimethyl-1(3H)-
isobenzofuranone - 0.08

36 1510 1493 .beta.-Ionone 0.85 2.23
37 1515 beta.-Ionone epoxide - 0.73

38 1585 1538 (2,6,6-trimethyl-2-hydroxycyclohexylidene)acetic acid
lactone 0.43 1.54

39 1595 1600 Hexadecane 0.48 0.95
40 1620 1811 Hexadecanal 0.26 0.15
41 1685 1648 Methyl dihydrojasmonate 0.16 0.11
42 1691 1668 6(Z),9(E)-heptadecadiene - 0.04
43 1694 1694 1-heptadecene 0.1 0.19
44 1695 1659 4-oxo-beta-ionone - 0.05
45 1699 1700 Heptadecane 2.51 11.15

* Experimental retention indices’ values based on the calculations using the standard mixture of alkanes;
** retention indices of the identified compounds according to the literature data cited in the NIST MS library.

The volatile compounds for the sp. powder are shown in Table 4. A total of 83 com-
pounds were identified. The major compounds identified were heptadecane (39.32%), pen-
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tadecane (14.27%), hexadecane (9.04%), beta-ionone epoxide (5.10%), 2(4H)-benzofuranone,
5,6,7,7a-tetrahydro-4,4,7a-trimethyl- (3.46%), 4(5)-acetyl-2-(2-propyl)-1H-imidazole (2.96%),
and 8-heptadecane (2.88%).

Table 4. Percentage ratio of volatile compounds of the sp. powder.

sp. Powder (%)

A/A RI Exp * RI Lit ** Compound

1 <500 <500 Acetaldehyde 0.30
2 <500 <500 2-propanone 0.26
3 569 606 Acetic acid 0.02
4 610 605 Furan, 2-methyl- 0.02
5 656 650 Butanal, 3-methyl- 0.02
6 659 661 1-butanol 0.02
7 690 695 Pentanal 0.07
8 735 736 1-butanol, 3-methyl- 0.04
9 738 740 1-butanol, 2-methyl- 0.05

10 750 766 1-pentanol 0.40
11 785 798 Hexanal 0.87
12 809 827 Pyrazine, methyl- 0.21
13 825 920 Formic acid, hexylester 1.68
14 901 890 Pyridine, 2,6-dimethyl- 0.09
15 903 899 2-heptanone 0.17
16 910 896 2-heptanol 0.09
17 911 899 n- heptanal 0.16
18 928 915 Pyrazine, 2,5-dimethyl- 1.29
19 959 954 2-heptanone, 6-methyl- 0.10
20 965 963 (E)-2-heptenal, 0.03
21 980 963 Benzaldehyde 0.33
22 981 983 1-octen-3-ol 1.12
23 984 985 6-methyl-5-hepten-2-one 0.40
24 987 992 2-Octanone 0.12
25 987 998 Furan, 2-pentyl- 0.54
26 989 2-heptanol, 6-methyl- 0.06
27 990 1006 Pyrazine, 2-ethyl-6-methyl- 0.04
28 991 976 Benzene, 1,3,5-trimethyl- 0.03
29 1000 1192 Phenol, 2-methoxy-4-methyl- 0.03
30 1025 1035 Benzenemethanol 0.15
31 1030 1047 Cyclohexanone, 2,2,6-trimethyl- 0.59
32 1039 2,3,4,5-tetramethyl-2-cyclopenten-1-one B 0.43
33 1045 1054 (Z)-2-octen-1-ol 0.73
34 1047 1120 2-cyclohexen-1-one, 3,5,5-trimethyl- 0.48
35 1075 1091 Pyrazine, 3-ethyl-2,5-dimethyl- 0.22
36 1079 1198 2-cyclohexen-1-one, 3,4,4-trimethyl- 0.18
37 1085 1110 6-methyl-3,5-heptadien-2-one 0.86
38 1091 1282 Phenol, 5-methyl-2-(1-methylethyl)- 0.08
39 1094 2-(t-butyl)-3-methylthiophene 0.39
40 1100 1110 Cyclohexanol, 2,6-dimethyl- 0.06
41 1115 1123 2-cyclohexene-1-carboxaldehyde, 2,6,6-trimethyl- 0.18
42 1130 4(5)-acetyl-2-(2-propyl)-1H-imidazole 2.96
43 1201 1208 Benzaldehyde, 2,5-dimethyl- 0.34
44 12010 1200 Dodecane 0.39
45 1210 1139 Ethanone, 1-(2-methylphenyl)- 0.25
46 1215 1202 Pyridine, 2-pentyl- 0.49
47 1220 1213 Undecane, 2,6-dimethyl- 0.09
48 1225 1206 1,3-cyclohexadiene-1-carboxaldehyde, 2,6,6-trimethyl- 0.77
49 1240 1280 1H-pyrrole-2,5-dione, 3-ethyl-4-methyl- 0.53
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Table 4. Cont.

sp. Powder (%)

A/A RI Exp * RI Lit ** Compound

50 1249 1226 beta-cyclocitral 0.89
51 1259 Cyclododecane 0.03
52 1289 1275 4,8-dimethyl-nona-3,8-dien-2-one 0.08
53 1290 1251 1-cyclohexene-1-acetaldehyde, 2,6,6-trimethyl- 0.08
54 1299 3-cyano-2,4,4-trimethyl-2-cyclohexenone 0.16
55 1301 1300 Tridecane 0.17
56 1303 2-cyclopenten-1-one, 2-pentyl- 0.30
57 1310 2-butyl-3-methylpyrazine 0.14
58 1325 m-cresol, 6-tert-butyl- 0.07
59 1390 1355 2-octenal, 2-butyl- 0.17
60 1394 alpha-ionene 0.27
61 1401 Thiosulfuric acid (H2S2O3), S-(2-aminoethyl) ester 0.08
62 1405 1400 Tetradecane 0.64
63 1440 1408 2-undecanone, 6,10-dimethyl- 0.21
64 1452 1437 alpha-ionone 0.54
65 1465 5,9-undecadien-2-one, (E)-6,10-dimethyl-, 0.6
66 1476 1800 Octadecane 0.12
67 1481 4,5,6,7-tetrahydro-7,7-dimethyl-1(3H)-isobenzofuranone 0.39
68 1486 1587 1-hexadecene 0.22
69 1492 1485 4-(2,6,6-trimethylcyclohexa-1,3-dienyl)but-3-en-2-one 0.47
70 1495 1500 Pentadecane 14.27
71 1499 beta-ionone epoxide 5.10
72 1569 1539 2(4H)-benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a-trimethyl- 3.46
73 1575 (Z)-7-hexadecene 0.28
74 1581 (E)-2-nonadecene 0.05
75 1592 1600 Hexadecane 9.04
76 1599 2000 Eicosane 0.02
77 1671 1668 6(Z),9(E)-heptadecadiene 0.62
78 1679 1677 8-heptadecene 2.88
79 1681 (Z)-3-heptadecene 0.2
80 1692 1700 Heptadecane 39.32
81 1798 1800 Octadecane 0.15
82 1813 1846 2-pentadecanone, 6,10,14-trimethyl- 0.17
83 1890 1900 Nonadecane 0.04

* Experimental retention indices’ values based on the calculations using the standard mixture of alkanes;
** retention indices of the identified compounds according to the literature data cited in the NIST MS library.

The sp. powder and WPC-based film containing 2% sp. had seven common com-
pounds not found in the Control film. Six of them were minor compounds of sp. pow-
der, namely pentanal;(E)-2-heptanal; cyclohexanol,2,6-dimethyl-; 1,3-cyclohexadiene-1-
carboxaldehyde, 2,6,6-trimethyl-; alpha-ionone; 4,5,6,7-tetrahydro-7,7-dimethyl-1(3H)-
isobenzofuranone; and 6(Z),9(E)-heptadecadiene (0.03–0.77%). Only beta-ionone epoxide
was a major compound of sp. powder (5.10%).

The main components of the S. platensis extract that Ozogul et al. [21] determined were
dioctylamine (67.64%), monoterpene (7.32%, pentadecane), terpene (6.33%, hexadecane),
dodecane (2.34%), jasmololone (2.05%), isopulegone (1.63%), and cymarin (0.79%). In
another research, the main volatile constituents of S. platensis were heptadecane (39.70%)
and tetradecane (34.61%) based on the findings of Ozdemir et al. [36]. Finally, the volatile
compounds of a “kefalotyri” cheese sample and of a “kefalotyri” cheese sample layered
with film containing 2% sp. after storage at 4 ◦C for 7 days (after the removal of the film)
are shown in Table S1. A total of 12 compounds were identified in the “kefalotyri” cheese
sample, which were also identified in the cheese sample layered with the film. Two more
compounds were found in this sample, namely 2,3-butanedione and 2-octene, not being
compounds of the sp. powder. The above findings support that the WPC-based film
containing 2% sp. does not sustain the characteristic odor of sp.
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3.7. NIR Spectroscopy: Chemical Composition of “kefalotyri” Cheese Sample with Film

The chemical composition of the “kefalotyri” cheese sample layered with film containing
2% sp. after storage at 4 ◦C for 7 days after the removal of the film and the cheese with the
film homogenized together, as determined by the application of NIR spectroscopy, was fat
% 27.73 ± 0.08, moisture % 36.22 ± 0.06, protein % 27.79 ± 0.13, salt % 3.00 ± 0.01, SFA %
18.46 ± 0.92, fat in dry matter % 43.5 and total solids % 63.78 ± 0.06 and fat % 27.83 ± 0.09,
moisture % 36.07 ± 0.19, protein % 29.66 ± 0.07, salt % 2.08 ± 0.12, SFA % 17.92 ± 0.90, and fat
in dry matter % 43.5 and total solids % 63.93 ± 0.19, respectively. Therefore, consuming cheese
together with the WPC-based film containing 2% sp. can increase the protein value and intake
of the product, and in general, such packaging can maintain the cheese’s nutritional value.

4. Conclusions

The film with 2% sp. showed good color properties and the highest total phenolic
content and could be hydrolyzed by pepsin in the simulated gastric juice, disintegrating
within 1 h. In conclusion, films with 2% sp. were selected to be applied as packaging
of “kefalotyri” cheese surfaces. The spoilage from yeasts was optically evident from Day
30 on the surface of the cheeses without films. Until the end of the storage days, no
spoilage bacteria were found in cheese samples layered with films containing 2% sp. The
antimicrobial activity of sp. is potentially attributed to the synergistic effect between
the wide diversity of bioactive phenolic compounds, such as chlorogenic acid, and other
compounds found insp., such as carotenoids, C-phycocyanin, and chlorophyll (a and b).
Such a cheese packaging material can be an important and sustainable alternative in the
preservation of cheese quality and safety. GC-MS analysis of WPC-based film containing
2% sp. showed that the film does not sustain the characteristic odor of sp. The same
major compounds were identified in the Control films and films containing 2% sp. The
sp. powder and WPC-based film containing 2% sp. had seven common compounds, not
found in the Control film; six of them were minor compounds of sp. powder, and only
one was among its major compounds. The WPC-based films containing 2% sp. could be
consumed with “kefalotyri” cheese and constitute a functional food. Consuming a film
containing sp. can improve consumer acceptance due to the flavor- and color-masking
effect of films and could probably prove a good alternative for the wider acceptance of
functional products enriched with edible microalgae. Finally, it can increase the protein
value and intake of the product, and in general, such packaging can maintain the cheese’s
nutritional value. However, further research needs to be conducted, and the organoleptic
evaluation of the cheese after the removal of the film with sp. and the combination of the
films and the cheese is recommended to obtain consumers’ acceptance.

Supplementary Materials: The following Supporting Information can be downloaded at: https://
www.mdpi.com/article/10.3390/su151813909/s1, Table S1: Volatile compounds of “kefalotyri”
cheese and “kefalotyri” cheese covered with 2% sp. film after storage at 4 ◦C for 7 days after the
removal of the film, Figure S1: (a) “Kefalotyri” cheese layered with Control film after storage at 4
◦C for 7 days; (b) cheese layered with WPC-based films containing 2% sp. after storage at 4 ◦C for 7
days; (c) the same piece after removing the film containing 2% sp. (on the right side) with a freshly
cut piece of cheese (on the left side) for comparison.
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Abstract: Increasing demand for sustainable protein sources has spurred interest in the exploration
of alternative protein sources with a reduced environmental impact. This study investigates the use
of spent coffee grounds (SCG), a widely available by-product, as a feed additive for Tenebrio molitor
larvae, aiming to contribute to the circular economy and enhance the nutritional quality of the insects.
The larvae were fed with a mixture of bran (the conventional feed) and SCGs (10 and 25% w/w).
Larval viability, growth, and nutritional composition, including protein, fat, carbohydrates, ash,
carotenoids, vitamins A and C, and polyphenols, were evaluated. Increasing the proportion of SCGs
in the larvae’s feed led to an enhanced nutritional value of the larvae. In particular, crude protein
increased by 45.26%, vitamin C showed an increase of 81.28%, and vitamin A showed an increase
of 822.79%, while polyphenol content increased by 29.01%. In addition, the oil extracted from these
larvae showed enhanced nutritional value and greater resistance to oxidation. The results highlight
the promising use of SCGs as a feed additive for T. molitor larvae, offering a sustainable approach to
enhance their nutritional value. Delving deeper into the results, the addition of 10% SCGs resulted in
a 45.26% increase in crude protein compared to the SCG0 sample. Concurrently, increasing SCGs
in the dietary substrate led to an increase in vitamin content; in sample SCG25, vitamin C content
increased by 81.28% while vitamin A content increased by 822.79% compared to the control sample.
Moreover, there was a large increase in polyphenol content with the SCG25 sample showing the
highest value, which was a 29.01% increase over the control sample.

Keywords: carotenoids; coffee by-products; edible insects; fat; fatty acids; proteins; proximate
composition; vitamin A; vitamin C; yellow mealworm larvae

1. Introduction

In light of the Earth’s increasing population, the widespread consumption of natural
resources, and the resulting production of significant amounts of agricultural by-products,
there is a continuous and urgent concern for sustainable practices [1,2]. In the scientific
and industrial sectors, ongoing efforts are made to establish sustainable methods for
managing these discarded by-products in order to reduce the consumption of natural
resources [3]. Among the various by-products generated and discarded annually, one
noteworthy example is the residue produced after the roasting and brewing of coffee
beans [4]. Coffee is the most widely consumed beverage globally and ranks as the second-
largest commercial product, following petroleum [5]. According to the study by Getachew
et al. [6], the improper disposal of coffee grounds, due to their high tannin and caffeine
content, could pose environmental risks. Consequently, research efforts have increased to
investigate the coffee grounds’ properties and potential applications.
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According to previous research, it has been elucidated that spent coffee grounds (SCG)
contain bioactive compounds, notably polyphenols, which are well-documented for their
antioxidant and antimicrobial attributes [7–9]. These by-products also encompass a variety
of phenolic compounds, including caffeic acid, chlorogenic acid, and its isomer, neochloro-
genic acid, known for their diverse biological activities, including anticancer, antilipidemic,
antidiabetic, antiviral, and antipyretic effects, among others [10–12]. Despite their unsuit-
ability for human consumption, coffee by-products have found utility as an ingredient
in poultry feed, demonstrating their compatibility with animal consumption [13]. This
multifaceted application of coffee by-products underscores their pivotal role in promoting
a circular economy. Consequently, it prompts further exploitation regarding potential
additional avenues for their sustainable utilization.

The expanding global population and the aforementioned patterns of resource con-
sumption have led the scientific community toward the exploration of novel, innovative
food sources [14]. Among the most promising solutions, the rearing and utilization of
insects have garnered significant attention [15]. One promising insect species in this context
is the larvae of Tenebrio molitor (TM) (Coleoptera: Tenebrionidae), commonly referred to as
yellow mealworm larvae, which is frequently used as feed for fish, poultry, and pigs [16].
These larvae have gained recognition for their exceptional nutritional profile, characterized
by high protein content, essential amino acids, fats, and essential fatty acids [17,18]. No-
tably, the TM insect participates inherently in a circular economy model by being reared on
substrates derived from various by-products, thus contributing to a sustainable ecosystem.
Various by-products have been subjected to examination in order to assess their effects on
TM larvae growth. Among these substrates are rice bran, corncob, and potato peels [19]
along with a range of industrial by-products, including chicken feed, wheat and rye bran,
rapeseed meal and cake, flax cake, and Silybum marianum cake [20,21].

The digestive capabilities of mealworm larvae have garnered attention for their ability
to process a diverse array of substrates and by-products [22]. Furthermore, these larvae
have been documented as having negligible or limited quantities of specific essential
nutrients, including vitamins A and C, as well as other bioactive compounds such as
polyphenols [23]. Building upon these observations, the aim of our study was the ex-
amination of the feasibility of utilizing SCGs as a rearing substrate for TM insects. This
investigation serves a dual purpose: firstly, to evaluate the influence of the substrate on the
growth and development of the larvae, particularly up to the pupae stage, which follows
the larval stage and precedes adulthood in insects [24], and, secondly, to assess the impact
of the substrate on the nutritional composition of the larvae. The ultimate objective of this
research is the enhancement of the nutritional value of a food source (TM larvae), while
simultaneously adhering to principles of cost-effectiveness (by utilizing SCGs, a by-product
that is abundantly available, to contribute to the economic viability of insect farming) and
ecological sustainability (by repurposing a waste product to contribute to waste reduction
and promote a circular economy, aligning with broader sustainability goals). By adopting
such an approach, we aspire to contribute to the development of an economically viable
and environmentally friendly method for producing a high-quality food resource. This
approach represents a novel and environmentally conscious strategy for repurposing waste
materials and aligns with the growing emphasis on circular economies in agriculture. More-
over, our dual focus on larval growth and development, coupled with considerations of
cost-effectiveness and ecological sustainability, sets our approach apart, contributing to a
more comprehensive understanding of the potential of alternative feed sources and their
broader implications for sustainable and environmentally friendly agricultural practices.
Based on the above, this study aligns with several Sustainable Development Goals (SDGs)
by contributing to the global agenda for sustainable development. Firstly, the investigation
into utilizing SCGs as a feed additive for TM larvae aligns with SDG 12 (Responsible
Consumption and Production) by promoting the efficient and sustainable use of resources,
specifically by repurposing a widely available by-product to enhance nutritional value.
The emphasis on circular economy principles and waste reduction corresponds to SDG
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12 targets. Additionally, the study aligns with SDG 2 (Zero Hunger) by exploring alterna-
tive protein sources to meet the increasing demand for sustainable food resources. The
enhancement of nutritional content in TM larvae, particularly the substantial increase
in crude protein and vitamins, contributes to SDG 3 (Good Health and Well-being) by
addressing the nutritional aspect of food security. Furthermore, the research aligns with
SDG 15 (Life on Land) by promoting sustainable practices in insect rearing, offering a
potential eco-friendly solution to enhance food production while mitigating environmental
impact. In summary, this study actively supports the interconnected goals of responsible
consumption, zero hunger, good health, and environmental sustainability outlined in the
United Nations’ Sustainable Development Goals.

2. Materials and Methods
2.1. Chemicals and Reagents

High-performance liquid chromatography (HPLC) grade solvents, specifically, hexane,
acetone, ethanol, and methanol, were employed in this study and were supplied from Carlo
Erba (Val de Reuil, France). Bradford reagent, ascorbic acid, β-carotene, trichloroacetic
acid (163.69 M), hydrochloric acid (6.00 N), and iron (III) chloride (162.20 M) were sourced
from Sigma-Aldrich (Steinheim, Germany). Gallic acid, Folin–Ciocalteu reagent, sodium
anhydrous carbonate, 2,2-diphenyl-1-picryl-hydrazyl (DPPH), and 2,4,6-tri-2-pyridinyl-
1,3,5-triazine (TPTZ) were obtained from Penta (Prague, Czech Republic).

2.2. Insects and Spent Coffee Grounds (SCG) Material

The experiments were performed using newly hatched Tenebrio molitor (TM) larvae
(7 days old). To obtain the above population, a plastic tray (24 × 29.5 × 10 cm) with an
opening in the top cover for adequate ventilation was filled with 2 kg of white flour (as
an oviposition substrate), and about 500 adult TM were added over a mesh (to avoid
cannibalization of the eggs). In addition, agar was also added as a source of moisture to
the insect substrate. Insects were maintained under constant conditions, i.e., 26 ± 1 ◦C,
55 ± 5% relative humidity (RH), and continuous darkness, for 7 days in order to oviposit.
The eggs were left to hatch and removed for further use when the larvae reached 7 days old.

The SCGs were obtained from a local coffee store in Karditsa city, Greece. The coffee
grounds (60% Arabica and 40% Robusta) were transferred to the laboratory and underwent
lyophilization in order to remove water.

2.3. Feeding Trial

In a series of feeding trials, the growth of TM larvae on wheat bran–based feeding
substrates with different percentages of dried SCG, namely, 10% (SCG10), 25% (SCG25),
50% (SCG50), 75% (SCG75), and 100% (SCG100), was evaluated, while wheat bran alone
(SCG0) was used as a control. The bran was procured from a local shop in Volos, Greece,
and had a particle size <2 mm.

In the preliminary experiments, 50 TM larvae were transferred into plastic, cylindrical
vials (diameter 6.5 cm, height 8.8 cm, Carl Roth GmbH & Kg, Karlsruhe, Germany) with
a shielded opening in the top cover allowing air circulation, together with 8 g of each
substrate. As with the oviposition process, agar was provided as a source of moisture,
three times a week while rearing conditions were 26 ± 1 ◦C, 55 ± 5% RH, and continuous
darkness. To avoid depletion and inability of larvae to develop and grow, 2 g of food was
added to each vial (the food nearly ran out). Each feed substrate was examined in nine
replicates. In order to determine larval survival and development, larvae were separated
from the substrate and counted, and their total weight was determined on a precision scale
(Equinox EAB125i, Adam Equipment Inc., FoxHollow Road, Oxford, UK). This procedure
was repeated every week until the first pupa appeared in each vial.

In order to produce sufficient TM population for further experiments, TM larvae were
reared on a larger scale. The substrates that showed satisfactory survival and growth results
(vide infra) were used (i.e., SCG0, SCG10, and SCG25). Into plastic trays (24 × 29.5 × 10 cm),
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1500 larvae were introduced along with 300 g of each substrate and reared for eight weeks
under the same conditions while using agar as a moisture source. Larvae were separated
by sieving from the rearing substrate, fasted for 24 h, weighed, and euthanized by freezing
(−20 ◦C). Larvae were then placed in a freeze-dryer for 24 h and crushed into a fine powder
stored in sterile glass vials at −40 ◦C for further analysis.

2.4. Larval Composition Analysis
2.4.1. Water Content

A Biobase BK-FD10P (Jinan, China) lyophilizer was used to remove the moisture
content from all larvae samples. Subsequently, the quantification of moisture content
within samples was conducted using a gravimetric method referred to by May et al. [25].

2.4.2. Crude Protein Content

In order to extract the proteins from the sample, 1 g of the sample was immersed in
10 mL of distilled water adjusted to pH 12 with 1 M NaOH. The extraction process was
carried out for 60 min at 500 rpm and at room temperature. Subsequently, the mixture
underwent centrifugation for 5 min at 4500× g, and the supernatant was retracted, so as to
be further analyzed. To ensure the complete extraction of proteins, the extraction procedure
was repeated two more times on the solid residue.

Quantification of protein content, expressed as a percentage, was conducted using the
Bradford method [26]. For protein quantification, 900 µL of Bradford reagent was combined
with 100 µL of the sample, and this mixture was allowed to react for a duration of 10 min
in the absence of light. Ultimately, the absorbance of the samples was quantified at 595 nm
using a spectrophotometer (Shimadzu UV-1700 Pharma Spectrophotometer, Kyoto, Japan).

2.4.3. Carbohydrates Content

For the extraction of the carbohydrates, 1 g of the larval sample was added to 10 mL of
distilled water. The mixture was stirred at 500 rpm for 1 h at 50 ◦C. The mixture was then
centrifuged for 5 min at 4500× g and the supernatant was retracted and further analyzed.
The phenol/sulfuric acid method was used to quantify the amount of carbohydrates [27].
In brief, 0.22 mL of the supernatant was transferred to a plastic tube and 0.65 mL of con-
centrated sulfuric acid and 0.13 mL of 5% w/v aqueous phenol solution were immediately
added. The mixture was placed in a water bath at 90 ◦C for 5 min and then allowed to cool
to room temperature for 5 min. The absorbance of the solution was measured at 495 nm
using a spectrophotometer while a calibration curve was prepared using D(+)-glucose as
a standard.

2.4.4. Ash Content

The ash content of the samples was calculated gravimetrically [26]. Approximately
5 g of the sample was placed in porcelain crucibles and placed in an oven. The temperature
of the oven was increased to 550 ◦C with a rate of 5 ◦C/min, and the samples were heated
until no black residues were visible. The crucibles were then placed in a desiccator and left
to cool to room temperature. Then the weight of the crucibles was recorded and the ash
content was determined.

2.4.5. Total Fat, Fatty Acids, and Calculated Oxidizability Value (COX)

For the determination of the fat content of the larvae, a defatting process was carried
out. More specifically, 1 g of sample was mixed with 10 mL of n-hexane in a glass vial with a
screw cap. Extraction was performed by stirring at 40 ◦C and 600 rpm for 60 min. To isolate
the supernatant, the solution was centrifuged at 4500× g for 10 min. The supernatant was
transferred to a pre-weighed flask. The extraction process was carried out two more times
on the solid residue and the supernatants were pooled. Finally, the solvent was removed
using a rotary evaporator at 40 ◦C. For the identification and quantification of the fatty
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acids of the samples as well as the calculation of the various indices, the method used in
our previous research [26] was used.

2.4.6. Energy Content

The determination of the energy of TM larvae was based on the standard Equation (1):

Energy (kcal/100 g) = (9 × % crude fat)+(4 × % crude protein) + (4 × % carbohydrates) (1)

2.4.7. Vitamin C Content

The screening and quantification of the amount of vitamin C samples was performed
using a modified colorimetric analysis [28]. An accurately weighed amount of 5 g of
powder from each sample of T. molitor was mixed with 27 mL of a distilled water:methanol
mixture (60:40, v/v) and 3 mL of a 10% w/v trichloroacetic acid solution. The mixture was
stirred vigorously for 60 sec and then 20 mL of n-hexane was added. The final solution
was stirred at room temperature for 30 min and then centrifuged for 10 min at 10,000× g.
The lower aqueous phase was withdrawn and used as a sample. Next, 1 mL of the sample
was mixed with 0.5 mL of Folin–Ciocalteu reagent (10% v/v) and allowed to incubate for
10 min. Absorbance was measured at 760 nm and quantification was performed with an
ascorbic acid calibration curve.

2.4.8. β-Carotene–Vitamin A Content

A previously described technique was used to estimate the β-carotene and Vitamin A
content [29]. First, 1 g of each sample was added to the extraction stage along with 10 mL
of ethanol, and the mixture was stirred at room temperature for 30 min at 300 rpm. The
mixture was then centrifuged for 5 min at 3600× g while being periodically shaken in an ice
bath. Using a standard β-carotene calibration curve and the resulting extract’s absorbance
at 450 nm, the amount of carotenoid concentration was calculated (range: 0–50 mg/L,
equation: y = 0.0182x + 0.0119, R2 = 0.9982).

2.4.9. Ferric-Reducing Antioxidant Power (FRAP) Assay

The FRAP method was used to determine the antioxidant capacity of the samples
according to Makris and Kefalas [30]. The extracted solution as described in 2.4.7 was
used in this assay. 50 µL of the extracts were mixed with 50 µL of FeCl3 solution (4 mM in
0.05 M HCl) and incubated at 37 ◦C for 30 min. Then 900 µL of the TPTZ solution (1 mM in
0.05 M HCl) was added and the absorbance was measured at 620 nm. A calibration curve
(concentration range: 50–500 µmol/L in 0.05 M HCl) was generated using ascorbic acid as
a standard compound.

2.4.10. Total Polyphenol Content (TPC) Determination

A previously documented technique was used to calculate the extract’s total polyphe-
nol content (TPC) [31]. The extracted solution as described in 2.4.7 was used in this assay.
A total of 100 µL of the extract was mixed with an equal amount of Folin–Ciocalteu reagent
and left for 2 min. Following the addition of 800 mL of Na2CO3 solution (5% w/v), the
mixture was incubated for 20 min at 40 ◦C without light. Using a standard calibration
curve, the absorbance was measured at 740 nm to calculate the TPC, which was represented
as mg of gallic acid equivalents (GAE) per g of dry weight (dw) (range: 0–100 mg/L,
equation: y = 0.0138x − 0.0044, R2 = 0.9996) with gallic acid, and the concentration of total
polyphenol (CTP) was determined. To calculate the extraction yield of total polyphenol
(YTP), the following Equation (2) was used:

YTP(mg GAE/g dw) =
CTP × V

w
(2)

where V represents the volume of the extraction medium (in L) and w represents the dry
weight of the sample (in g).
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2.5. Statistical Analysis

For the determination of larval survival and growth, a total of nine measurements were
taken. For the proximate composition analysis, three samples were used, each analyzed in
triplicate, resulting in a total of nine measurements. Results were expressed as the mean
values of the nine measurements using standard deviation (SD). The data was examined to
see if they were frequently distributed using the Kolmogorov–Smirnov test. The presence of
statistically significant differences (p < 0.05) among the samples was assessed using one-way
ANOVA (Analysis of Variance) with a post-hoc Tukey HSD (Honestly Significant Difference)
Test Calculator (Tukey HSD used with Tukey–Kramer formula). For the statistical analysis,
SPSS (version 29) (SPSS Inc., Chicago, IL, USA) software was used.

3. Results and Discussion

The primary focus of the study was to investigate the impact of SCGs as a feed additive
on the nutritional value of Tenebrio molitor larvae. While acknowledging the importance
of chemical composition analysis of the feed, the scope of the study was more centered
on T. molitor and on the nutritional aspects, such as protein, vitamins, and polyphenols,
rather than an exhaustive examination of all chemical components of the feed. Moreover,
SCGs have been explored in various studies for their nutritional value, as well as toxic
compounds such as ochratoxin A. While the presence of ochratoxin A is a legitimate
concern in coffee-related products, existing safety standards may provide insights into
the likelihood of contamination. The SCGs were obtained from coffee stores, intended
for human consumption. As such, it was taken for granted that the raw materials were
thoroughly and carefully examined, so as to be available in the market.

3.1. Survival and Growth of TM Larvae

A number of factors need to be considered in order to evaluate a feed substrate for its
suitability for insect rearing [32]. One of the main factors that needs to be examined is the
survival of the insects. The selection of bran as a dietary control was based on the fact that
it is a widely used substrate that promotes rapid growth and ensures high survival and
high larval weight gain [33]. From preliminary experiments, it was learned that larvae in
the SCG50, SCG75, and SCG100 samples did not survive more than one week after SCG
addition, while those in the SCG0, SC10, and SCG25 samples survived to constitute the
examined samples. The % survival rates of the larvae in the three remaining substrates
(i.e., SCG0, SCG10, and SCG25) at each week are reported in Table 1. As can be seen, as
the SCG content in the larval feeding substrate increases, the number of larvae decreases,
albeit to a small extent (i.e., up to 10% in the eighth week). This may be due to the fact
that in SCGs several compounds are present, some of which may induce toxicity in the
larvae, such as ochratoxin A [34]. However, it is also known that TM larvae can self-select
their diet preferences [35]. Therefore, the reduced survival may also be due to reduced feed
consumption from their dietary preferences.

Table 1. Survival (%) of T. molitor larvae (±SD) fed for eight weeks with wheat bran (control) (SCG0)
and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25)) (n = 9).

Diets 2nd Week 3rd Week 4th Week 5th Week 6th Week 7th Week 8th Week

SCG0 97 ± 2 95 ± 3 94 ± 3 93 ± 4 91 ± 3 90 ± 2 a 89 ± 2 a

SCG10 96 ± 4 95 ± 4 93 ± 4 92 ± 3 92 ± 3 87 ± 5 a,b 86 ± 5 a

SCG25 96 ± 2 95 ± 2 93 ± 3 91 ± 4 90 ± 3 83 ± 3 b 80 ± 3 b

In all cases, values represent means ± SD. Within each evaluation interval (Week 2–8), means followed by the
same superscript letter are not significantly different (p > 0.05). Where no letters exist, no statistically significant
differences were noted.

The second parameter that must be examined for new feed substrates is the weight
gain of the larvae. Results from the weight of the larvae fed with SCGs are shown in
Figure 1. As can be seen, a statistically significant increase (p < 0.0.5) in the weight gain
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of the larvae was recorded at weeks 5 and 6 for both SCG percentages, compared to the
control larvae. However, in the next two weeks, although a 7.8% increase in the weight gain
of the larvae fed with SCG25 was recorded, this was not statistically significantly different
(p > 0.0.5) compared to the control sample. Although no significant increase in the weight
of the larvae was recorded, it is noteworthy that the weight of the larvae did not decline
due to selective feeding [35]. This result opens new avenues in insect rearing, given that
both domestically and scientifically SCGs and their various extracts act as a repellent for
insects such as mosquitoes [36,37].
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control sample, while the SCG25 sample exhibited a substantial 30.86% increase over the 
SCG0 group, as its amount of crude protein was 42.65%; both samples’ differences were 

Figure 1. Individual weight (mg) of T. molitor larvae fed for eight weeks with wheat bran (control)
(SCG0) and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25))
(n = 9). Statistically significant differences (p < 0.05) are denoted with different letters (e.g., a–c).

Although the microbiological safety of products is often studied for food products, this
analysis was not carried out in this case. As such, any potential risk to larvae or subsequent
consumers would need to be addressed in further research or product development. The
present study does not present a ready-to-eat food product but a potential additional
ingredient, TM flour, for the preparation of a new product. Our focus on nutritional
improvements through SCG supplementation does not negate the significance of safety
considerations in food product development. However, we believe that addressing these
concerns falls within the purview of future research endeavors that specifically aim to
develop ready-to-eat food products using TM flour.

3.2. Evaluation of the Nutritional Value of the Larvae

The first step was to determine the water content of the samples. The larvae fed with
bran, considered as the control sample, exhibited a moisture content of approximately 30%,
while the larvae fed with varying proportions of SCGs displayed a moisture content of
approximately 17.7%. TM larvae present a high water content [38], sometimes ranging from
60.80 to 72.60%. Nevertheless, when the water content is so high, very low percentages of
crude protein, in the range of 23.50–16.50%, respectively, also occur [39]. Consequently, the
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water content in the present study may not reach such high values and this fact may be
attributed to their rich protein content, which is presented afterwards.

3.2.1. Proximate Composition

The high crude protein content has instigated substantial interest in yellow mealworm
larvae within both the scientific community and the food industry. Consequently, the
impact of SCGs on the crude protein content of the larvae was investigated. Detailed
proximate composition data for TM larvae, fed with different SCG-based diets, is presented
in Table 2. Commonly, TM larvae reared on bran, their primary dietary substrate, typically
exhibit a crude protein content ranging from 13.68% to 27.60% [40,41]. However, it is crucial
to acknowledge that the variability in crude protein content among larvae is influenced by
geographic and rearing conditions, as evident in the diverse results. Although SCGs contain
a small amount of crude protein [42], their use as a feed additive resulted in a significant
boost in the crude protein levels of larvae. Specifically, the SCG10 sample exhibited a crude
protein content of 47.34%, which was a 45.26% increase over the control sample, while
the SCG25 sample exhibited a substantial 30.86% increase over the SCG0 group, as its
amount of crude protein was 42.65%; both samples’ differences were statistically significant
(p < 0.05). Last but not least, it is worth mentioning that SCG10 was 10.99% more enhanced
in crude protein content than SCG25.

Table 2. Proximate composition of T. molitor larvae fed for eight weeks with wheat bran (control)
(SCG0) and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25))
(n = 9).

% Composition of
Dry Weight SCG0 SCG10 SCG25

Crude protein 32.59 ± 0.43 c,* 47.34 ± 0.17 a 42.65 ± 0.26 b

Crude fat 22.77 ± 1.29 a 20.2 ± 1.07 a 21.93 ± 1.55 a

Carbohydrates 25.72 ± 0.04 a 13.41 ± 0.77 c 19.42 ± 0.21 b

Crude ash 1.89 ± 0.07 c 3.51 ± 0.04 a 2.44 ± 0.03 b

Energy (kcal/100 g) 438.17 ± 13.49 a 424.8 ± 13.39 a 445.65 ± 15.83 a

* Within each line, statistically significant differences (p < 0.05) are denoted with different superscript letters (e.g.,
a–c).

Given the ongoing exploration of TM larvae as potential substitutes for conventional
sources of crude protein like meat, it is important to underscore the magnitude of this
increase. For context, beef typically contains ~21.35 g/100 g of crude protein content,
while chicken contains ~19.40 g/100 g [43]. In comparison, these contents are 52.64% and
67.99% lower compared to the control sample, and 121.73% and 144.02% lower compared
to the SCG10 sample. This underscores the substantial nutritional advantage of TM larvae
over conventional protein sources. Notably, the high (47.34%) crude protein content in
SCG10 makes TM larvae close to the highest recorded percentage of crude protein in these
larvae (50%) [44]. While amino acid profiling provides valuable insights into the specific
constituents of proteins, emphasis was placed on the overall protein content, which serves
as a pertinent and meaningful indicator of the nutritional enhancement achieved through
SCG supplementation. The fundamental premise lies in recognizing that protein content
itself is a critical determinant of nutritional value. As such, since our study aimed to
contribute to the discourse on sustainable protein sources, with a focus on the circular
economy and reduced environmental impact, the demonstrated increase in protein content,
independent of the amino acid profile, underscores the potential of SCGs as a viable and
sustainable feed additive.

Table 2 shows a noticeable reduction in the percentage of carbohydrates across various
samples, which is in line with the observed increment in protein percentages. Specifically,
samples SCG10 and SCG25 displayed a substantial decrease of 47.86% and 24.49% (statisti-
cally significant at p < 0.05) in carbohydrate content when compared to the SCG0 group.
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It is noteworthy that the nutritional evaluation of mealworms primarily emphasizes their
crude protein content, often omitting essential components like carbohydrates. Neverthe-
less, in this study, we examined the carbohydrate content as it constitutes a fundamental
component of a balanced diet [45]. Beyond their significance in human nutrition, carbohy-
drates play a pivotal role in the growth and development of insects. A substantial portion
of carbohydrates in insects is attributed to chitin [27], which serves as the main material
composing the exoskeleton of TM throughout all developmental stages [46]. However,
it is observed that as protein levels in the samples increase, there is a concomitant and
significant decrease in carbohydrate content. This observation was somewhat expected,
as carbohydrates provide the larvae with the requisite energy for their development and
the execution of their metamorphosis [35]. Although chitin is undoubtedly a significant
component in insect exoskeletons and plays a crucial role in growth and development, its
quantification was not carried out since it was not aligned with the primary objectives of the
study. In this study, the emphasis was on assessing the overall nutritional changes in TM
larvae when supplemented with SCGs. Focus extended beyond individual components to
encompass macronutrients, micronutrients, and the holistic nutritional value of the larvae.
As far as the human diet is concerned, the consumption of limited carbohydrates can help
reduce overall caloric intake without affecting the intake of essential nutrients, e.g., proteins
and minerals [47]. Finally, low-carbohydrate diets improve cardiovascular risk factors and
prevent or treat diabetes [48].

The determination of crude ash content is of paramount importance as it provides
insights into the mineral composition of a food product, a key aspect of its nutritional
profile. As elucidated in Table 2, the percentage of crude ash in the SCG-fed samples
exhibits a wide variation, from 1.89% in SCG0 to 3.51% in SCG10. Notably, the inclusion of
SCGs in the larval diet resulted in a statistically significant (p < 0.05) elevation in mineral
content. Specifically, SCG10 displayed an 85.14% increase, while SCG25 demonstrated
a 29.10% rise in comparison to the control sample. Furthermore, SCG10 emerged as the
leading sample in terms of crude ash content, aligning with its prominent position in
relation to crude protein levels. It is noteworthy that the highest recorded crude ash value
in previous studies on TM larvae was found to be 3.81% [41], a content comparable to that
of SCG10. Conversely, the control sample was found to contain 1.89%, which is consistent
with prior studies reporting values within the range of 1.23% to 2.20% [40,49]. Collectively,
these findings underscore the substantial increase in mineral content attributed to the
inclusion of SCGs in the larval diet, with SCG10 achieving or surpassing values reported in
prior research.

Another characteristic of TM larvae is their notably high fat content [50]. Extensive
investigations have been conducted to elucidate their fat content, reporting a fat content
between 20% and 45% [51,52]. According to our results, the observed fat percentages ranged
between 20.20% (SCG10) and 22.77% (SCG0). These results were somewhat expected, given
the inverse relationship between crude protein and fat percentages, whereby higher crude
protein content typically corresponds to lower fat content. The fat percentage exhibited
an 11.29% reduction in SCG10 and a 3.69% decrease in SCG25 compared to SCG0. It is
important to highlight that while dietary fat serves as a crucial component of a balanced
diet, it necessitates prudent consumption. This is underscored by research associating the
consumption of high-fat diets with the development of severe health conditions [53].

The percentage of fat in a food product is of paramount significance, but equally
critical is the assessment of its oil content and value, which is determined via relevant
indicators [54]. Fatty acids encompass diverse health-promoting effects, including the
prevention of cardiovascular disease, exhibited by polyunsaturated and monounsaturated
fatty acids [55]. The composition of fatty acids in the samples is presented in Table 3,
revealing substantial quantities of important fatty acids such as palmitic acid (C16:0),
oleic acid (C18:1), and linoleic acid (C18:2 ω-6). Concerning C16:0, higher values were
observed in SCG25, which exhibited increases of 8.76% and 10.82% over SCG0 and SCG10,
respectively. Additionally, C18:1 is known for its anti-cancer properties [56], and our data
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in Table 3 demonstrates a significant (p < 0.05) increase in C18:1 content as SCG content
rises in the TM larval feeding substrates, reaching a peak of 45.87% in SCG25. Similarly
noteworthy is the fatty acid C18:2, known for its protective effects against cardiovascular
diseases [57]. While the C18:2 content of the samples is high, it is noteworthy that an
increase in SCGs in the feed does not appear to increase C18:2 levels. Instead, our findings
indicate a significant (p < 0.05) decrease of 31.77% between the SCG0 and SCG25 samples.
These results collectively underscore the diversity of fatty acids present in TM larvae and
their potential health benefits, while shedding light on the nuanced impact of coffee content
on specific fatty acid compositions. Nevertheless, it should be pointed out that a high
saturated fat intake is associated with atherosclerosis and coronary artery diseases [58] and,
as can been seen in Table 3, TM larvae are quite rich in saturated fatty acids.

Table 3. Fatty acid composition of T. molitor larvae fed for eight weeks with wheat bran (control)
(SCG0) and bran fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25))
(n = 9).

Fatty Acid (%)
Diets

SCG0 SCG10 SCG25

C12:0 0.08 ± 0.00 b,* 0.10 ± 0.00 a nd **
C14:0 2.06 ± 0.08 b 2.77 ± 0.19 a 2.36 ± 0.06 b

C16:0 19.3 ± 1.37 a 18.94 ± 0.53 a 20.99 ± 1.26 a

C18:0 0.21 ± 0.01 b 0.23 ± 0.01 a nd
C18:1 23.98 ± 1.39 b 24.83 ± 1.86 b 34.98 ± 1.64 a

C18:2 (ω-6) 53.87 ± 4.04 a 52.67 ± 3.53 a 40.88 ± 1.92 b

C20:0 0.50 ± 0.03 b 0.45 ± 0.03 b 0.78 ± 0.02 a

∑ SFA 1 22.15 ± 1.49 a 22.5 ± 0.76 a 24.13 ± 1.34 a

∑ MUFA 2 23.98 ± 1.39 b 24.83 ± 1.86 b 34.98 ± 1.64 a

∑ PUFA 3 53.87 ± 4.04 a 52.67 ± 3.53 a 40.88 ± 1.92 b

∑ UFA 4 77.85 ± 5.43 a 77.5 ± 5.39 a 75.87 ± 3.57 a

PUFA:SFA ratio 2.43 ± 0.02 a 2.34 ± 0.08 a 1.69 ± 0.01 b

MUFA:PUFA ratio 0.45 ± 0.01 c 0.47 ± 0.00 b 0.86 ± 0.00 a

COX 5 5.79 ± 0.43 a 5.67 ± 0.38 a 4.56 ± 0.21 b

IA 6 0.35 ± 0.00 b 0.39 ± 0.01 a 0.4 ± 0.00 a

IT 7 0.55 ± 0.00 b 0.57 ± 0.02 b 0.62 ± 0.01 a

HH 8 3.63 ± 0.01 a 3.55 ± 0.13 a 3.25 ± 0.03 b

HPI 9 2.82 ± 0.02 a 2.57 ± 0.07 b 2.49 ± 0.01 b

* Within each line, statistically significant differences (p < 0.05) are denoted with different superscript letters
(e.g., a–c). ** nd: not detected. 1 SFAs, saturated fatty acids (%): SUM of C12:0, lauric acid; C14:0, myristic
acid; C16:0, palmitic acid; C18:0, stearic acid; C20:0, arachidic acid. 2 MUFAs, monounsaturated fatty acids (%):
SUM of C18:1, oleic acid. 3 PUFAs, polyunsaturated fatty acids (%): SUM of C18:2, ω-6, linoleic acid. 4 UFAs,
unsaturated fatty acids (%): SUM of MUFAs and PUFAs. 5 COX, calculated oxidizability value. 6 IA, Index of
atherogenicity. 7 IT, Index of thrombogenicity. 8 HH, Hypocholesterolemic/hypercholesterolemic ratio. 9 HPI,
Health-promoting index.

Furthermore, the COX value, an important indicator in assessing the oxidative stability
of oil, was calculated. A lower COX value signifies enhanced oxidative stability and,
consequently, an extended shelf life of the oil product [59]. In our case, we observed a
decrease in the COX value as the SCG content increased, underscoring the fact that SCG
consumption by TM larvae promotes a higher shelf life of their oil. Next, other indicators
pertinent to the overall quality of oils were also examined. These indicators encompassed
the atherogenicity index (IA), thrombogenicity index (IT), and health promotion index
(HPI). A lower IA value is indicative of a healthier food product. For instance, high IA
values, such as 4.08, are reported for milk [60], a value which is ten times higher than
the values recorded for TM larvae oil. In our case, no statistically significant differences
(p < 0.05) were recorded for SCG-fed larvae. A similar principle applies to the IT index,
where lower values are more favorable for human health. For instance, in a study focused
on seaweed, another innovative food product alongside insects, the IT value ranged from
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0.04 to 2.94 [61]. In contrast, our samples exhibited a maximum value of 0.62 (SCG25). The
above comparison further contextualizes the health benefits, highlighting the potential
of SCG-fed larvae as a nutritionally favorable and innovative food source. Last but not
least, HPI is relevant as the consumption of foods with high values of this index has a
positive effect on cardiovascular diseases [62]. Comparing the present HPI data with the
corresponding HPI value of meat (2.91) [63], it is obvious that the data are fully comparable
while proving that the nutritional value of TM larvae does not differ significantly from
conventional food products. This not only supports the larvae’s potential as a sustainable
alternative but also underscores its role in promoting cardiovascular health. In essence,
the analysis of these indices provides a nuanced and comprehensive assessment of the
nutritional quality and health implications of TM larvae reared on SCGs. The results not
only contribute to the broader understanding of insect-based nutrition but also position
SCG-fed larvae as a promising and innovative source of nutrition with potential benefits
for human health.

3.2.2. Vitamin C and A Content of TM Larvae

Vitamins C and A belong to the group of essential vitamins, each serving distinct roles
crucial for proper human physiological function [64]. TM larvae inherently exhibit vitamin
deficiencies [65]. Hence, this study endeavors to naturally enhance their vitamin content
via dietary modifications. Results are presented in Table 4. A substantial increase in vitamin
content within the examined larvae was recorded as the quantity of SCGs in their dietary
substrates increased. While SCGs themselves lack increased ascorbic acid content, they
do contain a quantity of up to 8.18 ± 0.39 mg of vitamin C equivalent (VCE)/g SCG [66].
Evidently, this is efficiently absorbed by the larvae during their developmental stages. The
elevation in ascorbic acid content was high, exhibiting a statistically significant (p < 0.05) rise
of 43.63% with the inclusion of 10% SCGs and an even more pronounced increase of 81.28%
with the addition of 25% SCGs. This underscores the capacity of the larvae to increase
their vitamin C levels, despite prior deficiencies, merely by consuming food waste. Equally
noteworthy is the enhancement in β-carotene content, a vital nutrient for humans because
it contributes to various therapeutic effects in managing numerous diseases, such as cancer,
cardiovascular disorders, COVID-19, cystic fibrosis, and bronchiectasis [67,68]. Larvae fed
with this diet can increase their content up to 8.42 µg/g, marking a substantial increase
from the control sample containing 0.91 µg/g. The same applies for vitamin A. Larvae fed
on bran exhibit a vitamin A content of approximately 2.72 µg RAE/100 g. Intriguingly,
the addition of up to 25% SCGs increases this content by 822.79%. Comparatively, chicken
contains a mere 6.00 µg/100 g of vitamin A [69]. This underscores the nutritional potential
of mealworm larvae, revealing their richness in proteins and essential nutrients, including
vitamins, in comparison to conventional protein sources such as chicken.

Table 4. Content of T. molitor larvae fed for eight weeks with wheat bran (control) (SCG0) and bran
fortified with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25)), in vitamin C,
β-carotene, and vitamin A (n = 9).

Diets Vitamin C (µg/g) β-Carotene (µg/g) Vitamin A (µg RAE/100 g)

SCG0 218.09 ± 2.09 c,* 0.91 ± 0.06 c 2.72 ± 0.19 c

SCG10 313.25 ± 3.24 b 4.36 ± 0.56 b 13.02 ± 1.68 b

SCG25 395.35 ± 1.98 a 8.42 ± 0.34 a 25.1 ± 1 a

* Within each column, statistically significant differences (p < 0.05) are denoted with different superscript letters
(e.g., a–c).

3.2.3. Antioxidant Properties of the Larvae’s Extracts

Table 5 provides a summary of the results of the assessment of the antioxidant activity
of mealworm larvae. The results unveil a consistent pattern. As the amount of SCGs in
the dietary substrate increases, both the antioxidant activity and polyphenol concentration
exhibit an increase. More specifically, the addition of 10% SCGs results in a statistically
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significant (p < 0.05) increase of 9.5% in antioxidant activity, and this effect becomes even
more pronounced with the addition of 25% SCGs, where the increase rises to 91.86%. Fur-
thermore, statistically significant differences (p < 0.05) are evident in polyphenol content
among the samples. A comparative analysis between SCG0 and SCG10 reveals a 23.34%
increase, while comparing SCG0 and SCG25 demonstrates a more substantial increase
(29.01%). These findings are comparable with prior studies, proposing that SCGs exhibit
antioxidant activity and contain polyphenols (approximately 34.43 mg GAE/g) [7,8,70].
Hence, it can be inferred from these results that the nutrients present in the larvae feed
substrate are readily absorbed by the larvae, resulting in additive nutritional resources. TM
larvae with enhanced antioxidant properties could be used to develop dietary supplements
targeting specific health problems, such as immune system support, anti-ageing, or cardio-
vascular health. So, these larvae can be processed into various food products like protein
powders, protein bars, and snacks giving them extra significant properties. However,
attention should be paid to the European Union’s indications on the consumption of TM
larvae. In particular, the Commission states that primary sensitization and allergic reactions
to flour proteins from TM larvae may be induced in people with allergies to crustaceans
and dust mites [71].

Table 5. Antioxidant properties (FRAP assay) and total polyphenols (TPC) of T. molitor larvae fed
with different rates of spent coffee grounds, 10% (SCG10) and 25% (SCG25)) (n = 9).

Diets FRAP (µmol AAE/g) TPC (mg GAE/g)

SCG0 130.8 ± 2.48 c,* 43.22 ± 1.8 b

SCG10 143.23 ± 1.87 b 53.31 ± 1.48 a

SCG25 250.95 ± 3.53 a 55.76 ± 0.24 a

* Within each column, statistically significant differences (p < 0.05) are denoted with different superscript letters
(e.g., a–c).

4. Conclusions

Coffee consumption generates substantial waste. Our present study reaffirms the
suitability of these by-products as animal feed, while opening new avenues for their use in
rearing TM larvae. Although, a minor decrease in their survivability was recorded, without
having a toll on the weight gain of the larvae, the substrate comprising 75% wheat bran
and 25% SCGs proved highly beneficial for TM larvae, enhancing their protein, vitamin,
and polyphenol contents, as well as their antioxidant capacity. Our findings underscore the
utilization potential of SCGs, promoting the sustainability and ecological impact of coffee
consumption. In fact, by adding SCGs in the feed substrate of TM larvae, four goals of the
United Nations Sustainable Development Goals (SDGs) can be achieved. Specifically, goal
2 can be achieved through the production of alternative animal feed, combined with the
achievement of goal 12 for reducing food industry by-products and promoting a circular
economy. TM larvae can be raised using food industry waste, and no negative effects
were observed in their growth, development, and metamorphosis. Additionally, goal 2,
producing new protein-rich foods, can be achieved with a 45.26% increase in crude protein
content in the larvae after their rearing with 10% SCGs. Furthermore, with the increase
in protein content, there was an 81.28% increase in vitamin C and an 822.79% increase in
vitamin A in the samples that were reared with 25% SCGs. This study further substantiates
the notion that insects can effectively consume a wide array of products and efficiently
absorb the nutrients offered in their diet. Moreover, it is important to highlight that TM
larvae possess the potential to become one of the most nutritionally-rich sources of animal-
derived food. These points warrant increased consideration for their consumption either in
their natural form or as additives in low–nutritional value products like bread, cakes, and
biscuits. Moreover, it must be stated that the present study does not present a ready-to-eat
food product but a potential additional ingredient, TM flour, for the preparation of a new
product. Therefore, since the utilization of SCGs was found suitable for insect rearing, we
urge other researchers to use it for the creation of more nutritious larvae and add it to food,
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whereas future work could address concerns regarding the microbiological and chemical
safety of the new food products.
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20. Bordiean, A.; Krzyżaniak, M.; Stolarski, M.J.; Peni, D. Growth Potential of Yellow Mealworm Reared on Industrial Residues.
Agric. 2020, 10, 599. [CrossRef]
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Abstract: The prevention of environmental pollution is a current concern of the population, which
is looking for ways to reduce the production of industrial waste. The brewing industry generates
huge amounts of waste, with difficult management from an economic point of view. The waste
obtained from the technological process of beer production is used in various branches, such as the
food industry, mainly as feed, additives, or food ingredients; as animal feed; in biofuel production;
and in building or packaging materials. The valuable by-products obtained from brewery waste can
serve as raw materials for further processing or become functional ingredients for the production
of new functional products. Reusing and recycling are essential strategies for transforming waste
into new valuable resources, and such strategies enable circular solutions to maintain the value of
products and resources for as long as possible. The chemical composition of the waste obtained from
beer manufacturing can vary slightly depending on the type and quality of the ingredients used
and the prevailing conditions during each stage of the manufacturing process. This paper focuses
on sustainable strategies for the recovery and valorization of brewery by-products. Experimentally,
the aim was to determine the chemical characteristics of different types of brewery waste, such as
moisture content, ash, pH, total content of phenolic compounds, and total protein content. The
experimental values obtained have shown that brewery waste is a valuable by-product.

Keywords: waste; brewery; antioxidants; phenolic compounds; sustainability; strategies

1. Introduction

Beer is a special drink; it has been known since 6000 years ago, from the time of the
Sumerians. At that time, it was a divine drink intended only for the Goddess of Fertility, and
later, it was used by monks in the Middle Ages as a sweetener for meat, being considered a
food rich in carbohydrates, proteins, vitamins B1, B6, B12, PP and E, folic acid, nicotinic
acid, potassium, magnesium, etc. Moderate consumption of beer has a beneficial effect
on human health mainly due to antioxidants, suppression of the rise of blood plasma
lipoproteins [1], anti-inflammatory effects, and reduced risk of cardiovascular disease [2–4].
In beers, a considerable part of the antioxidant capacity is linked to the content of phenolic
compounds [5].

Beer is one of the most popular alcoholic beverages in the world. It is undistilled and
obtained by fermentation in the traditional way with only four basic ingredients: water,
wort (made from malt), hops, and yeast; the malt can be partly replaced by unmalted
grains (corn, barley, or rice) or possibly with some enzymes. Barley malt is usually used
in brewing, which, when wort is obtained, provides both the enzyme equipment and the
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substrate necessary for enzyme action and, at the same time, gives finished beers a typical
malt flavor.

The classification of the types of beer denotes the character, even the origin of this
drink, the ingredients used, and also the manufacturing technique, giving clear clues in
terms of taste, appearance, color, and smell of beer. The aroma, color, and texture of beer
may differ depending on the type of fermentation, which may be low or high frequency.
Based on the types of fermentation, two main types of beer are distinguished: Lager beer,
obtained by a low fermentation process, and Ale beer, obtained by high fermentation.
Apart from the main types of beer mentioned, there are other types, such as: wheat beer,
spontaneous fermentation beer, non-alcoholic beer, or craft beer. Of course, there are
other classifications of the types of beer established according to the ingredients used
in the production or certain particular characteristics of the brewing process, and this is
the case with the types of hybrid beer. Beer assortments also differ depending on the
brewer’s recipe.

However, there is a global trend in the production of new types of beer, known as
“styles”, that differ from traditional ones. Beer styles vary significantly due to wort changes
in the production technology through different microorganisms used, the use of atypical
malts, or the addition of various adjuvants such as salt, herbs, or spices. The use of fruits in
beer production is one of the most prominent trends found globally in local craft breweries
or industrial breweries [6,7].

Modern brewing technologies that take into account technical, economic, sanitary, and
quality standards have emerged. The implementation of unconventional technologies in
the technological process of beer manufacturing aims to simplify technological operations,
reduce production costs, reduce manufacturing time, diversify beer assortments, as well as
reduce the amount of waste resulting from the technological flow [8,9].

The use of synthetic antioxidants in the food industry is restricted by legislation [10].
For this reason, a sustainable and renewable alternative is to obtain these compounds from
waste materials, such as agroindustrial residues, plants, vegetables, and fruits, which are
efficient sources of phenolic compounds [11–14].

2. Product Identity and Sales Strategies

If the scientific discourse of chemistry addresses beer in terms of denoted, clear, tran-
sitive, non-ambiguous, measurable information, talking about ingredients, properties,
technological processes, etc., it is interesting to see how, having become a commercial prod-
uct, beer becomes the pretext for fictional constructions, stories with legitimizing value.

Product identity, chemical composition, and sales strategies are some factors that can
influence beer consumers [15].

Its commercial product status is known to entail a hybrid identity, codified by both
image and written word. A product’s labels become a semiotic space in which, on the
one hand, expert, mandatory, legally regulated information (type of beer, ingredients,
proportions, etc.) and, on the other hand, advertising information and telling a story, place
the commercial product in a fictional world, attaching experiences and values projected
by the imagination. Beer brands devote considerable financial and creative resources to
building these stories—because they sell alongside the product and also sell the product—in
fierce competition. To be recognizable and easy to remember, stories have semantic-
symbolic labels, which are both iconic (the brand image) and textual—short, concise, simple,
sometimes striking slogans, often delivered in a certain manner because the intonation or
rhythm of delivery increases the chances that the prospective buyer will remember the
product and be persuaded to buy it. There is another essential feature of these stories
that are attached to a product through advertising discourse—they always add positive
qualifiers to a product because they are meant to legitimize it in the commercial markets by
enhancing its value.

The best-known local beer brands build their identities through often comparable
advertising strategies. Most of them advertise premium quality and the fact that they
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are produced in Romania. Existence for several years adds value; some brands boast a
foundation dating back to 1718 or 1874, another claims existence since 1974, and craft beer
brands show more recent entry into commercial markets.

Image emblems symbolically link beer brands to Romanian identity, building advertis-
ing fictions around animals or birds that are representative of the local fauna—the brown
bear, the bearded vulture, etc.—which imply strength, robustness, superiority, and royalty.
The texts on the label enhance the image emblems through identity emotion, giving value
to the commercial story by over-emphasizing a characteristic that is always positive; one
brand with an animal emblem defines itself as the king of beer in Romania, another says
that the story goes further, accompanying the message with the image of the national flag.

Other image emblems seem to highlight the production process itself as a guarantee
of quality; a representation of the brewery appears on the label, which is called—also in the
official, registered name—“the good beer brewery”. Another brand also adds to its label
the image of a building without any other text specifications, leading us to believe that it
may be the production site or another space (a house?) that conveys to the buyer the idea
of community, conviviality, and shared well-being.

Regardless of the strategies of advertising persuasion and the stories through which
they assert their identity, local beer brands insist on communicating that they are part of
our lives and that they share our experiences by responsibly facilitating joviality, euphoria,
friendship, communication, and humor.

Expert information chimes with advertising fiction: some aimed at communities with
scientific expertise, others at the general public. As with humans, a product’s identity is
part hard, denoted, verifiable information, part imaginative projection, an illusion of reality
or make-believe.

3. Brewery Technology

In recent years, the beer industry has recorded important progress worldwide in terms
of technology and the provision of new types of equipment and installations [16,17]. The
technological flow is fully automated, monitored, and controlled from the “command and
control room”, where there are computers containing special programs for monitoring the
entire technological process of brewing beer.

The classic technological process of beer manufacturing consists of obtaining malt,
which is realized through the following sequence of phases: cleaning, sorting, weighing,
germination, drying, and root cleaning of barley grains; obtaining the beer wort is achieved
by grinding, scalding, saccharification, filtering the scald, boiling the malt wort with hops;
primary fermentation and secondary fermentation; and final operations include filtration,
pasteurization, and bottling.

3.1. Raw Materials

The malt represents the main raw material for brewing beer and is obtained by
germinating barley seeds in order to obtain the source of hydrolytic enzymes, which,
through their action on the substrate, determine the formation of the extract. The quality of
the beer is due to the quality of the malt, which is why it is also called the “soul of beer”.

The hops are the indispensable raw material; they represent the “seasoning of beer”, giv-
ing it the bitter taste, specific aroma, color, clarity, improvement of the foam, and preservation
power of the beer (natural preservative), which it influences thanks to the compounds that it
contains, especially bitter substances (resins ~12–21%) and essential oils 0.5–2.5%.

The water must be drinkable because, following the technological flow of obtaining
beer, it has a contribution of approximately 88% and requires a certain content of salts not
to influence the technological process. The hardness of the water depends on the type of
beer, and the pH of the wort and beer is influenced by the composition of the water [18].
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3.1.1. Unmalted Cereals

Unmalted cereals are used to obtain a lighter-colored beer with abundant and stable
foam: maize is used in the form of flour in a proportion of 5–30% compared to the amount
of malt; rice is used to obtain bottom-fermented blonde beer by separately processing barley
and rice bran mixed at 65 ◦C; barley, oats, and wheat are used in special types of beer.

3.1.2. Yeast

The yeast used in the technological flow of beer production is part of the Saccharomyces
carlsbergensis group, which always ferments alcoholically. It was derived either from
pure laboratory cultures or from the recovery of cells grown from a previous batch of
fermentation. The most important property of yeast is its ability to agglutinate. From a
fermentation point of view, yeast can be: top fermentation yeast, which ferments at high
temperatures (greater than 10 ◦C) and rises to the surface at the end of fermentation, or
lower fermentation yeast, which ferments at low temperatures and settles to the bottom of
the vessel at the end of fermentation.

3.2. Stages of the Technological Process of Brewing Beer

Following the qualitative and quantitative reception of the malted and unmalted cereals,
they are sent for cleaning, weighing, and removal of impurities, which is done through a
magnetic separator or with six-roll mills. After that, the malt is ground so that the enzymes can
act in the fermentation and saccharification stages, transforming the insoluble macromolecular
substances into soluble products that will enter the composition of the beer wort.

Grinding the malt is a relatively long process, determined not only by the size and
quality of the grain but also by the temperature of the water used. In order for the milling
process to be efficient, the malt must undergo the polishing process to slide easily into the
mill, avoiding adhesion to the walls of the soaking bunker.

Malting and saccharification form a complex process of enzymatic hydrolysis and
consist of mixing ground malt with unmalted cereals and water, where the malt enzymes
will destroy flour components and nitrogen-assimilable substances will accumulate in the
must, forming brazing. The amount of water used is variable and is added depending on
the type of malt used. As a result of this process, the disaggregation of proteins and the
transformation of starch into dextrin and maltose are obtained [19].

The next stage is the filtering of the lees, which aims to obtain the beer wort and takes
place by separating the wort from the insoluble parts that will later form the malt wort. In
the first phase of the process, the must will flow freely with the formation of the first must,
and in the second phase, the wort will be washed with water (50–75 ◦C) in order to recover
the retained extract.

Boiling the wort with hops is the stage obtained after filtering the lees with the addition
of hops and aims to solubilize the bitter and aromatic substances of the hops, protein
coagulation, enzyme inactivation, and must sterilization, concentration and coloring of the
must, cooling and clarifying the must, and elimination of some sulfur substances.

After boiling the wort and separating it from the hops, it is necessary to cool and
retain the wort so that the temperature is brought to the values at which the seeding with
yeast cultures is done. It is a complex process that takes place in the presence of air; it
causes chemical transformations as a result of the oxidation of maltose, glucose, protein
substances, etc.

The cooling of the wort takes place in two stages: the first time, there is a pre-cooling
from 100 ◦C to 65 ◦C, followed by a deep cooling that must reach the yeast seeding
temperature of 6–18 ◦C.

The hot wort is formed in the boiling step of the wort with hops and separates in the
pre-cooling step. It consists of coarser particles (30–80 µm) and is removed from the must
by sedimentation, centrifugation, or settling cyclones.
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The cold tube is formed during deep cooling after the hot tube has been separated. It
consists of fine particles, and its separation is done at a maximum percentage of 80–85% by
sedimentation, centrifugation, or flotation.

Sterilization of the must is done by inactivating the foreign microflora that occurs
during the uncontrolled acidification of the must. It is sterilized by bringing the must to
the boiling stage. In order to be seeded, the must is cooled to 6–7 ◦C, to which the yeast
suspension is added, obtained through pure laboratory cultures. There is also bubbling
with purified air to stimulate fermentation.

After all the primary wort phases of the technological flow and its fermentation, the
young beer product is obtained. Fermentation can be of two kinds: primary and secondary.

The primary fermentation takes place in several stages, and the result is young beer
(fermentable extract of 1.5%). Young beer is characterized by an unpleasant taste and aroma
due to secondary fermentation products, contains insufficient CO2, and is slightly cloudy
due to the presence of yeast or other suspended particles.

Secondary fermentation helps primary fermentation obtain a finished product with
pleasant organoleptic qualities for consumption. It takes place slowly, where the rest of
the fermentable extract is transformed into alcohol and CO2 and is called maturation or
storage. The duration of the secondary fermentation can be reduced by stirring the must,
fermentation under pressure, or fermentation in bioreactors. If, toward the end of the
secondary fermentation, the beer remains cloudy, it means that the yeasts are wild or some
bacteria are present. Cloudy beer resulting from secondary fermentation can be clarified
with the help of substances such as tannins, bentonite, silica gel, activated carbon, enzyme
preparations, reducing substances, polyamides, etc.

Beer, as a finished product, is distributed in glass bottles, tinplates, or aluminum and
stainless-steel barrels. Regardless of the packaging method, the beer is packaged isobaro-
metrically (equal pressures in the tank and in the packaging). The bottling technological
process takes place with the help of machines that can be simple or complex, automated or
semi-automated [20,21].

3.3. Sustainable Strategies for Recovery and Valorization of Brewery Waste

“Waste” from the beer industry represents any substance obtained as a result of the
technological process that the holder eliminates, intends to eliminate, or has the obligation
to eliminate.

Due to its complex chemical composition, the waste resulting from the processing of
food products generally presents optimal conditions for the appearance and development
of numerous microbiological and biochemical processes, which ultimately lead to their total
degradation. For this reason, it is necessary to first take measures to ensure the conservation
of waste until the moment of its subsequent use or processing.

Following the technological flow of obtaining beer, waste results can be used in the
manufacturing process of other products in different industries, such as: the pharmaceutical
industry, the chemical industry, or the animal feed industry.

The waste resulting from beer production is part of the category of non-hazardous
production waste, being classified into specific waste and non-specific waste (packaging,
containers for storing chemicals used in the cleaning and disinfection of facilities).

Spent grains or brewer’s spent grains (BSGs) represent approximately 85% of all
residues produced by the brewing industry. BSG is the solid residue left after filtration
of the beer wort, a by-product obtained after the saccharification of the malted cereal
grains [22,23]. These are formed at the beginning of the brewing process and are removed
before the boiling step. This solid residue is composed of barley hulls, the husk pericarp,
and seed coat. This is a heterogeneous material formed from lignocellulosic biomass and
is rich in protein (20–30%), fiber (30–70%), lipids, vitamins, and minerals. It contains
approximately 12–28% lignin, 12–25% cellulose, and 28% non-cellulosic polysaccharides,
mainly arabinoxylans. Spent grains have been proven to contain vitamins, minerals,
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and many amino acids. This by-product is also rich in oligo- and polysaccharides and
phenolic compounds.

Recycling strategies for BSG were identified in the literature as animal feed, human
food, composting, biogas, substrate for mushroom production, absorbents, ceramic mate-
rial, paper, bricks, bioethanol, and food packaging [24,25].

Wet, spent grain can serve as feed for ruminants; the high moisture content makes it
easily digestible for animals [26]. Dried spent grains are also an alternative protein source
for ruminants and have a positive influence on production efficiency in cattle without
affecting fertility. It improves the production and composition of milk and increases the fat
and protein content [27,28]. The addition of spent grain to a lamb’s diet has been found to
have a positive effect on its growth performance and meat quality [12,29].

BSG represents an innovative source for the food industry that can improve the value
of food products, such as snacks, bread, pasta, cereals, sausages, or meat patties [30,31],
mainly because of its health-related bioactive components: alkaloids, antibiotics, plant
growth factors, food-grade pigments, and phenolic acids [12,32].

Composting is another interesting alternative to BSG because it is a rich source of
nitrogen and organic materials for soil nutrition. A sustainable strategy that brings ad-
vantages to the problems involving climate change issues is biogas generation from the
conversion of organic brewery waste. The biogas can be reused for energy generation in
the brewery. The use of BSG as a by-product for the generation of substrate for mushroom
production or to produce heavy metal absorbers or ceramic materials has been successfully
tested. Bioethanol is also a product that can be obtained from malt bagasse [25].

There is a great demand for biodegradable materials for food packaging applications,
and BSG is an ideal resource for sustainable food packaging because of its components,
such as cellulose, lignin, AX, and protein [24].

Malt tusks are obtained following the germination stage of malt, and the correct name
is malt radicele. The removal of the tusks takes place even after the drying stage because
the very dry state of the malt tusks allows for easy detachment by rubbing the grains with
each other and by hitting them against the walls of the machine. Malt tusks are used for
fodder purposes and for the composition of culture media in the compressed yeast industry.
For cattle feed, malt tusks are used mixed with coarse fodder (chaff, straw). This feed is not
eaten with pleasure by animals because of its bitter taste. It is recommended to be used in
the feeding of dairy cows, as it favorably influences milk production.

Having a high content of nutrient substances such as vitamins, provitamins, and other
growth stimulants, they are used to prepare molasses for the manufacture of fodder yeast
and to manufacture lactic acid by fermentation [33].

Lately, research has shown that the methanolic extract of malt tusks is an effective
antioxidant and that, due to its low price, it could constitute a rational capitalization of
this waste from breweries [14]. The use of malt tusk extract or flour as an antioxidant is of
particular importance in the food industry, firstly due to its lack of harmfulness compared
to other antioxidants, and secondly, due to its high content of protein substances, vitamins,
a favorable flavor for some preparations, and the color and content of certain enzymes that
may be valuable for some foods. Malt tusk flour is used in various pastries. It has also
yielded good results in the preservation of peanut oil, butter, and margarine. The malt tusk
has the form of thin grains of yellowish-brown color, containing vitamins of the B complex,
vitamin E, provitamins A and D, as well as other growth stimulants.

Treating the wort or beer with this extract from malt tusks leads to an increase in the
physico-chemical stability of the beer. The treated and pasteurized beer has a stability
2–3 times higher than the untreated one [14].

Malt wort is the one that results in the highest quantity from the technological process
of brewing, being the result of the filtration stage of the wort at the boiling section. The
resulting malt wort has a humidity of about 80%, with a sweet taste and the smell of malt.

Beer wort is a special fodder for feeding animals and, in particular, dairy cows. How-
ever, it can only be used on a large scale in its fresh state because, after a relatively short
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storage time, as such, it undergoes butyric fermentation, which produces an unpleasant
smell, so that the animals refuse to consume it or do not consume it with pleasure.

Its silage in special cemented basins must be done carefully. If the fodder is made with
wort that has undergone butyric fermentation, the taste of butyric acid is also transmitted
to the milk, thus making it unfit for consumption.

To preserve the wort for a longer time, it can be dried, which requires additional fuel
consumption but ensures the long-term preservation of its fodder qualities and facilitates
long-distance transportation.

The wort contains an appreciable amount of protein and non-hydrogen extractive
substances, which gives it a high nutritional value for the manufacture of animal feed. The
wort contains 70–75% of the fat and protein of the malt used in the brewing process. It has
important forage value.

Besides its use as fodder, the wort has also found use as an addition to pickling
polished cast iron. The wort, after treatment with hydrochloric acid, is used in pickling
solutions at a concentration of 10–12 g/L [20,21].

Hop wort results from boiling the wort with hops. After boiling the beer wort together
with the hops, it is pumped into the hop separator. The hop pulp, according to its compo-
nents and the degree of assimilation (50%), corresponds to the meadow hay. To date, it has
not found use as fodder due to the fact that it has a strong bitter taste, and the cattle refuse
to consume it as such.

Animal feeding experiences with mixed waste (hops and malt) proved not only that
the waste is suitable for feeding cattle but also that it exerts a favorable effect on their
weight gain as well as on the quantity and quality of milk obtained.

Due to its chemical composition, which is similar to that of manure, hop wort can be
used as fertilizer in agriculture [20,21].

Protein sediment (Hot Trub) is a by-product obtained mainly in the separator after the
brewing process. It consists of hops, inactive yeast, fat, and protein.

The protein sediment appears in the beer wort after boiling with hops, continuing in
the cooling phase. Its separation begins with the removal of the hop cones, where a part
is retained on them, but the greater part accompanies the wort until the cooling phase.
Here, following the cooling process, another part of the protein precipitates and is also
separated. The protein sediment is found as large flakes (coarse trub) or in the form of
small particles, known as fine trub. The more or less complete separation of the dregs from
the beer wort depends on the equipment and operations used in the cooling phase. The
amount of wort obtained depends on a whole series of factors, including the quality of the
malt, the grinding degree of the wort, the amount of hops used, the concentration of the
wort when boiling with hops, the duration and intensity of cooling, etc.

The chemical composition of hot trub is very varied. It contains albuminoid substances,
tannins, hop resins, and mineral substances. The highest percentage is represented by
albuminoid substances. The ethereal extract includes not only fats but also bitter substances
from the hops, which give the protein sediment its bitter taste, which prevents its direct
use as feed, although the degree of assimilability, in general, is quite high.

The protein sediment, as such, can be used primarily as feed but only as an addition
in small quantities to other feeds. In this way, it can be added to the malt wort from boiling.
It is also used to feed fish in ponds, as a binder in road works, or as fertilizer [20,21].

The foam layer from fermentation is formed in the primary fermentation process of
beer wort and is composed of hop resins and precipitated protein substances.

Before passing the young beer to secondary fermentation, the layer formed on the
surface of the beer is carefully removed because the bitter resins that it contains would
render the beer too bitter and unpleasant a taste. Although the foam layer, which accounts
for 0.2% of the beer, is not yet used, it was concluded that, as with the protein sediment,
extraction of the hop resins with organic solvents is possible. With the extract obtained,
approximately 20% of the fresh hops used in beer production can be replaced. The extract

130



Sustainability 2024, 16, 220

obtained from the foam layer contains 14% more hard resins compared to the extract
obtained from fresh hops when benzine is used as a solvent.

Almost all the bitter substances were removed from the foam layer by extraction. The
high content of digestible proteins shows that, after the removal of bitter substances, the
residue can be used as feed.

Residual spent yeast or brewer’s spent yeast (BSY) results in the form of waste in beer
manufacturing, both from the fermentation tanks (primary fermentation yeast) and from
the storage tanks (secondary fermentation yeast). The main shortcoming in relation to
baker’s yeast or fodder yeast is the pronounced bitter taste due to the hop resins it contains.
Due to its valuable principles, brewer’s yeast is used, as such, or after a preliminary drying
process, in animal husbandry as a component of concentrated fodder.

In its wet form, as it results from beer production, yeast is extremely degradable: at
ambient temperature, it enters a degradation process after a few hours. If it is dehydrated
so that it reaches a moisture content of less than 10%, it can be stored without deterioration
for a very long time [20,21].

4. The Chemical Characteristics of Different Types of Beer Waste

BSG hot trub and residual spent yeast samples were collected from a brewery located
in the Region of Dobrudja, Romania. The studied samples were collected immediately after
their generation in the brewing process stages for the production of traditional lager-type
beer—the brewery spent grain after lautering, the hot trub after wort boiling, and residual
spent yeast after the yeast fermentation step (Figure 1) [34]. All used reagents were of high
grade and purchased from Sigma Aldrich or Merck.
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Figure 1. Steps of the brewing process to obtain the most important by-products.

The determination of moisture content, ash, pH, total content of phenolic compounds,
and total protein content was aimed. Thermal drying was used for the determination
of the moisture content of the studied samples. The moisture content was determined
as the difference between the weight of studied samples and the weight recorded after
1 h and 30 min heating at 130 ◦C in an oven. Ash content was made by calcination in
a muffle at 700 ◦C. The pH was measured with a pH meter. Total protein content was
determined by the Kjeldahl method. The method consists of the mineralization of the
sample with concentrated sulfuric acid when the nitrogen from the organic combinations is
released and passed as ammonium sulfate. Reaction with a strong base releases ammonia,
which is removed from the solution by distillation and captured in an excess solution of
0.1 N sulfuric acid. The total protein content was determined using the Kjeldahl system
consisting of the Turbosog and Vapodens apparatus.
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Extraction of phenolic compounds in studied samples was conducted in 80% methanol
for 2 h at room temperature, then the extracts were centrifuged, and the supernatant was
retained and stored at −20 ◦C until analysis. Total phenolic content was determined
using the Folin–Ciocalteu method [35], and the results were expressed as mg gallic acid
equivalents (GAE) per 100 g of studied sample. Aliquots of 0.5 mL extracts were mixed with
1 mL of 1:2 (v/v) Folin–Ciocalteu reagent in 50 mL calibrated flasks. Then, 1 mL ethanol
and 1 mL sodium carbonate solution (20%) was added. The solution was vigorously mixed,
allowed to react for 10 min at room temperature, and filled up to the mark with distilled
water. The resulting mixtures were maintained at room temperature for 30 min, and
the absorbance was measured at 675 nm against the corresponding blank with a UV-VIS
spectrophotometer (Jasco 550). Quantification was performed by a calibration curve using
gallic acid as a phenolic standard (R2 = 0.9997, y = 0.0041x).

5. Results and Interpretations

Table 1 presents the experimental values obtained for the studied samples of the
brewery waste.

Table 1. Values of the moisture content, ash content, pH, total protein content, and total content of
phenolic compounds of the studied samples.

Samples Moisture Content, % Ash Content, % pH Total Protein
Content, %

Total Content of
Phenolic Compounds,
mg GAE */100 g dw **

Brewer’s spent grains (BSG) 5.4 4.1 5.1 17.46 354.26

Hot trub 5.8 5.3 4.5 12.37 285.35

Residual spent yeast 7.6 15.1 4.4 34.38 112.45

* GAE = gallic acid equivalents. ** dw = dry weight.

For the studied samples, pH values ranged between 4.4 and 5.1; the highest value was
obtained for the brewer’s spent grains. Ash content is related to mineral content, and for
the studied samples, values were between 4.1 and 15.1%; the highest value was obtained
for residual spent yeast. The ash content of residual spent yeast was in agreement with
the value reported by Vieira et al. [36]. For the studied samples, the moisture content was
between 5.4 and 7.6%. The highest protein content was obtained for residual spent yeast
(34.38%), while the lowest value was obtained for hot trub (12.37%).

The phenolic compounds in beer originate mainly from beer ingredients used in
the brewery process; phenolic acids and flavonoids are the most studied in beer [37].
Brewery wastes like spent grain, hot trub, or residual spent yeast are also valuable by-
products thanks to their phenolic composition. Results showed that the total pheno-
lic compound content in the brewer’s spent grains was 354.26 mg GAE/100 g dw, in
the hot trub was 285.35 mg GAE/100 g dw, while in the residual spent yeast, it was
112.45 mg GAE/100 g dw. A decrease was observed in the total phenolic compounds that
can be associated with the precipitation of compounds during the maturation process
or their adsorption to the hot trub during processing or to the yeast cells during the fer-
mentation process [38]. These phenolic compounds are considered natural antioxidants
with effects on human health, such as cardiovascular diseases, neurogenerative diseases,
diabetes (types I and II), and some types of cancer [14,39].

An efficient way of stabilizing beer is to reduce the polyphenol content by adsorp-
tion with polyvinylpolypyrrolidone (PVPP), which forms hydrogen bonds between the
hydroxyphenolic group and the amide of PVPP. After use, the PVPP resin is regenerated in
the brewery, in a washing process that generates large quantities of a waste stream, which
contains large amounts of polyphenols, being a promising alternative and economical
source of natural antioxidants. The main phenolic compounds present in the crude extracts
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are simple phenolic compounds, mainly phenolic acids and flavan-3-ol catechin, which are
the main causes of beer haze [14].

Sustainable strategies that valorize by-products from brewery processes are more
convenient than expenses attributed to the disposal of industrial by-products or waste
treatment costs [12,40,41]. Brewing waste is used mainly as animal feed, in biofuel produc-
tion, building, or packaging materials [42]. The recovery of proteins and polyphenols from
brewing wastes may represent an innovative source for the food industry and biotechno-
logical processes. An adequate approach that emphasizes the value of brewing industry
wastes is to provide knowledge about chemical composition, marketability, and research
implications [34].

Brewery waste is a negative cost factor for the brewery industry; its rich content of
complex carbohydrates, nitrogen, and minerals is very important to the production of biotech-
nological products such as biofuel, enzymes, organic acids, and bioactive compounds [43].

6. Conclusions

The use of green technologies, the exploitation of food industry by-products, and
outside-the-box thinking are sustainable strategies to reduce the pollution arising from
industrial activities. The concept of zero waste means implementing a circular economy,
where companies should not consider residues as waste but as raw materials for their
use in other processes or to valorize these by-products as functional ingredients to create
a sustainable food system. This concept also means to transform society by changing
resource management, influencing consumer behavior, and creating the appropriate legal
framework and economic incentives.
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Abstract: Food waste is a serious global problem. Efforts to reduce food waste are closely linked to
the concepts of circular economy and sustainability. Though food organizations across the world are
making efforts to reduce waste in their supply chains, there is currently no theoretical explanation
that would underpin the responses of food companies in reducing food waste. Based on interactions
with food companies over a nearly 5-year period, we explore the applicability of some well-known
and not so well-known organizational theories in the operations management literature to underpin
the observed responses of companies in reducing food waste. This paper is one of the first attempts
to study food waste from an operations and supply chains point of view, especially from the lens of
existing theories in the operations management literature and newer sustainability theories borrowed
from other disciplines. Our research findings not only show that existing organizational theories and
societal theories can help explain the motivations of firms engaging in food waste reduction, but also
call for more research that could help explain some interesting observations that are not apparent
when existing theories are used. This paper contributes to the UN’s Sustainable Development Goals
1, 2 and 12.

Keywords: food supply chains; food waste; circular economy; organizational theories

1. Introduction

Food waste is a serious global problem. It has close links with the concepts of circular
economy (CE) and sustainability. From a CE point of view, food waste is a kind of waste
that needs attention in terms of the 4Rs, namely reduce, reuse, recycle, and recover [1].
Waste prevention is an integral part of CE approaches [2,3]. In terms of sustainability, food
waste has economic, environmental, and social implications. In this sense, saving food
waste contributes to several of the UN’s Sustainable Development Goals.

From an operations management (OM) point of view, food waste can be reduced or
eliminated via productivity improvement and lean mechanisms. The food waste sector
faces huge challenges in their supply chains [4]. Any food waste that is unavoidable can
then be reused or recycled in a suitable way to complete the CE cycle before the food quality
deteriorates. Several initiatives have been considered to reduce and avoid food waste. The
first objective of this paper is to understand the nature of food waste and its impact across
food supply chains (FSCs).

While food waste is generated at various levels and at different stages, in this study, we
focus on food waste occurring in FSCs. Due to the focus on reducing food waste and using
circular economy principles, we use the term circular food supply chains (CFSCs) in this
paper and look at opportunities for applying the 4Rs to food waste in CFSCs. A detailed
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review of the food waste literature shows that most studies are practice-oriented and efforts
to understand food waste practices from a theoretical point of view is missing. This is the
primary research gap that this paper aims to address. Based on an extensive interaction
with food companies as part of a large European research project [5], we examine whether
popular existing theories in the OM discipline (e.g., [6,7]) can help us to understand the
behavior of food companies and their supply chain partners. Accordingly, the remaining
objectives of this research are (ii) to identify suitable theories (that are popular in the OM
discipline and other theories borrowed from other disciplines) that are relevant for reducing
food waste in CFSCs, (iii) to examine how these theories can help understand the observed
behavior of food companies, and (iv) to identify the scope for future research in explaining
certain interesting observations that are not apparent when existing theories are used. The
main research question addressed in this research to fill the above research gap is as follows:
how can existing organizational theories be used to explain the observed behavior of food
companies in reducing food waste?

Our research will contribute to the literature in several ways. For the first time, the
issue of food waste will be studied from an OM point of view, focusing on the nature of food
waste and its impact across food supply chains. A review of existing OM theories and newer
theories borrowed from other disciplines that are relevant for food waste and sustainability
issues in CFSCs is another novel contribution of this paper. Another novel contribution is
the examination of how these theories can be used to explain certain observed behaviors
of food companies. Finally, we also support future researchers by highlighting the scope
for future research; specifically, we focus on some of the behaviors of food companies that
need to be explored in further research and beyond existing theories. Thus, our research
contributes to the OM literature, CE literature, and sustainability literature.

The paper is organized as follows. The next section will provide a review of the
relevant literature. Section 3 will elaborate on the interactions with agribusinesses and
opportunities for theory building. The European Union has been leading efforts on CE and
hence this section will provide an overview of the CE implications of food waste in the EU
context. Section 4 will review theories that are relevant to understand food waste issues in
CFSCs. A number of organizational theories commonly used in the OM literature will be
presented in this section. In addition, we will try to borrow interesting theories from other
disciplines and study how they can be used to understand issues related to food waste in
CFSCs and sustainability. Section 5 will provide more discussions and the last section will
provide our conclusions.

2. Literature Review

The term circular economy (CE) is generally defined as the practices aimed at max-
imizing resource efficiency in organizations [8]. Geissdoerfer et al. [9] defines it as “a
regenerative system in which resource input and waste, emission, and energy leakage are
minimised by slowing, closing, and narrowing material and energy loops. This can be
achieved through long-lasting design, maintenance, repair, reuse, remanufacturing, refur-
bishing, and recycling.” (Page 759). By focusing on resource circularity and optimization,
CE practices contribute to increasing productivity [10,11].

The European Commission has pioneered the ideas of CE in its action plan [12],
where it highlights three areas for a sustainable policy framework—designing sustainable
products, empowering consumers, and implementing circularity principles in production
processes. In their action plan, among other targets, they have committed to targeted food
waste reduction. A CE perspective will identify opportunities that extend a product’s own
life cycle (e.g., via product repair), the life of its constituent parts (e.g., refurbishing or
remanufacturing), or find use for the materials in the product at the end of its life cycle
(e.g., recycling). From a CE point of view, waste prevention is an integral part of CE
approaches [2] and needs attention in terms of the 4Rs, namely reduce, reuse, recycle, and
recover [1].
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The literature on CE usually focuses on business models for achieving the desired CE
outcomes (e.g., Ref. [13]). Using a multiple case study approach, Vermunt et al. [1] link the
4R framework (reduce, reuse, recycle, and recover) of the CE with important CE business
models—the product-as-a-service model, product life extension model, resource recovery
model, circular supplies model, and hybrid models. They observe that supply chain-related
barriers are not prevalent in product-as-a-service business models. In a similar study, De
Angelis and Feola [14] have used a single case study approach to underline the salient
characteristics of circular economy based on the ReSOLVE (regenerate, share, optimize,
loop, virtualize, and exchange) framework of the Ellen MacArthur Foundation.

There is a debate in the literature about whether the concepts of CE and sustainability
lead to the same level of sustainable development [15,16]. These authors highlight that CE
prioritizes economic systems from an environmental point of view [12], with not much
emphasis on social sustainability, while the Triple-Bottom-Line approach to sustainability
will yield equal importance to all the three—economic, environmental, and social—pillars
of sustainability. Accordingly, they and other similar authors [9,17] feel that CE business
models (which are defined as the way in which CE principles are embedded in the value
propositions in value chains) may not contribute much to social sustainability.

2.1. Circular Economy and Food Waste

As per WRAP [18], nearly one-third of produced food is lost or wasted. This provides
an adequate background for applying CE principles in the food industry. When CE ideas
are applied to the food industry, the effort is to reduce, recycle, or reuse food waste, or
recover value from food waste that cannot be either recycled or reused. Reducing food
waste improves the financial bottom-line for food companies and increases food availability
with societal benefits. Food waste that ends up in landfills emits significant greenhouse
gases and hence reducing food waste has significant environmental benefits. Thus, a
circular economy business model aimed at zero food waste in circular food supply chains
will be able to reach all the three pillars of sustainability [5]. Thus, saving food waste
contributes to the UN’s Sustainable Development Goal 1 (No Poverty), 2 (Zero Hunger),
and 12 (Responsible Consumption and Production).

Thus, tackling food waste will help improve circularity and sustainability significantly.
Food waste is further linked to various CE aspects such as reverse logistics, remanufactur-
ing, servitization (or product–service systems), and sustainable supply chain management.
Food waste reduction, like the focus of CE-based studies, can help organizations improve
their environmental performance (e.g., waste reduction, pollution reduction, and improved
ecological/carbon footprint), financial performance (e.g., profitability and economic effi-
ciency), operational performance (e.g., productivity, product quality, and attractiveness),
and social performance (health, employee morale, increased employment, and improved
food security) [8].

Food waste can occur in multiple ways—at the upstream level by the producer at
the production site, at the downstream level by consumers, and in between when food is
moved along supply chains. There are huge consumer-behavior studies focusing on how
to change the behavior and lifestyle of consumers to facilitate the reduction and complete
elimination of food waste at the consumer level. Productivity studies at farms and food
manufacturing plants are focusing on the upstream level. However, food waste in supply
chains is a relatively unexplored area. While waste minimization in general has been a hot
topic in sustainability research, understanding the mechanisms by which food companies
reduce food waste in their supply chains is a relatively less explored topic. This finding has
been confirmed by Kalmykova et al. [2], who, based on a literature review, observe that
manufacturing and distributions are not widely studied in the context of CE. One reason
for the relative under-exploration of food waste in supply chains could be because food
waste that occurs in supply chains is generally considered as an unavoidable food loss [5].
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2.2. Food Waste in Circular Food Supply Chains

Food waste is a global problem and has significant economic, environmental, social,
and ethical implications. Nearly one-third of produced food ends up as waste [18]. It
has been estimated that the EU produces around 88 million tons of food waste annually,
equivalent to EUR 143 billion, highlighting the economic impacts of food waste. Food
waste in other parts of the world paint an equally, if not more, bleak picture. Using a Life
Cycle Analysis (LCA), it has been estimated that food waste alone is responsible for 8–10%
of global GHG emissions.

The EU has committed to halving food waste by 2030. Target 12.3 of the UN’s Sus-
tainable Development Goals has called for halving global food waste by 2030. Several
research studies have been carried out with a view to achieving these ambitious targets.
For example, research studies are being conducted about when, where, and how much
food waste occurs (e.g., Ref. [18]).

Based on the work from a project named FUSIONS, Parry et al. [19] have stressed
the importance of preventing food waste in the first place. As per their calculations, the
redistribution of food to people before it becomes waste will save 3090 kg of CO2 equivalent
per ton of food waste. This prevention strategy is the best strategy to fight food waste
and associated greenhouse gas emissions. The calculations from their report provide very
valuable information about options for treating food waste and can be linked to the 4R
principles of CE. Thus, redistributing food to people before the food becomes waste is
the best option, as it has the potential for saving a very high level of carbon emissions.
Converting the food to animal feed is the next best option, saving 220 kg CO2 equivalent
per ton of food waste. Sending food waste to landfills is the least preferred option, as this
will generate additional GHG emissions in landfills (about 536 kg per ton of food waste).

About 20–30 percent of food waste in food businesses occur in their supply chains–
when the food is being transported or stored from the production to the final consumers [19].
A part of this loss is due to improper food storage conditions—temperature, humidity, etc.—
when food produce is on the move (e.g., in a truck) or in an intermediate warehouse [20–23].
The appropriate treatment (i.e., reduce, reuse, recycle, or recover) of food waste will help
food supply chains move from being linear to circular, and enable them to create circular
food supply chains (CFSCs). For this study, we document our interactions with firms in
European CFSCs about the behavior of food supply chain companies and their motivations
to reduce food waste. We briefly discuss the food companies in the next section.

3. Interactions with Food Businesses and Opportunities for Theory Building

Thanks to generous funding for a large European project [5], we had close interactions
with several food companies in the UK and EU for over nearly five years on our quest to
support reductions in food waste. The details are given in Table 1 below.

Table 1. The companies involved in reducing food waste. Source: Ref. [5].

Description Country

1. Food processing in an abattoir UK
2. Food processing in an abattoir Republic of Ireland
3. Food storage in a frozen food company UK
4. Milk transportation UK
5. Food transport UK
6. Food transport The Netherlands
7. Food storage and transport in multiple stages of the supply chain Luxembourg
8. Food storage and transport in multiple stages of the supply chain Germany
9. Food storage The Netherlands
10. Food processing—wine manufacturing UK
11. Food production—raising cattle UK
12. Food transportation UK
13. Food production, storage, and transport Germany
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While we were involved in interacting with several of these companies, some compa-
nies had only limited interactions for several reasons such as the COVID-19 pandemic. A
detailed description of the nature of our involvement with several companies has already
been published [22,23]. It is not our intention to describe our experiences working with
these companies again in this paper, but rather to use some of our experiences to create
links with theories in OM, CE, and sustainability.

4. Methodology

We have followed a rigorous methodology (Figure 1) for answering the research
question and achieving the research objectives specified in Section 1. This includes a review
of prominent organizational theories, identifying major themes advocated by these theories,
linking our observations when working with food companies to reduce food waste with
these major themes, and identifying the behaviors of firms that are not directly apparent
from these theories.
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As per these steps, we first provide a brief overview of some important theories in the
next section.

5. Theoretical Underpinnings for Food Waste

We first provide an overview of some important theories in this section and use these
theories to explain the behavior of the food companies listed in Table 1. These theories
are reviewed from the CE and sustainability literature, where we highlight those theories
that are used by a majority of OM researchers and those that are not well employed in
OM research. As highlighted earlier, our emphasis is not to provide a detailed disposition
of these theories, but rather to link important tenets of these theories to our observations
about the behavior of food companies. Readers interested in understanding the theories
in detail may refer to other suitable references [6,7,24]. Here, we highlight that there has
been no study that has applied these theories directly to food waste practices, and hence
we draw on the theories in the field of circular economy.

Various organizational theories have been employed by CE researchers to understand
the behavior of firms, though it has been observed that these theoretical approaches and
business models are under-researched topics when applied to circular economy [8,25].
Ref. [26] has listed a total of 15 management theories in their review of the literature on CE
business models. The theories include some theories that are familiar to OM researchers
(e.g., the business model theory, dynamic capabilities perspective, industrial network
theory, marketing systems theory, principal-agency theory, systems theory, transaction cost
theory, stakeholder theory, and institutional theory), and some that are not so familiar (e.g.,
eco-efficient value creation, ecological economy and social/solidarity theory, industrial
ecology theory, life-cycle thinking theory, prospect theory, and the ecological modernization
theory). Similarly, Sehnem et al. [8] have reviewed the literature and found a limited set
of theories (including the institutional theory, stakeholder theory, resource-based theory
(RBT), industrial ecology, transaction cost economics, and social network analysis) that
have been applied to the CE literature. Based on a review of the literature on GSCM and CE,
Liu et al. [6] have identified that twelve theories have been applied to both the disciplines,
while seven additional theories have been applied only to GSCM, and eight more have been
applied only to CE. Lahti et al. [27] describe in detail how six commonly used organization
theories—contingency theory, TCE, RBT, path-dependence theory, and agency theory—can
be used to understand the behavior of firms engaged in CE.

The major organizational theories in the CE literature include the institutional the-
ory [28], the stakeholder theory [15], and the resource-based theory [25]. Based on a
literature review, Gusmerotti et al. [29] have identified the institutional theory and the
RBT theory as the most appropriate organizational theories that can explain behavior of
firms engaged in circular economy practices. However, there seems to be a confusion in
the development of theories in the CE literature, as many authors (e.g., Ref. [29]) seem
to borrow theories from the sustainability literature directly without providing adequate
attention to the distinction between sustainability and CE.

Ranta et al. [28] highlight that the institutional theory can be used to explain the drivers
and barriers of CE. They focused on institutional drivers and barriers for the 3R (reduce,
reuse, and recycle) principles of the CE. Drawing from Scott’s institutional theory frame-
work [30], they have used the three pillars—regulative, normative, and cultural–cognitive—
to highlight the differing pressures on institutions engaging with circular economy ideas.

The stakeholder theory [31] is commonly employed in sustainability research. As CE
is closely linked to sustainability, the need for considering requirements of all stakeholders
has been discussed in several articles that discuss enhancing the value propositions of
CE-based business models [15,32,33].

Lopez et al. [25] identify five main categories of barriers (institutional, market, organi-
zational, behavioral, and technological) for resource efficiency in firms. Vermunt et al. [1]
have prepared a slightly larger set of barriers, adding supply chain barriers, financial
barriers, and knowledge barriers to the above list. For example, the lack of appropriate
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partners, low availability of raw materials, higher dependence on external parties, and
lack of information exchange/conflict of interests between supply chain actors are crucial
supply chain-related barriers that could affect circular economy business models. These
barriers support the application of the RBT to CE.

In an interesting recent development, De Angelis [14] has linked several tenets of
the paradox theory with CE business models. Paradoxes exist when contradictory, yet
interrelated elements occur simultaneously in a system. Several categories of paradoxical
tensions (viz. learning, organizing, belonging, and performing paradoxes) for CE principles
and CE value loops have been identified [14].

There has been more interest in the literature about the use of technologies in reducing
food waste. For example, Li et al. [34] have reviewed the literature on the use of blockchain
in food supply chains. Li et al. [35] have focused on the specific application of internet of
things sensors for perishable food management. Stefanini and Vignali [36] have further
highlighted how new technologies can help food companies achieve the three pillars of
sustainability. Traditional innovation theories such as the innovation diffusion theory [37],
the technology–organization–environment (TOE) framework [38], and the technology
acceptance model (TAM) [39], including its latest versions (e.g., the unified theory of
acceptance and use of technology or UTAUT [40]), are some common theories that can be
associated with the use of technology for reducing food waste.

There is a general awareness in the CE literature about the importance of technologies.
For example, Bressanelli et al. [41] explain how new digital technologies such as IoT and
big data analytics can help support circular economy practices using a single case study.
Tseng et al. [42] highlight the paucity of research articles on circular economy that exploit
the power of newer digital technologies (including IoT technology, big data analytics,
cyber–physical systems, cloud computing, artificial intelligence, and more) and explain that
these technologies have a huge scope for the transition from the current linear economy
to the more sustainable circular economy. Others have suggested OM-linked CE business
models using the ReSOLVE framework of CE [26], where they stressed the value of new
digital technologies for CE business models for operations, logistics, and supply chain
activities.

Given the importance of technology in CE, efforts were focused on how we can
best utilize technologies to achieve desired outcomes. Accordingly, theories developed
in the context of technology have been employed. Using a literature survey and based
on the ReSOLVE framework, Ref. [26] brings out multiple propositions linking CE with
big data principles. The authors have suggested key stakeholders for each stage of the
ReSOLVE framework and go on to explain how the stakeholder theory and institutional
theory can form bases for understanding the links in greater detail in future studies. In
fact, speculating on the directions of CE and big data in the future, they feel that multiple
theories can help in future research in this direction. The theories they suggest include
the resource-based theory and the dynamic capabilities theory that are more commonly
used in operations and supply chain management research. In addition, they suggest
borrowing newer theoretical ideas from other domains, including those in social and
policy studies (e.g., ecological modernization theory) and information technology fields
(e.g., technology acceptance models). In fact, there is huge scope for a rich understanding
of CE from multiple theoretical frameworks. Amidst the development of OM theories,
there is also a great concern with the evolution of novel theories. The dynamic nature of
multiple theoretical frameworks creates avenues for the applicability and invention of new
theories or the adaptation of existing theories. For example, some theories can be disproved
by looking at events that are contrary to estimations [43,44].

Grover and Dresner [45] presented a theoretical model explaining how political re-
sources could be aligned with supply chain strategies. This can be compared to the resource
dependent theory or resource-based view. On a different note, another research paper [46]
discussed publicness theory and supply chain integration. Sarkis et al. [7] presented a
detailed literature review on green supply chain management theories to understand green
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concepts from several fields. They considered complexity theory, ecological moderniza-
tion theory, and information theory alongside resource theories. Since 2010, technological
intervention in agribusinesses has taken a great role in business performance.

Though not yet studied in detail in the context of food waste and circular economy,
we feel that the institutional entrepreneurship theory could play a significant role in ex-
plaining entrepreneurial motivations in CFSCs. One of the most influential papers on
institutional entrepreneurship to date has been developed by Battilana et al. [47]. Institu-
tional entrepreneurs are change agents, who (i) initiate divergent changes and (ii) actively
participate in the implementation of these changes. Only actors who initiate divergent
changes, that is, changes that break with the institutionalized template for organizing within
a given institutional context, can be regarded as institutional entrepreneurs. Battilana at
al. [47] list two conditions enabling institutional entrepreneurship—field-level conditions
and an actor’s social position. In the context of CE, institutional entrepreneurship theory
can be applied to understand how some actors in agri-food supply chains break with the
dominant logic/template/way of doing things and introduce a new way of doing things.

The discussion above brings out some prominent theories used in OM and CE—the
stakeholder theory, institutional theory, resource-based theory, paradox theory, resource
dependence theory, and institutional entrepreneurship theory. This study will focus on
these theories in the next section. Another important observation is that all these theories
have been discussed in the context of CE, while there has been no effort to link these
theories to the motivation of CFSCs in reducing food waste. This is a significant research
gap. The next section contributes to the literature by filling this important research gap.

5.1. Applying Theoretical Underpinnings to Study Motivations for Food Waste Reduction in
CFSCs

We believe that several of the organizational theories mentioned so far in this section
can be used to explain the motivation of organizations engaging in food waste in CFSCs.
While all the Rs of the CE [28] are relevant for food waste, reusing and recycling are more
important in terms of social, economic, and environment impacts. By reusing food before it
becomes unfit for human consumption, significant carbon emissions can be reduced [19].

In the paragraphs below, we utilize our interactions with food companies to explain
the applicability of common organizational theories for reducing food waste.

5.1.1. The Stakeholder Theory

Some principles on the application of the stakeholder theory to food waste can be
borrowed from the sustainability literature. This theory can be used to explain some
interesting behavior of food businesses engaging in the reduction of food waste in their
supply chains. Several stakeholders are influencing food companies to reduce food waste.
Based on our interactions with food companies, we identified that the government, via
legislation, is one of the most influential stakeholders. Governmental regulations play a
strong role here. For example, regulatory systems can force companies to comply with
the regulations and hence help them reduce food waste. This is apparent in the agri-food
industry, with European directives such as the Hazard Analysis & Critical Control Point
(HACCP) EU Directive. This regulation, introduced in the EU in the 1990s and modified
in subsequent years, expects EU food business operators to put in place, implement, and
maintain a permanent procedure or procedures based on the HACCP principles. Without
an appropriate plan to avoid hazards such as the contamination of food with bacteria, fungi,
viruses, and parasites, food items may cause several food-borne illnesses in consumers.
The plan could include, for example, maintaining the correct atmospheric conditions
(temperature, humidity, etc.) that would keep the shelf life of food long enough, which in
turn would avoid them becoming waste quickly.

These regulatory pressures can act as barriers if companies perceive that these regula-
tions are not effectively enforced by local/regional governments. Other stakeholders are
also important for reducing food waste. Top management commitment and commitment
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from employees play a strong role in reducing food waste. Other downstream supply chain
partners, by virtue of their position as customers, also exert pressures on reducing food
waste.

5.1.2. The Institutional Theory

Some tenets of the institutional theory can be used to explain the behavior of the food
companies engaged in technology demonstrations. The three pillars of the institutional
theory [28,30] can be applied to understand why and how firms in agri-food supply chains
can engage in actions to reduce food waste. The three pillars—regulative, normative, and
cultural–cognitive—of this theory can provide motivations and inhibitors for reducing food
waste. Reducing food waste can be internalized by food companies using the normative
pillar of the institutional theory. This can be implemented if all stakeholders of a firm
believe that disposing food waste in landfills is less preferable to, for example, donating
to charities. This internalization is important to motivate companies when they perceive
that the costs of technology investments in reducing food waste are larger than the market
value of avoiding food waste. Explicit associations with established food charities can be
a good motivator for the normative pillar. The normative pillar was manifested in the
companies listed in Table 1 when they prioritized their own survival and were hesitant to
engage in the innovative activities of the project, even though they knew that working on
the project would benefit them in due course. We experienced another manifestation of the
normative pillar when some of the food companies joined the project for the green image it
generated. The cultural–cognitive pillar of the institutional theory represents practices that
involve mostly unconsciously adopted decisions. For example, there is in general a higher
emphasis on reducing food waste and adopting sustainable food practices in modern days
compared to a few decades earlier, which can explain why all food companies are putting
more and more efforts, even when some of them are not required by law, to reduce food
waste in their supply chains.

The institutional theory has also been used to explain the barriers to the implemen-
tation of CE in organizations. Lopez et al. [25] identify five main categories of barriers
(institutional, market, organizational, behavioral, and technological) for resource efficiency
in firms. Of these, we had opportunities to observe three—organizational, behavioral,
and technological—categories. Specifically, we observed that a willingness of firms in
terms of favorable changes in behavioral and organizational efforts are critical for the right
application of technology and the maximum reduction of food waste. Vermunt et al. [1]
have prepared a slightly larger set of barriers, adding supply chain barriers, financial
barriers, and knowledge barriers to the above list. For example, the lack of appropriate
partners, low availability of raw materials, higher dependence on external parties, and
lack of information exchange/conflict of interests between supply chain actors are crucial
supply chain-related barriers that could affect circular economy business models. This is
equally true for reducing food waste in food supply chains. In fact, during our interactions
with food companies, we experienced that generally negative perceptions of IT projects
were a significant barrier to overcome.

5.1.3. The Resource-Based Theory (RBT) and NRBT

We believe that the resource-based theory (RBT) [48] and the natural resource-based
theory (NRBT) [49] provide very good opportunities to explain the behavior of food
companies engaging in food waste reduction efforts in their supply chains. The NRBT is
required if we view food waste in the context of the imputed natural resources (energy,
labor, soil, fertilizers, water, and more) needed to produce the food. The issue of valorizing
food waste can be used from the lens of the RBT. Although the RBT has not yet been applied
to the case of food waste, a related concept, called the resource-based paradigm, has been
shown to help view waste in terms of resources [50]. This idea can be extrapolated further
to bring the RBT into the food waste context, if we emphasize that the unique, inimitable
knowledge generated in firms that have started to view waste as another resource, enables
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firms to gain competitive advantages. The knowledge of the composition of what is
currently termed as waste and understanding the potential utility of waste can become
accumulated into an inimitable knowledge in the long run. Continuously looking for
technological innovations in-house and elsewhere to valorize what is currently termed as
waste in a firm can not only generate more revenues via extra sales but also can lead to a
reduction in costs via reduced raw-material consumption and reduced waste disposal costs.
This observation has been somewhat echoed by Ref. [2] in their discussion of the Circular
Economy Strategies Database that captures 45 CE strategies (e.g., material substitution,
green procurement, product labelling, eco design, re-use, recycling, extended producer
responsibility, and more) in various stages (e.g., material sourcing, design, manufacturing,
distribution, consumption, collection, recycling, and more) of the economy. Implementing
these strategies efficiently will result in valuable and inimitable knowledge for improving
the resource efficiencies of operations in businesses. Thus, understanding opportunities for
CE in a business will provide the scope for a firm to gain a competitive advantage from the
point of view of the RBT.

Klassen and Whybark [51] and similar researchers working on pollution prevention
have used the RBT to differentiate between pollution-prevention technologies (i.e., tech-
nologies that prevent pollution from occurring) and pollution-control technologies (i.e.,
technologies that try to reduce the impact of pollution once it has occurred). In a similar
way, the RBT can also help us to understand the implications of waste prevention vs.
waste control in CE organizations. In the context of food waste, waste prevention would
mean that efforts are made to avoid food waste from occurring. There are a number of
strategies available to organizations to achieve this. For example, effective information
sharing from supply chain partners can help produce food in the right quantity for a given
purpose with little waste. Effective scheduling in food-processing industries or in the
farming industry can help reduce waste. Using appropriate technologies can improve
productivity and reduce waste. The main aim of our interactions with food companies
is to avoid waste from occurring in the supply chain by ensuring that produce is kept
in the right conditions. These strategies will help to prevent food waste from occurring.
The RBT can help successful firms to mobilize their available resources to prevent waste
and gain competitive advantages. By preventing waste, firms are able to reduce the cost
of raw materials consumed, improve quality, reduce their waste disposal costs, and thus
gain competitive advantages. Waste-control strategies are useful to limit the impact once
waste has occurred. They do not result in as much of a competitive advantage compared to
waste-prevention strategies. Thus, the RBT helps firms to look for opportunities to prevent
waste first.

The economic advantage derived by reduced food waste translates into competitive
advantages to firms. This economic angle provides another way that the RBT can be used to
explain the behavior of firms in reducing food waste. One rather more interesting way that
the RBT can be used to explain the motivations of agribusiness companies in reducing food
waste is the quality angle. The food companies we worked with mentioned that they do not
incur food waste anymore after engaging with us about the use of technologies. On their
view, digital technologies primarily help them in improving the quality of their produce.
Using the appropriate monitoring of quality-related variables, these food companies are
more confident that their food produce will have high quality in the market. The literature
on quality management [52] explains that investments in improving quality help firms in
gaining competitive advantages via improved market prices and reduced waste.

5.1.4. The Paradox Theory

The paradox theory [53] can also help understand the motivations of firms in the
food waste context. Given that food waste can be reduced via soft means (e.g., behavioral
changes) or relatively hard means (e.g., using technological support), there is a learning
paradox in deciding on the relative importance of these two means. To reduce food waste
in food supply chains, there is a need for supply chain collaboration, but at the same

145



Sustainability 2024, 16, 1534

time, different supply chain partners need to maintain their identities, giving raise to
both organizational and belonging paradoxes. A paradox is apparent when one needs to
verify whether technological investments in reducing food waste consume more resources
compared to the resources imputed to the food that is likely to be saved.

5.1.5. The Resource Dependence Theory (RDT) and NRDT

The resource dependence theory [54] and the natural resource dependence theory
(NRDT) [55] will be relevant in the context of food waste in FSCs. The RDT emphasizes
external dependence on scarce resources and the uncertainty that it creates for organizations
to survive [54], while the NRDT explicitly emphasizes additional dependence on natural
resources [55]. Members of a supply chain are traditionally dependent on each other for
the continued success of the supply chains and hence their own survival, which explains
the applicability of the RDT for CFSCs. For example, firms depend on data from other
supply chain partners for making prompt business decisions and consider data sharing
and security (including threats from hackers) as crucial limiting issues for their growth.
The use of modern technologies exacerbates these dependencies, for example, for global
connectivity. In some cases, a food producer may not be able to install gateways to transmit
sensor signals from a truck if lorry drivers (which are another crucial resource in CFSCs)
object to having too many transmitting devices in their cabin. As highlighted earlier, since
food waste involves significant but scarce natural resources for producing food, there is a
crucial dependence on natural resources too.

5.1.6. The Institutional Entrepreneurship Theory

As mentioned earlier, due to its ability to explain entrepreneurial motivations, the
institutional entrepreneurship theory [47] could play a significant role in helping us to
understand the motivations of firms in reducing food waste. Several EU policy makers
have highlighted that the European Commission has only recently started to coordinate
national policies about food waste in member states, and in some cases (where such policies
did not exist) it has started to push member states to develop such policies. The European
Commission has used its ‘social position’ in the field to push for a major institutional
change—at both the member state and EU level—to develop policies for food waste at
the national and EU levels. Investment firms have highlighted that profit was not the key
decisive criterion for these firms to invest in sustainability. There is growing evidence that
firms are breaking away from the dominant stereotypical ways of behaving. For example,
firms are explicit in stating that profit generation is not enough anymore; the food business
needs to also promote animal welfare and respect the environment and natural resources.
Some of the previous discussions did highlight many additional reasons for companies
to engage in the reduction of food waste in their CFSCs, including legal requirements
and quality enhancement. These considerations, we think, are examples of institutional
entrepreneurship—breaking with the dominant template and way of doing things.

As a summary of this section, Table 2 presents major tenets of important organiza-
tional theories and how they can be interpreted in the context of food waste reduction in
circular FSCs.

Table 2. Elements of various organizational theories for managing food waste in circular food supply
chains.

Theory Element Links to Food Waste

The stakeholder theory Multiple stakeholders

• Regulatory stakeholder (HACCP
directive)

• Top management commitment
• Employees
• Supply chain partners
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Table 2. Cont.

Theory Element Links to Food Waste

The institutional theory Regulative, normative, and
cultural–cognitive pillars

• Firm belief in reducing food waste
• Preference for donating to food

charities than sending to landfill
• Explicit association with established

food charities
• Prioritizing survival to innovation

during COVID-19 lockdowns
• Associating with the green image
• Voluntary initiatives on reducing

food waste and sustainable food
practices

• General lack of trust in IT projects

The resource-based theory and the
natural resource-based theory

VRIN (valuable, rare, inimitable, and
non-substitutable) resources and

competitive advantage

• Wasted food is a waste of valuable
imputed natural resources (energy,
labor, soil, fertilizers, water, and
more)

• Inimitable knowledge on reducing,
recycling, and reusing waste, and
valorizing food waste is a source of
competitive advantage

• Efficient operations management for
reducing raw material consumption
for competitive advantage

• Waste prevention vs. waste control
in CE organizations

• Efficient quality control for
competitive advantage

The paradox theory Learning, organizational, and belonging
paradoxes

• Soft means (e.g., behavioral
changes) vs. relatively hard means
(e.g., using technological support)
for reducing food waste

• Supply chain collaboration vs.
maintaining individual identities of
partners

• Comparing costs of technological
investments in reducing food waste
with the resources imputed to the
saved food

The resource dependence theory and the
natural resource dependence theory Supply chain dependency

• Dependence on data from other
supply chain partners for making
prompt business decisions

• Data sharing and security issues
• Use of modern technologies

exacerbates these dependencies

Institutional entrepreneurship Breaking away from dominant ways of
doing things

• Entrepreneurs and enterprises do
not consider profit as their single
motive anymore. Other
considerations including social and
environmental impacts are
increasingly being employed in
entrepreneurial decision-making.

6. Discussion

As highlighted in Table 2, the six theories we have selected in the previous section can
help us to understand the several observed behaviors of food companies. For example,
the stakeholder theory helps to visualize the government as the regulatory stakeholder
and explain how food companies approach the HACCP directive. It also helps to see
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why food companies should consider the views of other stakeholders, such as the top
management, employees, or supply chain partners, while making decisions on how to
reduce food waste. The institutional theory has helped us to explain why food companies
prioritized their own survival rather than engaging in innovations for reducing food waste
during the pandemic. It also explains the general lack of trust in IT projects for reducing
food waste. The resource-based theory has helped us to explain the trade-offs in food
companies between investing in waste-prevention vs. waste-control options. While the
waste in food supply chains can be reduced by sharing information, the issues of privacy
and security has been explained using the resource dependence theory. The fact that some
companies attempt to lead in the development of strategies for food waste reduction more
than others has been explained using the institutional entrepreneurship theory.

In summary, we believe that there is no single theory for explaining all the behaviors of
food companies. Interestingly, each theory is able to explain only a part of these behaviors.
We further believe that all the six theories listed in Table 2, together, are able to explain a
majority of the behaviors of food companies in reducing food waste. This might call for a
proposal of a unified theory of food waste by bringing the features of all six theories together.
This calls for interesting research by future researchers.

Many of the theories discussed in this article have been developed in the past sev-
eral decades using organizational, social, economic, ethical, and sustainable viewpoints.
Among their diverse approaches, all of them point towards the enhancement of the subject
being considered. Two main themes, namely sustainability and circular economy, are
brought together in the 21st century to visualize our green future with financial and social
prosperity. Our paper has discussed the theories and their contribution to CFSCs in detail;
this could lead to many future research projects in the area of supply chains and to collabo-
rations aimed at implementing sustainability and circular economy practices with societal
involvement.

In spite of the support of these theories in explaining some observed behaviors of
food companies, some other observations could not be readily explained using any of the
six theories above. For example, we observed a strange behavior when we attempted to
install some new technologies to control and monitor storage conditions of food in trucks.
Since any new piece of technology (e.g., IoT sensors) installed in trucks could also track
the location of vehicles, drivers were reluctant to engage in the installations. This negates,
for example, the resource dependency theory. Similarly, when we could not support a
specific request of a company due to technological limitations (for example, due to a lack of
the availability of a suitable low-cost technology to continuously facilitate international
shipments in multiple continents), the company did not wish to engage with us further
for other parts of their operations. Similarly, another company decided not to work with
us after their internal restructuring. We may need newer theories or borrow from several
other disciplines to explain this behavior.

We believe that the discussions in the preceding sections could provide a basis for
classifying theories in the context of food waste. In addition to the prominent theories dis-
cussed in this paper, other theories can be potentially applied to understand the behavior of
firms regarding food waste. They include systems theory, systems thinking theory, systems
dynamics theory [56,57], the intermediary actors theory [58], social practice theory [59],
perceived behavioral control/the theory of planned behavior [60], information systems
theory [61], the network design theory [62], creating shared value theory [63], and more. A
comprehensive view of several theories discussed above could be integrated around the
theme of circular economy and circular food supply chains. Figure 2 is representative of
the achievable pathways for CFSCs and global sustainability. Each of the theories from
various perspectives can be brought together to visualize sustainability in the long run. We
have positioned the theories that are enabling and enriching the sustainability of CFSCs
under six main perspectives (refer to Figure 2). These theories can be considered as imper-
ative to understand the concepts of sustainability in agribusiness supply chains and are
positioned in the inner circle of Figure 2. These perspectives are named as dynamic and
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innovative perspectives, institutional and business perspectives, economic perspectives,
social networking perspectives, resources perspectives, and ecology and environment per-
spectives. The theories in the outer circle in Figure 2 are either based on technology usage
or borrowed from other disciplines (e.g.,predator–prey theory [64], chaos theory [65,66],
complexity theory [7], and the institutional entrepreneurship theory [47]). We call these
theories supporting theories, as we have yet to see a large-scale application of these theories
to food waste issues; however these theories could provide additional support for the cause
of food waste reduction.
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used the theoretical lens of resource dependence theory to understand ISO 9000 for orga-
nizational green management, Hitt et al. [68] suggested RBT enhancement through the
adoption of various applications. These on-going conversations clearly specify the richness
of the theory and its impact in practice. We can say that OM theories, in combination with
theories from other disciplines, are the backbone for the development of applications, new
practices, and new methods. The concept of circular economy in agri-business is a relatively
new concept that needs enrichment and support from theories across disciplines to show
its real potential for economic, social, and environmental practices.

In summary, we can classify theories into two main categories: (i) fundamental theories
(six perspectives given in Figure 2) of food waste that strengthen our understanding and
the importance of identifying areas of potential food waste reduction, and (ii) food waste
supporting theories that support actual food waste-reduction intiatives (in the outer circle
of Figure 2). Using our empirical research related to the European food sector, we classify
the paradox theory, the resource-based theory, institutional theory, and stakeholder theory
as the fundamental theories, and we classify the institutional entrepreneurship theory
and technology organization theory as the supporting theories. In simple terms, the
fundamental theories will act as inputs and the supporting theories will serve as outputs
for any research that considers the socio-economic and environmental aspects of waste
reduction and sustainability.

7. Conclusions

Given the growing importance of food waste in meeting several of the UN’s Sustain-
able Development Goals, we studied the issue of food waste from an operations manage-
ment point of view in this paper. Our main research question was to understand how
existing organizational theories could help to understand the observed behavior of food
companies in reducing food waste. We have addressed this research question via Table 2.
The research objectives have also been achieved as we have identified suitable theories and
used them to understand food waste practices. With the help of the literature on circular
economy, we studied circular food supply chains (CFSCs) using multiple theories. We
specifically looked the stakeholder theory, institutional theory, the resource-based theory,
the paradox theory, the resource dependence theory, and the institutional entrepreneurship
theory in greater detail in the context of food waste.

This paper contributes to the literature on operations, supply chains, and circular
economy in multiple ways. Though the importance of food waste was recognized long ago,
this is the first time the issue of food waste has been studied from an OM and supply chains
point of view. We reviewed existing theories related to circular economy and discussed
some newer theories that may hold promise to support a better understanding of circular
economy. We used at least six of these theories, for the first time, in the context of food
waste.

In spite of these contributions, there are limitations to our approach in this paper. The
data from our qualitative study come from a small sample of 13 companies listed in Table 1.
We think that our continuous association with these 13 companies over a period of more
than 4 years has yielded rich insights in explaining organizational behavior. However, data
could be gathered from more companies to yield more generalizable results. Similarly, our
sample focused only on companies based in North-West Europe. For better generalizations,
more companies from other parts of the world could be studied. Finally, we only focused on
six important theories and applied them to understand the food-waste context. However,
several more theories (e.g., the agency theory, the contingency theory) can also be applied;
we could not focus on them due to the limited time and space. Some exciting new theories,
borrowed from the engineering literature, can also help to understand the circular economy
principles, but we did not discuss them due to lack of time and space. For example, the
catastrophe theory [69] has the capability to explain why, how, and when public perceptions
about specific features of circular economy will change. Akin to the sudden change in the
public perception of the use of plastics, public perceptions of waste streams can also quickly
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change, which can be studied using the catastrophe theory. Future papers can consider this
theory to support circular economy practices in greater detail. Another area of interest that
we could not examine in more detail in this paper is the distinction between food-waste
prevention and food-waste control. Borrowing from the pollution-prevention/control
literature, we explained how the resource-based theory can help understand the relative
merits of food-waste prevention and control. This issue can also be studied in more depth
in future studies.

We are confident that the analysis of food waste for CFSCs will be useful to researchers
engaged in theoretical studies of food waste and to policy makers engaged in food policy
and circular economy.
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Abstract: The production of insects as a sustainable protein source represents an innovation for
animal feed. The objective of this research is to analyze the value chain of the use of edible insects
in animal feed in Brazil through the framework of SWOT, the business model sustainable canvas,
and a multiple case study, highlighting the sustainability characteristics. A qualitative approach
of the descriptive exploratory type was used, and the multiple case study identified the actors in
the chain and how value is generated. The young age of the sector explains the characteristics
observed in the Brazilian chain, such as a large development deficit in terms of financing, technology
and the qualification of human resources; a disorganized supply chain and supplier structure; and
efforts undertaken by regulatory agencies to promote the development of regulations relating to the
production and use of insects in animal feed, which, in turn, will lead those wishing to participate
in this innovative venture into research and development in the area. Brazil’s edible insect supply
chain can become a more significant aspect of sustainable agriculture by closing nutrient and energy
loops, promoting food security and minimizing climate change and biodiversity losses, all of which
are associated with the achievement of the Sustainable Development Goals.

Keywords: value chain; edible insects; insect cultivation; animal nutrition

1. Introduction

The global demand for feed, as well as the competition for protein, grows annually.
Research is carried out worldwide to mitigate possible protein production shortages, which
will need to be increased by sixty percent by 2050 to meet future world demand [1]. Another
aspect affecting the animal protein production system is the high inputs required to produce
feed, the global demand for which will reach more than 1 billion tons by 2050 (an increase
of 60 to 70% compared to around 800 million tons in 2018) [2].

One of the biggest challenges related to this future demand is increasing the availability
and simultaneously reducing the use of natural resources, such as land for soybean planting
and water, as well as reducing greenhouse gas emissions. The use of insects as a partial or
total ingredient in animal feed has been shown to represent an alternative source of protein
and a substitute for traditional feed.

Some research has demonstrated that the consumption of red meat is associated with
an increased probability of stroke, diabetes, colon cancer and lung cancer. Insects seem to
have a more nutritious and healthier composition than meat-based foods, and they are also
diverse in terms of nutritional value. As a result, they can be used as meat substitutes [3,4].
These problems encourage a decrease in meat consumption and its replacement with insect
consumption. This is valid not only because they offer replacement protein, but because of
insects being a more sustainable, healthy and economical product.
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Studies such as those performed by Chia et al. [5] show that animal protein producers
are aware of the potential related to using insects as a feed ingredient, and that producers’
knowledge is directly proportional to their willingness to pay for this new type of feed.

In the study “Insects as a sustainable feed ingredient in pig and poultry diets—a
feasibility study” [6], the actors involved in the production chain of using insects as a
sustainable ingredient of pork and poultry feeds are demonstrated, along with a discussion
of how their integration can influence the implementation of insects as an alternative source.

This article aims to analyze the value chain of using edible insects in animal feed
in Brazil through the framework of SWOT and a sustainable business model canvas and
multiple case study, highlighting the sustainable characteristics. As this value chain is still
in its nascent stages in Brazil, the following actors were not considered: the poultry/pork
sector and retail/consumers.

2. State of the Art

The most promising insects for use in industrial feed production are the black soldier
fly (BSF) (Hermetica Illucens), the housefly (Musca domestica) and the yellow mealworm
(Tenebrio molitor) [6].

Zhou et al. [7] summarized the nutritional value of different classifications of edible
insects. The composition of the nutritional value of edible insects is illustrated in Figure 1.
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The general composition of edible insects is listed in Figure 1. Different units are
employed to represent the data due to the different sources from which they are derived,
and the lack of their completeness is a result of the conversion units used. The material
composition of insects is markedly different between species. In the dry matter, protein
and fat are the most common substances [7].

Insects have tremendous potential at all life cycle stages as sources of nutritional value;
they are a significant source of animal protein, contain essential amino acids and minerals
(K, Na, Ca, Cu, Fe and Zn), and their fatty acids are unsaturated. The assimilation rate of
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insect proteins is 76–82%. Insect carbohydrates are primarily composed of chitin, which is
present at a concentration range of 2.7 mg to 49.8 mg/kg of dry mass [8].

Table 1 presents Shah et al.’s [9] assessment of the types of economical insects and
their chemical compositions and nutritive values.

Table 1. Types of economical insect and their chemical composition and nutritive value.

Percentage (%) Milligram per Kilogram (mg/kg)

Insects
Species DM CP CF Ash Ca P Mg K Na S Zn Cu Mn Fe

Black
soldier fly

larvae
27.40 56.10 23.20 9.85 2.14 1.15 0.39 1.35 0.13 27.04 13.10 11.20 23.20 20.40

Housefly
larvae 83.47 33.29 6.20 6.25 0.49 1.09 0.23 1.27 0.54 ND 10.39 32.40 42.50 47.50

Mealworm
larvae 94.60 55.83 25.19 4.84 0.21 1.06 0.30 1.12 0.21 ND 138.2 29.40 05.70 71.50

DM, dry matter; CP, crude protein; CF, crude fiber; Ash; Ca, calcium; P, phosphorous; Mg, magnesium;
K, potassium; Na, sodium; S, sulfur; Zn, zinc; Cu, copper; Mn, manganese; Fe, iron. Source: Shah et al. [9].

The DM content in fresh BSFL (Table 1) is greater than that of other products (34.9 to
44.9%), which results in BSFL being more affordable and easier to make. Typically, BSFL
has a composition of 41.1 to 43.6% CP, 15.0 to 34.8% EE, 7.0 to 10% CF, 14.6 to 28.4% ash, and
5278.49 kcal/kg GE, based on DM [10,11]. BSFL larvae are high in Ca (5 to 8%) and P (0.6 to
1.5%). Additionally, their mineral composition contains Cu (6.0 mg/kg), Fe (0.14–14%), Mn
(246 mg/kg), Mg (0.39), Na (0.13), K (0.69%) and Zn (108 mg/kg) [9,12,13].

On average, housefly larvae contain 6.25% ash, 83% DM, 33.29% CP, 6.2% CF, 0.49%
Ca, 1.09% P, 0.23% 1.27% Mg, 10.39 mg/kg Zn, 32.40 mg/kg Cu, 42.50 mg/kg Mn and
47.50 mg/kg Fe, based on DM (Table 1) [9]. Housefly larvae contain a lot of energy, protein
and micronutrients (e.g., Cu, Fe and Zn), as well as EAA and FA. They are also inexpensive,
have high nutritional value and are easier to access than other sources of animal protein [9].

According to Shah et al. [9], the average total DM composition of mealworms is 94.6%,
comprising CP 55.83%, CF 25.19%, ash 4.84%, calcium 0.21%, phosphorous 1.06%, Mg 0.3%,
K 1.12%, Na 0.21%, Zn 138.2 mg/kg, Cu 19.4 mg/kg, Mn 5.7 mg/kg and Fe 71.50 mg/kg
(Table 1).

The edible insect sector has attracted global attention, and this has led to a re-
assessment of the practice of entomophagy, or the consumption of insects, in countries that
typically show reservations, as well as in countries that are entering the developmental
stages of the practice [14].

In Europe, the aquatic insect feed market constitutes approximately half of the entire
animal-based insect feed market. Its growth is expected to reach 75% in the next 6 years,
and European breeders of insects currently carry around 1000 tons of protein-based insect
feeds [15]. Since 2021, in the European Union and member states, processed animal proteins
(PAPs) have been permitted for use in poultry and swine feed. This approval represents
one of the first steps in the general authorization process, and will ultimately guarantee
long-term resource utilization in animal protein production, thus addressing environmental
concerns [15,16].

According to Lähteenmäki-Uutela et al. [16], in many parts of North America, insects
have historically been incorporated into the food culture. The farming of insects intended
for food and feed production began to increase following 2012. The modern insect industry
comprises companies that already cultivate crickets and mealworms for animal food. To
avoid the high costs of labor, many American and Canadian insect farms have invested in
robots, automation, sensors and data aggregation.

Many countries in Africa have insufficient or no insect-specific laws, regulations,
standards, or labeling in place to regulate the production and distribution of insects in
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food or feed chains. The absence of a solid foundation is a significant obstacle to the
establishment of markets for insects and their related products [17]. There is a need for
more enhanced technology in the rearing of insects to address the increasing pressures of
population growth, as we can no longer rely on the catching of wild insects [17].

In several Asian countries, insects have historically been regarded as a form of food,
and been used as a significant source of protein. In China, there are no specific laws that
regulate their production. Other insects can also be utilized as food additives, and in this
context, producers must follow the regulations established in the Administrative Measures
for Food and Feed Additives [18]. In South Korea, insects have been a part of the human
diet for centuries; they are also included in animal feeds, and there are no specific rules
restricting the food and feed industry in relation to insects due to a legislative liberalization
that took place in 2015 [19].

In Brazil, the food insect chain is still in its early stages of development, and there is
still a significant lack of development in terms of funding, technology and the qualification
of human resources. There have also been efforts made by regulatory agencies to promote
the development of regulations pertaining to the production and utilization of insects in
animal feeds, which will, in turn, encourage those who want to participate in this innovative
endeavor [20].

Currently, in Europe, there is a supply–demand gap in the edible insect chain [15]. This
scenario also applies to Brazil, as agrofactories still cannot access the necessary volumes
(of consistent quality) required for processing insects, and the feeds produced are not
competitive in terms of their costs compared to conventional protein sources. In the
Brazilian scenario, logistical issues make the process more expensive, and hinder the
growth of the chain. Furthermore, there is no knowledge on the part of protein producers
about the effects of insects as a feed ingredient.

Another major challenge is that induvial companies are involved from the beginning
to the end of the process. As such, they represent a significant part of the chain, from insect
breeding to processing, thus raising production costs. As has been seen in Europe [15], it is
expected that in the future, Brazilian companies will specialize as the value chain matures.

Shah et al. [9] have shown that a hypothetical expansion of commercial farms (that
spend EUR 1000 per month on SBM-derived protein) would involve completely replacing
SBM with BSF, HF or MW. The extra costs associated with these species are EUR 88,230,
3980 and 13,010, respectively. If we consider that the farmers farm every season, it would
be extremely expensive for them to turn over the production of a whole field. In order for
insects to be considered a viable alternative to SBM and FM, both cost and nutritional value
must be maintained. For this to be successful, expenditure on insects must be reduced to
EUR 0.4 per kilogram of direct weight based on 35% DM substances [9]. The economic
values of different insects compared to other sources of protein are shown in Table 2.

A very important element of the end of the chain is the acceptance of insect-based
feeds. The study carried out by Ankamah-Yeboah et al. [21] showed that 77% of the people
interviewed are indifferent regarding the use of insects in animal feed for fish, which is a
promising result for the aquaculture industry.

Not all insects can only be used as ingredients in animal feed. According to Čičková et al. [22],
some insects can play dual roles within the chain, such as via the recycling of their organic
by-products in compost fertilizers, and the use of their protein as feed. Another challenge
encountered at the beginning of the chain relates to the food that insects can consume.
These include residues, such as perishable organic by-products. These by-products are a
valuable energy source for insects, but require producers to employ preservation techniques
that both maintain the nutritional quality of the biomass and are economically viable [23].

In 2022, each person in Brazil generated an average of 1.043 kg of waste per day; that
is, almost 1 kg per person. In general, 81.8 million tons of domestic waste were produced,
which corresponds to 224 thousand tons per day (2022 edition of the Panorama of Solid Waste
in Brazil, by ABRELPE) [24].
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Table 2. The economic value of insects compared to other protein sources.

Potential Source Housefly
Maggot

Black
Soldier Fly Mealworm Fishmeal Soybean

Meal

CP (%) 50.4 42.1 52.8 75.4 52.00
Lysine (%) 6.1 6.6 5.4 7.5 6.3

Methionine (%) 2.2 2.1 1.5 2.8 1.3
PPR (EUR/kg) 1.08 20 3.7 1.24 0.2
PP (EUR/kg) 2.14 47.51 7.01 1.64 0.54
PL (EUR/kg) 0.13 3.14 0.38 0.12 0.03
PM (EUR/kg) 0.05 1.00 0.11 0.05 0.01

PP TO PP SBM 1) 3.98 88.23 13.01 3.05 1.00
PL TO PL SBM 1) 3.85 92.23 11.15 3.64 1.00

PM TO PM SBM 1) 6.73 142.52 15.02 6.58 1.00
CP, crude protein; PPR, product price; PP, protein price; PL, price of lysine; PM, price of methionine; PB, protix
biosystems; AP, agriprotein. 1) PP to PP SBM, price of replacing 1 kg of protein derived from SBM with other
protein sources; PL to PL SBM, cost of replacing 1 kg of lysine derived from SBM with lysine from other protein
sources; PM to PM SBM, cost of replacing 1 kg of methionine from SBM with methionine derived from other
protein sources. Source: Shah et al. [9].

In Brazil, organic waste represents approximately 50% of all solid waste generated.
Dry recyclables (28%) and waste (22%) are the next most prolific elements. The size of
the organic fraction affirms the importance of using these residues in different ways, and
avoiding their unnecessary disposal [25]. In addition, less than 2% of organic waste is
currently composted in Brazil [25], and the storage of large batches of waste is a problem,
since it cannot be immediately offered to insects [23].

Black soldier flies (BSFs) have received increased attention in recent years because
of their capacity to contribute to sustainable waste management and renewable energy.
In Brazil, the species that currently receives the most attention is the BSF. BSF larvae are
voracious feeders and have the capacity to convert food waste into protein and lipid prod-
ucts [26]. Within the field of sustainability, BSFs are considered an interesting solution to
reduce the ecological impacts of food waste. In transforming waste into valuable products,
BSFs contribute to reducing the emission of environmental pollutants and greenhouse
gases [26]. We highlight below some experiments carried out on BSFs and reported in
published scientific articles and Master’s theses.

Silva et al. [27] aimed to create a demonstration unit for black soldier fly larvae
(Hermetia illucens) using organic waste from a restaurant located at the Federal University
of South and Southeast Pará. It was known from previous experiments that the production
of larvae of the black soldier fly can be used to efficiently decompose organic residues,
transforming them into liquid composts and soils ready to be used in the cultivation of
vegetables and the preparation of seedlings.

In Santos’ Master’s thesis [28], the objectives involved valuing the by-products of
the food industry, obtaining a potential ingredient for animal feed, and also verifying the
influence of diet on the weight, length and nutritional composition of BSF larvae. The
results show that the diet significantly influenced the weight and average length of the
larvae. Regarding the nutritional composition of the larvae, the protein content was not
altered by the diet supplied, but the fat and ash contents of the diet directly influenced the
composition of the larvae.

Teixeira Filho [29] proposed a possible solution to mitigate two issues: the disposal
of solid organic waste and the pressure on the current supply of food protein. This
solution is based on the mass production of larvae of Hermetia illucens (L., 1758) (Diptera:
Stratiomyidae), also known as the black soldier fly, to degrade organic solid waste and also
as an alternative source of animal protein. They achieved an 83.75% reduction in organic
solid waste by employing a solid-waste-to-protein biomass conversion rate of 23.2%. This
work provides a good indication that the mass production of the black soldier fly to enable
the destruction of organic waste and for subsequent use as a source of animal protein is
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an excellent and sustainable alternative solution to problems related to solid waste and
protein supply.

The treatment of organic waste is related to several SDGs, but specifically to num-
bers 2 (Zero Hunger and Sustainable Agriculture), 12 (Responsible Consumption and
Production) and 13 (Action Against Global Climate Change).

Agricultural and food or agro-food supply chain (AFSC) encompasses all stages, from
cultivation to harvesting, packaging, processing, transporting, marketing and distribution
and final consumption. It not only entails general risks, including social, political, cultural
and economic; due to the perishable nature of the products, seasonality, weather effects and
quality and safety requirements, the chains are even more vulnerable [30–32]. The produc-
tive chain of edible insects operates like an agro-food chain, and to verify its characteristics,
we will employ two frameworks.

All parts of the value chain of producing edible insects as an alternative protein source
for animal feed, and the associated challenges, can be analyzed through the sustainable
business model canvas, as shown in Figure 2.
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Figure 2 depicts the business model canvas and introduces three new archetypes
into the value proposition aspect: profit, people and planet. These make it a sustainable
model with a holistic approach, the main (and most challenging) objective of which is to
act sustainably in the future, with a simultaneous focus on environmental, economic and
social changes [33].

The supply chain of edible insects will be evaluated using the SWOT matrix. SWOT
is a helpful tool that can be used during the evaluation phase in order to yield a first
interpretation of the possible future consequences. SWOT analysis is a simple method that
provides a factual interpretation of the benefits and drawbacks of a business [36].

According to Benzaghta et al. [36], the SWOT matrix (Figure 3) can be summarized
as follows:

• SO strategies—taking advantage of opportunities;
• ST strategies—avoiding threats;
• WO strategies—introducing new opportunities by reducing weaknesses;
• WT strategies—avoid threats by minimizing weaknesses.
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3. Methodology

This qualitative research approach considers the current state of the art of using insects
for animal feed, organic waste and other sustainable actives. To enact this evaluation,
bibliographical research was carried out, using the search strings “value chain” and “edible
insects” in the databases Web of Science and Scopus.

To meet the research objective, articles with information on the use of edible insects for
animal feed and organic waste were selected. The intention was to present the current state
of the art in this field of research and to broadly contextualize it, highlighting the value
chain of this agri-food chain in Brazil by focusing on two companies that operate in the
area. A descriptive exploratory case study was carried out, and through interviews it was
possible to analyze the business models of two Brazilian companies active in the edible
insect sector.

For confidentiality reasons, the companies are named Alpha and Beta. Their main
characteristics are described below.

Alpha company was created in 2015 with the aim of contributing to the development
of sustainable food, focusing on insects with high nutritional quality as a protein source.
The company’s mission is to work towards resolving the food issue by 2050. The company
seeks to have a social and environmental impact, in addition to generating profit. The
owner of the company first encountered edible insects in 2013, according to a report by the
FAO and a later interview undertaken with the researcher, professor doctor Van Huis.

Beta company was created in 2022 with the aim of ensuring food safety and quality in
producing animal feed. The company produces protein and oil through a circular process.
The company began operations about three and a half years ago with a specific project, and
it has positioned itself in the market as a company that combats hunger, is sustainable and
combines financial prosperity with the protection of the environment.

The methodological procedure employed consists of the following steps:

1. Sources of evidence for the case study—As a source of internal evidence, interviews
were conducted with the owners of Alpha and Beta companies. External evidence
sources were not used, as the companies do not have websites containing relevant
data for this research, and it was not possible to access internal documentation, such
as meeting minutes, process reports or quantitative data.

2. Research instruments—A pilot interview was carried out with one of the companies to
assess whether the theoretical concepts reflect the day-to-day activities of the company.
The pilot interview aimed to delineate the actors in the chain, including those related
to biowaste, the rearing of insects, the processing of insects, the feed sector, the protein
sector and retail/consumer. Subsequently, the final interview script was prepared
based on the sustainable business model (Figure 1) [33–35];

3. Data collection—Interviews were conducted using a semi-structured script and the
business owners were interviewed. These were scheduled and performed remotely,
and were recorded and transcribed. Each interview was approached as a detailed
case study of the parts of the respective business;

4. Data results—The collected data were compared with the theoretical assumptions.
The interviews were carried out to understand the effectiveness of the actors in the
chain, as well as the maturity of the companies and the difficulties encountered by
entrepreneurs in the edible insect sector in Brazil;
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5. Discussion and conclusion—The case studies yielded a practical understanding of the
social, economic and environmental conditions of these companies. They elucidated
the market transition that one company is currently undertaking, as well as the market
positioning that both hope to achieve.

4. Results
4.1. Brazilian Edible Insects Supply Chain

The SWOT matrix was applied to analyze the Brazilian edible insects supply chain.
This approach highlights the following:

Strengths:

• Insect farming generates less greenhouse gas than traditionally farmed cattle;
• The reproduction of insects using food waste also facilitates the dissipation of large

amounts of organic waste;
• Reduced requirement for fresh fruit and grain flour (as currently used in insect breeding);
• The production of insect protein as a replacement for animal protein will reduce the

consumption of red meat, and is more sustainable, healthy and economical;
• Insect farming requires less water than producing the same amount of animal protein.

Weaknesses:

• Legislative bans on insects and insect-based products that are intended for commer-
cialization as food;

• Artificial diets based on food byproducts should be specifically studied for each species
of edible insect;

• Only five companies currently work with edible insects.

Opportunities:

• Insects have a promising history of being used to produce proteins and fat, and they
serve as an effective source of these two substances, thus helping to combat protein
energy deficiency while minimizing the environmental impact of food production.

Threats:

• The presence of substances derived from organic materials (e.g., herbs) that are poten-
tially harmful to insects;

• Cultural impediments to the introduction of edible insects into animal feed;
• The potential for heavy metals and mycotoxins to be bioaccumulated;
• The mechanisms of pesticide, drug and hormonal uptake are uncertain.

4.2. Characteristics of the Companies Studied

The sustainable business model canvas was used as a model for the analysis of com-
panies. In addition to the nine blocks of the traditional business model canvas (customer
segment, customer relationship, channels, cost structure, revenue stream, key activities, key
resources and capabilities, key stakeholders and value proposition), this model incorporates
the 3Ps of value proposition related to sustainability:

- Profit—superior value that is offered to customers compared to competitors;
- People—positive impacts of common interest to society;
- Planet—positive impacts for the environment.

Via the two case studies, it was possible to identify the actors in the chain, their roles,
difficulties, and how value is generated.

4.2.1. Value Proposition

Alpha Company

• Profit: The company’s value proposition relates to the production of sustainable feed,
aiming at preserving the environment, as well as aiding the economic development
of several Brazilian communities. The company’s ambition is to create mechanisms
that can prolong life and restore Brazilian ecosystems. At present, the development
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in this company of insect processing for animal feed relies on a single pilot plant, but
one with high capacity and the potential to become the largest insect processing plant
in Brazil and Latin America. The plant will begin serving the aquaculture, poultry
and pet sectors of the animal protein market. Wirth a vision of future markets, the
company invests in research into the use of insects in the pharmaceutical sector and
has an expansive growth strategy extending up to 2027.

• People: The company’s strategy is to open up the production process and the technol-
ogy used in production, contributing to the expansion of the production chain, and
consequently to increase employment. To this end, the company will supply insect
eggs through partnerships, and will share their cultivation methods with new breeders
who will become part of the chain. In this way, it will be possible to impart better
living conditions upon small producers, offering these families a better income and a
better quality of life.

• Planet: The insect used to produce feed is BSF, which is fed on waste. Organic waste,
for example, that was previously sent to landfills, is now reintroduced into a new
chain as food. However, the company faces challenges in accessing this waste. Some
of these challenges include the cost of transporting the waste to the destination, the
collection of large volumes in different locations and the duration for which the waste
can be deposited while awaiting collection. Other types of waste can be used, such
as brewery waste. However, this waste is about seventy percent water, which makes
freight and transport extremely expensive, increasing operating costs. Depending
on the type of waste, the logistical strategy changes, as the requirements of waste
removal are inconsistent. In addition, the requirements when storing waste in its
place of origin also differ from those of its place of origin. To overcome the challenges
of waste collection, the company visits market actors involved in composting and
landfills, and it has discussions with managers in the urban and organic waste chain.
Once these challenges are overcome, the use of waste can contribute to mitigating
environmental problems.

Beta Company

• Profit: The company’s value proposal is to extinguish hunger and accelerate the
ecological regeneration of Brazil, via the production of high-quality protein and oil,
thus combining financial profit and sustainability. The company is now exiting the
laboratory stage and looking to build a pilot plant for growing and processing BSF,
which will be registered with the Ministry of Agriculture. The company’s ambition is
to become the largest animal feed production company in Latin America. The company
enacts the entire process, from the collection of organic waste to the production of flour
and insect-based oil used for animal consumption. In addition, the company markets
the eggs it produces. As such, the company is involved in the collection of urban
waste, in the transformation of this organic residue into substrate, in the fattening of
the larvae and in the processing of the larvae for product formulation.

• People: Via the decompression of the protein chain, the company can work towards
the fight against hunger by reducing the competition between protein sources for
animal feed. When insects are introduced as an integral component of animal feed,
it will be possible to guarantee a better supply of protein for people. Furthermore,
greater understanding will lead to behavioral changes that will contribute to responsi-
ble consumption.

• Planet: At the company’s center of operations, approximately three hundred and sixty-
six tons of urban organic waste are generated per hour. The work of transforming this
waste into substrate for the BSFs further significantly impacts daily waste production,
even if to a smaller degree. In this way, organic waste is transformed into yeast
for the development of BSF larvae, which are the raw materials for dog, cat and
ornamental fish feed. As these animals’ diets compete with human diets over the same
protein sources, the proposal is to reduce the pressure on the protein production chain,
enabling a reduction in the use of natural resources.
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4.2.2. Value Creation

Alpha Company

• Key stakeholders: The company is partnered with universities for biological and
engineering research. This partnership is based on a win–win theory. As a result of
this collaboration, the company incurs no costs in laboratory research. In addition, the
company’s interns use the universities’ laboratories for research. In the production
of BSFs, the company is partnered with another company that specializes in organic
protein production. In addition, the company is also partnered with the Brazilian
Micro and Small Business Support Service (SEBRAE), which facilitates national and
international fairs, increasing the company’s visibility.

• Key activities: As the BSF processing methodology is not yet perfected, the company
offers insects to other companies that produce biological agents. Further, they en-
courage the use of insects in different stages of their life cycle as food—including
pulps, young insects and adults. The company undertakes the entire rearing process,
separates, weighs and packs them, issues invoices and dispatches the insects to the
end customer.

• Key resources and capabilities: The company’s greatest resource is the formula with
which they feed the insects, which comprises wheat bran, cornmeal and corn, in
addition to hydrated vegetables. Another important resource is knowledge of the pa-
rameters of the breeding process, such as temperature and humidity. This knowledge
was originally acquired experimentally, and continues to be improved since the ideal
production model remains unknown.

Beta Company

• Key stakeholders: The main business partner is in the organic food composting sector,
and this company is located in the same place as Beta company. Thus, the logistical
costs are very low. This partner is also a co-founder of Beta company. The company
also has partnerships with rural federal universities.

• Key activities: The company currently produces fresh insects to meet animal produc-
tion needs.

• Key resources and capabilities: The company’s main resources are the equipment and
physical space that comprise the factory, in addition to labor.

4.2.3. Delivery of Value

Alpha Company

• Customer segment: The company has three customer segments. The first segment is
customers who buy live insects and resell them for animal feed. The second segment
is the final customers, who buy the insects to feed their pets. The third segment is
customers who use the insects as biological agents.

• Relationship with customers: As the market is small, the relationship with customers
is close. Due to its origins as a family business and its few employees, customer needs
are addressed promptly.

• Channels: The most commonly used communication channels are social networks and
WhatsApp. The company has a website that is currently being restructured, as the
company’s business model is undergoing development.

Beta Company

• Customer segment: When the company’s plant is up and running, the main customer
segment will be feed producers. Subsequently, the company will have its own feed
line, mainly for domestic animals.

• Relationship with customers: The relationship with customers will be developed as
the company matures. However, the company is already positioned in the market,
and sells live insects.
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• Channels: The company has a structured website, through which it is possible to
contact them and ask questions about the products offered. It is also possible to
contact the company by email and LinkedIn.

4.2.4. Value Capture

Alpha Company

• Revenue stream: All three market segments offer similar revenues. However, the
revenue source offering the highest margin is the segment of final customers who buy
insects to feed their non-conventional pets. This market is seasonal, depending on the
type of animal; for example, frogs are fed live insects only in parts of their life cycle.

• Cost structure: The company’s biggest costs are raw materials and labor. Under the
new model of producing insect-based feeds, the biggest cost will be the processing of
the feed.

Beta Company

• Revenue stream: The company’s revenue is negligible, as it is still under development.
However, the company predicts that 80% of its revenue will come from insect flour.

• Cost structure: The highest costs are related to the construction of the factory and the pur-
chasing of equipment for BSF production, as well as electricity and general maintenance.

5. Discussion

Brazil’s edible insect supply chain will play a significant role in circular sustainable
agriculture via its capacity for closing nutrient and energy loops, promoting food security
and minimizing climate change and biodiversity loss. These aspects strengthen the chain
and are associated with the achievement of the Sustainable Development Goals.

The network is still young and disorganized, as only five companies are in operation
and there are some factors that contribute to slowing development, such as legal obsta-
cles against and a lack of legislation for insect-based products, and the lack of cultural
acceptance of the consumption of insects in Brazil, as verified in the weaknesses section
and pointed out by others [20]. Another characteristic of this chain is that the companies
work independently and autonomously; that is, each performs all parts of the production
process, and there is no network of collaboration among them.

The case studies presented elucidate certain as-yet-unmet opportunities to contribute
to the sustainable development of the chain, such as the use of land for soybean planting;
reducing water consumption and greenhouse gas emissions; replacing animal proteins,
and reducing organic material, among others.

The sustainable business model canvas enabled us to analyze how both companies are
structured. Despite only focusing on two case studies, the conditions of these companies
reflect the contemporary condition of the value chain associated with the production of
edible insects for animal feed in Brazil. As such, we can conclude that the chain is still
young and that its development will be complex, since the production process is still
under development.

As regards the business models, we can observe adhesions between practice and
theory. The following constitute the pillars of the business model.

Value proposition: The companies’ value propositions reflect concerns about the planet,
and especially about the future demand for protein and the competition that will arise
between food and feed, as well as the demand for fishmeal for fisheries [5]. The desire to
preserve the environment has encouraged businessmen to seek new solutions in structuring
the animal feed market. However, international research on the protein capacity of insects,
as well as millionaire-funded projects, have been decisive in encouraging investment in a
new market, which features sustainability as its main motivation.

Similarly to Europe [15], in Brazil, insect-based protein products still cannot compete
with established protein sources, in terms of costs. Further, agrofactories still do not have
the capacities or consistency in quality required for processing.
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As identified by [22], some insects can play dual roles within the chain, such as via
the recycling of organic by-products into compost fertilizers, and this is also the case for
BSFs. BSFs consume waste as a source of energy, and this offers numerous benefits to a
developing country that is facing difficulties in the collection of urban waste and has little
infrastructure for selective collection.

Furthermore, as described in [6], the chain of using insects as animal feed in Brazil
begins with bio-waste, but currently ends with insect processing, given that both the active
companies still do not produce processed feed for poultry, pork, or fish. The next steps will
be to develop the poultry, fish, pork and pet (i.e., dogs and cats) markets via feeding with
processed feed.

Despite the entrepreneurs’ willingness to reveal their secrets related to the cultivation
of insects, certain aspects related to processing remain concealed, as well as the technology
used. Both companies are currently undertaking test phases, and their industrial plants are
still in the pilot phase. As such, it is not possible to guarantee, despite the energy expended
on research, that their models will work. To arrive at the most optimal model, more tests
and improvements will be required until the whole process is matured.

The creation of value in companies is based on partnerships. The chain is developed
through strategic partnerships. However, there are differences in the types of partnerships.
To produce BSFs, Alpha company is partnered with another that specializes in organic
protein, and this company invests in technology and capital; on the other hand, Beta com-
pany’s main partner is an organic food composting company. In addition, Beta company
has gone public, and thus receives investments from private individuals.

Despite BSFs showing promise and representing a good investment for Brazilian
businessmen, there is a logistical bottleneck associated with the cost of feeding them, and
this represents one of the biggest challenges for the chain. Beta company encounters fewer
difficulties due to its partnership, while Alpha company must search for waste depository
locations and logistical strategies, even though there are several sanitary landfills in Brazil,
as shown in Figure 4.
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6. Conclusions

Our analysis of Brazilian companies active in the production of insects for animal
feed in Brazil has allowed us to understand the current organizational condition of these
companies. Just as international research on the subject is underdeveloped, the companies
involved are also young, with Alpha being the most experienced in the sector, but having
only been on the market for seven years.
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The young age of the sector explains the characteristics observed in the Brazilian chain,
such as the high degree of underdevelopment in terms of financing, technology and the
qualification of human resources; the disorganized supply chain and supplier structure; the
efforts being made by regulatory agencies to develop regulations relating to the production
and use of insects in animal feed, which, in turn, should encourage those interested in this
innovative venture into further research and development.

As shown in previous surveys undertaken in other countries and in Brazil, for BSFs
to be integrated as an animal feed that can reduce organic waste in a sustainable way,
companies must invest time and financial resources into research focusing mainly on
BSFs, according to the characteristics of this species. However, despite these investments,
in Brazil, as well as in Europe, insect-protein-based products are still not competitive
compared to established protein sources in terms of cost. The non-competitiveness of the
Brazilian chain makes it difficult for it to develop a market that is regulated in terms of
prices, products, supply and demand.

Because the productive chain is still in its nascent stages, several aspects of the business
model are still being developed, as well as the teams, processes, labor, technology and
space required. Further, more time will be required to allow the maturation of the blocks
that make up value delivery and capture, further characterizing the difficulties encountered
in the Brazilian chain in establishing itself and becoming competitive.

The companies’ strategies for dealing with this process were not revealed. However,
Alpha company seems to be employing a “homemade” strategy, founded on the time it has
spent in the market and its acquired experience. Beta company, on the other hand, seems to
believe that investing in advanced technology is the safest path. It will soon be clear which
of these strategies is best.

The concepts of sustainability and environmental regeneration increase the value
of the benefits offered by companies. However, both these companies desire a market
that will grow annually, which is why they are currently racing to be the first to establish
processed BSF for use in animal feed. The conditions in Brazil are optimal for the growth
and production of BSF, as a large volume of organic waste is generated daily and the species
is native to this country.

Previous research and our study of the Brazilian edible insect production chain to-
gether indicate that the value chain holds great promise and presents several opportunities.
These mainly relate to sustainability, since the development and advancement of the chain
will contribute to a reduction in the use of natural resources, being an alternative source of
protein and a substitute for traditional feed and allowing for the recycling of organic prod-
ucts into compound fertilizers, thus contributing to the Planet, Profit and People model.

The use of insects as animal feed is related to several SDGs, but specifically to SDGs 2
(Zero Hunger and Sustainable Agriculture), 12 (Responsible Consumption and Production)
and 13 (Action Against Global Climate Change), in addition to 6 (Drinking Water and
Sanitation) and 14 (Life in Water).
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Musca domestica: A Viable Ecological Strategy for Pig Manure Management. PLoS ONE 2012, 7, e32798. [CrossRef]

23. Van Campenhout, L. Fermentation technology applied in the insect value chain: Making a win-win between microbes and insects.
J. Insects Food Feed. 2021, 7, 377–381. [CrossRef]

24. Associação Brasileira de Empresas de Limpeza Pública e Resíduos Especiais–ABRELPE. Panorama dos Resíduos Sólidos No
Brasil 2022. 2022. Available online: https://abrelpe.org.br/panorama/ (accessed on 10 July 2023).

25. Empresa Brasileira de Pesquisa Agropecuária (Embrapa). Resíduos Sólidos. 2023. Available online: https://www.embrapa.br/
hortalica-nao-e-so-salada/secoes/residuos-organicos (accessed on 10 July 2023).

26. Oliveira, K.J.P.; Viana, M.L.; da Silva Rodrigueiro, M.M.; Neto, M.M.; Oliveira, K.S.M.; de Oliveira Morais, F.J.; Florindo, D.N.F.;
Filho, L.R.A.G.; Junior, S.S.B.; dos Santos, P.S.B. Utilização De Resíduos Na Alimentação Das Larvas De Moscas Soldado Negro
(Hermetia Illucens): Revisão Sistemática Da Literatura. RECIMA21-Rev. Cient. Multidiscip. 2023, 4, e452989.

167



Sustainability 2023, 15, 11419

27. Silva, K.R.D.; Costa, C.D.A.; Oliveira, I.V.D.; Cruz, W.P.D. Criação de larvas da mosca soldado negra (Hermetia illucens) e
compostagem de resíduos orgânicos. Cad. Agroecol. 2018, 13, 1–5.

28. Santos, J.I.P. Bioconversão de Resíduos Orgânicos pela Larva da Mosca Soldado Negro e as suas Aplicações na Alimentação
Animal e Humana. Master’s Thesis, Universidade Lusófona de Humanidades e Tecnologias, Lisbon, Portugal, 2022. Available
online: https://recil.ensinolusofona.pt/handle/10437/12873 (accessed on 10 July 2023).

29. Teixeira Filho, N.P. Devoradores de Lixo: Aspectos Biológicos, Produtivos e Nutricionais da Mosca Soldado Hermetia illucens
(L., 1758) (Díptera; Stratiomyidae) em Resíduos Sólidos Orgânicos em Manaus, AM. Master’s Thesis, Universidade Federal
do Amazonas (UFAM), Manaus, Brazil, 2018. Available online: https://tede.ufam.edu.br/handle/tede/6377 (accessed on
10 July 2023).

30. Esposito, B.; Sessa, M.R.; Sica, D.; Malandrino, O. Towards circular economy in the agri-food sector. A systematic literature
review. Sustainability 2020, 12, 7401. [CrossRef]

31. Yanes-Estévez, V.; Oreja-Rodríguez, J.R.; García-Pérez, A.M. Perceived environmental uncertainty in the agrifood supply chain.
Br. Food J. 2010, 112, 688–709. [CrossRef]

32. Mehmood, A.; Ahmed, S.; Viza, E.; Bogush, A.; Ayyub, R.M. Drivers and barriers towards circular economy in agri-food supply
chain: A review. Bus. Strategy Dev. 2021, 4, 465–481. [CrossRef]

33. Bocken, N.; Schuit, C.; Kraaijenhagen, K. Experimenting with a circular business model: Lessons from eight cases. Environ. Innov.
Soc. Transit. 2018, 28, 79–95. [CrossRef]

34. Osterwalder, A.; Pigneur, Y. Business Model Generation: A Handbook for Visionaries, Game Changers, and Challengers; John Wiley &
Sons: Hoboken, NJ, USA, 2010; Volume 1.

35. Richardson, J. The business model: An integrative framework for strategy execution. Strateg. Change 2008, 17, 133–144. [CrossRef]
36. Benzaghta, M.A.; Elwalda, A.; Mousa, M.M.; Erkan, I.; Rahman, M. SWOT analysis applications: An integrative literature review.

J. Glob. Bus. Insights 2021, 6, 55–73. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

168



Citation: Fox, S.; Kenny, O.; Noci, F.;

Dermiki, M. A Pilot Study on

Industry Stakeholders’ Views

towards Revalorization of Surplus

Material from the Fruit and Vegetable

Sector as a Way to Reduce Food

Waste. Sustainability 2023, 15, 16147.

https://doi.org/10.3390/

su152316147

Academic Editor: Dimitris Skalkos

Received: 23 October 2023

Revised: 9 November 2023

Accepted: 19 November 2023

Published: 21 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

A Pilot Study on Industry Stakeholders’ Views towards
Revalorization of Surplus Material from the Fruit and Vegetable
Sector as a Way to Reduce Food Waste
Shelley Fox 1, Owen Kenny 1, Francesco Noci 2 and Maria Dermiki 1,*

1 Department of Health and Nutritional Sciences, Faculty of Science, Atlantic Technological University,
Ash Lane, F91YW50 Sligo, Ireland; shelley.fox@research.atu.ie (S.F.); owen.kenny@atu.ie (O.K.)

2 Department of Sports Exercise and Nutrition, School of Science and Computing, Atlantic Technological
University, Dublin Road, H91T8NW Galway, Ireland; francesco.noci@atu.ie

* Correspondence: maria.dermiki@atu.ie

Abstract: Food waste is a global issue, with the fruit and vegetable sector accounting for higher
losses compared with other sectors. The aim of this study was to gain an understanding into how
industry stakeholders in Ireland manage surplus fruit and vegetable material remaining after their
main processing. An explanatory sequential mixed methods approach was employed to collect data
in the form of online surveys (n = 55) and one-to-one interviews (n = 7). The findings outlined
several barriers to revalorization. Most respondents were measuring food waste and actively trying
to minimize it, although this was for economic rather than environmental sustainability reasons.
Environmental sustainability measures were an important factor for larger companies, although all
respondents agreed it was important to manage this material from an environmental perspective.
This material was mostly classified as “food waste” and usually composted or used for animal feed.
Many stakeholders had identified opportunities for revalorization; however, for smaller businesses,
this cannot become a reality without considerable investment. Joined-up thinking is required among
all stakeholders, including consumers and policy makers, to create positive sustainable changes.
Education and greater awareness about the extent of the food waste crisis may assist in achieving
reduction targets and encourage revalorization in the industry.

Keywords: food loss; sustainability; surplus material; waste management; mixed methods

1. Introduction

Food waste is a global issue, impacting not only economic factors but also social and
environmental [1]. Globally, a quarter of all food produced do not reach our tables [2,3].
To address this and other global issues, the United Nations has developed the sustainable
development goals (SDGs), with SDG 12.3 specifically aimed towards a 50% reduction in
overall food waste by the year 2030 [4]. In Europe, in order to achieve this target, a number
of proposals have been adopted by European Union (EU) member states as part of the
EU’s Farm to Fork strategy, which at its center focuses on achieving a “fair, healthy and
environmentally friendly food system” [5]. This process will not be without difficulties and
will require the collaboration of all stakeholders across the food supply chain.

The first step in reducing food waste is accurate measurement. However, this has
been challenging due to the many definitions of what constitutes food loss and waste,
respectively [1,6]. According to the Food and Agriculture Organization (FAO), food loss is
mostly associated with primary production and early stages in the food supply chain, while
food waste is considered as happening at the latter stages of the supply chain, particularly
at the retail and consumer stages [1]. The definitions varied considerably in the EU Fusions
project [6], which included edible and inedible waste material and categorized all material
as food waste. It also did not classify material that goes to biorefineries or for animal feed
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as waste or loss [6]. These subtle differences in definitions from study to study have been
recognized as creating a barrier to accurate measurement and implementation of food
waste reduction practices [7,8].

Other factors to consider in the classification of food waste and losses are food surplus
and by-products. Food surplus refers to food that is produced in excess to meet potential
orders that may never be realized. This phenomenon is threatening food security and
generating food waste that could be avoidable [9,10]. By-products are specific materials that
are generated during normal production practices but not required in the finished product
and potentially discarded [11], like the peels and trimmings of vegetables discarded when
preparing a soup mix, for example. With all these factors to consider, it is understandable
how measurement can be difficult. Further classification could be required to identify what
element of food surplus is potentially avoidable or categorically unavoidable.

In Ireland, the Food Waste Charter is a voluntary agreement led by the Environmental
Protection Agency (EPA) that has measurement protocols to guide businesses in (i) identify-
ing where waste is occurring and (ii) providing suggestions for how to avoid this waste [12].
The most recent Irish figures show that approximately 770,316 tons of food waste were
generated across the food supply chain, with 31% coming from households, 29% from
processing and manufacturing, 23% from hospitality and 9% from primary processing [13].
While fruit and vegetables may only account for a small quantity of food overall, they
generate a considerably larger amount of food waste: 76% (fruit) and 41% (vegetables)
across the supply chain [14]. Irish figures also confirmed that the largest contributor among
primary processing industries was horticulture [14].

The food waste hierarchy [15] is used as a tool to understand the different ways in
which food waste can be managed, with prevention the primary objective and disposal
to landfill the least preferred option. This has been adapted in many studies to provide a
clear direction for utilizing this material in beneficial ways to reduce food waste, such as
re-using it for animal or human consumption and recovery of nutrients, as well as energy
or revalorization of by-products [8,9,16].

Naturally, food producers have always considered using by-products or side-streams
and creating new routes to market to improve profitability [17]. To date, the most popular
method for using the waste material from the horticulture industry is as animal feed [9].
Recycling food waste into animal feed is positioned in the center of the food waste hierarchy
after all measures have been exhausted to keep food in the human food supply chain [15].
Many horticulture farmers also rear animals; therefore, using this material as animal feed
is a cost-effective way of managing surplus material [18]. It is also important to consider
that if food waste is to be brought back into the human food supply chain, it may require
further treatment or storage space to allow waste material to be held and used safely [19],
which could be outside the smaller growers/farmers’ capability in terms of infrastructure.
Biomass conversion is a method that has been explored for managing excess loss or waste,
not only from the horticulture sector but other sectors as well, and constitutes the recovery
stage of the food waste hierarchy which treats unavoidable food waste [9,15]. This is a
relatively new process, but research indicates it could be a lucrative one with the generation
of value-added biobased food and feed ingredients [20,21]. Studies have also shown
that waste material, such as the shells of nuts [22] or onion peels [23], can be used in
the production of bio composite films with improved mechanical properties. Numerous
studies have been conducted focusing on the extraction of bioactive compounds from
fruit and vegetable waste streams, mostly on a small scale but with clearly demonstrated
applications in both the food industry and cosmetic industry [19,24–35]. However, due
consideration should be given to the cost of setting up biorefineries or purchasing new
equipment for the extraction of functional ingredients from side-streams remaining after
normal processing, as costs may be prohibitive [19,31,36]. The availability and the quality
of the waste material present should also be considered, as factors like seasonality could
impact this material negatively. It may also require treatment to avoid spoilage before
going through revalorization, and this could cause the cost to spiral [26]. Time may also
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be required to find new markets for new functional ingredients, and new biobased foods
may need to go through novel food legislation before being eligible for sale on the open
market [36]. However, this effort could be valuable, particularly due to the quantity of
waste generated from fruits and vegetables which results in nutrients being lost from the
supply chain [25]. Bringing nutrients such as water-soluble vitamins and dietary fibers,
along with phenolic compounds, back into the supply chain through waste valorization
could add value and improve sustainability [25,27,37]. This method of waste valorization is
often referred to as “circular eating”, as it creates a circular process, using all of the surplus
material where possible and avoiding food waste [38–41].

The literature identifies the exploration of fruit and vegetable waste valorization as a
sustainable means of managing food waste but also demonstrates several barriers, mostly
linked to economic factors such as scaling up processing. A review of the literature so far
indicates information on volumes of food losses in primary production [14] and food waste
across the supply chain [13], but there is a lack of information on current management
practices of industry stakeholders in Ireland.

Therefore, the aim of this research was to identify stakeholders’ current management of
surplus fruit and vegetable material remaining after processing and what factors influence
their decision to revalorize this surplus material. To satisfy this aim, the following research
questions were employed:

Q1. How do stakeholders currently manage their fruit and vegetable surplus material or
by-products?
Q1(a) What factors influence management of surplus material by the companies?
Q1(b) What types of product(s) if any, do the stakeholders have surpluses of?
Q2. What are the barriers or drivers impacting stakeholders’ decision to add value to
surplus material generated from the fruit and vegetable sector?

2. Materials and Methods
2.1. Methodology

The term stakeholders in this study refers to companies along the food supply chain
working with fruit and vegetables: for example, farmers, wholesalers, food processing
companies, restaurants, cafes and retail supermarkets.

An explanatory sequential mixed methods approach was employed to collect data
from stakeholders on their current management of surplus fruit and vegetable material
remaining after their main processing [42]. This was in the form of an online questionnaire,
followed by semi-structured one-to-one online interviews that helped further explain the
findings from the surveys. Quantitative and qualitative data provided reliable, valid and
comprehensive information resulting in a more detailed understanding of the issues and
the potential for circular eating through waste valorization in Ireland, where currently there
is a lack of information. This study was approved by the Research Ethics Committee of
Institute of Technology Sligo, Ireland in December 2021 (Reference No: 2020048, part 2).

2.2. Survey Design

The survey was developed using Qualtrics XM (first release 2005, copyright year 2021,
US, available at https://www.qualtrics.com, accessed on 22 February 2022), and it was
structured in a way to answer the research questions (Q1 and Q2). The survey was divided
into four sections. The first section collected background information about the stakeholder,
for example, the type and size of each stakeholder. The second section focused on the types
of surplus material present, whether measurements are usually recorded, and if so, what
the estimated annual quantities are. Surplus material was defined as any fruit or vegetable
material remaining, after normal manufacturing operations are concluded. The survey
respondents were then asked to read statements in relation to the management of surplus
material in their business and rate how much they agreed or disagreed with each statement.

After these sections, the focus was narrowed to the fruit and vegetable surplus material
present, how the respondents classified this material, if they had considered adding value
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to this material, and if not, how they currently deal with this surplus material. The
question grid that presented each question and justified the reason for inclusion in the
survey based on the literature can be viewed in the Supplementary Material (Table S1). A
link to the survey can be found here: https://itsligo.fra1.qualtrics.com/jfe/form/SV_25
nlpyPUoFKSBim, accessed on 28 March 2022.

Those who completed the survey were asked if they wanted to progress to a one-
to-one semi-structured interview, which was conducted and recorded through online
videoconferencing platforms (MS Teams or Zoom). The interviews followed a format
similar to that of the survey, firstly collecting some introductory information about the
stakeholder and then asking questions related to the measurement of surplus material. This
was followed by questions on the types of surplus material present and questions related to
valorization of the surplus material. Then, the respondents were asked about the perceived
benefits or barriers to valorization. Finally, the stakeholders were informed about the SDG
12.3 target goal of reducing food waste by 50% by the year 2030 and asked about their
knowledge of this target and their belief that it was achievable. During both the survey
and the interviews, if a stakeholder answered no to certain questions, for example, “no I
have not identified a side-stream”, they skipped to the next relevant question for them. The
question grid including the questions used for the interviews, along with the justification,
can be seen in in the Supplementary Material (Table S2). Both the interviews and survey
were piloted before going live with stakeholders.

Stakeholders were purposefully recruited for the survey and interviews, to achieve
sample triangulation (Figure 1) by advertising the study via organizations like the restau-
rants association, Enterprise Ireland (EI) and the Local Enterprise Offices (LEO), Irish
Business Employers Confederation (IBEC), the Farmers Journal and social media platforms
(LinkedIn, Twitter, Facebook). Snowball sampling was also employed for recruitment
purposes to increase awareness of the study [18,43].
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2.3. Data Collection and Analysis
2.3.1. Survey

There were 55 responses to the survey. Within these responses, all criteria of the
sample triangulation were met (Table 1). Most participants were from the Leinster region
of Ireland, where a high percentage of growers are based. Most respondents (n = 22) were
from large companies (>250 employees); however, all company sizes were represented in
the study. The surveys were mostly completed by respondents who identified as owners
or managers of the individual stakeholders. The survey results were analyzed using
descriptive statistics using SPSS version 28.0 (IBM Corp. Released 2022. IBM SPSS Statistics
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for Windows, Version 28.0, Armonk, NY, USA, IBM Corp). Descriptive statistics were used
to outline the frequencies of the responses, and cross tabulation was conducted to present
the responses across the different stakeholders. The level of agreement scale was collapsed
from five points—strongly disagree, disagree, neutral (neither agree nor disagree), agree,
strongly agree—to three points as follows: disagree, neutral (neither agree nor disagree)
and agree.

Table 1. Number of participants in each of the stakeholder groups that completed the survey and
the interviews.

Stakeholder Survey Participants
(n = 55)

Interview Participants
(n = 7)

Primary Producer (Farmer) 6 2 1

Wholesaler 9 1 (+2) 1

Secondary Producer (Food Processor) 14 (2) 1

Retailer 3 2

Hospitality (Restaurant/Café) 12 2

Other 11 0
1 The two farmers interviewed also have a wholesale and food processing side to their operations.

2.3.2. Interviews

Seven interviews were conducted with participants representing each of the stakehold-
ers identified; these participants had also completed the survey. The farmers interviewed
also had a wholesale business and processed prepared products for the food service indus-
try, thus representing more than one stakeholder category. The recorded interviews were
transcribed verbatim using Otter transcription (version 3.30.0-90c819b7, US, available at
https://otter.ai, accessed on 8 July 2022). To ensure accuracy, the interviews were listened
back to on two separate occasions, and the transcripts amended as required. The data were
coded and analyzed into themes using reflexive thematic analysis (Braun and Clarke, 2006,
2020, 2021); this was managed using Microsoft Excel. See Supplementary Material for a
sample of the coding process employed (Tables S3 and S4).

3. Results and Discussion

As this was an explanatory sequential mixed methods study, the results of the survey
and interviews are presented together. The interview responses inform the quantitative
findings from the survey. This section begins with how the stakeholders manage fruit and
vegetable surplus materials in their business right through to their views on revalorization
of this material.

3.1. Measurement and Management of Surplus Material

Most survey respondents (n = 52) confirmed they do record the amount of surplus
material present in their companies, with the majority reporting <10,000 tons of surplus
material present per annum. Most respondents (n = 17) stated that fruit and vegetable
material made up 76–100% of this tonnage, with wholesalers the highest contributor (n = 7).
These volumes are in line with current reports in relation to fruit and vegetable losses from
FAO’s 2019 the state of food and agriculture report, where they state, "it is not surprising
that fruits and vegetables incur high levels of loss given their highly perishable nature" [44].

The findings from this survey show that 20% of the stakeholders are composting their
surplus fruit and vegetable material, 13% are segregating it into brown bins for collection
by a third party, and 13% are using anaerobic digestion to manage the surplus material. A
small percentage of survey respondents leave surplus material in the field to decompose
or use if for animal feed, but unfortunately, there is still a reliance on disposal to landfill,
with the results showing 15% of participants using this option. A very small percentage
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(4.5%) of survey respondents stated they are currently using all of this material in a side
stream (n = 2). Figure 2 shows a more detailed breakdown of food surplus management by
stakeholder; for example, the stakeholders who are using all of their surplus material in the
side streams are represented by a secondary producer and a company who identified as
"other", explaining they are both a primary and a secondary producer.
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Figure 2. Current practices employed by each stakeholder to manage their surplus fruit and vegetable
material (figures taken from survey respondents).

The current management of surplus material is varied. Composting is the most
popular method employed by representatives from all stakeholders (n = 11). However,
as mentioned, general waste with disposal to landfill is also still evident, particularly in
the hospitality sector (Figure 2). As anticipated, it is the primary producers who leave
surplus material in the field to decompose; this was also evident in the literature mostly
to avoid excess costs associated with harvesting produce that does not meet customer
specifications [18]. In the stakeholders’ survey, the low number of respondents using
surplus material for feeding animals was surprising, whereas other studies found this to
be the most popular method for managing surplus material [9,18]. It was anticipated that
secondary producers and wholesalers would be the main stakeholders using this method
to manage their surplus material. Indeed, this was evident in the interviews, where the
wholesalers confirmed they segregate waste material for transport to farmers for animal
feed or to feed their own animals. Anaerobic digestion (n = 7) was used by primary and
secondary producers and wholesalers mostly, while segregation for brown bin collection
(n = 7) was mostly used by the hospitality and retail industries.

In the interviews, stakeholders acknowledged that they dispose of surplus material in
ways similar to the practices found in the survey responses, as shown in Figure 2, often man-
aging this material in a way that is convenient for the company’s access to various options,
such as composting or segregation for animal feed. It was suggested that measuring the
surplus material is part of standard operating procedures connected with forecasting and
planning. It is mostly completed for economic reasons, as waste generated leads to loss of
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sales, which need to be quantified. The larger businesses have built-in sustainability factors
in their business models which they categorized as "sustainability credentials". These fac-
tors are linked to attaining origin green status, which is an independently audited, national
program that allows the industry to incorporate measurable "sustainability targets" within
their business that consider the environment and local communities [45]. Measurement of
waste and surplus material would be one of the metrics they are measuring, as the quotes
below explains.

“For sustainability credentials, and there is a reporting structure behind everything that
we do” Large Wholesaler

“It’s part of weekly, quarterly, and annual KPIs that we will manage food waste, it’s tied
to profit and loss. We would have liked a margin that the department will have to hit
every week” Retailer.

Figure 3 details the stakeholders’ perspectives on the challenges presented when
managing surplus material from the fruit and vegetable sector specifically. Wholesalers
and retailers mostly agree that managing surplus material is an ongoing challenge. There
was, however, a difference of opinions among the primary and secondary producers as
well as among the hospitality sector respondents, with some more comfortable managing
this surplus material than others. All stakeholders participating in the survey agreed that it
is important to manage food surplus from an environmental perspective (Figure 3). This
study revealed that consumer expectations were more relevant to secondary producers,
retailers and the hospitality sector. However, Göbel et al. [46] highlighted that factors such
as consumer expectations can have a knock-on effect across the whole supply chain. The
retailers in this survey were well-informed on how to manage food surplus effectively;
however, the other stakeholders did not share this opinion and believed there was a lack of
information available to them. The reason for this difference in opinion could be down to
the fact that many retailers have had processes to mitigate food waste in place for some
time now, such as discounting produce which is near its "best before" date [47]. However,
this often moves the food waste problem onto the consumer stage. Figure 3 also shows that
most stakeholders surveyed believed there was enough time within their individual day-to-
day operations to manage food surplus effectively, apart from the primary producers and
hospitality sector. This was further explained in the interviews when these stakeholders
highlighted the short timeframes available to them in their day-to-day operations that
hindered accurate management of surplus material, as the quotation below from a small
café owner explains.

“I suppose the big thing would be not having time to process things, because you only
have a certain window, you know, you have a fresh thing. You know, if you have to make
things that are being sold immediately, you know, that that’s the priority.” Hospitality
(cafe owner/manager)

The respondents from the interviews explained why food surplus generation can be
challenging, alluding to time as mentioned and the impact of inconsistent labor practices,
particularly among secondary producers and retailers who found it difficult to retain staff.
This was mostly due to the nature of the work, as the quote below explains.

“It’s getting harder to get people to do particular jobs like peeling and preparing difficult
veg like turnips, it’s very hard laborious work” Family business—wholesaler/farmer.

COVID19 was also a major disruptor for the food industry, with competent staff lost
due to uncertainty in the sector at the time. The companies interviewed acknowledged
they are still struggling to get back on track as a result. They also highlighted a need for
investment in equipment and facilities to improve process efficiency, which is needed to
manage surplus material more efficiently.

“It’s either big investment or we need to stop what we’re doing” Family business—
wholesaler/farmer.
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All of the stakeholders interviewed recognized this is an area that needs to be ad-
dressed, not solely from an environmental perspective but also to ensure their business
models remain viable. Some of those interviewed felt they should take more of a leadership
role in educating their customers. Even though they believe consumers are more aware in
general, they themselves were not promoting the good work they are doing to create "zero
waste kitchens", for example.

3.2. Classification of Surplus Material

The survey included a question relating to the classification of surplus fruit and
vegetable material after participants were provided with the definition of food waste and
food loss according to FAO [48]. This was asked to help gain a better understanding of how
the stakeholders view this material, which would explain current management practices.
The results showed that many respondents (n = 23) classified this material as "food waste",
a high proportion also identified this material as "animal feed", and a small number (n = 5)
classified this as "material for further processing". Breaking this down further to individual
stakeholder sectors, the hospitality stakeholders mostly classified this material as food
waste. Secondary food producers mostly classified it as material for animal feed. Primary
producers (farmers) classified the material as either food losses (n = 3), food waste (n = 2)
or product left in the field that did not meet specifications (n = 1). One retailer defined this
material as donations. Donations would be a popular option for retailers managing surplus
material across all of their produce, not only fruit and vegetables, with Irish companies
like Food Cloud collecting the surplus and redirecting this valuable commodity to those in
need [49].

The stakeholders’ interviews conducted further explained the findings of the survey
showing that stakeholders with numerous remits within their business model were able to
use surplus for animal feed. For example, two of the interview participants were farmers
who not only grow produce but also raise animals (cattle), making animal feed a beneficial
management practice. The larger wholesaler interviewed also had an agreement with
local farmers to collect surplus material for animal feed. However, composting was a
common way of managing the remaining surplus material for all of those interviewed. The
general view was that if another use for the surplus material was found, then it was not
classified as waste. This is like the EU Commission’s FUSION [6] definition, which differ
from the FAO [1,48] definition in that it also considers inedible material. Oliveira et al. [50]
confirmed with a review of papers from 2011–2020 that "there was no specific concept
for food losses and waste which made it difficult to quantify". This was also evident in
this study, with each stakeholder classifying their surplus material in different ways not
necessarily following the definition of FAO. The findings from the interviews show how
each stakeholder works individually, focusing on their own protocols to grow their business
and remain viable. To ensure that the waste reduction targets of SDG 12.3 [4], of a 50%
reduction by the year 2030, are successful, classifications or clear definitions of food loss
and waste, surplus material and what is edible or not edible would need to be confirmed
and communicated across stakeholders for improved uniformity.

3.3. Food Waste Reduction Targets

Most stakeholders (n = 24) in the survey disagreed that there were government incen-
tives available to help manage food surplus, as can be seen in Figure 4. Some stakeholders
acknowledged in-house incentives, although the response to this was mixed across all
stakeholders, as seen in Figure 4.
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Figure 4. Survey responses to statements related to incentives for managing food surplus.

When food waste reduction targets were discussed during the interviews, most re-
spondents noted that they were managing food waste in house anyway. Some were aware
of initiatives, but most were not. The representative from retail believed the emphasis was
wholly on food safety rather than food waste reduction.

However, they suggested the food waste reduction target of 50% by 2030, in line with
SDG 12.3, was achievable, particularly if work has already commenced. They believed
education was required to bring all stakeholders on board, consumers included, and
alluded to the need for government policy to be implemented to fast track change.

3.4. Types of Surplus Material Available

The types of surplus material present varied between stakeholders, as can be seen in
Figure 5. As seen in the figure, primary producers (farmers) responded that most of their
surplus material comprised whole fruits and/or vegetables that do not meet retail/quality
or food safety specifications. For secondary producers (food processors), it was peels,
pips, cores, and other by-products generated by processing. These stakeholders also
listed whole fruits or vegetables that do not meet specifications as the second highest
response. Wholesalers were like primary producers in that out-of-specification whole
produce was the highest response; however, they also logged products that had exceeded
their expiration dates or produce that spoiled before its expiration date as other sources of
surplus material. Retailers cited spoiled or contaminated products within their expiration
dates as most of their surplus material. Respondents in the hospitality sector noted that
their surplus material was mostly product remaining after processing, like peels, pips, and
other by-products.

The reasons cited for the generation of this surplus material ranged from consumer
expectations to short dates on deliveries and varied among stakeholders, as seen in Figure 6.
Primary and secondary producers differed in that primary producers believed consumer
expectations and retailer requirements mostly influenced the generation of surplus material.
This was followed by overproduction due to forecasting or predicting orders. O’Connor
et al. [14] agreed with this finding to some extent, suggesting that food waste was generated
from produce that could not be sold, but also noted that pests and other production
stresses also had an impact on food losses pre-harvest. However, for secondary producers,
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surplus material was more influenced by quality and food safety specifications and raw
material quality. Retailers were impacted across the spectrum, from raw material quality
to forecasting to consumer expectations. Those in hospitality listed forecasting as the
main contributor, followed closely by overproduction or production inefficiencies. For
wholesalers, it was the raw material quality that impacted most, followed by forecasting.
Other studies, like that from Beausang et al. [18], have expressed similar findings in relation
to primary producers, highlighting the need for greater awareness of the impacts of retailer
specifications that are directly linked to consumer expectations. This view was echoed
in the interview findings, with the primary producers in this study finding alternative
ways of using the produce that is not accepted by their customers, such as for fertilizing
the land or feeding their animals. Research has also shown that waste materials from
primary processing have further potential as new energy sources [51]. Like this study,
studies from Richards et al. [52] and Messner et al. [10] focusing on Australian horticulture
found that there were many "paradoxes" connected with the generation of food surplus in
primary production, with a blame game happening in terms of who is responsible for the
surplus, but ultimately feeling powerless to create change with the buyers, which are often
the retailers in control. The stakeholders interviewed often referred to their immediate
customers, the next stage in the supply chain, as impacting their business model. For
example, the wholesalers and secondary producers were at the mercy of their buyers,
namely the food service/food producer sectors or retailers who require a certain product
specification. The retailers were then at the mercy of auditors measuring food safety
protocols to keep consumers safe and, in turn, the impact of consumer expectations in
terms of product quality and specifications.

The findings from the interviews highlighted customer- and product-related factors
influencing the generation of surplus material. The sale of "ugly veg" was discussed
by the stakeholders during the interviews, particularly the retailers, with a strong view-
point that consumers will not buy imperfect produce, and as a result, imperfect produce
is not being offered to them for sale. One of the farmers interviewed mentioned that
the appearance of vegetables needed to be acceptable to the consumer, and in order to
achieve this, farmers were removing outer leaves which would have been undesirable for
the consumers although perfectly edible, but which were now being used as cattle feed.
Teigiserova et al. [16] suggested that educating consumers about behavior and consump-
tion habits linked to deformed or ugly vegetables might reduce food waste and losses
attributed to this material. The EU commission is also reviewing the marketing of so called
"ugly fruit or vegetables" by focusing on the freshness rather than the aesthetics, which
should, in turn, reduce the amount of food waste [53].

Forecasting impacted fine dining restaurants and retailers specifically. These stake-
holders were also impacted by logistics connected with deliveries either of raw materials or
product coming or going via central distribution. Product promotions also had a negative
impact on the generation of surplus material, resulting in single produce remaining unsold
in favor of the multi-packs on promotion. Aschemann-Witzel et al. [54] also explained a fur-
ther negative impact of supermarket promotions creating more food waste in households,
as consumers take advantage of the cheaper pricing but may end up buying more produce
than will be consumed. This may solve an issue at retail, but it is ultimately only passing
the problem on to the next stakeholder, in this case the consumer. External factors such
as the impact of weather or local calendar events like football matches or local weddings
could impact sales and create surplus material. Labor was another factor indicated; those
interviewed expressed an issue in retaining staff and maintaining a level of training which
keeps surplus material managed effectively.

“Training as well, so we will leave the ordering up to our commis chef or sous chefs or
chef de parti’s and they might over-order” Fine Dining Restaurant
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3.5. Valorization of Surplus Material

When investigating the barriers and drivers impacting stakeholder decisions to add
value to surplus material generated (Q2), the participants were asked first, as described
above, to state how they manage their surplus material. From the findings, only two
respondents confirmed they are currently using surplus material in a side stream. However,
almost half of the respondents (n = 21) indicated that they had identified potential side
streams. The description of these side streams ranged from value-added food production
(n = 7) to animal feed (n = 4), bioenergy production (n = 3), and redistribution for human
consumption (n = 3). The stakeholders who had identified side streams were mostly pri-
mary or secondary producers as well as those in hospitality, but a small percentage of
other stakeholders also identified side streams. Older studies stated that food producers
have always considered using their by-products or side streams mostly to improve prof-
itability [17]. What is interesting about the results in this study is the large gap between
those already valorizing their surplus material and those who have not yet commenced
this process. This may be due to the many barriers discussed below.

As mentioned previously, stakeholders often use this surplus material for animal feed,
as it is a convenient source of feed for their own livestock. When the option to add value
to this material was discussed with stakeholders in the interviews, the smaller businesses
highlighted that "time" was a barrier, stating they did not have the necessary time or
headspace to consider this option.

“We’ve discussed it from time to time, you know, the possibility of making broths, and
stuff like that. But again, probably time, knowledge, expertise, has probably stalled us
from going down that road” Farmer/Wholesaler

There is also the risk of a potentially negative economic impact that businesses need
to consider. Valorization of this material should ensure a viable return on their investment,
otherwise time spent focusing on other revenue streams would be more appropriate. Prior
research on pilot scale valorization agrees with this finding, as there is a requirement for
investment to ensure the safe extraction of surplus material for use in new waste-to-value
production streams [19]. The findings from this study highlight the difficulties for the
smaller stakeholders. Respondents recognized the potential benefits of valorization in
theory, but to date, the focus has been on minimizing food waste. As a result, businesses
may have to re-structure their operations to be able to valorize surplus material.

“What, we’ve gone on is minimization of the amount of waste. And then when we get to
that point, we don’t have the volumes” Large Wholesaler

This is in line with current recommendations, and as detailed in the food waste hierar-
chy, prevention is the most favorable outcome in terms of food waste management [9,18,55].
Those interviewed also preferred to donate produce to local restaurants and cafes if there
were no other way of selling the produce, which is also a feature of the food waste hierarchy
as a way of reducing food waste.

They also highlighted the need for external supports in terms of research and educa-
tion, as well as financial support.

“I just don’t have the facilities, like I know somebody who has facilities, and they have 0%
waste in their fruit and veg. So, you know, if you had the capital investment” Retailer.

Food safety legislation was believed to be restrictive, making the revalorization of
food surplus, in some instances, prohibitive.

Previous review studies on food waste valorization across Europe and other jurisdic-
tions have echoed similar barriers, particularly linked to the associated costs of starting
a new valorization process, like new equipment and staffing, among other factors [19,35].
Garcia-Garcia et al. [36] also stated that it was necessary to identify a clear customer for
these value-added products. However, when asked about how their customers would
react to this kind of added-value product, the response was mostly positive, particularly if
quality and cost factors were within customer expectations.
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“There’s a certain element still, that look for service and all that but the bottom line is if
the price isn’t lower than your competitor, they just won’t get it of you. It’s as simple as
that” Farmer/Wholesaler

Ultimately, they believed it needs to make sense from a price perspective for the business
model, as the quote above confirms, which is particularly relevant for the smaller businesses.

The results highlighted that transparency would be required to bring the consumer
on board. McCarthy et al. [56] found that bringing positive and emotive messages linked
to improving societal benefits by using surplus material that would have otherwise been
wasted would improve the acceptance of these types of produce. This study also suggested
that marketing and branding could be used to deliver the waste-to-value message in a
user-friendly way to the consumer.

This study also recognized the importance of education in improving acceptance,
with stakeholders educating their staff first, who in turn educate the customers on the
lengths to which the businesses are going to reduce their food waste in creative ways.
Aschemann-Witzel et al. [57] found increased acceptance of upcycled food products when
frugality was highlighted. Some of the participants in this study recognized that they were
missing an opportunity to demonstrate to their customers their own frugality and the
sustainable practices currently in operation within their businesses.

“I suppose we should make more of a noise that the fact that it is organic, and we can,
you know, therefore, we can use skins and things like that” Cafe

They also believed that introducing education to younger generations on where their
food comes from would help to bridge the gap between industry and the consumer in
terms of knowledge and ultimately acceptance of valorization of surplus material.

“I think if you showed people a basket of fruit and veg and say this is our fruit and veg,
this is what you can do at home with your kids to educate them on this journey” Retailer.

This agrees with Rada et al. [58], who expressed the importance of educating young
people on environmental issues, as this may help change behaviors within the family. It
was also recognized that as the younger generation uses social media more often, this
would be a good outlet to target food waste reduction campaigns [59]. Another study has
shown that with more public discourse around food waste, waste-to-value products are
better received by consumers, particularly if the sustainability impact of reducing food
waste is expressed [39].

In terms of benefits of revalorization, they could see some potential long-term eco-
nomic benefits after the initial investment period. Moreover, they recognized this as an
opportunity to educate staff and customers on sustainability practices employed within
their business models. It was viewed as a positive step for the company, providing the
barriers alluded to above could be overcome.

3.6. Overview of Results

Although this was a small pilot study and not representative of all stakeholders, the
results were in line with research findings to date, noting similar barriers to the revaloriza-
tion of surplus material. Moreover, the explanatory mixed methods approach provided
further validity to the findings, since the qualitative data generated from the interviews
confirmed further and explained the results from the survey. The combined findings of this
mixed methods study can be seen in Figure 7. These are presented under the five themes
that emerged from the survey and the Interviews. The management of surplus material
was viewed as important as an environmental metric by all stakeholders; however, the
smaller stakeholders in this study did not have structured measurement protocols in place.
The classification and the type of surplus material present are stakeholder-dependent, and
most food waste reduction targets are driven by economic considerations. The findings
also highlighted the lack of joined up thinking across the food supply chain on the topic of
food waste management in general and the need for education and increased supports to
create sustainable change in this sector.

183



Sustainability 2023, 15, 16147

Sustainability 2023, 15, x FOR PEER REVIEW 17 of 21 
 

 

They also believed that introducing education to younger generations on where their 
food comes from would help to bridge the gap between industry and the consumer in 
terms of knowledge and ultimately acceptance of valorization of surplus material. 

“I think if you showed people a basket of fruit and veg and say this is our fruit and veg, 
this is what you can do at home with your kids to educate them on this journey” 
Retailer. 
This agrees with Rada et al. [58], who expressed the importance of educating young 

people on environmental issues, as this may help change behaviors within the family. It 
was also recognized that as the younger generation uses social media more often, this 
would be a good outlet to target food waste reduction campaigns [59]. Another study has 
shown that with more public discourse around food waste, waste-to-value products are 
better received by consumers, particularly if the sustainability impact of reducing food 
waste is expressed [39]. 

In terms of benefits of revalorization, they could see some potential long-term 
economic benefits after the initial investment period. Moreover, they recognized this as 
an opportunity to educate staff and customers on sustainability practices employed within 
their business models. It was viewed as a positive step for the company, providing the 
barriers alluded to above could be overcome. 

3.6. Overview of Results 
Although this was a small pilot study and not representative of all stakeholders, the 

results were in line with research findings to date, noting similar barriers to the 
revalorization of surplus material. Moreover, the explanatory mixed methods approach 
provided further validity to the findings, since the qualitative data generated from the 
interviews confirmed further and explained the results from the survey. The combined 
findings of this mixed methods study can be seen in Figure 7. These are presented under 
the five themes that emerged from the survey and the Interviews. The management of 
surplus material was viewed as important as an environmental metric by all stakeholders; 
however, the smaller stakeholders in this study did not have structured measurement 
protocols in place. The classification and the type of surplus material present are 
stakeholder-dependent, and most food waste reduction targets are driven by economic 
considerations. The findings also highlighted the lack of joined up thinking across the 
food supply chain on the topic of food waste management in general and the need for 
education and increased supports to create sustainable change in this sector. 

 
Figure 7. Summary of findings from stakeholders’ survey and interviews, under the main headings 
investigated. 
Figure 7. Summary of findings from stakeholders’ survey and interviews, under the main
headings investigated.

3.7. Limitations

One limitation of this pilot study was the relatively small sample size. In Ireland,
several stakeholders would be classified as small or medium-sized businesses, and it
proved difficult to access large numbers of these types of participants for the quantitative
element of this mixed methods pilot study. Even large retailer brands are often franchised
out to smaller operators. The voice of these participants was captured in the qualitative
phase of this study, where a lack of resources was highlighted with the responses “time
poor” and “struggles maintaining a trained workforce” mentioned frequently. However, for
future studies, it would be recommended to find new avenues of recruitment to access
larger numbers of these stakeholders.

4. Conclusions

This mixed methods pilot study focused on how stakeholders currently manage their
fruit and vegetable surplus material, including by-products from their main production
activity, and what factors impacted their decision to revalorize this material. The results
confirmed that prevention is their primary motive in terms of management of their food
surplus material. Trying to utilize all produce is mostly done for economic reasons. There
is an interest in valorization; however, barriers such as time, lack of headspace to explore
opportunities and a need for financial investment are preventing companies from taking
this further, particularly small and medium-sized companies. The companies interviewed
wear “many hats” in terms of their business models, with some being both primary and
secondary producers as well as wholesalers. This means they are constantly evolving to
remain profitable; therefore, policy changes or government support would be beneficial in
assisting these types of companies in achieving sustainable changes.

Overall, there is a lack of joined-up thinking to bring resources together to create
positive sustainable change, such as bio-refinery projects that smaller companies could feed
into to help meet the food waste reduction goal of SDG 12.3. Each stakeholder interviewed
showed they were doing their part to manage food waste; perhaps a new forum could
be established to allow industry stakeholders to share ideas that have worked positively
for them and could, in turn, help others to adapt their own practices. The disconnect
between the consumer and the industry in terms of how consumer expectations impact the
produce on the supermarket shelves is clear. An open, transparent dialogue between all
stakeholders, including consumers, is critical if this narrative is to change. It was recognized
that by sharing the current sustainability measures already in place through education
with their own staff initially, followed with their customers, may start a positive chain of
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discourse that ultimately reaches all parties, bringing the food waste dilemma into the
public arena. Then, food waste revalorization could offer products acceptable to consumers,
and in turn, a viable business model for stakeholders. Education could lead to consumer
understanding of the benefits of revalorization, increasing further the acceptability of the
products. Future studies could explore the connections between the food supply chain links
to identify ways of improving waste reduction measures and encouraging revalorization
through education and improved transparency.
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Abstract: Wine tourism is emerging as one of the most important forms of alternative, sustainable
tourism in wine countries, such as Greece, in the post-COVID-19 era. In this paper, consumers’
motives for wine tourism in Greece today are investigated regarding (i) their consumption habits
related to wine, (ii) their experience with wine tourism, (iii) the parameters that would encourage
their visit to a wine region, such as wine, the winery, and general regional characteristics, and (iv) the
source of information consulted for a wine tourism experience. The questionnaire was conducted
from April to May 2023, with 595 participants, via the Google Forms platform. The statistical analysis
was performed with basic tools, as well as cross and chi-square tests, to analyze the data. The
highlights of the results indicate that consumers (the participants of the survey) consume more wine
today than before the pandemic (57%) and have previous experience in wine tourism (59.8%), with
the majority of them having visited a winery more than once (67.4%). The most popular activity at
the winery was found to be wine tasting (46.6%), followed by open discussion about wine (35.2%),
and, at the regional level, visiting the sights (46%) and doing activities in nature (30.6%). Future
participants are looking for innovation in wine tourism, with trained staff (77.5%) and organized
tours (74.3%), the organization of wine festivals and other events (71.9%), opportunities to explore the
local community, such as the outdoors (83.5%) and its culture and history (70.9%), during their visit,
and available information on wine tourism opportunities online (73%). They also are encouraging
the transition of the Greek wine tourism industry to the digital world. Based on the overall results,
three types of support are proposed for the successful, sustainable development of wine tourism in
wine-producing countries.

Keywords: questionnaire survey; wine tourism; post-COVID-19; Greece

1. Introduction

The COVID-19 pandemic brought significant changes to the tourism industry, with
travelers reconsidering their goals and intentions for their trips [1]. Sustainability has
emerged as the new trend in tourism in the post-pandemic era [2], with alternative tourism
potentially replacing parts of mass tourism as part of its resurgence in the current times [3].
Wine tourism highlights its sustainability, as demonstrated by the economic and cultural
considerations that have been perceived by the local communities [4]. For example, wine
tourists’ satisfaction is enhanced when their winery visit includes elements of local cuisine
and wine culture [5]. With the discovery of grape wine being recorded from the beginning
of the sixth millennium BC [6], wine production has a history of thousands of years,
having survived detrimental climate changes of the past [7]. However, wine consumption
has been always linked to a better quality of life, especially in old age, as well as low
mortality [8]. Wine-producing countries are also now focusing more on aesthetic and
experiential consumer satisfaction, rather than exclusively on knowledge-sharing about
winemaking and the cellar’s facilities [9]. This is a result of the similarities between
wine consumption and art appreciation that have been observed from the consumer’s
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perspective [10]. Wine tourism can promote local wine more effectively, boosting its
exports and sales [11]. The aim of this research is to identify the parameters that will boost
wine tourism in a wine-producing country during the post-pandemic period and beyond,
supporting regional sustainable development for the local communities and wineries
benefiting from this innovative, modern, and future tourism industry. To achieve this aim
the relevant literature regarding wine tourism was systematically reviewed and presented,
followed by the materials and method of the study, the results, and the findings.

Literature Review

The COVID-19 pandemic greatly affected all tourism sectors in Europe and Greece [12],
including wine tourism. Wine tourists in the near and far future will demand safer, healthier,
and more sustainable experiences [13]. After the COVID-19 pandemic, it appears that
visitors prefer less popular and crowded destinations [14]. Especially for domestic travelers,
tranquility and rest, elements directly linked to wine tourism through the enjoyment of the
natural landscape, have been shown to be key motivators for their visit to the country’s
wine regions [15]. In a psychophysiology study, higher levels of satisfaction were recorded
when participants were able to freely explore different areas of the winery, compared to
when they were given explanations [16]. Generation Y (born between 1981 and 1994),
for example, the largest group of wine tourists, have a pleasant desire to consume wine
if they know its health benefits [17]. This pleasure is enhanced when combined with
socialization [17].

With global competition between wine tourism regions intensifying, and the demand
for wine tourism becoming more sophisticated, innovation and digital transformation in
wine tourism are imperative [18]. The interest expressed in digital wine tourism arose
from the fear and anxiety associated with the pandemic [19]. However, these feelings are
not deterrents to the implementation of future wine tourism trips [19]. On the contrary,
creating an asynchronous wine tourism experience, such as a virtual tour, could be a
starting point for attracting new consumers in wine tourism [20]. In the post-pandemic
era, companies and destinations are expected to redefine themselves to adapt to the digital
age. The expansion of the digital presence of wineries also allows the most appropriate
approach for wine tourists [21]. Wine producers can increase the value of a satisfying
experience by bringing the winery closer to the customer, before, during, and after they
visit the premises [22]. For example, the configuration of a winery in such a way that it
gives the wine tourist the opportunity to take the “perfect Instagram photo” differentiates
a winery from the rest and highlights the uniqueness of the wine destination [23].

Wine tourism in Greece is still at an early stage [14]. In a recent survey, only 22% of
the surveyed Greek wineries had an online store with e-shopping [14]. At the same time,
even though there is relevant national legislation for the certification of wineries that can
have access to wine tourism services (Law 4276/2014) and corresponding promotions on a
virtual platform, there is still no public list of these wineries accessible to visit in Greece,
limiting their national support. Wine tourism in Greece, however, could be internationally
supported, if requested, by the UN World Tourism Organization (UNWTO) which promotes
strategies and protocols for the development of early-stage wine regions worldwide [24].
Respectively, the Global Wine Tourism Organization (GWTO) has provided scientific
support towards European wine tourism by identifying, for example, the cost of living as
the main determinant of tourism demand in Greece, followed by price competitiveness and
income [25].

The GWTO considers wine tourism as a key contributor to the global economy with
encouraging growth rates for the next decades [26]. Wine tourism addresses a niche market,
which can be combined with all different types of tourism, thus promoting sustainable
development for the local area [14]. Studies have shown that wine tourism can stimulate a
rural local economy if small tourism businesses complement each other to form a strong
local, sustainable destination image [27,28]. Therefore, the involvement of the oenological
region has an important role in the sustainability of local wineries [29], thus highlighting
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the two-way relationship between the local wine region and wine tourism. Many wine
tourists, in fact, express great interest in the variety of attractions in the area that are not
directly related to wine [30]. Visiting a winery from the perspective of Generation Z, for
example, seems to be less about the wine itself and more about the opportunities to enjoy
the scenery, have fun, socialize, and discover local products [31]. Wine tourists in Greece
usually carry out additional activities in the wine region that are not related to wine after
they visit the winery [32]. Particularly for Greek youth, research has shown that there is a
limited appeal for the wine itself, with young people preferring activities such as enjoying
the scenery and food as well as socializing as part of their visit to a winery [33]. This appeal
also results from their limited financial ability to spend during their trip [33].

The recovery process from the pandemic suggests that domestic tourism is a definite
driving force of the future. Recent research analyzing the elements of the tourist behavior of
Greek citizens shows their strong preference for domestic tourism [34]. Significantly higher
percentages of domestic visitors indicated a strong motivation to purchase wine during their
winery visit, to chat with the winemaker or oenologist, and to participate in an organized
winery tour or to experience the winery and atmosphere, in contrast to international visitors
who preferred to participate in a group activity and take an excursion [35].

This is the first study that identifies and analyzes the overall consumer motives
regarding wine tourism in Greece in the post-COVID-19 period. The purpose of this
research is to evaluate those factors or parameters related to the motivations of domestic
consumers to engage in wine tourism in a wine-producing country such as Greece and to
identify the main objectives that the Greek wine tourism industry should focus on to ensure
development in the post-pandemic era. To achieve this goal, and based on the existing
literature on the related parameters of consumer preferences for wine tourism [36], the
present study examines the following factors of engagement in Greek wine tourism during
the post-COVID-19 period:

(I) Wine consumption.
(II) Existing experience in wine tourism.
(III) Wine and winery parameters that encourage visits to a wine region.
(IV) General characteristics of an oenological region that encourage a visit to a wine region.
(V) Source of information consulted to encourage a visit to a wine region.

2. Materials and Methods
2.1. Data Collection and Sample Characterization

A survey was conducted based on a structured questionnaire that examined the
various parameters that influence consumers’ motivations for wine tourism in the post-
COVID-19 era. The questionnaire was structured in six parts, formulated in such a way as
to serve the purposes of the research, and was based on a previous study conducted in the
past, in 2008, by Galloway et al. [36].

The first part consisted of five questions concerning the demographic data of the
respondents, namely, gender, age, completed level of education, professional activity, and
place of residence. The second part consisted of four questions concerning the consumption
habits of the respondents regarding wine in the post-pandemic era which explores their
connection with wine. The third part consisted of five questions concerning the respondents’
experience with wine tourism. The fourth part consisted of 10 questions regarding the wine
and winery parameters that would prompt the respondents to visit a wine region of Greece.
The fifth part consisted of eight questions—parameters about the characteristics of the
oenological region that encourage visits to a wine region. Finally, the sixth part consisted of
six questions evaluating the importance of information sources that would encourage their
involvement in wine tourism. Respondents were asked to rate each parameter from 1 (not
at all important) to 5 (very important).

Table S1 presents the questionnaire, which was in electronic form (in Greek), through
the Google Forms platform and was distributed via email. The email included an explana-
tion of the purpose of the research, a brief interpretation of the concept of wine tourism,
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as well as a link to the digital questionnaire. The answers were anonymous, and no per-
sonal data of the respondents was collected, in accordance with GDPR regulation and
data protection. The structured questionnaire was distributed to the community of the
University of Ioannina (students, professors, staff, etc.) through their academic emails
(@uoi.gr), justifying the high percentage of young people and students in the sample. There
were no specific criteria for the target group of the study.

The high percentage of women who answered the questionnaire (73.4%) is noteworthy,
an observation that has been repeated in all previous research topics we have carried
out that investigate consumer behavior [37–40], even though there were no significant
gender-related taste differences on wine consumption detected [41].

The survey was conducted between April and May 2023, with the total number of
participants being 595 and including a wide range of demographics.

2.2. Data Analysis

The analysis of the responses was carried out through basic statistical tools. The
analytical data were organized using IBM SPSS Statistics for Windows (Version 25.0, IBM
Corp. Armonk, NY, USA), following the methodology outlined by Skalkos et al. [39].
Cramer’s V coefficient, which ranges from 0 to 1, was utilized in the chi-squared tests.
Its interpretation is as follows: V values around 0.1 indicate a weak association, around
0.3 indicate a moderate association, and approximately 0.5 or higher indicate a strong
association. For all conducted tests, a significance level of 5% (p < 0.05) was considered.

3. Results

Table 1 presents the demographic characteristics of the participants of the questionnaire.

Table 1. Demographic characterization of the sample.

Variable Groups (%)

Gender
Male 26.6

Female 73.4

Age

18–25 67.9
26–35 6.4
36–45 5.4
46–55 14.5
56+ 5.9

Level of education
(completed)

None/Primary School 0.2
Secondary School 0.7

High School 53.8
University 45.4

Job situation

Unemployed 1.3
Student 67.4

Employed 29.1
Retired 2.2

Permanent residence
in Greece

North Greece (Macedonia and Thrace) 25
West Greece (Epirus and Etoloakarnania) 27.9

Central Greece (and Athens) 34.6
South Greece (Peloponnese) 4.9

Islands (Aegean, Ionian, and Crete) 7.6

Regarding the place of permanent residence, 25% of the respondents came from
Northern Greece, 27.9% from Western Greece, 34.6% from Central Greece (including the
capital of Greece, Athens), while there was a significantly lower representation from
Peloponnese and the islands of Greece with significant lower population (4.9% and 7.6%,
respectively). Regarding the level of education, the majority held a high school or university
diploma (53.8% and 45.4%, respectively), which is also linked to the fact that students
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(67.4%) participated the most when regarding professional activity. More than 2/3 of
the sample were young people (67.9%) and currently studying (67.4%), which can draw
conclusions about the new generation and highlight the prospects for attracting them to
wine tourism.

Table 2 presents the consumption habits of the respondents regarding wine. Most
participants purchased 1–5 bottles of wine each month (60.2%), with a significant proportion
reporting zero bottles of wine consumption (33.6%). Most respondents spent up to 10 EUR
(52.8%) or 10–50 EUR (42.9%) on the purchase of wine monthly while the frequency of wine
consumption had a smooth variation for once, twice, and three times weekly, except for
the choice of daily consumption (2.9%). Noteworthy is the observation that most of the
respondents stated that they consumed more wine after the pandemic (57%) compared
with the period before.

Table 2. Wine consumption habits of the participants.

Questions Answers (%)

How many bottles of wine do you buy per
month TODAY?

Zero bottles/none 33.6
1–5 bottles 60.2

6–10 bottles 5.2
11–15 bottles 0.5
>15 bottles 0.5

How much money do you spend on wine per
month TODAY?

<10 EUR 52.8
10–50 EUR 42.9
50–100 EUR 3.9
>100 EUR 0.5

How often do you consume wine?

Once per month 28.1
Once every two weeks 22

Once per week 22.5
Twice per week 24.5

Everyday 2.9

Do you consume LESS or MORE wine today
compared to the pre-pandemic period?

Less 43
More 57

Table S2 depicts the significant (p < 0.05) associations between the respondents’ con-
sumption habits of wine based on their profile and sociodemographic variables. Specifically,
many associations were found, with weak correlation on all the questions of Part II between
age, level of education, and job situation. We also found that the question regarding the
money spent per month on wine today was affected by gender as well, and the comparison
regarding the consumption of wine before and after the pandemic was affected by the place
of permanent residence.

Table 3 shows the results of the questions about the respondents’ experience in wine
tourism. Most respondents (59.8%) have visited a winery, out of which 32.6% have visited
a winery once, 46.1% 2–3 times, and only 10.1% 4–5 times. Almost all the respondents who
have participated in wine tourism (97.5%) have not stayed overnight at a winery (or partner
accommodation). The most popular wine tourism activities they did during their visit were
wine tasting (46.6%), followed by an open discussion about wine (35.2%), and buying wine
at a discounted price (33%). At the same time, the most popular tourist activities carried
out during their visit to the wine region were visiting the attractions of the region (46%),
taking a tour of the region without a tour guide (31.5%), and activities in nature (30.3%).
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Table 3. Wine tourism experience of the participants.

Question Answers (%)

Have you ever visited a winery? Yes 59.8
No 40.2

If you answered YES to the first question, how
many visits in the last 12 MONTHS?

1 visit 32.6
2–3 visits 46.1
4–5 visits 10.1
>5 visits 11.2

If you answered YES to the first question, did
any of your visits include a stay at the winery?

Yes 2.5
No 97.5

If you answered YES to the first question,
select the oenological activities you did during

your visit to a winery:

Wine tasting 46.6
Buy wine at a discounted price 33

Buy oenological literature 1.3
Open discussion about wine 35.2

Watch educational presentations 23.2
Dinner 8.2

Tour without a guide 26.6
Art exhibition at the winery 13.3
Try/buy local area products 26.3

Picnic/BBQ 5.9

If you answered YES to the first question,
select the tourist activities you did AT THE

SAME TIME as your visit to a winery:

Visit area attractions 46
Visit parks and recreation areas 21

Dinner at local restaurants/
fine dining 22.6

Activities in nature/outdoors 30.3
Explore the history and culture of

the area 27.6

Visit local market 27.4
Tour of the area WITHOUT a guide 31.5

Guided tour of the area 13.6

Table S3 presents the result of the chi-square test that revealed significant differences
in the respondents’ wine tourism experience based on their demographic characteristics. A
medium association was found between the answers to the core question “Have you ever
visited a winery” and age, with smaller ones regarding level of education (completed) and
job activity. There were also many associations between age, job activity, and paid activities.

Table 4 represents the results of wine and winery parameters that would prompt
participants to visit a Greek wine region as part of their wine tourism plans. Based on the
positive choices (as quite and very important) (≥70%), the qualified staff (77.5%), followed
by the wine regional reputation (76%), the existence of a winery tour and tasting (74.3%),
festivals and special events (71.9%), as well as the cost of visit (70.4%) were the preferred
parameters for a visit. The range of regional wineries (35.6%) was the lowest parameter of
choice for visiting a region.

Table S4 depicts the result of the chi-square test that revealed small associations
between the participants’ answers on parameters regarding the wine and the winery and
their demographic characteristics.

Table 5 presents the results of the parameters regarding the general characteristics of
the oenological region that would encourage involvement in wine tourism. Based on the
positive choices (as quite and very important) (≥70%), the existing natural environment
(83.5%), the accessibility of the region (72.8%), and historical, cultural, and lifestyle regional
opportunities (70.9%) were the most preferred parameters to encourage a visit. Surprisingly,
the existence of gourmet cuisine was the least preferred parameter (37.2%). Parameters
such as accommodation (58.3%), participation in social activities (55%), distance from home
(53.4%), and the existence of a holiday program (50.1%) were of medium preference for
visiting a region.
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Table 4. Parameters regarding the wine and the winery that would encourage a participant’s visit to
a wine region in Greece.

Parameters Regarding the Wine and
the Winery

Not Important
at All (1)

Slightly
Important (2)

Important
(3)

Quite
Important (4)

Very
Important (5)

Range of wineries in one region 8.7 18.2 37.5 23.5 12.1
Educational opportunities related

to wine 6.4 12.6 29.7 32.1 19.2

Wine/wine tourism festivals and
special events 2.2 7.2 18.7 40 31.9

Organized winery tour and local
wine tasting 1.8 7.1 16.8 38.7 35.6

The existence of quality marks such
as, e.g., PDO (Protected Designation

of Origin) product, etc.
2.9 9.7 19 30.1 38.3

Area grape variety 3.7 9.1 20.7 36 30.6
Reputation of the wine region and

the wine 2.2 3.9 18 40 36

Cost of visit and wine tasting 2.5 5 22 32.6 37.8
Staff knowledgeable about wine and

the oenological region 1.7 3.9 17 33.3 44.2

Enrichment of knowledge about wine
and grape varieties 2.7 7.7 22.9 37 29.7

Table 5. Parameters regarding the general characteristics of the wine region to encourage visits to a
wine region in Greece.

Parameters Regarding the General
Characteristics of the Wine Region

Not Important
at All (1)

Slightly
Important (2)

Important
(3)

Quite
Important (4)

Very
Important (5)

Availability and variety of types of
accommodation 2 7.6 32.1 38.5 19.8

Accessibility (airport, train station,
and road accessibility) 1.2 7.6 18.5 38.3 34.5

Distance from the place of
permanent residence 3.2 14.1 29.2 30.4 23

Personalized and organized holiday
program (individual or group) 5.4 13.4 31.1 35 15.1

Opportunity to experience the
culture, history, and lifestyle of

the area
1.5 6.6 21 36.3 34.6

Availability of gourmet cuisine 9.6 20.7 32.6 24.4 12.8
Attractive natural scenery and good

climatic conditions 1.3 3.2 11.9 44 39.5

Participation in social activities 3.4 11.8 29.9 35 20

The results of the chi-square test that showed significant differences between con-
sumers’ opinions on the parameters regarding the general characteristics of the wine region
to encourage wine tourism experience and their demographic characteristics are presented
in Table S5.

Table 6 presents the results of the source of information requested by the participants
in order to visit a region. Based on the quite and very important answers, information from
social media (73%), and a recommendation by a third person (70.6%) were the preferred
pieces of information requested for a visit, followed by the travel agent’s recommendation
(43.5%) and a recommendation by the local visitors’ information center (42.7%). The least
preferred data were from the media (35.6%) and brochures (23.6%).

194



Sustainability 2023, 15, 16225

Table 6. Importance of sources of information regarding wine tourism activities in Greece.

Source of Information Regarding
Wine Tourism Opportunities

Not Important
at All (1)

Slightly
Important (2)

Important
(3)

Quite
Important (4)

Very
Important (5)

Brochures 16 24.4 36.1 16 7.6
Recommendation from a

familiar person 1.8 6.4 21.2 43.2 27.4

Media (TV, and radio) 8.1 18 38.5 25.7 9.7
Local visitor information centers 8.1 13.8 35.5 30.3 12.4

Travel agencies—group visits 8.9 15.1 32.4 29.9 13.6
Internet/social media (Facebook,

Instagram, TikTok,) etc. 2.9 5 19.2 31.3 41.7

Table S6 presents the results of the chi-square test showing the significant differences
between the participants’ preference for the tool of information regarding wine tourism
opportunities and their demographic characteristics.

4. Discussion

This study investigates, for the first time, the effect of the COVID-19 pandemic on
consumer’s motivations for wine tourism in a wine-producing region, such as Greece,
to examine its development prospects in the post-pandemic period. The demographic
characteristics of the participants depicted an increased percentage of young people, aged
18–25, like our other previous survey regarding quality wine consumption [40], which may
highlight the desires and expectations of the next generation of wine tourists, as well as the
path that wine tourism in Greece must take in order to attract them.

Regarding wine consumption habits, the participants, although they are frequent wine
consumers, are not spending much on bottled wine, as they probably prefer bulk wine,
which can be interpreted as a desire to buy locally produced wines, as proven by Di Vita
et al. [42]. However, after the pandemic, there has been an increased consumption of wine
compared to before, an observation that verifies a previous study by Pytell et al. [43].

Regarding the previous wine tourism experience of the participants, our findings
indicate that the increased satisfaction of the consumer’s wine tourism experience may
increase their loyalty and encourage further engagement with wine tourism services (e.g.,
more than one winery visit), as recorded by other researchers [5,44]. The participants did
not choose to use the accommodation options of the winery and instead were more driven
to purchase wine after they visited the winery, as previously stated, and to invest in the
local community, stimulating the economy of rural areas [45].

Regarding the motivations of the participants related to wine and the winery to keep
them engaged with wine tourism, our results show that they were eager after COVID-19 to
experience knowledge-sharing regarding the wine by qualified staff, rather than pleasure,
as recorded by Bruwer et al. as well in 2019 (the pre-pandemic period) [46]. The young
audience still seeks sustainable visit costs in the post-pandemic period, as suggested in 2018
by Stergiou et al. [33], with a primary interest in wine tourism festivals and special events.
Such events can create new target groups for the wine tourism industry, as suggested by
Yuan et al. first [47].

In terms of motivation regarding the wine region’s amenities, we have shown that
consumers seek a more sustainable wine tourism experience in the post-pandemic period,
as shown already by Ouvrard et al. [48], with easy accessibility and nature-based activities.
They are also willing to discover the history and culture of the region during their wine
visit.

Regarding the sources of information for wine tourism opportunities, our results show
that most participants consider it very important for the wineries to form a digital identity
in the wine tourism industry, through the Internet and social media, highlighting the need
for the inclusion of wine tourism in the digital world. Survey participants dodid not
consider brochures or mass media to be important sources of information. These findings,
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regarding the source of information sought for wine tourism selection and considering the
high percentage of young (students of Generation Z) participants, are fully expected since
the younger generations worldwide, more than other generations, have stopped reading
brochures, maps, or watching TV as part of their daily habits.

5. Conclusions

This research paper investigates the motivations of consumers regarding their partici-
pation in wine tourism initiatives in wine-producing countries such as Greece, highlighting
the parameters that will attract more domestic wine tourism in the post-pandemic period.
The survey showed that although the participants consume more wine today compared
to the period before the COVID-19 pandemic, the domestic demand for wine remains
low (1–5 bottles, up to 10 EUR per month). Regarding the parameters for engagement
in wine tourism, participants look for an organized winery experience, with trained staff
and participation in events. Young Greeks are also looking for affordable wine tourism
packages. The participants, moreover, showed that they are interested in exploring the local
community when participating in wine tourism. Finally, they expect the wine industry to
have all the proper information accessible online.

With the COVID-19 pandemic officially reaching its end, it is very important to analyze
how it has affected human activity, what priorities it has now set, and how the wine tourism
industry can ultimately adapt to today’s needs. The wine tourism industry benefits from
tourists’ strong desire for sustainable tourism away from mass crowds. However, it is being
tested with the need to enter the digital age and the competition between other forms of
alternative tourism. The early stage of wine tourism in Greece is also an opportunity to
adapt and evolve to new trends while ensuring its identity.

Wine tourism in wine-producing countries, based on the results of our work, needs
three types of support to be able to develop further and successfully:

The first type is institutional support from the state, such as an institutional framework
that ensures the quality of wine tourism services, highlighting wine wealth both in the
context of representation and the context of digital promotion accessible to the public,
and the creation of training programs for education and information about financing
opportunities (e.g., “Leader” program of the EU).

The second type is support from the local community, including a collective effort
made to be able to offer a complete wine tourism experience.

The third type is individual support from every winery in the country to create a
comprehensive strategic plan to attract new consumers, to offer an enriched wine tourism
experience, training, or hiring qualified staff, as well as innovation and the maintenance of
a digital identity to be able to cope with the competition and evolve in the new trends that
are created.

This study involved more women as well as an increased number of young students.
Although it can be considered a limitation of the research, young Greeks will shape the
future trends of domestic wine tourism and the results of this research can be used for this
prospect. Another limitation is the participation of only Greek residents and not foreigners,
who also shape the sustainability of wine tourism in Greece. A study based on an audience
over 30 years old can highlight the desires needing to be satisfied by Greek wine tourism in
the near future.

More studies, such as the impression that Greeks have of wine tourism today, their
opinion on its future prospects, as well as a comparison with similar surveys in other EU
states, will allow the formation of a more comprehensive view of how the pandemic has
affected wine tourism, both in Greece and globally, and what challenges it has to face.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su152316225/s1, Table S1: Questionnaire about wine tourism in
Greece and its prospects of sustainable development in the post-pandemic period, Table S2: Associa-
tions between the consumption habits of wine and demographic variables, Table S3: Associations
between participants’ previous wine experience and demographic variables, Table S4: Associations
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between respondents’ answers on parameters regarding wine and wineries and their demographic
variables, Table S5: Associations between the parameters regarding the general characteristics of the
wine region to encourage participation in tourism activities in Greece and demographic variables,
and Table S6: Associations between preference on source of information regarding wine tourism
activities in Greece and demographic characteristics.
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Abstract: Contemporary healthy food issues and food safety concerns induce consumers to become
more interested in a healthier diet such as foods reduced in salt. This study explores consumers’
behaviour, attitude, and expectations for the development of a new reduced-salt table olive product
from Chalkidiki, an area of Greek. In this context, the main aim of this paper is to investigate the
knowledge and attitudes of consumers about health and nutrition, reduced salt consumption, and
consumption of Chalkidiki reduced-salt green table olives. Summary statistics and multivariate
analysis were performed to examine consumers’ perceptions. The results of the research highlight
a remarkable consumer interest in products with reduced salt content. Furthermore, the majority
are willing to purchase such foods which is a possible action that can be taken to reduce salt intake.
These outcomes emphasise that producing a new reduced-salt table olive product is promising, as
the interest of consumers, industries, and the research community has turned to innovative actions
that add nutritional value and meet the consumers’ expectations.

Keywords: consumers; Greece; multivariate statistical analysis; salt; table olive

1. Introduction

Table olive production has made a decisive contribution to the agricultural and pro-
cessed sector of several countries around the Mediterranean basin. Table olives are impor-
tant parts of the Mediterranean diet [1]. Olive fruit contains two bitter phenolic compounds,
oleuropein and ligstroside, in high levels, which render the fruit inedible, and some form
of processing (like fermentation) is necessary to reduce the concentration of these com-
pounds [2].

Olive processing is one of the main agro-industrial sectors in Mediterranean countries
such as Spain, Italy, and Greece [3]. Greece has a long tradition in table olive production
and processing, while, recently, the table olive industry has become a significant sector of
the Greek economy [4]. Greece is the second-largest producing and exporting country in
the European Union [5]. One of the most important varieties cultivated in Greece, from an
economic point of view, is cv. Chalkidiki for green olives [6,7].

There are three main ways of processing table olives, namely (a) the Spanish style,
consisting of green olives in brine, (b) the California style, consisting of black olives in
brine, and (c) the Greek style, consisting of natural black olives in brine [8]. The most
widespread is the Spanish-style, in which olives are treated with a NaOH solution (salt) [9].
This process is used almost exclusively for the processing of green olives and has been
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studied extensively on a laboratory scale. However, large-scale studies are rather limited
for each type of table olive processing [1].

Salt addition is necessary for table olives’ fermentation both for safety and flavour [10–12].
It is a key ingredient to delay the growth of new bacteria, control the rate of fermentation,
and as a flavouring agent in the processing of table olives [13]. Table olives are fruits with
high nutritional value and are proposed as functional foods [14,15]. More specifically, the
concentration of a variety of lipophilic and non-lipophilic compounds affects their quality
and defines them as a functional food [16].

Salt consumption is among the higher concerns of the population. This is not a new
trend, as health agencies have been constantly warning people about excess salt, sugar,
and carbohydrate consumption in their diet [17]. According to the WHO [18], the daily
recommended salt intake should be reduced to <5 g/day of salt for adults. Salt intake
at this level helps reduce blood pressure and the risk of cardiovascular disease, stroke,
and coronary heart disease. The main benefit of reducing salt intake is a corresponding
reduction in high blood pressure [19].

High salt concentration is a matter that needs to be addressed. A new functional
product, a reduced-salt green table olive, is very promising. Salt reduction is indeed a
crucial public health concern; however, research on salt intake awareness and behaviour
might not be as extensive as one might expect [20]. The problem of salt overconsumption
greatly affects the entire human society. Various policies have been formulated to promote
informational campaigns aimed at changing inappropriate eating habits and highlighting
the need for healthy food choices and diets [21]. A strategy to achieve population-level
salt reduction is the reformulation of food in markets. Predicting consumers’ reactions to
reformulated foods is critical to this issue [22].

The development of healthier products, with reduced-salt content is an innovation
that would improve consumers’ opinions about such products and could contribute to the
reduction in daily salt intake [23]. One of the most studied variables in marketing research
is consumers’ knowledge levels [24]. Consumer knowledge is an important predictor due
to its strong influence on consumer behaviour when evaluating a product [25]. Other impor-
tant variables regarding consumers’ segmentation are gender and age [21]. Food labels are
linked with positive dietary outcomes [26] and consumers’ willingness to buy reformulated
foods (e.g., reduced-salt content) at a premium price [27]. Salt reduction programs as well
as awareness campaigns should take into account the level of knowledge, attitudes, and
behaviour of consumers. Measures taken before the implementation of a program provide
an opportunity to assess the impact and effectiveness of an intervention [28].

The goal of a healthier diet is to develop strategies that can help and support con-
sumers’ choices. The benefits of a healthier diet will occur only if consumers are willing to
make long-term eating changes and if markets increase the offered variety of reduced-salt
foods [19]. Some strategies to reduce salt intake in the general population may be public
education, nutritional counselling, food labelling, coordinated voluntary actions, and, fi-
nally, regulation of salt levels in foods [29]. At the same time, all actions and campaigns
should encourage and educate consumers to think about their salt intake [30]. Consumers’
awareness of salt intake risks would affect their decision to buy reduced-salt products [31].
Thus, the issue of salt intake with food is of great concern among the scientific community
and policy makers engaged in public health strategies. Many measures are proposed in
this direction by policy makers, both at the European Union and world level. Since the
promotion of reduced salt in food attracts the interest of so many people and experts, it is
very important to have information about the consumers’ perceptions regarding reduced
salt foods and demand about products such as olive oils. Within this context lies the aim
and the scientific contribution of the current study; it aims to support, with valuable info,
both policy makers and market stakeholders dealing with the production and supply of
table olives.

Specifically, this paper explores consumer behaviour, attitude, and expectations for
developing a new reduced-salt table olive product from Chalkidiki olive varieties. The main
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aim of this paper is to investigate the knowledge and attitudes of consumers about health
and nutrition, reduced salt consumption, and consumption of Chalkidiki reduced-salt
green olives.

The remainder of this paper is organized as follows. The material and methods section
describes the research on data collection, the formulation of the questionnaire, validity, and
reliability tests, the methodology followed for data analysis as well as research hypotheses.
The next section presents the results of multivariate statistical analysis and hypothesis
testing. Finally, we present the conclusions of the research.

2. Materials and Methods

The questionnaire that was developed was formulated on a five-point Likert scale and
was structured in five sections:

PART I. Demographic—personal characteristics.
PART II. Respondent’s personal information.
PART III. Knowledge and attitudes about health and nutrition.
PART IV. Consumers’ attitudes about reducing salt consumption.
PART V. Consumers’ attitudes regarding the consumption of Chalkidiki reduced-salt

green table olives.
Pilot research was first conducted with the above-formulated questionnaire on a small

sample of 50 consumers. The purpose of this research was to finalize the questionnaire,
modify, add, or delete questions. To calculate the minimum required sample size [32], the
following Functions (1), (2) and (3) were used:

n =
Nx

(N − 1)E2 + x
(1)

E =
√ (N − n)x

n(n− 1)
(2)

x = Z
( c

100

)2
r(100− r) (3)

where n = sample size, N = population size of the two largest cities in Greece, Athens and
Thessaloniki, r = fraction of responses, c = confidence level, and Z(c/100) is the critical
value for the c.

The maximum acceptable margin of error was defined as E = 5%, the critical value
of the normal distribution at the required confidence level was c = 95% and the response
distribution was considered equal to r = 70%. The minimum sample size that emerged
is 323 consumers. Data collection started from 25 September to 30 November 2022. The
sample was from the two largest cities in Greece, Athens and Thessaloniki, where most
consumers gather, being a representative part of the Greek population. The sample was
randomly selected. An effort was made for the good geographical distribution of the
questionnaires. The questionnaires were completed in person by 331 consumers.

Validity and reliability tests were performed. Validity represents the extent to which
research findings accurately reflect reality [33]. It is considered a measure of the quality of
the measurement process, indicates the value of the research, and is accepted and respected
by researchers and users of research [34]. According to Punch [35], validity is about the
accuracy and representativeness of the data. Equally important in analysis is reliability,
especially in the case of multivariate statistical analysis. Reliability seeks to minimize errors
and biases in the results of research instruments [33,34].

First, a validity test was conducted. Specifically, 5 experts in questionnaire research
checked the structure of the questionnaire before it was distributed to consumers. The
procedure was carried out using a five-point Likert scale. The result of this process was
that, after 3 rounds, the group of experts agreed on all the statements and questions, with
an average score equal to or greater than 4.
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Then, to ensure the reliability of this research, Cronbach’s alpha was used to determine
the consistency, accuracy, stability, and objectivity of the research instruments. In total,
67 variables were included and analysed to determine the degree to which these variables
were related to each other and to identify cases that had to be excluded. The coefficient
value of Cronbach’s alpha was found to be equal to 0.93, showing a reliable scale [36–38]. It
is worth emphasizing that none of the 331 cases were rejected from the analysis.

From a methodological point of view, this research includes both descriptive statistics
(frequencies, percentages, and mean values) and multivariate analyses (using the statistical
program SPSS-Version 28). In particular, Two-Step Cluster Analysis (TSCA) was used to
classify the population of consumers with common characteristics. Bivariate Cluster Analy-
sis is a scalable cluster analysis algorithm designed to handle large data sets and categorical
variables as well as attributes [37]. Categorical Regression (CATREG) was performed
to highlight the possible relationships between the purchase of Chalkidiki reduced-salt
green table olives, and a set of other variables. In particular, the CATREG model is a
modern regression technique, more holistic and efficient than the most commonly used
models [36], and figures relationships between the dependent variable and a set of indepen-
dent variables [37]. Finally, a normality test was initially performed for hypothesis testing.
In all the relevant checks, the distribution of the observations satisfactorily approached
the normal standard distribution, and we did not need to proceed with “normalization”.
In addition, a statistical test of residuals was carried out and, in all tests, no statistical
residuals were found; therefore, they did not need to be excluded from further testing of
the research hypotheses.

Hypotheses emerged through the literature review. Hypothesis testing was performed
using a Chi-square statistical test and a descriptive test (explore means). Through hypothe-
sis testing, we understand the interaction of the variables under consideration. The research
hypotheses are as follows:

• H1 Consumers who are more concerned about their health are more willing to buy
reduced-salt foods [31].

• H2 Consumers who know more about a product’s benefits, tend to have a greater
purchase intention towards it [24,25].

• H3a Young people are more willing to buy products with reduced-salt content [21].
• H3b Male consumers are more willing to buy products with reduced-salt content [21].
• H4 The existence of a food label is associated with positive dietary outcomes such as

reduced-salt products [26].
• H5 Consumers are willing to buy a product at a premium price when it has a label on

the package, compared to another similar product without a label [27].

3. Results
3.1. Consumers’ Demographic and Personal Characteristics

Table 1 presents consumers’ demographic and personal characteristics, regarding
gender, age, marital status, family members and minors, profession, educational level,
annual household income, health status, following a special diet for health reasons, and
whether it is advisory to reduce salt intake.
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Table 1. Consumers’ demographic and personal characteristics (n = 331 consumers).

Demographic—Personal Characteristics Value

Gender
Male 48.34%
Female 51.66%
Age
18–30 years old 39.90%
31–43 years old 19.60%
44–56 years old 29.60%
>57 years old 10.90%
Marital status
Married, in a cohabitation agreement, or in a long-term relationship 48.40%
Single 46.20%
Separated/divorced 2.40%
Widowed 2.40%
Do not wish to answer 0.60%
Family members
One member 17.80%
Two members 22.40%
Three members 16.30%
Four members 33.20%
More than four members 10.30%
Minor members
No minors 68.00%
≤2 minors 29.30%
>2 minors 2.70%
Profession
Private employees 30.80%
Public/municipal employees 18.70%
Single professionals, self-employed, business owners 15.10%
Students 22.70%
Retired 6.90%
Domestic 3.30%
Unemployed 2.50%
Educational level
Some years of basic education 0.90%
Basic education of Primary and High School 3.00%
High school 17.50%
Higher education (University) 48.30%
Master’s degree or a PhD 30.30%
Annual household income
EUR 0–18,000 48.60%
EUR 18,001–30,000 26.90%
EUR > 30,001 24.50%
Health status
Very burdened 0.00%
Burdened 6.40%
Neutral 16.00%
Good 46.20%
Very good 31.40%
Special diet for health reasons
Yes 8.80%
No 91.20%
Advised to reduce salt intake
Yes 20.20%
No 79.80%

3.2. Knowledge and Attitudes about Health and Nutrition

Table 2 presents the self-declaration attitudes of consumers towards health and nu-
trition; 61.60% of consumers believe they have good knowledge about healthy eating.
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Furthermore, 45.00% prefer products that do not endanger health (products with a reduced
content of salt, sugar, and preservatives), and 46.50% buy products that help prevent dis-
eases (rich in fibre, vitamins, antioxidants, minerals such as calcium, omega-3 fatty acids,
etc.). In addition, consumers take into account the nutritional value of the products they
buy (52.00%) and put the quality of the products as the first selection criterion (47.10%).
Finally, some consumers prefer to buy organic products (20.80%), and others believe that
organic food is better for health than conventionally grown food (52.00%).

Table 2. Consumers’ self-declaration attitudes towards health and nutrition (n = 331 consumers).

Strongly
Disagree

[1]

Disagree
[2]

Neither Agree
nor Disagree

[3]

Agree
[4]

Strongly Agree
[5]

Mean Value
and St. Dev.

I have good knowledge
about healthy eating

8
(2.40%)

4
(1.20%)

50
(15.10%) 204 (61.60%) 65 (19.60%) 3.95

0.78

I put the quality of the
products as the first
selection criterion

7
(2.10%)

24
(7.30%)

74
(22.40%)

156
(47.10%)

70
(21.10%)

3.78
0.93

I consider the nutritional
value of the products

8
(2.40%)

39
(11.80%)

70
(21.10%)

172
(52.00%)

42
(12.70%)

3.61
0.94

I buy products that help
prevent disease (rich in fibre,
vitamins, antioxidants,
minerals such as calcium,
omega-3, fatty acids, etc.)

10
(3.00%)

39
(11.80%)

90
(27.20%)

154
(46.50%)

38
(11.50%)

3.52
0.95

I prefer products that do not
endanger my health
(products with a reduced
content of salt, sugar, and
preservatives)

11
(3.30%)

58
(17.50%)

69
(20.80%)

149
(45.00%)

44
(13.30%)

3.47
1.03

I buy products that help
control my health problems
(high cholesterol, high blood
pressure, osteoporosis, etc.)

20
(6.00%)

67
(20.20%)

129
(39.00%)

81
(24.50%)

34
(10.30%)

3.13
1.04

I put the price of the
products as the first
selection criterion

24
(7.30%)

76
(23.00%)

106
(32.00%)

92
(27.80%)

33
(10.00%)

3.10
1.09

I always follow a healthy
and balanced diet

17
(5.10%)

68
(20.50%)

132
(39.90%)

101
(30.50%)

13
(3.90%)

3.08
0.93

I am concerned about the
amount of salt in my diet

22
(6.60%)

73
(22.10%)

118
(35.60%)

93
(28.10%)

25
(7.60%)

3.08
1.03

I avoid foods that contain
additives

16
(4.80%)

83
(25.10%)

120
(36.30%)

94
(28.40%)

18
(5.40%)

3.05
0.97

I prefer to buy organic
products

40
(12.10%)

108
(32.60%)

114
(34.40%)

62
(18.70%)

7
(2.10%)

2.66
0.99

Organic food is not better
for my health than
conventionally grown food

46
(13.90%)

126
(38.10%)

112
(33.80%)

41
(12.40%)

6
(1.80%)

2.50
0.94

3.3. Consumers’ Attitudes about Reducing Salt Consumption

The level of consumers’ knowledge about the risks of increased salt consumption
is presented in Table 3. We observe that, in general, consumers are highly aware of
the potential risks. There is an agreement that high salt consumption can cause health
problems (M = 4.38), fluid retention (M = 4.39), and lead to the development of hypertension
(M = 4.34).
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Table 3. Consumers’ knowledge about the health risks of increased salt consumption (n = 331
consumers).

Strongly
Disagree

[1]

Disagree
[2]

Neither Agree
nor Disagree

[3]

Agree
[4]

Strongly Agree
[5]

Mean Value
and St. Dev.

High salt consumption can
cause fluid retention

2
(0.60%)

6
(1.80%)

7
(2.10%)

163
(49.20%)

153
(46.20%)

4.39
0.68

High salt consumption can
cause health problems

4
(1.20%)

6
(1.80%)

6
(1.80%)

159
(48.00%)

156
(47.10%)

4.38
0.73

Increased salt intake can
lead to the development of
hypertension

6
(1.80%)

2
(0.60%)

15
(4.50%)

160
(48.30%)

148
(44.70%)

4.34
0.76

My health might improve if
I reduced my salt intake

4
(1.20%)

14
(4.20%)

78
(23.60%)

150
(45.30%)

85
(25.70%)

3.90
0.87

High salt consumption can
cause a heart attack

3
(0.90%)

10
(3.00%)

96
(29.00%)

165
(49.80%)

57
(17.20%)

3.79
0.79

High salt consumption can
cause kidney disease

7
(2.10%)

13
(3.90%)

113
(34.10%)

132
(39.90%)

66
(19.90%)

3.72
0.90

High salt consumption can
cause a stroke

4
(1.20%)

15
(4.50%)

117
(35.30%)

144
(43.50%)

51
(15.40%)

3.67
0.83

High salt consumption can
cause osteoporosis

6
(1.80%)

29
(8.80%)

144
(43.50%)

116
(35.00%)

36
(10.90%)

3.44
0.87

High salt consumption can
cause stomach cancer

12
(3.60%)

41
(12.40%)

172
(52.00%)

76
(23.00%)

30
(9.10%)

3.21
0.90

Consumers were then asked about the likelihood of implementing actions to reduce
their salt intake (Table 4). The two actions with a higher probability of application are
reducing the amount of salt added to food (M = 3.86) and avoiding the frequent consump-
tion of highly salted foods (e.g., pasta, pickles, ready-to-eat snacks) (M = 3.86). However,
stopping salt consumption appears to be the least likely (M = 2.74). Additionally, the largest
percentage of consumers, 63.10%, have already bought a reduced-salt product.

Table 4. Implementation of actions to reduce the intake of salt (n = 331 consumers).

Strongly
Disagree

[1]

Disagree
[2]

Neither Agree
nor Disagree

[3]

Agree
[4]

Strongly Agree
[5]

Mean Value
and St. Dev.

Avoiding frequent
consumption of highly
salted foods (e.g., pastes,
pickles, ready-to-eat snacks)

9
(2.70%)

25
(7.60%)

56
(16.90%)

153
(46.20%)

88
(26.60%)

3.86
0.98

Reducing the amount of salt
added to food

8
(2.40%)

31
(9.40%)

42
(12.70%)

169
(51.10%)

81
(24.50%)

3.86
0.97

Reducing the consumption
of processed foods

8
(2.40%)

32
(9.70%)

69
(20.80%)

179
(54.10%)

43
(13.00%)

3.66
0.91

Buy reduced-salt
alternatives

12
(3.60%)

40
(12.10%)

64
(19.30%)

167
(50.50%)

48
(14.50%)

3.60
1.00

Check product labels for
salt content

13
(3.90%)

45
(13.60%)

71
(21.50%)

142
(42.90%)

60
(18.10%)

3.58
1.06

Stop eating salt 78
(23.60%)

73
(22.10%)

68
(20.50%)

81
(24.50%)

31
(9.40%)

2.74
1.31
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3.4. Consumers’ Attitudes Regarding the Consumption of Chalkidiki Reduced-Salt Green
Table Olives

Figure 1 shows the possibility of buying Chalkidiki reduced-salt green table olives.
The majority, 50.80%, said “likely” (168 consumers), 22.10% “neither unlikely nor likely”
(73 consumers), 18.40% “extremely likely” (61 consumers), 7.30% “extremely unlikely”
(24 consumers), and 1.50% “unlikely” (5 consumers). Afterward, consumers were asked
to rate their willingness to pay a premium price for a Chalkidiki reduced-salt green table
olive compared to a similar product with normal salt content. As we can see in Figure 1,
the majority of consumers (174) showed a high probability with a rate of 52.60%.
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Figure 1. Chalkidiki reduced-salt green table olive purchase; Probability of paying a premium price
to buy Chalkidiki reduced-salt green table olives compared to a similar product with normal salt
content (y-axis: number of responders) (n = 331 consumers).

Regarding the premium price, 39.30% of the consumers were willing to pay EUR
0.50–1.00 more for the purchase of Chalkidiki reduced-salt green table olives (200 g packag-
ing), and 30.80% would pay EUR 0–0.50 more. It is worth noting that 23.60% of consumers
would pay above EUR > 1.00 for this new product. The remaining 6.30% were not interested
in buying a premium price product.

3.5. Multivariate Statistical Analysis

TSCA was applied to segment the population into groups of consumers with common
characteristics regarding the “Purchase of Chalkidiki reduced-salt green table olives”. From
the analysis, three clusters were created using eight variables. According to the silhouette
cohesion and separation measure, the clustering process is considered satisfactory. Table 5
lists the average values of the variables of each cluster.

The first cluster consists of 124 consumers (37.50%). The majority are men (56.50%),
18–30 years old (39.50%), married (46.00%), with a family of two (25.80%), and no minors
(75.80%). They are private employees (37.10%), with a university degree (48.40%), and
low income, EUR 0–18,000 (47.60%). These are consumers whose health status is neutral;
they have been advised to reduce their salt intake and may follow a healthy and balanced
diet. They also argue that high salt consumption can cause problems for their health.
They are willing to purchase alternative products with reduced-salt content but have not
purchased such a product in the past. Finally, they are willing to buy Chalkidiki reduced-
salt green table olives, while testing this specific product will positively influence their
purchase decision.
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Table 5. Results of Bivariate Analysis in clusters—Characteristics of each cluster (n = 331 consumers).

Cluster 1
Mean Value

Cluster 2
Mean Value

Cluster 3
Mean Value

Total Sample
Mean Value

Health status 3.47 4.38 4.36 4.03

Salt reduction recommendation * 1.46 2.00 2.00 1.80

I follow a healthy diet 2.69 2.62 3.47 3.08

High salt consumption causes health
problems 4.36 3.77 4.54 4.38

Buy alternative products with
reduced-salt content 3.48 2.21 4.02 3.60

Previous purchase of reduced-salt
product * 1.66 1.49 1.20 1.41

Buy Chalkidiki reduced-salt green
olives content 3.80 3.41 3.73 3.72

Change in purchase decision after
product trial 4.10 2.36 4.22 3.95

All variables are on a 5-point Likert scale (1 = strongly disagree, 5 = strongly agree) with 2 exceptions *. * 1 = Yes,
2 = No.

The second cluster, which is the smallest, has 39 consumers (11.80%). The majority are
women (51.30%), 44–56 years old (41.00%), married (48.70%), with a family of four (53.80%),
and no minors (64.10%). They are public and private employees at the same percentage
(28.20%), with a university degree (69.20%), and low income, EUR 0–18,000 (64.10%). These
are consumers whose health status is good; they have not been recommended to reduce
their salt intake and do not follow a healthy and balanced diet. They also argue that high
salt consumption can cause problems for their health. They are not willing to purchase
alternative products with reduced-salt content but may have purchased such a product.
Finally, they are indifferent to buying Chalkidiki reduced-salt green table olives, while
testing this particular product is unlikely to positively influence their purchase decision.

The third cluster is the most numerous, as it has 168 consumers (50.70%). The majority
are women (57.70%), 18–30 years old (41.70%), married (50.00%) with a family of four
(34.50%), and no minors (63.10%). They are private employees and students at the same
percentage (26.80%), with a university degree (43.50%), and low income, EUR 0–18,000
(45.80%). These are consumers who are in good health, have not been recommended to
reduce their salt intake and follow a healthy and balanced diet. They also argue that
high salt consumption can cause problems for their health. They are willing to purchase
alternative products with reduced-salt content and have already purchased such a product.
Finally, they are willing to buy Chalkidiki reduced-salt green table olives, while testing this
specific product will positively influence their purchase decision.

As far as consumers’ willingness to buy Chalkidiki reduced-salt green table olives
is concerned, we can assign the three clusters to three groups of consumers. Thus, the
first cluster includes consumers who would buy the product under certain conditions, the
second cluster includes consumers who would not buy the product, and, finally, the third
cluster consumers who would buy the product.

To further analyse the variable from the TSCA “Purchase of Chalkidiki reduced-salt
green table olives”, it was used as the dependent variable for the CATREG model to identify
those factors that influence consumer attitudes towards this product. The independent
variables of the CATREG analysis are presented in Table 6.
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Table 6. CATREG results (n = 331 consumers).

Independent Variables Sig. F Standard
Error Importance

1. Recommendation to reduce salt intake 0.000 84.654 0.055 0.424

2. Health status <0.001 28.761 0.058 0.215

3. To reduce salt intake I would buy reduced-salt
alternatives 0.000 24.349 0.053 0.092

4. I always follow a healthy and balanced diet <0.001 10.857 0.057 0.061

5. The quality of the products is the first selection
criterion <0.001 12.616 0.072 0.052

6. Marital status <0.001 7.855 0.062 0.028

7. Annual household income <0.001 7.994 0.036 0.028

8. Number of minor household members <0.001 8.147 0.047 0.025

9. Profession/Employment <0.001 10.104 0.051 0.024

10. High salt consumption can cause health problems <0.001 8.191 0.055 0.020

11. The price of the products is the first selection
criterion <0.001 9.246 0.042 0.018

12. Purchase of products that help control health
problems (high cholesterol, high blood pressure,
osteoporosis, etc.)

<0.001 9.008 0.051 0.017

13. Level of education <0.001 6.729 0.042 0.016

14. Gender 0.064 3.472 0.042 0.013

15. Number of household members <0.001 13.641 0.041 0.006

16. The reduction in salt intake might improve health 0.082 2.093 0.057 0.006

17. Concern about the amount of salt in the diet <0.001 8.022 0.051 0.004

18. Age 0.025 3.169 0.072 0.002

19. Preference for products that do not endanger
health (products with a reduced content of salt, sugar,
and preservatives)

<0.001 13.582 0.040 0.000

Dependent variable: Purchase of Chalkidiki reduced-salt green table olives.

The multiple correlation coefficient value was R2 = 0.77, indicating that 77.0% of
the variance in the transformed values of the dependent variable is explained by the
transformed values of the independent variables participating in the regression equation.

The results of the categorical regression are presented in Table 6. The statistically
significant variables are those with sig. < 0.05. The relative importance of the independent
variables appears greater for the variable “Recommendation to reduce salt intake”, followed
in order by the variable “Health status”. Cumulatively, these variables explain 63.90% of
the total significance.

3.6. Hypothesis Testing

All the results are strictly related to the actual dataset, and a significantly bigger dataset
may change it.

To test H1, a Chi-square statistical test was performed between the variables “interest
in health” and “willingness to purchase reduced-salt foods”. The value of Pearson’s Chi-
square index was found to be α < 0.05 at a 5% level of statistical significance. Then, to
check whether or not our H1 is accepted, we proceeded with a descriptive test (explore
means). Specifically, the test showed that consumers who are more willing to buy food
with reduced-salt content are the ones who answered “likely” and “extremely likely” to
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follow a healthy and balanced diet, with a mean value of 3.23 and 3.33, respectively. All the
above observations lead to the acceptance of H1.

To test H2, a Chi-square statistical test was performed between the variables “reduced-
salt table olive purchase” and “benefits of salt intake reduction”. The value of Pearson’s
Chi-square index value was found to be α < 0.05 at a 5% level of statistical significance.
Then, to check whether or not our H2 is accepted, we proceeded with a descriptive test
(explore means). Specifically, it was found that the level of knowledge significantly affects
consumers in terms of buying table olives of reduced salinity. Consumers who are more
likely to buy the product are those who answered that they have a higher knowledge of the
benefits of reduced-salt consumption with a mean value of 4.50. Taking into account all the
above observations, H2 is accepted.

H3 was split into H3a and H3b. To test H3a, a Chi-square statistical test was performed
between the variables “age” and “willingness to buy reduced-salt products”. The value of
Pearson’s Chi-square index was found α < 0.05 at a 5% level of statistical significance. Then,
to check whether or not our H3a is accepted, we proceeded with a descriptive test (explore
means). Specifically, the test showed that age is among the most important variables in
consumers’ willingness to buy reduced-salt products, with a mean of 3.78. All the above
observations lead to the acceptance of Hypothesis 3a. To test H3b, a Chi-square statistical
test was performed between the variables of “gender” and “willingness to buy reduced-salt
products”. The value of Pearson’s Chi-square index was found α < 0.05 at a 5% level of
statistical significance. Then, to check whether or not our H3b is accepted, we proceeded
with a descriptive test (explore means). Specifically, the test showed that gender is among
the most important variables in willingness to buy reduced-salt products, with a mean of
3.69. All the above observations lead to the acceptance of Hypothesis 3b.

To test H4, a Chi-square statistical test was performed between the variables “food
label” and “purchase of reduced-salt products”. The value of Pearson’s Chi-square index
was found α < 0.05, so at a 5% level of statistical significance. Then, to check whether or
not our H4 is accepted, we proceeded with a descriptive test (explore means). Specifically,
the test indicated that consumers who would buy the reduced-salt products are those who
answered that they “strongly agree” that having a food label has a positive effect, with a
mean value of 3.81. All the above observations lead to the acceptance of Hypothesis 4.

To test H5, a Chi-square statistical test was performed between the variables “food
label” and “buying products at a premium price”. The value of Pearson’s Chi-square index
was found α < 0.05 at a 5% level of statistical significance. Then, to check whether or not
our H5 is accepted, we proceeded with a descriptive test (explore means). Specifically, the
test indicated that consumers who are likely to buy products with a premium price are
those who answered that having a food label on the package is “very important”, with a
mean value of 3.67. All these observations lead to the acceptance of Hypothesis 5.

4. Discussion

Research results revealed a remarkable consumer interest in reduced-salt products,
which is consistent with another study that showed the high willingness of consumers to
purchase reduced-salt food products even without having a salt-reduction goal [30]. Addi-
tionally, all participants recognize the potential health risks of increased salt consumption.
Furthermore, the majority agree that purchasing reconstituted foods with reduced-salt
content is a possible action that can be taken to reduce salt intake. Efforts should be focused
on reformulating table olives to reduce their salt content [22,39]. Table olives with a reduced
salt content are a matter of great interest for the establishment of table olives as a functional
food, according to international nutritional guidelines [1]. However, consumers have the
perception that reduced-salt foods would not be tasty and thus do not want to purchase
them, especially if they have a front-pack label emphasizing this reduction [40,41]. A
proposition could be to add health logos instead of salt reduction labels which indicate the
healthiness of reduced-salt products and are less likely to affect consumers [29]. On the
contrary, Goodman et al. [42] mentioned that front-package labels with content descrip-
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tors positively affect consumers in selecting reduced-salt products. Moreover, completely
removing salt can lead to an increased risk of survival or growth of pathogenic microor-
ganisms which can alter the taste or colour, causing significant economic losses [43]. An
alternative solution to this could be the possible substitution of salt with other minerals
with a mineral with a more favourable effect on human health which does not alter the taste
of food [24]. Such minerals could be potassium chloride (KCl), calcium chloride (CaCl2),
and magnesium chloride (MgCl2) [24]. However, the effect of NaCl replacement on the
organoleptic characteristics of the product is still controversial [43].

According to the analysis of the data, the majority of the participating consumers are
willing to buy reduced-salt table olives from cv. Chalkidiki olives, while the majority is even
willing to pay a premium price for the product in question. Research by Sánchez-Rodríguez
et al. [44] showed that 88.00% of participants are willing to pay more than the usual price by
EUR 1.35 per 200 g. In addition, health reasons are among the factors that have the greatest
positive impact on the market for reduced-salt green table olives. Consumers’ interest in
health is a very positively influential factor in willingness to pay [27]. Furthermore, the
higher the concern of consumers about their health, the greater their willingness to pay
for safer and healthier foods [45], and the more attention that will be paid to salt content
information on foods [32].

Plenty successful actions regarding salt consumption were implemented through
awareness campaigns, voluntary support, regulations, and intervention programs [46]. An
effective tool for promoting behaviour change and reduction in salt consumption could
be mass media campaigns [47]. Awareness campaigns towards reduced-salt products and
their health benefits will influence consumers. This is also supported by Mork et al. [30],
who mentioned that health authorities should educate consumers about salt intake through
public campaigns. The importance of education is highlighted by Tsimitri et al. [48], who
proposed media and social media as potential education tools. The lack of knowledge
and understanding of the negative effects of salt excessive consumption, and the lack of
knowledge of the salt content of food are among the barriers to salt reduction [49]. The
food manufacturing industry could be the key to food reformulation. A proposed strategy
referred to as “health by stealth” includes gradually lowering salt content by small percent-
ages, without consumers noticing it. This action will take decades to make any impact on
public health, but it can train consumer palates into salt-reduced foods. Efforts of the food
industry should be widespread to adjust consumers’ sensory acceptance. Food labelling
and social marketing campaigns allow manufacturers to promote the healthy and nutritious
characteristics of products and encourage consumers towards their consumption [50]. From
an academic point of view, the results of this research could be a useful guide in designing
training and awareness programs. The cooperation of science, technology, and health
organisations is the best way to understand and create foods that can benefit people’s
health [50].

5. Conclusions

This paper’s scientific contribution is to provide knowledge about consumers’ be-
haviour towards new products with specific characteristics, as well as to propose possible
actions to raise their awareness. The present research focuses on investigating the de-
mand/market for a new table olive product with reduced-salt content from cv. Chalkidiki
olives. At the same time, the level of knowledge and the attitude of consumers regarding
health issues and eating habits as well as their behaviour towards reduced-salt foods are
evaluated. In terms of content, the present research helps to segment the population into
groups of consumers with common characteristics (similar consumption behaviour) and
identify the main variables influencing consumers’ willingness to purchase the product
of this research. The emerged results of the study, through the application of a sound and
adequate statistical methodology, can be found to be useful to both policy makers and
market stakeholders. Important messages regarding consumers preferences about salt can
be transferred to the producers of products such as table olives.
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The statistical analysis performed allowed the discovery of statistical relationships
that were not apparent through the descriptive statistical analysis initially performed.
TSCA was applied to segment the population into groups of consumers with common
characteristics regarding the “Purchase of Chalkidiki reduced-salt green table olives”,
creating three clusters using eight variables. It is worth mentioning that the classification of
consumers into three different groups, those who would buy the product under certain
conditions (first cluster), those who would not buy the product (second cluster), and
those who would buy the product (third cluster), is really important for food industries to
choose the right way to attract them into this market. Segmenting consumers into clusters
with similar behaviour is the first step to more successful promotional and marketing
strategies. Separate actions could be designed based on the specific characteristics and
needs of each cluster. Furthermore, CATREG revealed the two most important factors,
“health status” and “recommendation on reducing salt intake”, influencing consumers’
willingness to purchase this new product. Informational tools such as health campaigns
could raise consumers’ awareness towards reduced-salt products and their health benefits
while reflecting positively on the new product “Chalkidiki reduced-salt green table olive”.

To sum up, the results of this research conclude that the prospect of producing a
new reduced-salt table olive product is promising, as the interest of consumers has turned
to foods concerning health and safety. A limitation of the research is that we cannot
generalize the results at the level of the country’s population due to the relatively small
sample, nevertheless, it shows a trend with which we can draw important conclusions
about consumers’ attitudes and behaviour. The size of the sample follows the specifications
of the project that this research was carried out. Another weakness is the order and the
way the questions were worded as there is a risk of biasing the responses. Moreover, the
demographic questions should have been raised at the end of the questionnaire rather than
at the beginning. Future research can use larger samples to uncover potential differences
with the findings of the present research. Comparing results of similar studies, but in
different areas or countries, presents a promising future research path.
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Abstract: The term ‘sustainable diets’ (SDs) was first introduced in the scientific literature in 1986
and later defined in detail by the Food and Agriculture Organization (FAO) as pertaining to those
diets that can promote environmental health ad effectively ensure food and nutrition security as
well as a healthy lifestyle in humans, combining the notion of sustainability with dietary patterns
and their beneficial impacts. Since then, various international events have been held promoting
sustainability as a significant component of food production, nutrition, and human health. These
events have enhanced the knowledge transition and awareness between the scientific community
and policymakers concerning the importance of SDs. In this aspect, this is the first study that aims
to identify trends and turning points over time concerning the research on SDs. We performed a
comprehensive bibliometric analysis of 1407 scientific documents published in Scopus during the
period 1986–2022. The documents were screened following the PRISMA guidelines, and bibliometric
analysis was conducted using the Bibliometrix R-package and VOSviewer and the detection of
Sustainable Development Goals with the text2sdg R-package. Overall, there was an exponential
growth in the literature on SDs that followed international events from 2009 onward. Among the
most impactful journals were Sustainability, Nutrients, and Frontiers in Nutrition. The leading countries
in research were pointed out, as well as the high rate of collaborations and partnerships between
them. The research interest was mainly focused on (a) climate change, greenhouse gas emissions, and
environmental impact; (b) food systems, security, and consumption; and (c) health, Mediterranean
Diet (MD), and dietary guidelines. The significance of these keywords changed over time, following
the evolution of SDs concepts from the planetary environmental impact of food production to the
healthier dietary habits of individuals. Among several dietary patterns, MD was identified as the
most popular among the local SDs, with synergies among scientists in the Mediterranean region.
Overall, the novelty of this study is the mapping of the expansion of knowledge over the last 36 years
regarding the term SDs while taking into consideration international events and their impact on
scientific research.

Keywords: sustainable diets; bibliometric analysis; Scopus; bibliometrix; VOSviewer; text2sdg;
Sustainable Development Goals

1. Introduction
1.1. Definition of the Term

As mentioned by the Lancet Commission in 2019: “Food is the single strongest lever
to optimize human health and environmental sustainability on the Planet. However,
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food is currently threatening both people and the planet” [1]. Many terms have been
considered to describe the efforts of humankind to produce and consume food in a more
sustainable manner. Terms such as: ‘sustainable diet’ [2], ‘econutrition’ [3], ‘sustainable
food consumption’ [4], ‘ecological diet’, ‘resilient diet’, ‘biodiverse diets’ [5], ‘climate
friendly diets’ [6], ‘sustainable nutrition’ and ‘nutritional sustainability’ [7,8] are those more
reported in the international scientific literature.

The most commonly used term is ‘Sustainable Diets’ (SDs) which was introduced
by Gussow and Clancy in 1986 [2]. Twenty-five years later, the term SDs was defined by
the Declaration of the World Summit of Food and Agriculture Organization (FAO) [9] as
“those diets with low environmental impacts that contribute to food and nutrition security
and to healthy life for present and future generations. Sustainable diets are protective and
respectful of biodiversity and ecosystems, culturally acceptable, accessible, economically
fair and affordable; nutritionally adequate, safe, and healthy, while optimizing natural and
human resources.”. This definition is widely accepted by the scientific community and is
usually mentioned in most papers published on SDs [10–12].

From the SDs definition by FAO [9], six ‘key components’ are derived: (1) well-being
and health; (2) biodiversity, environment, and climate; (3) equity and fair trade; (4) eco-
friendly, local, and seasonal foods; (5) cultural and heritage skills; and (6) food and nutrient
requirements, food security, and accessibility [9,13,14]. The components were represented
in the literature as flower-like figures [13,14]. These crucial elements were developed taking
into consideration the three intersecting pillars of Sustainable Development: the biological
(and other resource) system, the economic system, and the social system as described by a
Venn diagram from Barbier in 1987 [15].

1.2. Background on Key International Events

It should be noted that sustainability and sustainable development have been a focus
of the United Nations (UN) for more than three decades. These terms were undoubtedly
implied in the Brundtland Report in 1987 and articulated later in 1992, during the ‘Earth
Summit’ in Rio de Janeiro when Agenda 21 was adopted [16]. Ten years later, in 2002, in
Johannesburg, ‘The World Summit on Sustainable Development’, strategies were outlined to
obtain a more efficient and effective implementation of Agenda 21 [17]. Hence, sustainable
agriculture has gradually become a significant aim at a global level [18].

Due to the rise in awareness about the inequality between world hunger and obesity [9],
International and European Organizations have adopted several measures (Table 1). In 1996,
during the World Food Summit held by the FAO in Rome, the Rome Declaration on World
Food Security and the World Food Summit Plan of Action were signed to promote food
security. Four years later, in 2000, at the Millennium Summit, the Millennium Development
Goals (MDGs) were set.

An important link between biodiversity, food, and nutrition was established in 2006
by the Convention of Biological Diversity, creating an early definition of SDs [12]. Food
security was underlined not only in this initiative but also in the World Food Summit on
Food Security, where the Declaration of the World Summit on Food Security was adopted
in 2009 with the commitment that all countries in the world will work to minimize or even
end hunger.

Evolving from the MDGs, after the Conference on Sustainable Development in 2012
that took place in Rio de Janeiro, Brazil, with the outcome document ‘The Future We Want’,
and the Open Working Group in SDGs, we were led to the 2030 Agenda for Sustainable
Development, adopted by all United Nations Member States in 2015 and the Sustainable
Development Goals (SDGs) [19]. In reference to the 2030 Agenda, 17 individual SDGs aim
as an ‘indivisible whole’ to solve severe issues such as poverty, education, and climate
change [20]. Out of the 17 goals, SDG 2 aims to ‘end hunger, achieve food security,
improve nutrition, and promote sustainable agriculture’. This goal is characterized by
multiple dimensions (social, economic, and environmental) that go much further than
food security [21].
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Table 1. International Events, Conferences, Summits, and Treaties related to Sustainable Development
Goals and Sustainable Diets.

Year Event Abbr. Place Notes

1992 UN Earth Summit UNCED Rio de Janeiro,
Brazil

Conference on Environment and
Development, Agenda 21 1**

1996 FAO World Food Summit WFS Rome,
Italy Rome Declaration *

2000 UN Millennium Summit MDGs New York,
NY, USA

Millennium Development
Goals (MDGs) 2**

2002 UN World Summit on
Sustainable Development WSSD Johannesburg,

South Africa

The Johannesburg Declaration on
Sustainable Development and the

Plan of Implementation **

2006 UN/FAO Convention of
Biological Diversity CBD Rome,

Italy
Initiative on Biodiversity for Food

and Nutrition *

2009 FAO World Summit on Food Security WSFS Rome,
Italy

Declaration of the World Summit
on Food Security *

2012 UN Conference on
Sustainable Development UNCSD Rio de Janeiro,

Brazil Rio+20, ‘The Future We Want’ **

2013 Open Working Group on SDGs OPWG SDGs - Proposal on the SDGs **

2015 UN Sustainable Development Summit SDGs New York,
NY, USA

2030 Agenda for Sustainable
Development 3, SDGs **

2015 UN Climate Change Conference COP21 Paris,
France

Paris Agreement on
Climate Change **

2019 EU European Green Deal 4 EGD European
Union ‘Farm to Fork’ Strategy *

2021 FAO Food Systems Summit UNFSS New York,
NY, USA Food Systems Summit of FAO *

1 Agenda 21: Program of action for sustainable development; Rio declaration on environment and development;
statement of forest principles; the final text of agreements negotiated by governments at the United Nations
Conference on Environment and Development (UNCED), 3–14 June 1992, Rio de Janeiro, Brazil (2. print).
(1994). Conference on Environment and Development, New York, NY, USA. Department of Public Information,
United Nations. 2 General Assembly resolution 55/2, United Nations Millennium Declaration, A/RES/55/2
(18 September 2000), available online: undocs.org/en/A/RES/55/2 (accessed on 2 July 2023). 3 General As-
sembly resolution 70/1, Transforming our world: the 2030 Agenda for Sustainable Development, A/RES/70/1
(21 October 2015), available online: undocs.org/A/RES/70/1 (accessed on 2 July 2023). 4 European Commission,
Communication from the Commission The European Green Deal, (11 December 2019) COM (2019) 640 final,
available online: eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN (accessed on
2 July 2023). * SDs Related International Events. ** SDGs Related International Events and Treaties.

Additionally, all SDGs were meant to ensure homogeneity between different policy
sectors [22]. Therefore, there is a link to nutrition among them; for instance, SDG 1 is related
to nutrition as poverty makes it harder to meet nutritional recommendations and restricts
access to proper food intake, and SDG 2 promotes that undernourishment is brought on by
unsustainable food production and SDG 3 proposes that healthy and sustainable nutrition
promotes health [23]. In another example, regarding food systems, SDG 12 promotes
sustainable consumption and production patterns [24]. Furthermore, in the ‘Fixing Food
2021’ report from the Barilla Center for Food and Nutrition [25], it has been underlined
that food sustainability is crucial for all SDGs and not only in the two mentioned as mainly
food related.

There are other important initiatives linked to the SDGs at both international and
European levels. At the international level, the Paris Agreement on Climate Change was
finalized in 2015 during the Climate Change Conference in Paris, France, unraveling strong
connections to the 2030 Agenda. At the European level, the European Green Deal, adopted
by the European Member States in 2019 [26], promotes initiatives for the end of hunger,
the achievement of food security, the improvement of nutrition, and the promotion of
sustainable agriculture, especially with the ‘Farm to Fork’ Strategy.

Apart from International and European organizations, several other scientific events
took place regarding SDs, and certain scientific documents were published [12] (see
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Supplementary Table S1 for details). As a result of an international ‘conversation’ regard-
ing the choice of indicators of a sustainable diet that began after 2009 [27], the Mediter-
ranean Diet (MD) was selected as a characteristic example of SD [28]. The indicators
were selected using strict scientific criteria and were categorized into four thematic areas:
(1) nutrition and human health, (2) environmental health, (3) economy, and (4) favorable
socio-cultural factors [29].

Furthermore, in addition to highlighting the importance of local traditional diets, there
has been an effort to identify the total of the indicators that measure effectively and critically
assess SDs [5,8]. In the same context and embracing the SDGs, more than 20 experts from
the EAT-Lancet Commission have proposed a universal healthy reference diet [1].

In the present study, the bibliographic data are studied alongside international and
European Organizations’ activities regarding SDs specifically and SDGs, Climate Change,
and Food Security generally, in a quantitative approach. The focus of the research did
not remain solely to SDs related events as the disciplinarity of the term allows a more
comprehensive approach. Furthermore, SDGs have become a framework widely accepted
by United Nations Members and other International and Regional Organizations, creating
partnerships forming policies, and becoming a driving force of research and innovation.

1.3. Objectives

This research’s objective is to determine the underlying international ‘dialogue’ about
Sustainable Diets through a methodical review and assessment of the international scientific
literature. The goal of our research is to step on past analyses and define trends and
progression of the term ‘Sustainable Diets’ for the previous 36 years, from 1986 to 2022.
Furthermore, the dataset was critically analyzed and scrutinized to effectively detect the
collaboration among the countries, the relationship between the corresponding authors’
nationality and the type of diet they are studying, and the role of international organizations,
international treaties, and funding in scientific production regarding the term Sustainable
Diets. Finally, six query systems were used to detect the SDGs in our dataset.

2. Materials and Methods
2.1. Bibliometric Analysis and General Workflow

Defined as a field in 1934 by the librarian Paul Otlet, termed ‘bibliométrie’, bibliometry
was described to measure all the factors concerning both publication and reading of
books and documents [30]. Since the release of online databases that provide access to
bibliographic metadata and the fast growth of scientific publications, the necessity of using
bibliometric methods to assess the latest literature has highly increased [31].

The method explored in this study focuses on bibliometric mapping and content
analysis by monitoring the SDGs in the selected papers. A bibliometric analysis was
methodologically designed and carefully performed to investigate the literature addressing
the terms ‘sustainable diets’ and ‘sustainable nutrition’ in the bibliographic database Scopus
using a five-stage standard workflow [31,32]. Firstly, the study was designed; secondly, the
data were collected; thirdly, the obtained were analyzed; fourthly, the derived data were
visualized; then, in the fifth and final stage they were critically interpreted. In the data
analysis stage, data networks were created for collaboration and co-occurrence analyses, in
addition to the descriptive analysis of the bibliographic data. Moreover, network mapping
was performed during the data visualization stage.

2.2. Data Sources

After posing the research questions, the bibliographic database Scopus was selected
for the present study in order to identify potentially relevant documents. This database
was selected because it indexes more journals than other popular electronic databases such
as PubMed and Web of Science and provides approximately 20% greater coverage for
citation analysis than Web of Science [33–35]. Scopus was comprehensively searched for
peer-reviewed articles published between the periods of 1986–2022 in the English language
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until April 2023. Titles and abstracts were carefully read and critically screened by two
authors (M.G. and G.K.V.), who carefully identified and eliminated duplicates.

2.3. Protocol

The protocol was drafted using the PRISMA extension for Scoping Reviews (PRISMA-
ScR) guidelines [36], which is an extension of the PRISMA 2020 statement [37], the updated
version of the Preferred Reporting Items for Systematic reviews and Meta-Analyses [38].

2.4. Software and Analyses

The bibliometrics analysis was performed using the Bibliometrix R package [32].
Moreover, we used the text2sdg R package [39] to detect SDGs in the initial collection. We
also used VOSviewer [40], a software tool for constructing and visualizing bibliometric
networks, to perform the co-occurrences analysis.

For the bibliometric analysis, the shiny app Biblioshiny was used. This application
provides a web interface for Bibliometrix [32]. We used Biblioshiny to import the final
dataset and convert it to a dataframe collection. Furthermore, analyses and plots for sources,
authors, and documents were performed, and the Conceptual and the Social Structure of
the bibliographic collection were analyzed.

In particular, the main information of the collection was presented. Next, using
Microsoft Excel Spreadsheet Software, the annual scientific production was visualized.
In the same figure, the literature findings about major events related to SDs were added.
The sources that made the publications were studied, and the country’s production and
collaboration were presented. Moreover, as for the keywords, the most frequently used
keywords by the authors were retrieved, and the trending topics were identified. In this
analysis, the words that were used in the search queries were not included by the authors
(sustainable diet, sustainable diets, diet, diets, nutrition, sustainable nutrition, sustainable)
in order to highlight the main trends related to SDs. By doing that, we focused mainly
on the other keywords and themes that emerged in the bibliographic dataset studied
than our original searches. Additionally, a thematic evolution chart was created using
Sankey diagrams. Four cutting points were set by splitting the studied collection into five
time slices: 1986–2006, 2007–2011, 2012–2015, 2016–2019, and 2020–2022. These cutting
points derived from some of the major turning points of the upward trend of the scientific
production of this collection. They were strategically selected to identify the new themes
introduced in the literature after every increase in the number of published documents.

A co-occurrence network of the authors’ keywords was visualized using VOSviewer
software. VOSviewer creates maps using a co-occurrence matrix in three steps; (a) based
on the co-occurrence matrix, a similarity matrix is created in the first stage, (b) using the
VOS mapping technique, a map is created from the similarity matrix (c) the map is then
translated, rotated, and mirrored [40].

Keyword co-occurrence revealed clusters in the research discipline providing aux-
iliary support to scientific research [41]. Out of the keywords in all articles, 49 with a
minimum threshold of five co-occurrences. The threshold was chosen to ensure that
enough research topics were obtained while effectively avoiding overcrowding. These
sets of author keywords were separated into six clusters using the VOSviewer keyword
co-occurrence algorithm. Each cluster contained nodes (circles) of the same color and
included links or relationships (lines) between nodes. Nodes with similar colors belong to
the same cluster. The size of each node and word in each cluster was proportional to the
node’s weight/frequency, and clusters with the most keywords were more centered on the
study areas [42].

Lastly, apart from the bibliometric analysis, SDGs were also detected in the titles of the
present bibliographic collection using the open source, multi-system analysis R package
text2sdg [39] was used to identify SDGs in the titles of the documents included in the
final dataset. A stacked barplot of absolute frequencies was visualized using six different
individual query systems used for the identification (Auckland, Aurora, Elsevier, SDGO,
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SDSN, SIRIS). This package allows to use text data in order to detect SDGs and compare
the outcomes quantitively.

2.5. Data Collection, Eligibility Criteria and Screening

First of all, the eligibility criteria, both inclusion and exclusion criteria, were identified.
Articles were eligible for inclusion in this review if they included the terms ‘sustainable
diets’ or ‘sustainable nutrition’ or other derivatives of the terms in their titles, abstracts,
or keywords, and referred to the sustainability of human diet and nutrition. Only articles
(articles, data papers, reviews, and short surveys) published after 1986 in English were
eligible for inclusion [43]. Articles were excluded if they did not fit the meaning of the
search terms. Double citations were also excluded.

We also performed several searches in the Scopus database (the last search was con-
ducted in April 2023) (Table 2). The first two presented considered the term ‘Sustainable
Diets’ (SD1, SD2) and the other two the term ‘Sustainable Nutrition’ (SN1, SN2). In these
queries, we looked for the adjective ‘sustainable’ and the nouns ‘diet’ or ‘nutrition’ in the
titles of the scientific documents (SD1, SN1). We also located the word ‘sustainable’ and the
word ‘diet’ or ‘nutrition’ in the title, abstract, and keywords of the documents (SD2, SN2)
within one word proximity using the proximity operator within W/n.

Table 2. Search strategy on Scopus database, where four different queries were conducted and the
resulting number of articles before and after filtering.

Topic Search Search Query Dataset 1 No. of Docs

Sustainable Diets
SD1 TITLE (*sustainab* AND *diet*)

SD1—(SD2 or SN1 or SN2) 247

(SD1 and SD2)—(SN1 or SN2) 462
SD2 TITLE-ABS-KEY (*sustainab* W/1 *diet*) SD2—(SD1 or SN1 or SN2) 841

(SD1 or SD2) and (SN1 or SN2) 197

Sustainable Nutrition
SN1 TITLE (*sustainab* AND *nutritio*)

SN1—(SN2 or SD1 or SD2) 390

(SN1 and SN2)—(SD1 or SD2) 185
SN2 TITLE-ABS-KEY (*sustainanb* W/1 *nutritio*) SN2—(SN1 or SD1 or SD2) 551

Total Dataset SD1 or SD2 or SN1 or SN2 2873
1 The column ‘dataset’ is displaying the logic behind the different sub searches that were performed in Scopus
database using Boolean operators (AND, OR, NOT) according to set theory in order to identify the unique
publications across the searches and duplicates.

The asterisk wildcard (*) was used because we wanted to include all the grammatical
forms of the words diet and nutrition. After some trial tests, we noted that, except for the
noun diet, other derived terms appeared in the results: the term appeared both in singular
and plural (diet and diets) as an adjective (dietary, dietetic) as a noun (dietetics, dietitians,
dieter, dietotherapy, dietand), and as a gerund (dieting, non-dieting). We excluded papers
that in their title contained terms other than diet (e.g., diethyl, dietro, etc.).

To avoid the duplicated entries in the total dataset, several sub-searches were per-
formed using the three Boolean operators; AND, OR, AND NOT. Explaining the column
Dataset in Table 2, the word ‘and’ represented AND Boolean operator and the intersection
of the two searches. The symbol ‘-‘ was applied for AND NOT excluding specific searches.
Finally, the word ‘or’ was for OR; this Boolean operator expanded the search showing
the union of two searches. These searches were made to identify the unique documents
of the final dataset and eliminate the results that were recognized as common (Table 2).
For example, we found 247 documents using the query string: (TITLE (*sustainab* AND
*diet*) AND NOT (TITLE-ABS-KEY (*sustainab* W/1 *diet*) OR TI-TLE (*sustainab* AND
*nutritio*) OR TITLE-ABS-KEY (*sustainab* W/1 *nutritio*))).
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In order to perform a consistent review, three of the authors (M.G., A.Y.T., and G.K.V.)
systematically screened the titles and abstracts of 20 same publications and discussed the
results. The goal was to establish a common view and understanding. Subsequently, each
author searched a subset of databases. All discrepancies between the authors were resolved
by discussion. Three reviewers (M.G., A.Y.T., and G.K.V.) screened the title, abstract, and
keywords and graded the relevancy of each entry of the database in a spreadsheet using a
modified Likert scale (1–5). This scale was termed as Bibliometric Scale, where grade 1 was
assigned to the highly irrelevant documents and grade 5 the highly relevant. The papers
included in the final dataset should score 3–5 to be considered relevant.

Documents were excluded if they did not fit the meaning of the search terms and did
not have a direct connection to human food consumption, as reported below.

• Nutritional sustainability of animal/sustainable animal nutrition feeding (e.g., camels,
pigs, ruminants);

• Sustainability in cultivation methods (e.g., maize, corn, soybean);
• Sustainability in aquaculture methods;
• Animal breeding, Embryo development;
• Sustain weight or body mass (e.g., sustainable weight loss, sustainably preserve

muscle mass);
• Weight loss sustainability;
• Use of the word sustainability in terms of continuity, viability, and feasibility.

As a result of the data charting process, the data collected were as follows: citation
information (authors, year, doi number), bibliographic information (affiliation, correspon-
dence address, language of original document), abstract and keywords, and funding details
(number, acronym, sponsor, funding text).

A total of 2873 documents were initially identified through multiple searches (Figure 1).
Duplicates were then removed (n = 4). Subsequently, 2869 documents were finally assessed
for eligibility. Documents that did not fit the time period studied (n = 124), language
(n = 93), and document type (n = 493) were then excluded. In the Screening phase, reports
with no data available in the abstract and keywords domain were considered as not
retrieved (n = 78). Finally, after the screening process, the papers were graded by using the
1–5 scale, which had been standardized by the three researchers (M.G., A.Y.T., and G.K.V.)
as mentioned above. More specifically, 124 papers were graded with 1 as highly irrelevant,
480 papers were graded with 2, as likely to be irrelevant, and 70 papers were graded with 3
as more or less relevant. A total of 1407 studies were finally included in the bibliometric
and content analyses.

221



Sustainability 2023, 15, 11957

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 24 
 

not retrieved (n = 78). Finally, after the screening process, the papers were graded by using 
the 1–5 scale, which had been standardized by the three researchers (M.G., A.Y.T., and 
G.K.V.) as mentioned above. More specifically, 124 papers were graded with 1 as highly 
irrelevant, 480 papers were graded with 2, as likely to be irrelevant, and 70 papers were 
graded with 3 as more or less relevant. A total of 1407 studies were finally included in the 
bibliometric and content analyses. 

 
Figure 1. Flowchart indicating identification and selection of studies used in the present analysis 
following PRISMA statement guidelines. 

3. Results 
In this section, we demonstrate the main results of the descriptive bibliometric 

analysis, the annual scientific production of this collection, the main journals that 
published the scientific papers of the collection, the countries involved, the main 
keywords, their connection in a co-occurrence network, their thematic evolution, and the 
connection between the SDGs and the titles of the papers of the final dataset. 

3.1. Main Information 

Figure 1. Flowchart indicating identification and selection of studies used in the present analysis
following PRISMA statement guidelines.

3. Results

In this section, we demonstrate the main results of the descriptive bibliometric analysis,
the annual scientific production of this collection, the main journals that published the sci-
entific papers of the collection, the countries involved, the main keywords, their connection
in a co-occurrence network, their thematic evolution, and the connection between the SDGs
and the titles of the papers of the final dataset.

3.1. Main Information

Table 3 summarizes the main information of the present bibliographic collection. The
total number of examined documents (papers) examined was 1407. Most documents
were articles (1116 documents), and reviews (283 documents). Data papers (1 document)
and short surveys (7 documents) were also included. The 5191 authors used a total of
3397 keywords. Furthermore, the number of single-authored documents was 122, while the
number of co-authors per document, that is, the mean number of authors’ appearances per
document, was 4.99. Both indicators (authors per document and co-authors per document)
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evaluated the level of author collaboration [44]. Finally, the level of international co-
authorship reached the percentage of 34.68%.

Table 3. Main information regarding the final collection of documents.

Description Results

MAIN INFORMATION ABOUT DATA
Timespan 1986–2022

Sources (Journals, Books, etc.) 428
Documents 1407

Annual Growth Rate % 17.65
Document Average Age 3.89

Average citations per doc 27
References 93,027

DOCUMENT TYPES
Article 1116

data paper 1
Review 283

short survey 7

DOCUMENT CONTENTS
Keywords Plus (ID) 4590

Author’s Keywords (DE) 3397

AUTHORS
Authors 5191

Authors of single-authored docs 109

AUTHORS COLLABORATION
Single-authored docs 122
Co-Authors per Doc 4.99

International co-authorships % 34.68

3.2. Annual Scientific Production

The publication trends of the 1407 documents were systematically studied from 1986
to 2022. Figure 2 shows the number of publications on SDs for this period and the major in-
ternational events related to the SDGs and SDs that took place. The number of publications
began to increase in 2007 (5 documents) and significantly increased over the examined
period of time. Figure 2 shows an escalation in publications from one document in 1986 to
348 documents in 2022, which is noted as the peak number of publications. The annual
production since 1986 fits an exponential trend line with an R2 value of 0.9843, while the
annual growth rate was 17.65%. Taking the above under consideration, research on SDs
appears to be at the stage of exponential growth, implying that SDs are highly increasingly
receiving the attention of the scientific community, particularly in the last few years.

Additionally, we compared annual scientific production with literature findings and
major international events, such as summits and treaties related to sustainability, food,
nutrition, and SDGs. Approximately 5% of the articles were published between 1986 and
2012 (27 out of 1407). After 2012, there was an upward trend in the number of publications.
This happened after the official definition of SDs by the FAO during the International
Scientific Symposium ‘Biodiversity and Sustainable Diets: United against Hunger’ in
2010 [45]. Moreover, almost 95% of the documents (1332 out of 1407) were published in the
last ten years and especially after 2015, when the Paris Agreement on Climate Change took
place and the 2030 Agenda for Sustainable Development was set, promoting the 17 SDGs.

223



Sustainability 2023, 15, 11957

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 24 
 

This happened after the official definition of SDs by the FAO during the International 
Scientific Symposium ‘Biodiversity and Sustainable Diets: United against Hunger’ in 2010 
[45]. Moreover, almost 95% of the documents (1332 out of 1407) were published in the last 
ten years and especially after 2015, when the Paris Agreement on Climate Change took 
place and the 2030 Agenda for Sustainable Development was set, promoting the 17 SDGs. 

 
Figure 2. Annual scientific production of articles on the terms ‘sustainable diets’ and ‘sustainable 
nutrition’ and international events occurred during the studied period. The annual production since 
1986 fits an exponential trend line (red dash line) with an R2 value of 0.9843, while the annual growth 
rate was 17.65%.(UNCED: UN Earth Summit, WFS: World Food Summit, MDGs: Millennium 
Development Goals, WSSD: World Summit on Sustainable Development, CBD: Convention of 
Biological Diversity, WSFS: World Summit on Food Security, UNCSD: UN Conference on 
Sustainable Development, OPWG SDGs: Open Working Group on SDGs, SDGs: Sustainable 
Development Goals, COP21: Climate Change Conference, EGD: European Green Deal, UNFSS: UN 
Food Systems Summit). 

3.3. Sources 
In our collection, we found 428 sources (journals) and cited sources included in the 

1407 documents’ bibliographies. According to Table 4, the five most relevant sources for 
the terms under study are Sustainability (111 publications), Nutrients (91 publications), 
Frontiers in Nutrition (58 publications), Public Health Nutrition (44 publications), and Journal 
of Cleaner Production (39 publications) (Table 4). The main subject areas covered by these 
sources are agricultural and biological sciences, environmental sciences, social sciences, 
nursing, and medicine. According to Bradford’s Law, these ten journals (2.34% of the total 
number of journals) were also the core–nucleus journals that were particularly devoted to 
the subject. These ten journals have published 495 articles in total, representing 35% of the 
entire collection. 

Table 4. Most relevant sources by the number of articles they published. 

Figure 2. Annual scientific production of articles on the terms ‘sustainable diets’ and ‘sustainable
nutrition’ and international events occurred during the studied period. The annual production
since 1986 fits an exponential trend line (red dash line) with an R2 value of 0.9843, while the annual
growth rate was 17.65%.(UNCED: UN Earth Summit, WFS: World Food Summit, MDGs: Millennium
Development Goals, WSSD: World Summit on Sustainable Development, CBD: Convention of
Biological Diversity, WSFS: World Summit on Food Security, UNCSD: UN Conference on Sustain-
able Development, OPWG SDGs: Open Working Group on SDGs, SDGs: Sustainable Develop-
ment Goals, COP21: Climate Change Conference, EGD: European Green Deal, UNFSS: UN Food
Systems Summit).

3.3. Sources

In our collection, we found 428 sources (journals) and cited sources included in the
1407 documents’ bibliographies. According to Table 4, the five most relevant sources for
the terms under study are Sustainability (111 publications), Nutrients (91 publications),
Frontiers in Nutrition (58 publications), Public Health Nutrition (44 publications), and Journal
of Cleaner Production (39 publications) (Table 4). The main subject areas covered by these
sources are agricultural and biological sciences, environmental sciences, social sciences,
nursing, and medicine. According to Bradford’s Law, these ten journals (2.34% of the total
number of journals) were also the core–nucleus journals that were particularly devoted to
the subject. These ten journals have published 495 articles in total, representing 35% of the
entire collection.
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Table 4. Most relevant sources by the number of articles they published.

Sources Articles

Sustainability 111
Nutrients 91

Frontiers in Nutrition 58
Public Health Nutrition 44

Frontiers in Sustainable Food Systems 39
Journal of Cleaner Production 39

Foods 32
Appetite 30

Global Food Security 29
International Journal of Environmental Research and Public Health 22

3.4. Country Production and Collaboration

Between 1986 and 2022, 110 countries published publications on the studied subject.
In Figure 3, the color intensity is proportional to the number of publications. The map
shows the country based on the authors’ affiliation. Countries in the Mediterranean basin
have published a lot of scientific documents, with Italy in the first place, followed by other
countries of the region, such as Spain, Greece, and Portugal (Supplementary Table S2).
Nordic countries (Sweden, Denmark, Norway, and Finland) that could relate to the New
Nordic Diet were also at the top places. The countries with the largest scientific produc-
tion were the USA (n = 777), the UK (n = 437), Italy (n = 337), Australia (n = 274), and
France (n = 251).
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The research collaborations among countries are also presented in Figure 3, where
countries with equal or more than ten shared papers are shown by connectors. The countries
with the strongest linkages were the USA with the UK (40 links), the UK with Italy (27 links),
the USA with Australia (27 links), and Italy with France (23 links). Most of them were
from English-speaking countries. Italy is a Mediterranean country with a great tradition
in the Mediterranean Diet. Moreover, the FAO headquarters are located in Rome, Italy.
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Finally, there was also close collaboration between countries in the Mediterranean basin;
for example, Italy and Spain shared 20 collaborations.

3.5. Keywords and Trend Topics

Table 5 highlights the most frequently used keywords by the authors in their pub-
lications. Some of the first results (sustainable diet, sustainable, nutrition, nutrition and
diet) are trivial because they were included in the set of terms used to be built up the
search query in the bibliographic database. However, they reveal that diet as a term is
used more often than the term nutrition in combination with the term sustainable. In
addition, the food system had the highest number of occurrences (99 occurrences), fol-
lowed by food security (87 occurrences). The next three authors’ keywords, greenhouse
gas emission (74 occurrences), climate change (65 occurrences), and environmental impact
(60 occurrences), connect global warming with dietary choices. The next word was health
(60 occurrences). Mediterranean diet (60 occurrences) and Sustainable Development Goals
(43 occurrences) were also in the top twenty list.

Table 5. Most frequent words (Author’s Keywords).

Words Occurrences

sustainable diet 326
sustainable 293

nutrition 141
food system 99
food security 87

diet 85
greenhouse gas emissions 74

climate change 65
environmental impact 60

health 60
Mediterranean Diet 60

environment 47
food 45

Sustainable Development Goals 43
carbon footprint 42

life cycle assessment 42
food consumption 40

sustainable food system 40
sustainable nutrition 40

water footprint 40

Alarmingly enough, climate change and greenhouse gas emissions became trending
topics in 2017 (Figure 4), soon after the Climate Change Conference (COP21) in Paris in
2015, where the Paris Agreement on Climate Change was adopted by 196 Parties. Even
though the Mediterranean Diet has been identified studied as a Sustainable Diet Model
since 2009 in the collection. It mainly appears to be a trending topic 10 years later, in 2019.
In the last few years (2019–2021), they have become popular topics regarding vegetarianism
and plant-based foods. Lastly, food and nutrition security has become a well–studied topic
since 2016, as mentioned in the second Goal of SDGs (SDG 2: Zero Hunger).
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3.6. Thematic Evolution

Moreover, the evolution of the main themes in SDs research was systematically ex-
plored by the use of a timeline view analysis of the authors’ keywords (Figure 5). The first
period (1986–2016) begins with the first definition of the term sustainable diet and ends the
year of the Convention of Biological Diversity. There have been merely a few publications
throughout these 30 years; therefore, there are two themes: sustainable and food systems.
In the next period (2007–2011), these two themes remained, but food security emerged as
a new theme. It should be mentioned that in 2009, FAO held the World Summit on Food
Security. During the following period (2012–2015) there was an appearance of eight new
themes ((1) climate change, (2) environmental impact, (3) environmental sustainability,
(4) sustainable food system, (5) food consumption, (6) food production, (7) nutrition secu-
rity and (8) biodiversity). During these years, the Conference on Sustainable Development
took place in Rio, Brazil (RIO+20) with the outcome document ‘The Future We Want’, where
the importance of sustainable food production, food, and nutrition security was underlined.
Beginning in 2013, and as a result of RIO+20, an Open Working Group on SDGs started
a dialogue about the sustainability of food production and consumption, among others.
Subsequently, between 2016–2019, SDGs were identified as a new theme. Sustainable diets
play a major part in this time slice, but sustainable nutrition also makes an appearance as a
novel theme. The newly emerged themes are strongly related to the production and con-
sumption of meat (‘livestock’ and ‘meat reduction’) and other sustainable protein sources
(edible insects, plant proteins, legumes). In the last two years (2020–2022), ‘sustainable diet’
has prevailed as a term. Several branches of the previous period were brought together in
the ‘carbon footprint’ theme. Lastly, ‘vegetarian’ is one of the new themes that have risen
in popularity (see Supplementary Figure S1 for a detailed thematic evolution).
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3.7. Authors’ Keyword Co-Occurrence

As shown in Figure 6, there were 49 items and 633 links with a total link strength of
27,612, assigned into six clusters by the VOSviewer algorithm. The name of each cluster
noted in bold letters is our interpretation:

1. General overview of SDs with a focus on the environmental pillar: (red color) sustain-
able diet, carbon footprint, COVID-19, dietary change, environmental footprint, envi-
ronmental sustainability, food choice, food consumption, food sustainability, green-
house gas emissions, healthy diet, Mediterranean diet, nutritional quality, sustainable
consumption, sustainable food system, sustainable healthy diets, and water footprint;

2. Linkage SDs with health: (green color) dietary patterns, children, food safety, food
waste, healthy diets, obesity, public health, sustainable nutrition;

3. Sustainable Nutrition and meat consumption: (blue color) sustainable, nutrition, diet,
environment, food, health, meat, protein;

4. SDGs with a focus on SDG 2 (Zero Hunger): (yellow color) food system, agriculture,
climate change, food and nutrition security, food security, malnutrition, Sustainable
Development Goals;

5. Environmental impact of dietary choices: (purple color) environmental impact, biodi-
versity, diet quality, dietary guidelines, land use, life cycle assessment;

6. Consumer behavior and plant-based food choices: (bright blue color) food policy,
consumer behavior, vegetarian.

The keyword with the largest node is ‘sustainable’ (with 12,091 total link strength)
and follows ‘sustainable diet’ (with 9219). The strongest link is between the keywords
‘sustainable’ and ‘nutrition’ with 3721 link strength. However, these keywords were
expected to be in high places as they were included in the keywords searched in the Scopus
database. The first word after them was ‘food system’, which belonged in the fourth cluster
and has a total link strength of 3403.
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3.8. Detecting UN Sustainable Development Goals in Text

As depicted in Figure 7, the papers included in the final dataset were mostly related
to SDG 2 (Zero Hunger), with almost 2500 hits, SDG 12 (Responsible Consumption and
Production) followed by almost 1500 hits, SDG 3 (Good Health and Well-being), and SDG 11
(Sustainable Cities and Communities), followed by approximately 1000 hits each. However,
all SDGs were represented in the titles of this collection, some more and some less, revealing
a clear interconnection among them.
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4. Discussion
4.1. Summary of the Findings

The international events that took place in recent years exerted a considerable impact
on scientific knowledge and production soon after 2012 when there was an increase in the
production of scientific documents. The definition of SDs by FAO played an important
role in this issue. In 2015, there were two important key-point events: the Paris Agreement
on Climate Change and the 2030 Agenda for Sustainable Development, which was set to
promote the 17 SDGs. Therefore, the turning points in the production of scientific literature
corresponded to some of the major international events, revealing an interaction between
policymaking and scientific research.
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The core journals publishing about SDs have as main subject areas the agricultural
and the biological sciences, the environmental sciences, the social sciences, nursing, and
medicine, confirming the interdisciplinary nature of this field and the connections between
nutrition, health, food systems, agricultural production, and environmental protection as
main subject areas.

Regarding the two terms ‘sustainable diet’ and ‘sustainable nutrition’, the first one
was more highly related to environmental issues compared to the latter one, which was
directly connected with health. The term ‘sustainable diets’ is broadly used as a phrase and
is often characterized by additional adjectives (e.g., healthy). Furthermore, the geographic
distribution of studies could be related to the different dietary patterns studied for their
sustainability (e.g., the Mediterranean Diet and New Nordic Diet).

Notably, the countries belonging to the Mediterranean Region (Italy, Greece, Spain,
and Portugal) had multiple publications in the relevant bibliographic collection. MD is
a topic that has been highly studied by researchers in these countries. There was also
identified a close collaboration between countries in the Mediterranean area (e.g., Italy and
Spain). Mediterranean Diet was set as an example of SDs [28]. In this collection, 95 articles
and reviews contained the term Mediterranean in their title, abstract, or keywords. Apart
from its health benefits and economic viability, it has been studied as a dietary pattern with
a low environmental impact [46–48], as its environmental footprints (energy consumption,
water consumption, GHG emissions, and agricultural land use) and its ecological footprint
are lower compared to that of other Western diets [49,50]. Interestingly, as mentioned
by Gaforio et al., several studies have highlighted the beneficial healthy effects of extra
virgin olive oil consumption for the prevention of several chronic diseases are highlighted
making it a good choice both for human health and sustainable agriculture as verified by
numerous clinical studies [51]. We also identified papers with different updates to the
classic Mediterranean Diet Pyramid, the double pyramid model developed by the Barilla
Center [49], and the updated Mediterranean Diet Pyramid [52]. Another considerable
aspect of the Mediterranean Diet was the relevant indicators of its sustainability [27].

Alongside the MD, the New Nordic Diet (NND) was characterized as a sustainable
diet in this collection (n = 13). It is a newly created diet with strong roots in Nordic culinary
traditions, which principally aims at improving both human health and environmental
health. Noticeably, it was founded in 2004 by a group of well-recognized Nordic chefs
who set out to give prominence to regional, local products [53]. Although the NND mainly
focuses on Denmark, Finland, Iceland, Sweden, and Norway, a new variant of the NND,
called the Southern New Nordic Diet, has recently been discussed as a nutritional scenario
in southern Europe (northwestern Spain and northern Portugal) [54].

In comparison with the Average Danish Diet, NND exerts significant environmental
and social benefits [55]; however, it has been estimated as more expensive than other
dietary patterns [56]; NND has been examined for potential effects on various aspects
of childhood health and development [57,58], promoting healthy eating habits formed
throughout pregnancy and infancy [59].

According to our findings, COVID-19 was found in the red cluster linked with MD
(link strength = 9, total link strength = 109) (Figure 6). Given the various health advantages
of the Mediterranean Dietary Pattern, it may be considered the most optimal dietary pattern
for preventing COVID-19 infection in non-infected persons, as well as it could be rendered
as an adjuvant therapy for improving disease outcomes while simultaneously favoring
recovery in COVID-19 patients [60]. COVID-19 exerted a detrimental impact on food
security, but it has also provided a ‘window of opportunity’ to initiate a shift to more
sustainable diets in Palestine [61]. In this territory, the multiple crises alongside with
COVID-19 pandemic influenced dietary and eating behaviors. Agricultural production
and consumption were affected and limited on a local scale, and thus a policy for growing
vegetables by households has highly been promoted for growing vegetables in spaces
available close to peoples’ homes. In Italy, during the first and second phases of the
COVID-19 pandemic, there was a growing desire to consume certified sustainable food
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products [62]. On the other hand, the lockdown caused significant changes in family
dietary and eating patterns [63]. However, there are no adequate published studies so far
to provide reliable and conclusive evidence about the potential benefits of MD against
COVID-19. In this aspect, forthcoming studies are currently in progress, and they will
publish their results in the next few years in order for more precise conclusion to be drawn
in this topic.

Food security has widely been researched in 294 publications. As shown in Figure 5, a
whole cluster is dedicated to this term, as it has extensively been studied due to the even
more rapidly growing world population. Several human activities, such as the way govern-
ing food production and consumption, put the natural resources of our planet in danger,
whereas climate change and environmental negative impacts are gradually being acceler-
ated by unsustainable consumption choices [12]. Importantly, sustainability is linked to the
viability of the food system, public health, and prosperity. Additionally, SDGs Agenda has
increasingly promoted food security mainly by eliminating malnutrition [64–66]. Goal 2
of the SDGs is actually set to ‘end hunger, achieve food security and improve nutrition’.
FAO in Rome Declaration on World Food Security (1996) and in Declaration of the World
Summit on Food Security (2009) set clear goals to eradicate hunger.

Climate change and greenhouse gas emissions constitute two terms that have been
studied in relation to SDs since 2017, showing the impact of the Paris Agreement and the
SDGs [67]. Alarmingly enough, climate change could also affect agricultural and livestock
production [68,69]. Furthermore, greenhouse gas emissions could be associated with a re-
duction in agriculture and food production yields [70]. Therefore, it has been proposed that
dietary changes may positively affect both human health and environmental health [71,72].

Meat production and consumption have attracted considerable scientific interest. At
the same time, alternative sources of protein, such as edible insects, plant proteins, and
legumes, have also appeared in the international scientific literature. Entomophagy is con-
sidered a controversial and alternative topic proposed mainly as a sustainable solution for
protein intake in the fight against malnutrition [73–75]. Despite its long history in some cul-
tures, the willingness to consume these novel food products remains still disputable [76,77].
Vegetarianism has also been studied as a plant-based diet with a low environmental foot-
print and a more accepted dietary pattern [75,78,79], whereas home cooking is studied as
being more environmentally friendly and beneficial to health [80].

By observing the clusters emerging from the co-occurrence network, six separate
categories have appeared: (1) a general overview of SDs with a focus on the environmental
pillar, (2) a linkage SDs with human health, (3) sustainable nutrition and meat consumption,
(4) SDGs with a focus on SDG 2 (Zero Hunger), (5) the environmental impact of dietary
choices, and (6) consumer behaviors and plant-based food choices.

SDGs focusing on areas such as hunger, human health, and climate were identified
as the most obvious beneficiaries of a shift toward sustainable food systems. However,
there were found important linkages concerning food systems and less obvious linkages
regarding SDGs, such as SDG 12 (Responsible Consumption and Production), SDG 3 (Good
Health and Well-being), and SDG 11 (Sustainable Cities and Communities). The above
findings support substantial evidence that food could be considered as a common thread
linking all 17 SDGs. Earlier policymakers realized that reforming food systems may provide
a potentially powerful lever for sustainable development, which may allow us to meet
the SDGs.

4.2. Limitations and Future Research

There are certain limitations, mainly regarding the bibliometric analysis approach
itself. We set a time limit for this study to the last 35 years by the first introduction of the
term in the international scientific literature. However, it could be interesting to explore
how the terms were used before that time limit and, in parallel, to study the thematic
evolution throughout the previous decades if the documents before 1985 were digitally
available. Second, in this study, the Scopus bibliographic database was used. However,
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comparing the findings in other databases (for example, Web of Science, Dimensions) could
provide additional information about the relevant study area. Beyond the limitations, the
data in this study provide significant insights into the editorial activity of international
scientific journals and the corresponding topics that have been discussed over the last few
years. Moreover, this study clearly presents a quantitative analysis of the international
scientific literature. Moreover, the present findings reinforce the fact that future research is
strongly recommended to adopt a more qualitative approach.

5. Conclusions

This is the first bibliometric analysis study that provides a thorough overview of the
international research concerning the currently available scientific papers on sustainable
diets and sustainable nutrition published in peer-reviewed journals between 1986 and
2022. The research topics were answered by using two alternative methodologies. Firstly, a
bibliometric analysis answered the questions regarding the article production growth in
the field within almost 35 years, the trending topics, the journals, and their subject areas,
as well as the geographic distribution of the studied papers. A co-occurrence network
was derived to reliably identify the core author keywords and their relationships, while
the trend topics and their evolution over time were explored. Secondly, a content analysis
of the dataset was efficiently performed by using R-language to detect which SDGs were
related to the terms under study.

Therefore, we have drawn the following main conclusions: The findings of this study
clearly confirm the exponential growth of scientific interest in the undersigned subject area.
Some of the turning points in the evolution of publications follow the international timeline
of events, revealing whether they can impact scientific production. Considering the key
components of SDs, the greatest emphasis of the scientific community in this bibliographic
analysis was highly ascribed to food security, climate change, environmental impact (water
footprint, carbon footprint, greenhouse gas emissions), food systems, and their sustainabil-
ity, Mediterranean Diet, and Sustainable Development Goals. This study first presents a
thorough overview of the current trends of the scientific community concerning the global
interest in the SDs, which could be highly considered as an effective strategy to promote
environmental sustainability and planet health.
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