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Raquel Guiné and et al.
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Preface

Climate changes pose overwhelming impacts on primary production and, consequently, on

agricultural and animal farming. Additionally, at present, agriculture still depends strongly on

fossil fuels both for energy and production factors ,such as synthetized inorganic fertilizers and

harmful chemicals such as pesticides. The need to feed the growing world population poses many

challenges. The need to reduce environmental impacts to a minimum, maintain healthy ecosystems,

and improve soil microbiota are central to ensuring a promising future for coming generations.

Livestock production under cover crop systems helps to alleviate compaction so that oxygen and

water can sufficiently flow in the soil, add organic matter, and help hold soil in place, reducing

crusting and protecting against erosion. The use of organic plant production practices allied to

the control of substances used in agriculture also decisively contributes to alleviating the pressure

on ecosystems. Some of the goals of this new decade are to use enhanced sustainable production

methodologies to improve the input/output ratios of primary production, reduce environmental

impacts, and rely on new innovative technologies.

This reprint addresses original studies and reviews focused on the current evolution and

research novelty in agricultural sustainability. New developments are discussed on issues related

to quality of soil, natural fertilizers, or the sustainable use of land and water. Also, crop protection

techniques are pivotal for sustainable food production under the challenges of the Sustainable

Development Goals of the United Nations, allied to innovative weed control methodologies as a

way to reduce the utilization of pesticides. The role of precision and smart agriculture is becoming

more pertinent as communication technologies improve at a rapid rate. Waste management, reuse of

agro-industrial residues, extension of shelf life, and use of new technologies are ways to reduce food

waste, all contributing to higher sustainability in food supply chains, leading to a more rational use

of natural resources. The unquestionable role of bees as pollinators and contributors to biodiversity

is adjacent to characterizing beekeeping activities, which in turn contributes, together with the

valorization of endemic varieties of plant foods, to the development of local communities. Finally,

the short circuits and local food markets have a decisive role in the preservation and enhancement of

rural economies.

Raquel P. F. Guiné, António Dinis Ferreira, and António Moitinho Rodrigues

Editors
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Editorial

CERNAS—Current Evolution and Research Novelty in
Agricultural Sustainability
Raquel P. F. Guiné

CERNAS Research Centre, Polytechnic University of Viseu, 3504-510 Viseu, Portugal; raquelguine@esav.ipv.pt

Climate changes have overwhelming impacts on primary production and, conse-
quently, on agricultural and animal farming. Additionally, at present, agriculture still
depends strongly on fossil fuels, both for energy and production factors such as synthetized
inorganic fertilizers and harmful chemicals like pesticides.

The need to feed the growing world population poses many challenges. Additionally, it
is mandatory to reduce environmental impacts to a minimum, maintain healthy ecosystems,
and improving soil microbiota as a way of ensuring a promising future for the coming
generations. Food security is a major concern of modern times, and different disciplines
are devoted to the effective combat to this eminent threat. The work by Necula et al. [1]
focuses on the commercialization of food products originating from agricultural farming
or mountain activities, highlighting that new consumers, especially after the COVID-19
pandemic and its food systems’ impact, tend to attribute a higher value to local and organic
food products.

Current changes in the use of land for agricultural purposes in many regions of the
globe has an impact on carbon storage, and therefore an improved understanding of this
reality is beneficial to comprehend and quantify carbon emissions. Kong et al. [2] suggest
that the development of agricultural fields with a high carbon density or, alternatively, the
conversion of lands with low carbon density are essential to improve carbon sequestration
in the future as a result of cropland transformation.

Livestock production under cover crop systems helps to alleviate compaction so that
oxygen and water can sufficiently flow in the soil, adding organic matter, and helping hold
soil in place, reducing crusting and protecting against erosion.

The use of organic plant production practices allied to the control of substances used
in agriculture also decisively contributes to alleviating the pressure on ecosystems.

The use of animal manure has been a traditional practice to improve the nitrogen
content of agricultural soils. However, new developments in this area have been reported
lately, namely the use of technologically advanced treatments, like plasma technology,
which can improve microbial quality without harming the soil-dwelling organisms [3].

Water is a more and more valuable resource, becoming scarce in many regions of the
globe, so that its application in agriculture sometimes has to be highly regulated. In the
Mediterranean, this problem is assuming particular relevance, so Valenzuela-Mahecha et al. [4]
alert us to the need to establish measures of both a technical as well as a financial nature to
enable farmers who deal with irrigation problems cope with this reality. They presented a
new index-based drought insurance scheme that will help farmers to deal with the negative
economic impacts of the more and more frequent water scarcity events.

Some of the goals of this new decade are to use enhanced sustainable productive
methodologies to improve the input/output ratios of primary production, to reduce envi-
ronmental impacts, and to rely on new innovative technologies.

The need to improve plant production ratios, allied to the reduction in agricultural
losses and crop problems, is pivotal to increase the food production of vegetable origin. The
work by Fadiji et al. [5] brings some insights into the symbiotic integration of endophytic

Agronomy 2023, 13, 2829. https://doi.org/10.3390/agronomy13112829 https://www.mdpi.com/journal/agronomy
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viruses into maize crops, and how diversified agricultural practices can impact their abun-
dance. Not only is the improvement of crop production ratios pivotal, but the conservation
of food and agricultural products along the food chain is also essential to diminish the
current huge amounts of food not consumed and disposed along the food chain. The use of
appropriate packaging or a controlled atmosphere can greatly extend shelf-life and improve
food quality [6] while reducing organic waste. The review by Fadiji et al. [7] focuses on the
role of nanotechnology in helping cope with food insecurity and minimizing post-harvest
losses that have both economic as well as environmental impacts.

The work by Ferrão et al. [8] provides new knowledge about the characterization
of hazelnut fruits grown in Portugal, some of them coming from native varieties, which
usually are well adapted to the local edaphoclimatic conditions, thus presenting good
production ratios while requiring low cultural interventions.

The minimization of agricultural or industrial waste is another of the main goals of
sustainability, as established by circular economy principles. The use of agrifood waste
in crop fields with the aims to, on the one hand control, weeds and, on the other hand,
complement soil nutrients is discussed by Lorenzo et al. [9] as a sustainable option to reduce
agricultural residues. The management of weeds through alternative ecological ways is
essential in reducing the harmful intensive usage of synthetic chemical weed-controlling
substances. As shown by Monteiro and Santos [10], precision weed management assumes
a role in more sustainable weed control. Also, concepts of precision agriculture, smart
agriculture, and innovative technologies such as nanotechnology, artificial intelligence,
genetic modification, or others bring endless possibilities for the intervening actors in
agricultural domains to improve crop production, efficiently manage natural resources,
and control the ecologic footprint of products and activities [11].

The reutilization of waste, such as that coming from food industrial processing plants,
can have important environmental relevance while also providing sources for valuable
compounds of possible utilization in diverse industries in the food, pharmaceutical, or
cosmetic fields. This is the case in the extraction of polyphenolic compounds from cherry
seeds [12]. Also, the use of agricultural or industrial waste of a lignocellulosic nature, such
as cherry seeds, can have positive environmental impacts and provide new sources of
materials at the same time to obtain more natural polyurethane foams while reducing the
use of petroleum-derived ones [13].

Extreme marine environments, like saline areas in coastal zones, can provide new
opportunities for the agricultural farming of species especially adapted to these high salt
concentrations, like halophyte plants [14]. Due to the effects of global warming, the high
salinity of some agricultural environments also brings challenges, as discussed in the review
by Shultana et al. [15].

The pivotal role of bees as pollinators is vastly recognized, and many threats are
presently having harmful effects on bee colonies, such as the varroa mite (Varroa destructor)
or the Asian wasp (Vespa velutina), which influence the life of bees and threaten entire
colonies. The characterization of beekeepers and beekeeping activities helps understand
how the beekeepers are coping with the present challenges as a way to also provide more
helpful support to this essential activity from ecological as well as agronomic points of
view. The work by Guiné et al. [16] presents the characterization of beekeeping in different
European countries, highlighting the differences encountered.
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The Agri-Food and Mountain Products Market: Insights beyond
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Abstract: Food security is one of the main concerns in the context of a global crisis such as the COVID-
19 pandemic. The reduction in people’s mobility determined changes in consumers’ behavior and
underlined the need for the re-organization of the food supply chains. This paper aims to summarize
the effects of the COVID-19 pandemic on the global, Romanian and mountain food markets, as well
as to discuss the mountain agriculture potential and the food democracy model. The trend in the
post-pandemic era is heading toward the digitalization of agriculture and food distribution, with
great attention on product sustainability. People are more and more aware of healthy food and the
environmental impact of this sector. Many studies revealed the need for specific policies to counteract
the effects of the pandemic on food quality and security and on the economic welfare of people. In
the post-pandemic period in mountain areas, there is a need for the valorization of food products
that originate from here since they have great health and financial potential. Supporting mountain
agriculture could ensure the production of high-value products, which are generally preferred by
consumers. The COVID-19 pandemic contributed to the re-orientation of consumers towards local
and organic foods. Future research regarding the efficiency of the programs and policies implemented
in some mountain areas after the pandemic is necessary.

Keywords: COVID-19 pandemic; traditional foods; mountain products; food policies; food
system resilience

1. Introduction

Humanity has survived throughout its evolutionary history, from the Paleolithic
period or the Stone Age to the Neolithic or the agricultural age, continuing on to the
industrial age and culminating at the beginning of the XXI century. At this time, there was
a revolution of cybernetic and informational systems, causing famines, and on a global
scale, anthropocentric economic crises that mankind produced [1]. This style of living has
certainly been harmful, both for the environment and for the human species [2]. Among
the problems that occurred, the rise of the sea and ocean levels since 1990 by 10–20 cm [3]
and the melting of glaciers, which registered values of about 28 billion tons of ice melted
between 1994 and 2017, must be mentioned [4]. Also, soil fertility has decreased greatly in
recent decades due to the advanced modernization of agricultural activities, and more than
35% of arable land has been degraded due to uncontrolled anthropogenic activities [5].

In this context, what are the implications for humanity? An answer can be given:
since the emergence of humanity until today, man has learned to adapt. Going through an
extreme event can be traumatic, but at the same time, it creates opportunities to design new

Agronomy 2023, 13, 2739. https://doi.org/10.3390/agronomy13112739 https://www.mdpi.com/journal/agronomy
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valuable mechanisms for society at present. It can be said that the COVID-19 pandemic
has introduced new adaptations, new changes, or better said, the beginning of an era
of change [6], creating the opportunity to evaluate systems, traditions, and values. The
pandemic started and caused restrictive measures to be taken by governments, such as
social distancing, isolation, and restrictions on space circulation, highlighting, from the
beginning, the vulnerability of the food system and its slowdown. In the context of food
security, this fact has caused fear all over the world. During the COVID-19 pandemic,
hunger levels in the world increased in just one year from 8.4% to around 10% [7]. The
largest undernourished populations are in Africa and Asia; at the end of 2020, they rep-
resented around 700 million more severely affected people compared to those in 2019 [8].
This number has increased by approximately 100 million on these two continents. The
COVID-19 pandemic has had many effects on various aspects of life and disturbed all
sectors, including agriculture and food [9]. The agri-food systems changed continuously
under the pressures of the COVID-19 pandemic and climate change, and the actual concern
is focused on viable solutions for the sustainable development of this sector [10,11].

There is great potential for the food industry, especially if we take into account the rural
and especially mountainous landscape. Small family farms represent a huge potential for
modeling and transforming local food systems. The mountainous areas are characterized
by highly heterogeneous farms. Applying differentiated policies specific to these areas
would allow for an increase in this type of farming and ensure the raised potential of
traditional biocultural food.

There are some studies presenting the predilection of consumers for online shop-
ping [12,13] and for local organic food [14]. In addition, the changes in the food market
during and after the COVID-19 pandemic have been evaluated, and some directions were
evidenced: transparency and the tradability demand from consumers, the sustainable
development of the agri-food system, the support of traditional and authentic foods, and
digitalization for enhancing communication between actors [15]. However, it is important
to evaluate all these aspects in the mountain context, which presents many more particular-
ities compared to those of lowland areas and cities. Other studies reported the increased
interest of consumers in organic foods [14] obtained in less-polluted areas and without
agrochemicals and additives. Mountain products usually meet these criteria since they
are made on a smaller scale via extensive systems. Thus, it is important to outline the
advantages of these products that may contribute to food security and the local economy.
Based on the existing literature, some hypotheses can be noted:

1. The COVID-19 pandemic changed consumers’ behavior related to agri-food moun-
tain products.

2. Mountain products have an important potential for the development of the communi-
ties and the satisfaction of consumers’ demand for organic foods.

To our knowledge, the impact of the COVID-19 pandemic on mountain farmers, the
product market, and consumers has not yet been assessed, but there is the premise that
farmers, in general, must produce regardless of the context. They are the first ones who
have to produce food since this is their basic activity, besides the proper functioning of the
food chain being ensured. There is a gap in the literature regarding the synthesis of the
mountain agri-food products market in the post-pandemic context. Furthermore, there
is no review paper presenting consumers’ behavior related to mountain products during
the COVID-19 pandemic and post-pandemic eras. Such a synthesis would be helpful for
institutions to design and adopt food policies specific to mountain areas. Furthermore, this
information could help mountain farmers and producers to adapt their marketing strategies
and food quality to the consumers’ demand. Thus, the aim of this review was to summarize
the main characteristics of the global and Romanian post-pandemic food market, as well as
to underline the potential of mountain products and mountain agriculture in this context.
The paper comprises six sections apart from the introduction, methods, and conclusion:
the first section presents the food market in the post-pandemic period at global level and in
Romania; the second section is related to the evolution of the mountain products market in
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the post-pandemic era; the next section presents the importance of mountain products and
a case study supporting their potential; the last section presents the food democracy as a
model of food governance in the post-pandemic era.

2. Materials and Methods

Scientific publications were considered from the existing literature indexed in databases
such as Web of Science, Scopus, and Google Academic. After reading the abstracts, papers
that did not align with the aim of this research were eliminated. A total of 93 articles and
reports were included in this review after a thorough assessment of the abstracts and the
provided information. Only papers in English were considered and the complete papers
not available were excluded. The keywords used for the search included: *agri-food system,
*COVID-19 pandemic, *post-pandemic, *food system resilience, *sustainable development,
*mountain products, *food policy, *mountain agriculture, *food democracy.

A bibliometric analysis was conducted by using VOSviewer software (version 1.6.19,
Leiden University). A map based on textual data (Figure 1) was generated using data from
reference manager files with RIS extensions, specifically drawing from titles and abstract
sections. The full counting method was selected, with a minimum requirement of a term
occurring at least three times.
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Figure 1. Key elements network map. Figure 1. Key elements network map.

The keywords related to the COVID-19 post-pandemic situation of the food system
and mountain products were grouped into 11 clusters. The largest cluster, represented
with a red color, contains the most important elements related to the topic, with 30 items.
It is followed by the dark green cluster, comprising 29 items. The third cluster comprised
21 items, in dark blue, followed by the fourth cluster with 20 elements in light green, the
fifth cluster with 19 items in purple, the sixth cluster with 18 items in turquoise, the seventh
cluster with 16 items in orange, the eighth cluster with 14 items in brown, and the last one
with 12 elements in pink.
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The second map generated highlights the most significant authors who contributed to
the topic (Figure 2).
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The number of papers related to the food market in the post-pandemic era included in
this study is depicted in Figure 3, and the papers are grouped based on their publication
year. The highest number of papers was published after 2019.
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3. Post-Pandemic Food Market
3.1. The Global Post-Pandemic Food Market

The achievement of the second Sustainable Development Goal (SDG) which aims to
eliminate hunger by 2030, encountered complications due to the COVID-19 pandemic. The
food system requires immediate transformation to become sustainable. In this context, the
UN Food Systems Summit (FSS) aimed to “launch bold new actions, solutions and strategies
to deliver progress on all 17 SDGs, each of which relies on healthier, more sustainable and
more equitable food systems” [16]. It is crucial to support mountain farming beyond
industrialized agriculture because people in these areas possess essential knowledge on
sustainable livestock management [17]. One-third of the global food production is managed
by smallholder farmers, yet they face challenging working conditions that do not allow
them to earn enough income [17]. Hubeau et al. [18] summarized the pathways for food
system transformation, along with the necessary strategies and actions:

• Promoting innovations and chain-wide partnerships: establishing sustainability defi-
nitions for particular food chains, supporting financial innovations, and creating novel
distribution and business models [18];

• Supporting food system efficiency and resilience: establishing sustainability standards,
product differentiation, developing innovative food products, integrating modern
technology, implementing risk management systems, and diversifying markets [18];

• Closing mineral cycles and valorizing by-products: enhancing the relationship be-
tween agriculture and the food industry, efficiently using energy heat sources, and
valorizing waste [18];

• Promoting renewable resources: increasing the use of renewable sources and reduction
the use of depletable ones [18];

• Increasing transparency and promoting equitable relationships within the agri-food
system: supporting demand-driven production, cooperation with authorities to de-
sign/implement/supervise sustainable added value, and assessing the code of conduct
in the agri-food system [18];

• Supporting co-creation related to sustainable practices: developing community prac-
tices, linking best practices to innovation and research, and creating communications
platforms for agri-food actors and authorities [18];

• Valorizing food by raising community involvement: disseminating sustainable prac-
tices, communicating with consumers, enhancing working conditions within the
agri-food system, and encouraging co-creation within the organization [18].

The priorities addressed by the summits held in 2021 included the following: “the
development of inter-governmental and global institutional mechanisms to provide credible
and authoritative consensuses on scientific evidence to support decisive and effective
policies; the improvement of research efficiency and linkages across various scientific fields
such as climate, natural resources, food, health, and nutrition, to support multi-sectoral
policies; the implementation of robust synthesis and assessment processes to strengthen
the legitimacy of scientific advice through transparency that incorporates the perspectives
of low- and middle-income countries” [19]. There is a pressing need to translate the
research findings into policies within the agri-food system and to develop national solutions
that can be adapted to the global context by intensifying international cooperation [19].
The aspects for cooperation (namely target-setting, enhancing the promotion and use of
science to govern practice), as well as the principles for engagement between public and
private entities, should be thoroughly investigated, defined, and evaluated from a financial
perspective [19].

After more than two years since the global health crisis began, with its repercussions
affecting all areas, the food market, a fundamental component of our current society, has
undergone significant changes and is unlikely to return to its initial state. In the pre-
pandemic context, the food market was gradually experimenting with digitization. The
market for food products relied heavily on in-person shopping, as consumers preferred to
see, touch, taste, and smell fresh products and personally select their favorite items. While
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traditional trade of these products remains the most preferred choice, the online market
share has been steadily growing in recent years. However, during the pandemic and the
post-pandemic period, this shift accelerated significantly [20]. One of the reasons for this
change in behavior during the pandemic was the raised popularity of the internet and
the proliferation of smart devices, which facilitated the slow but sure transition to digital
commerce for food products. Furthermore, the modification of lifestyle and consumption
patterns, coupled with the time-saving convenience, contributed to the growth of online
food shopping [20]. As a result, the population became accustomed to this shift and formed
a habit of continuing to engage in online trading for traditional food products, even in the
post-pandemic period.

Online shopping offers great flexibility in meeting various needs while eliminating the
queues, the traffic jams, and increased costs. During the pandemic, a period characterized
by uncertainty, many people felt safer avoiding trips to the local grocery store and physical
contact with others. Stay-at-home recommendations and restrictions significantly boosted
online demand [12]. Consumers have two options for buying food online: “the business-
to-consumer (B2C) model or the online-to-offline (O2O) models” [21]. In the B2C model,
which is a traditional online shopping model, people make purchases on various web
pages and receive their parcel within a few days (usually 3–10), while the O2O is a newer
approach that combines online shopping with local businesses, where people buy the
desired food online and eat it offline [22]. During the COVID-19 pandemic, the food
delivery system experienced significant growth, with consumers utilizing third-party O2O
platforms and/or mobile applications to find restaurants and access a wide variety of food
products [21]. Li et al. [21] identified various factors influencing consumer behavior during
the pandemic, including technical and practical aspects, system related characteristics,
emotional and subjective factors, individual characteristics, products or service quality,
risk management, social influences, and food properties. Nielsen et al. [23] conducted a
study on consumer behavior related to food values, purchases, and eating habits during
the COVID-19 pandemic and concluded that the dieticians should consider the mental
and emotional status of individuals, as well as the period of lockdown, when providing
dietary guidance. Furthermore, the authors recommend supporting local food products
to promote healthy eating habits, sustainable development, and enhanced food systems
resilience in the post-COVID-19 era [23]. Consumer choices regarding food were found to
be influenced by health, social, and psychological factors, with an increased preference for
organic food, self-cooking tendency, health, and food quality and safety being reported [24].
Liao et al. [25] revealed that consumer demand for traceability information led to raised
government implications in pandemic control efforts, subsidies, higher demand, improved
traceability, enhanced human welfare, and increased consumer satisfaction.

The global food security chains were significantly impacted by the COVID-19 pan-
demic, resulting in substantial disruptions that sent shockwaves throughout the entire
supply chain, from manufacturing to the commercialization stage [26]. In their paper on
“Food security and disruptions of the global food supply chains during COVID-19”, Alabi
& Ngwenyama [26] proposed solutions to increase the resilience of global food security
chains: they recommended decentralization of the system, the use of commerce platforms,
adoption of cloud-based technology, achieving end-to-end supply chain visibility, and the
application of Industry 4.0 principles. Priyadarshini & Abhilash [27] put forward sugges-
tions to enhance resilience in the post-COVID-19 era in India: improving digitalization
and internet connectivity for local retail and shops in both cities and villages, providing
functional foods and immune supplements to the economically disadvantaged popula-
tion through government programs already implemented, and marketing of “planetary
healthy nutrition” to control food insecurity and improve nutrition security, guaranteeing
long-term sustainability in the food industry. In the post-pandemic period, innovations in
the food industry should be considered. Some of these innovations relate to the Industry
4.0 instruments, such as the Internet of Things, internet and communication technologies,
and blockchain technology, while others relate to novel ingredients and technologies like
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lab-produced meat, plant-based meat substitutes, and the utilization of a wide range of
by-products [28]. Additionally, the use of supplements to bolster the immune system to
support the recovery of COVID-19 patients, the digitalization and integration of artificial
intelligence in the food production, and education efforts aimed at emerging technologies
and accelerating initiatives are key directions for enhancing food system sustainability in
the post-pandemic era [28]. Serrano et al. [13] concluded that food delivery services and the
take-out system were vital for restaurants during the pandemic. The authors recommended
retaining technological solutions found for online and in-person food industry such as:
improving e-commerce food platforms and delivery services, facilitating contactless cards
payments, digitalizing services (such as online reservations, digital menus, QR code use),
implementing food and beverages traceability, and using air purifiers [13]. Furthermore,
the stringent food quality control practices that were adopted during the pandemic to
reduce virus spread and enhance consumer trust should be kept for an extended time [13].
Guiné et al. [14] studied consumer behavior in Portugal and Turkey and found that people
prefer to buy organic vegetables, fruits, dairy products, and wild fish from captures mainly
due to the absence of chemical pesticides and fertilizers, the smaller environmental impact,
the positive effects on health and farmer welfare, the convenience of proximity to home,
awareness of the sustainability of organic food, and its perceived higher value.

Food system resilience is defined as “something more akin to flexibility, the ability
to respond to disruption in a way that leaves the functioning of the entire food supply
chain system unaffected” [29]. Various strategies proposed by the research community to
increase food system resilience in the post-pandemic period are presented in Table 1. The
assessment of food chain resilience can involve the consideration of multiple indicators,
including household food insecurity access measures, the degree of household dietary
diversity, z-score, the presence of mycotoxins after harvest, post-harvest mass losses, losses
of nutritive compounds in food, the presence of agro-chemicals in agri-food products, price
volatility indices, food by-products [30], etc. The adoption of agroecology in mountain
areas and the preservation of agrobiodiversity can contribute to bolstering the resilience of
the agri-food system [31].

Table 1. Strategies to increase food system resilience in the post-pandemic era.

Region Focus Proposed Strategy References

Worldwide
Impact of the COVID-19 pandemic on

food security and resilience of local
food systems

- acquiring capacities like assets, savings, etc.
- access to insurance;
- improved access to information

for stakeholders
- better cooperation between

community members;
- higher inclusion level and greater expectancies

and self-efficacy of the community actors;
- evaluation of the potential ripple effects when

a part of the food system is affected.

[30]

India Suggestions to increase agri-food system
resilience after the COVID-19 pandemic

- marketing of healthy diet habits;
- valorization of underutilized wild crops;
- development of decentralized heating,

ventilation, air conditioning systems based on
regenerable energy for food storage;

- encouraging proper crop diversification with
price assurance;

- digitalization of the agri-food system;
- promotion of nutraceuticals, functional foods,

and herbs consumption;
- encouraging volunteering and local

food production.

[27]
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Table 1. Cont.

Region Focus Proposed Strategy References

North America
Impact of the COVID-19 pandemic on

food security and global food
supply chains

- digitization of global food supply chains;
- a good balance between the existing

governmental policies for COVID-19
pandemic effects diminishing and creation of a
long-term base for food supply
chains resilience;

- development of online shopping platforms;
- end-to-end supply chain transparency;
- Industry 4.0 instruments application;
- use of cloud technology to increase

interoperability and data management;
- system decentralization to reduce transport

and storage costs and to diminish
environmental impact.

[26]

Europe
Sustainable food supply chains

contribution to agri-food system
changes in the actual context

- combination of short with long food
supply chains;

- increase community’s self-sufficiencies.
[32]

Latin America Food policy after the COVID-19
pandemic in areas of indigenous people

- increase community access to public goods
such as novel technologies, irrigation systems,
roads, transport, etc.;

- accessibility of financing programs, and
productive resources;

- development of local biodiversity;
- food quality control;
- development of food marketing instruments;
- development of consumer’s

feed-back instruments.

[2]

Italy
Roman Solidarity Purchasing Groups’
contribution to food system resilience

during the COVID-19 pandemic

- implementation of Solidarity Purchasing
Groups to increase products handling
flexibility and local producers’ remuneration.

[33]

China and United States Resilience of household food system in
the COVID-19 pandemic context

- increase agri-food system sustainability;
- reducing food losses and waste. [34]

China Evaluation of food system resilience
during the COVID-19 pandemic

- promotion of traditional and
ecological products;

- support of wild food environment;
- implementation of ecological agriculture by

supporting landscape diversity;
- production and consumption of local

agri-food products.

[35]

Throughout history, physical shopping has been regarded as a pleasant experience
with its inherent advantages. However, when we analyze the cost–benefit ratio, online
commerce maintains its advantages. Buying groceries online, especially in our increasingly
busy and fast-paced world, remains the easiest and quickest alternative for obtaining
groceries. It is highly unlikely that people will abandon this habit once they have become
accustomed to these conveniences, and over time these practices will become deeply
ingrained habits [36]. The COVID-19 pandemic and post-COVID-19 period continue to
reshape the food market permanently. There are several directions outlined for the post-
pandemic era, as illustrated in Figure 4: a growing demand for transparency, encompassing
an end-to-end perspective to satisfy discerning consumers and assess critical aspects in the
food industry; the promotion of sustainable development and purpose-driven consumption
that impacts the environment, society, and human health; emphasis on authenticity by
promoting traditional and high-quality authentic products; increased digitalization to
optimize the interaction between consumers and the seller [15].
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However, farmers alone may lack the capacity to address the challenges of sustainable
agri-food system development, thus it is necessary to create effective public–private part-
nerships across the agri-food value chain [37]. Hege et al. [38] asserted that urgent measures
must be taken by authorities and community members to promote collaborations among
stakeholders in the food chain, to provide financial support for healthy foods, encourage
policy flexibility in nutrition programs, and develop community-based models involving
various stakeholders.

3.2. The Romanian Post-Pandemic Food Market

Today, there is a growing awareness among the population about the importance of a
healthier lifestyle, which is increasingly reflected in the interest in a more natural and health-
ier diet [39]. Historically, the food market has been negatively affected during pandemics
and epidemics, often resulting in disastrous consequences for food consumption [40].
The COVID-19 pandemic had particularly adverse effects, especially for financially dis-
advantaged individuals, impacting food security. The food system comprises farmers,
processors, traders, distributors, and consumers, with these key actors interacting across
various stages of the food chain, including production, storage, processing, distribution,
and transport [30,41,42].

Short supply chains are viewed as innovative and in a continuous process of rein-
vention [32]. Since the communist period, short supply chains have served as a survival
solution for urban populations. During that era, people sourced their supplies from rela-
tives, friends, or small farmers in the countryside, benefiting both sides [43]. Today, this
system is well-established and can be defined as a “system of production, processing and
marketing aimed at ecologically sustainable means and methods that govern economic, so-
cial, environmental and health benefits for local communities” [44]. The current COVID-19
health crisis through which we have all lived did not have as detrimental an impact on the
food market. On the contrary, it proved to be functional due to the presence of these short
supply systems within local communities.

The crisis situation fostered trusting relationships between local producers and end
consumers, which will likely contribute in the future to food safety and security. Moreover,
food produced and supplied by small local producers and marketed through these short
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chains is perceived as a healthier alternative [44,45]. Existing literature in this field reports
and analyzes the success factors of short supply chains with all types of products, particu-
larly dairy products [46]. Most authors have identified the primary critical success factor in
the short food supply chain as the traditional specificity of local brands, the natural and
ecological aspects, direct and reciprocal relations between producers and consumers, safety
and traceability, specific local craftmanship, culinary and cultural heritage, cooperation,
and consumer health assurance [47]. In a study by Burlea-Schiopoiu et al. [48], the impact
of food delivery applications on Romanian consumers’ behavior was examined, and the
authors recommended the implementation of consumer loyalty strategies, underlying the
great visibility of such applications reflecting the consumers’ empathy and loyalty driven
by their convenience and money-saving characteristics.

Social distancing rules imposed during the COVID-19 pandemic have boosted online
shopping around the world, driving the digitalization trend. In 2020, online products
purchases rose by 30% compared to 2019, while retail sales decreased by 17.9% [49]. This
trend has been most notable in the food supply chain [50]. Furthermore, digital technolo-
gies have been successfully employed by farmers to satisfy the changing preferences of
consumers or even restaurants [49]. Romania also experienced a major increase in online
deliveries during the pandemic and the post-pandemic period, rising by over 30% [51,52].
Around 44% of Romanians made online purchases during the pandemic, with Romania
ranking a lower position in the European Union compared to the Netherlands, Denmark,
and Sweden with respective figures of 94%, 92%, and 89% [53].

Several authors investigated the importance of traditional products in the context
of the COVID-19 pandemic and consumer preferences for purchasing them. Key factors
influencing consumer behavior during the COVID-19 pandemic with respect to traditional
products were: the effect on health, the ease of online purchasing, the taste, the effects on
the environment, contribution on the local or national economy [50]. The production and
consumption of traditional foods are often linked to geographical identity [54]. For example,
in the Dorna area, the Emmental type cheese is known as “Schweitzer de Dorna” [55].
Authenticity and origin are typically the hallmark qualities of traditional products, which
simultaneously contribute to their cultural and economic renown, thus supporting local
agricultural economies [56]. Traditional products are regarded as a model of identity,
culture, and heritage passed down through generations, making significant contributions to
the sustainable development of rural mountain areas [57]. The Romanian village associated
with food traditions is closely connected to archaic production methods, featuring specific
local ingredients and recipes that contribute not only to the local economy but also to the
environmental preservation [58]. Consequently, the pandemic period spurred the search
for these products directly from the producers or farmers.

There is a clear need to implement government programs to support mountain farmers.
However, it is worth nothing that the role of farmers in decision-making entities within the
traditional food supply chain in mountainous areas is relatively weak. Despite being the
primary providers of raw product, they often rely on other actors in the supply chain for
selling their products.

4. Mountain Food Market in the Post-Pandemic Period

Worldwide, food consumers are experiencing an increasing awareness of the food
they eat and the water they drink, along with their health effects [59]. This heightened
awareness has led to a shift in the modern lifestyle, where consumers are no longer inclined
to favor processed foods laden with numerous additives. Instead, there is a growing
interest in mountain food products due to their natural characteristics and high nutritional
quality [60,61]. Certified mountain products hold significant market potential (Figure 5)
and have gained substantial attention from consumers in recent years. These products offer
a more complex sensory and nutritional profile, delivering benefits not typically found in
other products, with their quality being largely influenced by the environment, climate,
and processing conditions [62].
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Sustainable Development Goal (SDG) 2.4 underscores the importance of ensuring
“sustainable food production and resilient agricultural practices by 2030” [63]. The pan-
demic has boosted the vulnerabilities of mountain communities, whose main occupation
is agriculture. Kumar et al. [63] investigated the vulnerability of small farmers in moun-
tain areas in India, considering the pandemic and other challenging circumstances. Their
findings highlight the pressing need for policies aimed at enhancing ecosystem resilience
in mountainous regions. They also recommend harnessing artificial intelligence to im-
prove efficiency and assist mountain farmers in addressing various challenges in different
contexts (Figure 6).

Govinda Gowda [64] conducted a study on the effects of COVID-19 pandemic in
Bangalore, India, and concluded that people were significantly affected by the economic
consequences of the pandemic, rather than medical issues. This highlights the necessity for
policies aimed at mitigating the economic and financial difficulties in the post-COVID-19
period. A case study conducted in the Mount Bromo region, Indonesia, reported that
the small-scale farmers developed a mechanism to raise their welfare and secure their
family’s economic situation during the COVID-19 pandemic through a rational choice:
people owning small land diversified their workplaces by doing off-farm and non-farm
activities, others focused on livestock raising, while some individuals even provided
support services for tourism [65]. In the mountain province of the Philippines, people faced
income lowering, limited farm inputs, deterioration, and oversupply of vegetables during
the pandemic [66]. To help farmers overcome these difficulties, the authors proposed
solutions such as community trainings, quality control of the local food, trainings in food
processing and preservation to reduce food waste and to ensure food safety, and the
establishment of a local food storage facility or a food bank for preserved food [66].

In a study on consumers’ behavior in of the Sibiu region of Romania, it was found that
the main factors influencing people’s buying decisions were related to food properties, ori-
gin, freshness, sensory profile, traceability, and reliability; young people were particularly
awareness of health, and food composition [67]. During the COVID-19 pandemic, young
people limited their interaction with others and experienced a certain level of stress and
anxiety which led them to order food online [67]. The same authors asserted that short
food supply chains can serve as examples of best practices for changing the food system to
meet sustainability requirements. Research conducted by Covaci et al. [68] revealed that
the COVID-19 pandemic stimulated the honey and apiculture products market, with the
Manuka and mountain honey being preferred as people recognized the beneficial effects of
honey consumption in the COVID-19 context. Cattivelli [69] presented a decision support
system that calculates the food self-sufficiency cities in South Tyrol with urban gardens.
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The study areas were selected based on the impact of changes in the food industry in the
context of food insecurity and COVID-19 mobility. The results indicated that this tool
can be used for food planning, determination of the ‘foodprint’ and land suitability, and
achieving people’s food self-sufficiency. One of its most important advantages is the frame-
work created that encompasses all stages of the food chain and territorial characteristics,
including the morphological and climatic properties of the area of implementation [69].
Restructuring the food industry in the mountainous area studied is necessary, along with
the application of social innovation strategies in cooperation with the community members.
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5. Supporting Mountain Agriculture to Grow the Agri-Food Market with
Healthy Products

The effective consumption of typical mountain products significantly contributes to the
sustainability of local economies in mountain areas.. Consumers’ preference for products
with sustainable production characteristics consistently centers around key features: a
mountain product label with “mountain product” certification, ecological certification, and
specific information on animal welfare [70]. In the European Union, some products are
certified as Protected Designation of Origin (PDO), or Protected Geographical Indication
(PGI), the Guaranteed Traditional Specialty label (STG) or the optional term “Food from
the mountains” [71]. These quality labels enable producers to preserve the integrity of
traditional food and avert falsification, while also allowing them to convey products’ quality
attributes to consumers [72].

Incorporating territorial and traditional values, local food products contribute to the
sustainable evolution of local economies, especially in most the developed areas within
mountainous regions [73]. Unfortunately, in recent years, the environment, rural economy,
and cultural heritage have been adversely affected by depopulation in mountains, leading
to the destruction of pastures and meadows in these areas [70].

Consumers have developed an idealized perception that includes mountain green
spaces, clean air, crystal clear waters, traditions and cultural identity, and traditional prod-
uct processing, which leads them to choose traditional, healthy mountain products [74].
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European mountain product certifications aim to promote the production boost in the
economies of disadvantaged areas, especially in those mountain regions [75]. However,
these certifications do not always fully align with the options available to producers in
mountain areas; the high cost associated with PDO or IGP labels deters many farmers
from adopting them [76]. That is why the European Union (EU) introduced the optional
label “mountain product” which was regulated by the European Commission in 2012. The
goal was to facilitate and promote the development of agricultural systems and mountain
economies, as well as the sustainable development of the entire food chain [77]. Farmers
who trade their products with the “mountain product” label have influenced and strength-
ened consumer behavior regarding ecological mountain products [78,79]. In the EU, more
than a third of production with a geographical indication originates in mountain agricul-
tural regions, with 50–75% being cheeses with the designation of protected origin DOP [76].
These cheeses are typical, inherent to the mountain territory, traditionally and historically
produced by grazing animals in diverse natural mountain meadows and hayfields [70].

Mountain agriculture operates on a smaller scale compared to conventional agricul-
ture, making it better suited to penetrate niche markets due to its more limited economic
capacity [80]. The most suitable approach for farmers and local producers in mountain
areas is to utilize the “mountain product” label, as it is the most recommended tool for
entering the food market, offering the opportunity to launch these products and justify
an adequate pricing [80]. Bentivoglio et al. [81] contend in their work that the mountain
product label can support the local agricultural economy, enhance mountain territories, and
protect the origin of mountain products, biodiversity, and the environment. The Euromon-
tana association also asserts that mountain products contribute to traceability, biodiversity
conservation, and environmental quality, while contributing to the connection of mountain
products with environmental protection. Traditional mountain agriculture is perceived by
consumers as a system that ensures animal welfare and holds significant interest [82,83].

Case Study of the Bioalpin Cooperative in Tyrol

The potential of mountain food products is exemplified in the case study of the Bioalpin
cooperative from Tyrol. The cooperative was founded in 2002 as a regional platform for
organic food products sourced from small farms and it sells a complete range of mountain
products by using its own brand, Bio vom Berg, which translates to “organic from the
mountain” [84]. About 60% of the Bioalpin turnover is generated through the regional
supermarket MPreis which primary stocks products from Tyrol and adjacent regions, giving
preference to Bioalpin products over other organic brands. The Bioalpin cooperative offers
a large range of food products like fruits and vegetables, eggs, cereals, meat products,
honey, and herbs, with an emphasis on milk and dairy products [85]. The sales volume of
Bioalpin increased from EUR 672 000 in 2003 to EUR 14 million in 2022 [84,86], making a
substantial contribution to the local economy. The cooperative members are small dairy
producers, producer groups, and individual farmers, with more than six hundred small-
scale farms associated to Bioalpin. In addition to income coming from the cooperative,
farmers also earn money from off-farm employment, public payments, and complementary
direct sales [85]. The cooperative ensures access to a large retail chain and supports the
functioning of artisanal factories. Thereby, Bioalpin not only gives financial benefits to
small-scale farmers but also contributes to the development of a network of local processing
and trading units that help the local economy [84].

The Bioalpin cooperative manages both the horizontal and vertical levels of the supply
chain; the horizontal one ensures enough quantities of goods and the use of collective
packaging, while vertical coordination implies price negotiations, established volumes,
and retailer implication in the product range and innovation [84]. As an example, for dairy
producers, horizontal coordination has the advantage of creating a collective identity and
decreasing competition among members by specializing each dairy in a small number of
product types carrying on the same collective label. This allows them to become more
professional and to increase their specialized know-how. In vertical coordination, the
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cooperative empowers members and users of the Bioalpin brand to negotiate the prices
with MPreis as a function of the cost calculations [85].

The Bioalpin cooperative increased its network by applying a “multiplicative growth”
base on long-term relationships, resulting in costs diminishing. Furthermore, the purpose of
Bioalpin is to enhance conditions for all its participants, not to get the maximum profit [84].
By extending and increasing its turnover, the cooperative has enabled the development
of the central hub in a professional way. This fact allows small farmers to focus on their
own management and raises product differentiation [84]. This example of good practices
in Tyrol could serve as a model that can be adapted in many other mountain areas in the
world. It is important to document all the particularities of each region and develop support
programs for traditional product manufacturing and trade. This case study underscores
the significant potential of mountain products in contributing to regional economies and
overall well-being.

6. Food Democracy—A Model of Food Governance in the Post-Pandemic Period

Given that the food system faced significant challenges during the pandemic, food
security has been limited, partly due to long supply chains with little flexibility. A new
system oriented towards food democracy offers opportunities for both consumer producers
to participate in building food systems that are as sustainable as possible and support
alternatives for how food is produced and consumed [87]. The term “food democracy” was
created in 1999 by Lang [88]. Petetin [87] noted that food democracy creates the base for
creating an alternative and transformative food system, to stimulate consumers to seek and
choose sustainable food systems that reflect common values. The ability of individuals to
make choices about where and how they purchase food reflects the degree of control that
consumers can exert over food systems [89]. Due to the restrictions introduced during the
COVID-19 pandemic, small family farms experienced significant growth, with demand
surging for various products, especially among rural households [87]. Today, agricultural
producers and small stores have demonstrated a great degree of resilience and adaptability
to manage the increased demand. This alternative approach to food consumption, in which
consumers have the opportunity to choose what they put on their plates, transforms them
from “consumers” into “active citizens” and food democrats [90].

The food safety policy of many countries aim to design future global food security
and safety policies and strategies based on the best and most nutritious foods, while
discouraging unhealthy options through relentless promotion in the mass media [91].
Buying food directly from small local farmers reflects much healthier and more nutritious
food consumption, with far-reaching implications for public health over the long term [87].
Engaging in activities such as gardening by growing different varieties of vegetables,
raising poultry, rabbits, or other animals enhances food security and provides alternatives
for individuals with varying incomes [92].

Food democracy offers the potential to restructure the food supply chain centered
on dairy and regional products, fostering stronger networks between commercial and
local farmers. Once the COVID-19 health crisis subsides, there will be a need to create
new strategies to improve democratic agri-food systems. Governments should provide
greater financial support to small family farms, as they play a crucial role in food security,
revitalization of the cultural landscape, rural tourism, and recreational activities, which
are job-generators activities. Small family farms also maintain a harmonious relationship
with the environment, fostering greater biodiversity with more habitats, which enhances
the rural landscape [93]. The COVID-19 pandemic promoted the transformation of food
supply chains, making them more sustainable, resilient, and democratic, while the post-
pandemic period created a powerful framework for a food democracy, with a focus on
locally and regionally sourced food and the promotion of natural and healthy products’
consumption [87].
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7. Conclusions and Further Research Directions

People’s established habits have been significantly affected by the COVID-19 pandemic.
The emerge of the new coronavirus has instilled fear and prompted a shift from a normal
lifestyle to a more protective one. This change in behavior has influenced consumer
preferences, particularly towards online shopping, which offers various conveniences such
as cashless transactions, home delivery, and access to a wide range of products that are
no longer readily available. The current COVID-19 crisis should prompt us to explore
the challenges and opportunities in order to make informed decisions about the future
of agriculture and food systems. Many consumers have embraced online ordering and
direct purchasing from manufacturers. In the future, small-scale producers will play a
particularly important role in the production of healthy food, especially in mountain
regions. These areas often rely on individual households for animal husbandry, and short
supply chains for mountain products are emerging as a promising solution. These chains
ensure a market where consumers are increasingly conscious of the quality of life, food
security, safety, and overall food health. It is essential to develop food policies that support
mountain agriculture, involving public authorities, producers, and community members.
Private-public partnerships and financial aid for farmers would be helpful in supporting
the shift toward sustainable agri-food systems. Further research should focus on evaluating
the effectiveness of policies implemented in the post-pandemic period with the goal of
enhancing food security and community resilience. Furthermore, mountain areas require
closer examination as awareness grows regarding the availability of healthy and sustainable
products in these regions.
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Abstract: Northwest China has experienced dramatic changes in agricultural land area in recent
years. The effects of these changes on carbon storage are unknown, and this ambiguity hinders
land development policies related to carbon emissions. In this study, we evaluated the effects of
annual cropland changes (expansion and abandonment) during 2000 to 2020 on carbon storage in
Northwest China by using land use data, carbon density data, and statistical yearbooks using the
Intergovernmental Panel on Climate Change (IPCC) method. The results indicated that the area of
cropland increased by 1.47 × 106 ha from 2000 to 2020, in that the area of cropland expansion and
abandonment are 3.58 × 106 and −2.11 × 106 ha, respectively. Cropland expansion was mainly from
other land and grassland, and the conversion of cropland to grassland made up the largest proportion
of cropland abandonment, followed by built-up land. The cropland changes resulted in a total carbon
sequestration of 4.05 Tg (0.20 Tg C year−1), including a 17.66 Tg decrease and 21.71 Tg increase in
carbon storage due to, respectively, cropland expansion and cropland abandonment, in which the
conversion of forest to cropland (−8.60 Tg) and cropland to forest (11.16 Tg) were the main causes of
the increase and decrease in carbon storage. Specifically, regional carbon storage due to cropland
changes exhibited an increasing variation characteristic during 2000 to 2007, a gradually decreasing
variation characteristics during 2007 to 2014, and fluctuated stabilization since then (during 2014
to 2020). In addition, the highest carbon emission was found in Xinjiang (−3.68 Tg), followed by
Ningxia (−0.21 Tg) province, while Shanxi (3.44 Tg), Gansu (3.17 Tg) and Qinhai (1.33 Tg) had carbon
accumulation. Overall, cropland changes acted as a carbon sink in Northwest China from 2000 to
2020. We suggest that the development of high-carbon-density lands or the conversion of low-carbon-
density lands are critical to increasing future carbon sequestration due to cropland change.

Keywords: abandonment; area; carbon sequestration; expansion

1. Introduction

Land-use and cover change (LUCC), as the direct driver of human activities disturbing
natural ecosystems [1], is one of the critical sources of greenhouse gas emissions to the
atmosphere, with direct or potential impacts on global climate [2]. It is estimated that
LUCC lead to 145 ± 16 Pg C of carbon emissions between 1850 and 2020 and accounts for
approximately 10% of all anthropogenic carbon emissions [3]. The change of agricultural
land area is the most widespread form of LUCC [4]. It is reported that global cropland
expansion accelerated over the past two decades, with a near doubling of the annual expan-
sion rate [5]. Furthermore, cropland abandonment has become a universal phenomenon of
the economic development in the world [6]. It can clearly be seen the cropland patterns
have changed substantially, and these changes consequently affected the carbon balance in
terrestrial ecosystems [7,8]. For example, it is reported that greenhouse gas emissions due
to cropland expansion accounted for about 25% of global greenhouse gas emissions [9].
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Over the last 20 years in China, large areas of cropland have been lost due to urban
expansion because of rapid industrialization and urbanization that began in 1980s [10,11].
Further, agricultural expansion claimed additional areas, including those in arid regions,
due to the increasing demand for food [12]. The effects of this later expansion on carbon
emissions cannot be ignored. It estimated that the total carbon emissions from cropland
expansion in China ranged from 2.94 to 5.61 × 103 Tg during the past 300 years [13].
However, China’s carbon emissions have risen sharply with rapid industrialization over
the past 30 years, making it the world’s largest emitter of CO2 [14,15]. At present, China is
facing global pressure to reduce carbon emissions, and it pledged to strive for the reversal
of increasing carbon emissions by approximately the year 2030. Therefore, it is of critical
importance that the impact of cropland changes over the past 20 years or so on carbon
stocks in terrestrial ecosystems is clearly determined, as it will serve as the baseline for the
future optimization of the agricultural land-use structure that will be used to relieve the
present pressure of carbon emissions.

Uncertainty characterizes current estimates of impacts of cropland changes on car-
bon budgets for distinct types of conversions alike, due to the diversity of associated
environmental and anthropogenic factors [16,17]. For example, conversion from forest
and grassland to cropland often leads to a major loss of carbon because carbon density
decreases [18,19]. Nevertheless, there are also rare cases in which converting natural land to
cropland can actually increase carbon storage if the productivity of the ensuing cropland is
substantially greater than that of the prior natural land cover. For example, the conversion
from sparsely-covered grassland (e.g., desert grassland) to cropland may lead to an increase
in carbon pool [20]. However, the current literatures to date tends to concentrate exclusively
on the effects of a single type of cropland expansion or abandonment on carbon budgets.
Additionally, research to assess the effects of LUCC on carbon budgets at varying scales
has resulted in the development of some commonly used methods [3,21]. At regional
or global spatial scales, empirical statistical models (e.g., bookkeeping), remote sensing
models (e.g., CASA) or process-based ecosystem models (e.g., TEM and LPJ) are usually
used for evaluating the effects of LUCC on carbon budgets [22–25]. However, the accuracy
of the representation of both the temporal evolution and spatial heterogeneity of carbon
storage with modeling approaches is limited by the availability of land use data, and most
of the estimates of carbon storage are based on long time intervals rather than annual
intervals [22]. Hence, more precise and annual information on LUCC is needed to analyze
the annual temporal evolution of carbon budgets.

Northwest China, characterized by an arid and semi-arid climate, is known for its
long history of irrigation dependence [26]. Over the past 20 years, the use of agricultural
water and soil resource reached unprecedented levels in Northwest China to accommodate
population growth and the continuous expansion of urbanization [27,28]. For instance, the
process of oasis development was greatly promoted, resulting in the expansion of artificial
oasis areas (cropland landscape with large-scale desert background) from 2.1 × 105 to
10.4 × 105 ha [29]. However, carbon budget estimates of land cover change in arid and
semi-arid areas at regional scales are still under-represented in these efforts. Therefore, in
this study, LUCC data from 2000, 2010 and 2020 were selected due to the cropland transition
phenomenon having been very apparent in Northwest China over the last 20 years or so.
Land use data and annual statistical yearbook data were combined to quantify temporal
and spatial dynamics in cropland expansion and abandonment throughout Northwest
China. Then, we calculated annual carbon storage induced by cropland expansion and
abandonment from 2000 to 2020 by matching different vegetation carbon density and
soil carbon density of soil types to the annual area of cropland conversion. The aim of
the present research was to analyze annual temporal evolution and spatial variability in
carbon storage induced by cropland expansion and abandonment in Northwest China,
and provide an example to calculate land-use change data year by year when there are no
more time-frequency land use data available. We hypothesized that the cropland biomass
carbon after cropland expansion was zero since crops are harvested each year as their
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carbon is quickly returned to the atmosphere via oxidation (burning or decomposition),
which does not represent a permanent C stock [8], and the changes in cropland pattern
would therefore result in a carbon sequestration. The results of this study can provide a
reference for rational land-use management based on assessment of annual regional carbon
storage in areas that may have previously been overlooked, which is conducive to stable
and sustainable development in arid and semi-arid regions.

2. Materials and Methods

The overall approach used in this study consisted of two parts. The first part includes
land use data and provincial statistical yearbooks for calculating annual area of cropland
change, and mapping spatial distribution. The second part involves vegetation and soil
carbon density data combined with the area of annual change in cropland for calculating
carbon storage. The structure of this study is shown in Figure 1.
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2.1. Study Area

This study was performed in Northwest China (73◦15′ E–111◦15′ E, 31◦32′ N–49◦10′ N),
located in the innermost part of the Eurasian continent [30]. Administrative divisions in
this area include Xinjiang, Qinghai, Gansu, Ningxia and Shanxi provinces, accounting
for 32.2% of the total land area of China, and an area of approximately 3.10 million km2

(Figure 2). In Northwest China, there are four climate types from south to north: subtropical
monsoon climate, temperate monsoon climate, temperate continental arid climate and
plateau mountain climate. Most of the area exhibits a typical continental climate, with
very low mean annual precipitation (below 250 mm), mean annual temperature from −2
to 19 ◦C [31], and annual evapotranspiration ranging from 225 to 285 mm [32]. The main
land cover types in this region consist of temperate evergreen forest (i.e., Picea spp., Abies
sibirica, etc.), temperate deciduous forest (i.e., Populus, Betula, etc.), temperate shrub land
(i.e., Haloxylon, etc.), grassland (i.e., alpine meadow and desert steppe), cropland (i.e., oasis,
etc.), built-up lands, bare land and basins [33]. The natural landscape changes from east to
west from forest and typical grassland, to a grassland-desert and desert; vegetation cover
shows a gradually decreasing trend. Most of the rivers are inland rivers, including the
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Tarim River, Irtysh River, Ili River, Manas River, Heihe, etc., of which the Tarim River is
the largest inland river in China. The development of agriculture is mainly for irrigated
agriculture with the famous Hetao Plain, Ningxia Plain, and Hexi Corridor, etc.
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2.2. Data Sets and Pre-Processing
2.2.1. Land-Use Category and Area

We used a land-use dataset for 2000, 2010 and 2020, derived from the Land Cover (LC)
project of the European Space Agency (ESA) Climate Change Initiative (CCI) Climate Re-
search Data Package (CRDP) (https://www.esa-landcover-cci.org/ (accessed on 1 January
2022)), with a spatial resolution of 300 m. The Land Cover Classification System (LCCS)
proposed by the Food and Agriculture Organization (FAO) of the United Nations was
adopted. The land-use dataset was used as follows: (1) The change is detected between
CCI land cover classes (the original 22 land-use types) grouped into the six IPCC land
categories according to Land Cover CCI product user guide: cropland, forest, grassland,
water, built-up land, and other land (see Table S1). (2) Two land-cover transition matrixes
were derived from three periods (2000, 2010 and 2020) of land-use images (Figure S1) for
the purpose of calculating the area of cropland expansion and abandonment during 2000
to 2010 and 2010 to 2020. (3) The spatial analysis tool “overlay” in Arcgis 10.2 was used
to visualize and analyze the distribution of cropland expansion and abandonment for the
years 2000 to 2010 and 2010 to 2020. (4) Accuracy assessment was quantitatively described
by sub-pixel fractional error matrices and Kappa coefficient. In this study, 600 sample points
were randomly selected in the study area and superimposed with the images in Google
Earth Pro to verify the properties of land-use types and establish accuracy assessment in
Northwest China. For 2000, 2010 and 2020, the accuracy of the main types of cropland
in Northwest China is 83.2%, 85.1% and 84.6%, respectively, and the overall accuracy is
70.2%, 71.1% and 70.9%, respectively, while the Kappa coefficient is 0.753, 0.769 and 0.786,
respectively, which meet the requirements of this study.
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2.2.2. Annual Area of Cropland Change

Land use data acquired from remote sensing images can reflect the spatial and tempo-
ral patterns of LUCC, but not the annual area of LUCC. Therefore, in this study, the annual
provincial statistical yearbooks (http://data.cnki.net/ (accessed on 1 January 2022); see
Table S2) were combined with remote sensing data with high spatial resolution to obtain
the annual cropland reclamation and transfer area in five northwestern provinces from
2000 to 2020.

The annual cropland expansion and abandonment area (annual cropland expansion
area was defined as a positive value; annual abandonment area was defined as negative
values) in the study period was calculated using the following equations:

∆S = (S1, S2, S3 . . . , Sn) (1)

where ∆S is annual cropland area matrixes, Si is annual cropland area (ha), and i = 1 . . . n.

∆SIC = (∆S1, ∆S2, ∆S3 . . . , ∆Sn−1) (2)

where ∆SIC is the annual increase in cropland area due to expansion, ∆SICi = ∆Si+1 − ∆Si
(ha), and i = 1 . . . n − 1. Considering that ∆SIC may be <0, and annual increase in cropland
area was defined as positive values, it was necessary to smooth and revise the annual
increase in cropland:

∆SIC
′ = (∆S1 + |∆SICmin|, ∆S2 + |∆SICmin|, ∆S3 + |∆SICmin| . . . , ∆Sn−1 + |∆SICmin|) (3)

PIC = (∆SIC1
′/sum(∆SIC

′), ∆SIC2
′/sum(∆SIC

′) . . . , ∆SICn−1
′/sum(∆SIC

′)) (4)

where PIC (%) is the coefficient of annual increase in cropland area due to expansion. The
calculation method of PDC (%) (the coefficient of annual decrease in cropland area due to
abandonment) is similar to PIC (%), except that the Formula (2) is changed to the following:

∆SDC = (∆S1, ∆S2, ∆S3 . . . , ∆Sn−1) (5)

where ∆SDC is the annual decrease in cropland area due to abandonment, and ∆SDCi =
∆Si−∆Si+1 (ha). The subsequent calculation method is the same as in Formulas (3) and (4).

The annual area of cropland expansion or abandonment (ha) was obtained by multi-
plying PIC (%) or PDC (%) by cropland expansion or abandonment area (ha) from two land
cover transition matrixes for the years 2000 to 2010 and 2010 to 2020. The annual area of
different types of cropland conversion was obtained by multiplying PIC (%) or PDC (%) by
different types of cropland conversion area (ha) from two land cover transition matrixes for
the years 2000 to 2010 and 2010 to 2020.

2.3. Calculation of Changes in Carbon Storage Induced by Cropland Change

Carbon storage induced by cropland change was calculated with the following
equation [34]:

∆C = ∆VC + ∆SOC (6)

where ∆C (Tg) represents the change in carbon storage caused by cropland change; ∆VC
(Tg) represents change in biomass carbon storage; ∆SOC (Tg) represents the change in soil
organic carbon (SOC).

2.3.1. Calculation of Change in Biomass Carbon Storage

We obtained vegetation carbon density information for each land-use type (Table 1)
from published literature [35]. Changes in biomass carbon storage caused by cropland
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change was calculated with the following formula [34], and belowground biomass was not
included in the calculation:

∆VC =
i

∑
1
[ (VDA f teri −VDBe f orei)× ∆ATo−otheri ] (7)

where VDA f teri and VDBe f orei (t C ha−1) represent carbon density in vegetation for land
use i after and before the conversion, and ∆ATo−otheri (ha) represents the area of land use i
converted to another land type.

Table 1. Vegetation carbon density in each land cover type.

Land-Use Type Forest Grassland Cropland Water Built-Up Land Other Land

vegetation carbon density (t C ha−1) 79.22 3.46 5.70 0 0 0.55

2.3.2. Calculation of Changes in Soil Carbon Storage

For analytical purposes all land in a given stratum should have common biophysical
conditions (e.g., soil type). We obtained the soil carbon density of each soil type from the
1:1,000,000 soil-type map of the China Second National Soil Survey (Table S3). Based on
soil carbon density and the impact factors for soil carbon change [36] (Table 2), we applied
the Tier 1 method from IPCC (2006) to calculate soil carbon storage caused by cropland
change using the following formula [34]:

∆SOC = ∑i,s (SDi,s × Fimpacti,s × ∆Ato−otheri,s) (8)

where SDi,s represents soil carbon density for land-use type i with soil type s; ∆ATo−otheri,s
represents the transformed area of land-use type i with soil type s; and Fimpacti,s represents
the impact factors of SOC change during cropland change (Table 2) [36].

Table 2. The impact factors of SOC change in cropland change.

Items Forest Grassland Other Land Cropland

Forest - - −27%
Grassland - - −20%
Other land 80%
Cropland 90% 100% −20% -

3. Results
3.1. Spatio-Temporal Dynamics of Cropland Change
3.1.1. Temporal Dynamics of Cropland Change

Northwest China has experienced continuous cropland changes during the period
from 2000 to 2020 (Table 3). Overall, the total area of cropland in Northwest China increased
by 1.47 × 106 ha (4.2%) between 2000 and 2020, in that the area of cropland expansion and
abandonment increased by 3.58 × 106 and 2.11 × 106 ha, respectively, from 2000 to 2020.
Separately, the net increase in cropland area from 2010 to 2020 was 1.01 × 105 ha more
than in the previous period. However, the area of cropland expansion and abandonment
decreased by 29.33% and 50.79%, respectively, from 2010 to 2020. Cropland expansion
was mainly from other land and grassland, contributing, respectively 56.68 and 39.88%
of the reclaimed cropland. Meanwhile, the conversion of cropland to grassland made up
the largest proportion of cropland abandonment, followed by built-up land, then other
land. The three LUCC, respectively accounted for 67.44, 14.86 and 10.58% of the area
of cropland abandonment. Except for the increase in the conversion of built-up land to
cropland (slightly) and cropland to built-up land, the conversion of other land uses showed
a decreasing trend from 2010 to 2020 over the previous period.
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Table 3. Changes in cropland area and type in Northwest China for different time periods (×102 ha).

Type 2000–2005 Proportion (%) 2005–2020 Proportion (%) 2000–2020 Proportion (%)

Forest to cropland 656.15 3.13 408.85 2.76 1065.00 2.97
Grassland to cropland 8527.23 40.63 5757.72 38.82 14,284.95 39.88
Water to cropland 64.20 0.31 39.12 0.26 103.32 0.29
Built-up land to cropland 12.51 0.06 50.35 0.34 62.86 0.18
Other land to cropland 11,725.91 55.87 8575.27 57.82 20,301.18 56.68
Cropland expansion 20,986.00 100.00 14,831.31 100.00 35,817.31 100.00

Cropland to forest 1125.01 7.97 291.65 4.20 1416.66 6.73
Cropland to grassland 10,144.49 71.88 4056.76 58.42 14,201.25 67.44
Cropland to water 47.83 0.34 33.78 0.49 81.61 0.39
Cropland to built-up land 1064.67 7.54 2064.12 29.72 3128.79 14.86
Cropland to other land 1730.52 12.26 498.38 7.18 2228.90 10.58
Cropland abandonment 14,112.53 100.00 6944.70 100.00 21,057.23 100.00

Net increase 6873.48 7886.61 14,760.08

The trend in cropland expansion was contrary to the trend in cropland abandonment
(Figure 3). The area of cropland expansion exhibited a downward trend from 2000 to
2007 (−1.68 × 105 ha), then a gradual increase from 2007 to 2014, with a peak in 2014
(6.71 × 105 ha). Since then, the area of cropland expansion has been on a downward
trend. However, the area of cropland abandonment gradually increased from 2000 to
2007 (2.12 × 105 ha), then gradually decreased after 2007, and reached an all-time low in
2014 (1.32 × 104 ha). Since then, the area of cropland abandonment fluctuated. The trend
in cropland expansion was consistent with the trend in other land, grassland and forest
conversion, while the trend in cropland abandonment was consistent with the trend of
cropland to grassland from 2000 to 2020.
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3.1.2. Spatial Variability in Cropland Change

Cropland change across Northwest China exhibited spatial variability (Figure 4).
During the period of 2000–2020, the cropland area in Xinjiang, Ningxia and Qinghai
provinces increased by 2.10 × 106, 6.93 × 104 and 1.50 × 104 ha, respectively, while that
in Shanxi and Gansu provinces decreased by 3.20 × 105 and 4.09 × 105 ha, respectively.
Specifically, Qinghai province exhibited an increase (6.22 × 104 ha) in the early period,
and then a decrease (−4.72 × 104 ha) in the later period, while trends in Shanxi and
Gansu provinces continued to show a steadily decreasing trend, and Xinjiang and Ningxia
provinces continued to show an increasing trend between 2010 to 2020.
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The spatial distribution of cropland change was similar for both periods (Figure 5).
The most dramatic changes took place in Xinjiang province, especially in its northern part.
Cropland change in Qinghai province, which is mainly covered by grassland, occurred
mainly in areas of that cover type. Additionally, cropland changes were notable in the
northern part of Ningxia and Shanxi provinces in both periods. Cropland change in Gansu
province occurred mainly in the southeastern part.
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3.2. Effects of Cropland Change on Carbon Storage
3.2.1. Changes in Carbon Storage over Time

Calculated changes in carbon storage suggested that during 2000 to 2020, cropland
changes led to about 4.05 Tg (2.46 Tg in 2000–2010 and 5.49 Tg in 2010–2020) of total
carbon accumulation, including a 2.28 and 1.76 Tg increase due to, respectively, soil and
vegetation carbon storage, corresponding to an increase in storage rates of approximately
0.20 Tg yr−1. Meanwhile, carbon storage due to cropland expansion decreased by 17.66 Tg
from 2000 to 2020, which corresponds to a decrease of 3.16 Tg in soil and 14.50 Tg in
vegetation. Moreover, carbon storage induced by cropland abandonment increased by
21.71 Tg from 2000 to 2020, in which carbon storage in soil and vegetation increased by 5.45
and 16.26 Tg, respectively.

Overall, variation characteristics in carbon storage caused by cropland change over
time in Northwest China was affected by carbon storage caused by cropland abandonment
and expansion over time (Figure 6). Overall, the carbon storage caused by cropland changes
showed an increasing variation characteristic from 2000 to 2007, reached a maximum in
2007 (2.22 Tg), gradually decreased after 2007, reached a minimum in 2014 (−3.09 Tg),
and fluctuated since then. Specifically, carbon storage caused by cropland expansion and
abandonment over time both exhibited an increasing variation characteristic from 2000 to
2007 (−0.23 and 2.46 Tg), a gradual decrease from 2007 to 2014, a minimum in 2014 (−3.19
and 0.10 Tg), and a gradual increase with fluctuations since then (2014–2020).
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3.2.2. Carbon Storage in Different Types of Cropland Conversion

The effects on carbon storage differed across different types of cropland expansion in
Northwest China (Figure 7a). The decrease in carbon storage was mainly from forest, grass-
land and other land expansion. Specifically, the conversion of forest to cropland had the
greatest impact, a 8.60 Tg decrease in carbon storage, accounting for 48.73% of the decrease
in carbon storage due to cropland expansion. Carbon storage induced by the conversion of
grassland and other land to cropland decreased by 6.40 and 2.65 Tg, accounting for 36.25%
and 14.90% of the decrease in carbon storage due to cropland expansion.

Effects on carbon storage differed across different types of cropland abandonment
in Northwest China (Figure 7b). The increase in carbon storage was mainly from the
conversion of cropland to forest and grassland; the conversion of cropland to built-up land
and other land led to a decrease in carbon storage. Specifically, the conversion of cropland
to forest had the greatest impact, with an 11.16 Tg increase in carbon storage, accounting
for 50.48% of the increase in carbon storage caused by cropland abandonment. Carbon
storage changed upon the abandonment of cropland to grassland, other land, or built-up
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land by 10.74; −0.76; and −0.24 Tg, respectively, accounting for 62.33; 3.2; and 1.01% of the
increase in carbon storage caused by cropland abandonment.
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3.2.3. Spatial Variability in Carbon Storage

The changes in area and carbon storage caused by cropland changes were relatively
consistent in spatial characteristics for both periods of study (Figure 8). In general, the
highest carbon emission was found in Xinjiang (−3.68 Tg), followed by Ningxia (−0.21 Tg)
province, while Shanxi (3.44 Tg), Gansu (3.17 Tg) and Qinhai (1.33 Tg) had carbon accu-
mulation. Specifically, the largest decrease in carbon storage in Xinjiang province was
−0.69 Tg from 2000 to 2010, and −2.99 Tg from 2010 to 2020. The smallest amount of
carbon emissions occurred in Ningxia province with a decrease of 0.13 Tg from 2000 to
2010, and 0.08 Tg from 2010 to 2020. Additionally, vegetation carbon storage in Shanxi
and Xinjiang provinces increased in the first period (3.06 and 0.01 Tg) and decreased in the
second period (−0.09 and −2.28 Tg).

Agronomy 2023, 13, x FOR PEER REVIEW 11 of 17 
 

 

50.48% of the increase in carbon storage caused by cropland abandonment. Carbon stor-
age changed upon the abandonment of cropland to grassland, other land, or built-up land 
by 10.74; −0.76; and −0.24 Tg, respectively, accounting for 62.33; 3.2; and 1.01% of the in-
crease in carbon storage caused by cropland abandonment. 

3.2.3. Spatial Variability in Carbon Storage 
The changes in area and carbon storage caused by cropland changes were relatively 

consistent in spatial characteristics for both periods of study (Figure 8). In general, the 
highest carbon emission was found in Xinjiang (−3.68 Tg), followed by Ningxia (−0.21 Tg) 
province, while Shanxi (3.44 Tg), Gansu (3.17 Tg) and Qinhai (1.33 Tg) had carbon accu-
mulation. Specifically, the largest decrease in carbon storage in Xinjiang province was 
−0.69 Tg from 2000 to 2010, and −2.99 Tg from 2010 to 2020. The smallest amount of carbon 
emissions occurred in Ningxia province with a decrease of 0.13 Tg from 2000 to 2010, and 
0.08 Tg from 2010 to 2020. Additionally, vegetation carbon storage in Shanxi and Xinjiang 
provinces increased in the first period (3.06 and 0.01 Tg) and decreased in the second pe-
riod (−0.09 and −2.28 Tg). 

 
Figure 8. Carbon storage due to cropland change in each province from 2000 to 2010 (a), and 2011 
to 2020 (b). 

4. Discussion 
4.1. Characteristics of Cropland Change from 2000 to 2020 

Over the last several decades, the area and distribution of cropland in Northwest 
China has changed because of social and economic transitions (e.g., urbanization, popu-
lation growth, etc.) [25,26]. Our results indicated that the area of cropland in Northwest 
China increased by 1.48 × 106 ha during the period of 2000–2020, with a mean increase of 
7.4 × 104 ha per year. However, expansion and abandonment resulted in fluctuations in 
cropland area in different periods. During the first period from 2000 to 2007, cropland was 
mostly abandoned. With rapid urbanization and the expiration of new land contract peri-
ods, cropland occupation became more prominent, leading to land encroachment by ur-
banization. Meanwhile, farmers abandon land-use rights to other farmers or economic 
organizations, also contributing to a decrease in cropland area [26,37]. During the second 
period, from 2007 to 2014, cropland was reclaimed at a large-scale. The Chinese govern-
ment successively established the strict boundaries for cropland (120 million ha), and in-
creased the protection of cropland. At the same time, advancements in technologies (e.g., 
sprinkler and drip irrigation) improved the utilization efficiency of water and soil re-
sources [38], enabling a gradual increase in cropland area from 2007 to 2014. Finally, with 
the improvement of cropland protection policy and ecological engineering programs (pro-
moting the conversion of cropland to forest and to grassland) [39], the change in cropland 
area stabilized when cropland expansion and abandonment reached an equilibrium from 
2014 to 2020. Considering the role of socio-economic factors in different stages of cropland 

Qinghai Ningxia Xinjiang Shanxi Gansu
-2

0

2

4

6

8
SOC
VOC
TOC

(a) 1995-2005

Qinghai Ningxia Xinjiang Shanxi Gansu
-2

0

2

4

6

8
SOC
VOC
TOC

(b) 2005-2015

Figure 8. Carbon storage due to cropland change in each province from 2000 to 2010 (a), and 2011 to
2020 (b).

4. Discussion
4.1. Characteristics of Cropland Change from 2000 to 2020

Over the last several decades, the area and distribution of cropland in Northwest
China has changed because of social and economic transitions (e.g., urbanization, popu-
lation growth, etc.) [25,26]. Our results indicated that the area of cropland in Northwest
China increased by 1.48 × 106 ha during the period of 2000–2020, with a mean increase
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of 7.4 × 104 ha per year. However, expansion and abandonment resulted in fluctuations
in cropland area in different periods. During the first period from 2000 to 2007, cropland
was mostly abandoned. With rapid urbanization and the expiration of new land contract
periods, cropland occupation became more prominent, leading to land encroachment by
urbanization. Meanwhile, farmers abandon land-use rights to other farmers or economic
organizations, also contributing to a decrease in cropland area [26,37]. During the second
period, from 2007 to 2014, cropland was reclaimed at a large-scale. The Chinese government
successively established the strict boundaries for cropland (120 million ha), and increased
the protection of cropland. At the same time, advancements in technologies (e.g., sprinkler
and drip irrigation) improved the utilization efficiency of water and soil resources [38],
enabling a gradual increase in cropland area from 2007 to 2014. Finally, with the improve-
ment of cropland protection policy and ecological engineering programs (promoting the
conversion of cropland to forest and to grassland) [39], the change in cropland area stabi-
lized when cropland expansion and abandonment reached an equilibrium from 2014 to
2020. Considering the role of socio-economic factors in different stages of cropland change
together with a numerical evaluation can help determine the change characteristics of
annual cropland area. In summary, agricultural land development in Northwest China was
likely to increase and be affected by socio-economic factors during 2000 to 2020.

Even though the area of cropland land has steadily increased over time due to the
balance of cropland expansion and abandonment, the occupation of cropland by built-up
land still showed an increasing trend in 2010–2020 over the previous period in our study.
As we know, cropland abandonment driven by rapid urbanization is an irreversible trend
across the globe. At the global scale, Huang et al. (2020) showed that the global urban
expansion occupied a total of 159,170 km2 of cropland, in which China witnessed the largest
cropland losses from urban expansion, accounting for 15.5‰ of the total cropland area from
1992 to 2016 (about 0.65‰/a; our study was 0.43‰/a) [12]. At the national scale, Liu et al.
(2019) also found that croplands were the primary contributor to urban expansion in China
since the 1970s [40], and Ju et al. (2018) found that 42,822 km2 of cropland was converted
to built-up land in China, accounting for 43.8% of total cropland area loss during 1987 to
2010 (about 1.9%/a; our study was 0.74%/a) [11]. The above illustrates that compared
to the expansion of cities on a national scale in China, urban expansion occupies only a
small portion of cropland area in Northwest China in the present. However, the increasing
occupation of cropland by urban expansion may increase the vulnerability of food security
in Northwest China due to the importance of cropland resource for food production [41].
In the future, Northwest China should balance urban expansion with cropland protection
by severely restricting the occupation of cropland.

4.2. Effects of Cropland Change on Carbon Storage

In arid and semiarid regions, cropland change (including expansion and abandonment)
has been shown to have an important effect on carbon storage in both the biosphere and
the pedosphere [42]. Our results demonstrated that cropland change from 2000 to 2020
resulted in a cumulative carbon sequestration of 4.05 Tg or 0.20 Tg yr−1, of which 2.28 Tg
and 1.76 Tg were in soil and vegetation, respectively. This is consistent with other studies
that have demonstrated that Northwest China is a sink for carbon as a result of cropland
change [27].

Carbon storage caused by cropland expansion decreased by 17.66 Tg (0.88 Tg yr−1/
0.24 × 10−6 Tg ha−1 yr−1) from 2000 to 2020. Similar results also have been found in
many studies regarding the considerable losses of carbon storage caused by cropland
expansion [13]. Globally, cropland is predicted to expand by 21% during 2010–2050 [43].
Cropland expansion is expected to lead to biomass and soil carbon emission of 13.7%
and 4.6% during 2010–2050, respectively [7]. Of course, the loss of total carbon storage
caused by cropland expansion is noticeable at national scales. For example, in China,
cropland expansion was shown to result in annual carbon emissions of approximately
5.04 × 10−5 Tg ha−1 yr−1 [44]. In the United States, cropland expansion resulted in total
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carbon emissions of 1.38 × 10−5 TgC ha−1 yr−1 [8]. At regional scales, carbon emissions
caused by cropland expansion in Hubei China were 3.31 × 10−6 TgC ha−1 yr−1 [45].
These indicated that carbon emissions per unit area caused by cropland expansion in
Northwest China are lower than those in previous studies in different scales. In arid and
semi-arid area, water resources are the main natural factors restricting the development of
agriculture [28]. Crop irrigation presumably requires ground- or surface-water pumping,
which entails additional fossil carbon emissions, and these emissions should be attributed to
cropland given their dependence [46]. Also, the impact of other agricultural management,
such as tillage and fertilization, on carbon emissions is not calculated in our study. Future
improvements could reduce the uncertainty associated with this part of the carbon emission
and facilitate more accurate assessments.

Carbon emission caused by cropland expansion in Northwest China was due mainly
to the conversion of forest into cropland. The conversion of forest with high carbon
density to cropland has also resulted in a major decline in carbon storage of about 8.60 Tg,
accounting for 48.73% of the decrease in carbon storage due to cropland expansion. The
loss of forest due to cropland expansion is noticeable not only in Northwest China but
worldwide. It is reported that deforestation largely driven by cropland expansion have
been the second largest source of anthropogenic greenhouse gas emissions globally [47].
Thus, if measures are taken to control deforestation in specified regions, the rate of carbon
loss could be reduced. Meanwhile, carbon storage induced by the conversion of grassland
to cropland decreased by 6.40 Tg, accounting for 36.25% of the decrease in carbon storage
due to cropland expansion. Many studies have also shown that grassland conversion to
cropland can cause sizable carbon emissions although it has often received less attention
than deforestation [8,20]. This estimate may reflect the transition trend of relatively carbon-
rich grassland or sensitive grassland. Although the carbon intensity is lower than that of
forest conversion to cropland, the carbon loss caused by extensive grassland conversion to
cropland in Northwest China cannot be ignored. In addition, desert-grassland, sandy and
other lands occupy a large fraction of the area of Northwest China; with their low carbon
density, these land types were reclaimed into cropland, changing the carbon cycle of desert
ecosystem [48,49]. Thus, the carbon loss caused by large areas of other lands conversion
in Northwest China also cannot be ignored. Of course, the new Chinese Environmental
Protection Law proposed by the Chinese government has also emphasized the conservation
of forests, grasslands and other natural ecosystems [50]. Over all, we think that further
land-use policies to effectively support reasonable and restricted cropland expansion (such
as deforestation, grassland and other land reclamation) will be able to potentially relief
pressure on carbon emission caused by cropland expansion.

Meanwhile, it is worth noting that 3.13 × 105 ha of cropland was occupied by built-up
area, with a loss of approximately 0.24 Tg (0.012 Tg yr−1) of carbon storage. A preliminary
estimate suggested that the occupied cropland was the source of carbon storage loss during
the process of built-up land expansion [51]. However, the indirect emission effects of
urbanization (such as waste products, population migration and land degradation) should
attract our attention more than the variability in carbon storage caused by the conversion
of built-up land into cropland [52]. These indirect emissions are likely to increase the
uncertainty of carbon emissions. In terms of this issue, the New Urbanization policy
proposed by the Chinese government highlighted the reduction in natural disturbance and
the promotion of the reasonable development of land use [53]. Therefore, measures should
be taken to balance urban expansion with the cropland protection policy in Northwest
China, as the rate of carbon emission could be slowed in the future.

In addition, only 1.41× 105 ha of cropland was converted to forest, becoming the main
source of carbon storage (11.16 Tg) in cropland change. These changes can be attributed
to the implementation of a series of ecological engineering programs by the Chinese
government in Northwest China, including the Natural Forest Conservation Program and
Grain for Green Program. These programs promoted the conversion of cropland to forest
and to grassland, and significantly affected carbon storage [37,54]. This indicates that
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the implementation of ecological engineering programs in Northwest China can promote
the development of land cover types with high carbon density (forest and grassland)
increasing regional carbon storage [55]. Undoubtedly, ecological engineering can play an
important role in efforts to address environmental crises, improve human well-being, and
achieve sustainability, and these effects will gradually expand as investment in ecological
engineering continues to grow [37]. Above all, we propose that the capacity for carbon
sequestration in our study area will benefit from the optimization of land-use structure
with land-use policies (i.e., ecological engineering programs). This can be accomplished
especially by increasing the area of ecologically valuable land with high capacity for carbon
storage such as forest, limiting or decreasing deforestation, and restricting the abandonment
of cropland to low-carbon-density land use, such as built-up land. Thus, we should also
focus on the trade-off relationship between cropland protection and ecological construction.

4.3. Strengths and Limitations of This Study

This study used a novel approach to investigate carbon storage changes caused by
cropland change (cropland expansion and abandonment) in Northwest China by combining
land use data, carbon density data, and statistical yearbooks between 2000 and 2020. This
is the first attempt to concentrate on the effect of both cropland expansion and cropland
abandonment on the carbon storage in Northwest China. Compared to previous studies,
this study mainly focused on annual the evaluation of carbon storage caused by annual
cropland expansion or abandonment, a few arbitrary time points of land use data (2000,
2010 and 2020) combined with a series of provincial statistical yearbooks to obtain the
annual cropland expansion and abandonment area in five northwestern provinces from
2000 to 2020, which provide an example to calculate land-use change data year by year when
there are no more time-frequency land use data available. In addition, the results of this
study can provide a reference for rational land-use management based on the assessment of
annual regional carbon storage in areas that may have previously been overlooked, which
is conducive to stable and sustainable development in arid and semi-arid regions.

Several uncertainties in this study will be the focus in future research. First, remote
sensing data with spatial detail and statistical data with temporal frequency were used to
obtain the annual area of cropland expansion and abandonment; this may not accurately re-
flect the annual area in cropland change. Thus, obtaining high-resolution land-use data with
shorter time intervals may be a more effective method. Second, this study only involved
aboveground biomass, and carbon emissions brought by agricultural management, such as
tillage, fertilization and irrigation, on carbon emissions are not calculated. Belowground
biomass and carbon emissions brought by agricultural management should be considered
in the evaluation in such regional studies. Third, the carbon density data are set at a fixed
level in this study, and those adopted in this study were from published studies and not
from a sampling method varies from region to region. Furthermore, the time interval of
10 years used in this study may be insufficient to detect changes and stabilization in soil
carbon density due to carbon density varying from time to time [56]. For future research,
it is better to consider the spatio-temporal heterogeneity of carbon density if the data are
accessible [42].

More importantly, in arid and semi-arid areas, water resources are the main natural
factors restricting the utilization of land resources and the development of agriculture and
forestry [29]. Although the conversion of cropland to forest and grassland are the most
important sources of carbon sinks in cropland changes, the potential impact of an increase
in vegetation cover on water demand needs to be considered. Thus, in the future, there is a
need to consider how to make cropland changes result in reasonable carbon sinks within the
confines of limiting water resources. Cropland changes over the long term can be simulated
based on water resource limitation scenarios, which can provide valuable information for
decision making processes involved in cropland change in Northwest China.
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5. Conclusions

These results indicate that cropland changes acted as a carbon sink (4.05 Tg) in North-
west China, despite the dominance of cropland expansion area, carbon sequestration from
the conversion of cropland to forest (11.16 Tg, affected by ecological engineering programs)
contributed to the most increase. Thus, it is essential to promote the development of the
area of ecologically valuable land with a high capacity for carbon storage, such as forests,
or limit the conversion of low-carbon-density lands to cropland, such as by deforestation.
More importantly, this is the first attempt to evaluate inter-annul carbon storage change
due to both cropland expansion and cropland abandonment by combining land use data,
carbon density data, and statistical yearbooks with IPCC method in Northwest China that
area may have previously been overlooked.
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Abstract: Plasma treatment of animal manure is a new technology, enriching the manure with plant-
available nitrogen. Therefore, the product is termed nitrogen-enriched organic fertilizer (NEO). The
producer (N2 Applied) claims that NEO can be a sustainable alternative to conventional fertilizers
used in agriculture. However, the effect of this product on soil-dwelling organisms is unknown.
This study investigates and compares the effects of NEO on changes in soil fauna feeding activity,
the abundance of springtails, and the abundance and weight of earthworms to mineral fertilizer,
organic fertilizer (cattle slurry), and no fertilizer in pot and field experiments with sandy clay loam
soil. Early effect evaluation (week 7) indicated influences on soil fauna feeding activity; among
treatments, higher amounts of fertilizers went along with lower feeding activity, regardless of
fertilizer type. However, the initial fertilizer application stimulation was transient and stabilized with
time after fertilization towards mid-term (week 14) and late effect evaluations (week 21). Accordingly,
differences between feeding activities were less than five percent at late effect evaluation. Similarly,
none of the fertilizers used imposed adverse effects on the abundance of springtails and the abundance
and weight of earthworms; these parameters were almost identical among all fertilizing treatments.
After two years of application in field trials and in a pot experiment, NEO and the other used
fertilizers seem not to harm the selected soil-dwelling organisms.

Keywords: sustainable agriculture; nitrogen; fertilizing; organic farming; soil fauna; NEO

1. Introduction

The current trends of population growth and resource scarcity underline the impor-
tance of using new sustainable technologies in agriculture. Agri-food systems worldwide
depend severely on mineral fertilizers [1], and current plant production systems are inten-
sively fertilized with nitrogen (N) [2,3]. According to the FAO, the global nitrogen input
into agriculture is eight times higher today than in the 1960s [4].

The favorable effect of N fertilization on plant productivity is well recognized [5–7].
However, N intensification has many severe trade-offs [3,8]. Although increased food
production is crucial for sustaining an increasing human population, preserving soil fertility
is also critical. While increasing food production per area is commonly highlighted, the
effects of excessive fertilizing on soil organisms and their functions are often neglected [9,10].
Overuse of fertilizers can lead to air, soil, and water pollution, as well as adverse effects
on biodiversity and the climate [11]. Besides, soil nutrients are manipulated through
fertilization, and changes in functional soil groups are stimulated by favoring some groups
over others [12]. Soil fauna and soil microorganisms contribute to various ecosystem
services such as plant health, disease protection, pathogenicity, and nutrient turnover [13].
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Considering the European Green Deal and the “Farm to Fork strategy,” the European
Commission aims for at least a 50% reduction in nutrient leaching by 2030. Accordingly,
a 20% reduction in fertilizer use is anticipated [11]. Moreover, identifying fertilization
regimes with the least possible adverse impact on soil organisms is fundamental as it
enhances sustainability in food production. Hence, there is a necessity for the purposeful
use of fertilizers, e.g., fertilizing with mineral and organic fertilizers, fertilizer efficiency
enhancement [14], and developing novel high-tech fertilizers.

Nitrogen Enriched Organic fertilizer (NEO) has been introduced as a novel fertilizer
with potentially advantageous properties [15]. Atmospheric nitrogen is fixed as nitrogen
oxides (NOx) by a plasma process using green electricity and added to organic fertilizers
(e.g., manure, slurry, digestate) using N2 Applied’s (Asker, Norway) patented unit. Once
the NOx reacts with water, it forms nitrous acid (HNO2) and nitric acid (HNO3), which
lowers the pH of the slurries and stabilizes it. The units are small enough to allow farmers
to produce their NEO locally, resulting in self-sufficiency and enhanced agricultural sustain-
ability when substituting conventional organic and mineral fertilizers, nonetheless because
of lowered ammonia (NH3) and methane (CH4) emissions [15–17]. NEO is highly fluid,
holding less than 10% solid particles due to filtration during the production process. In the
present study, we investigate and compare the effects of NEO on soil living organisms with
those of other fertilizers.

Hypothetically, mineral fertilizers can enhance soil biological activity by increasing
plant productivity and residue return [10,18]. Studies on fertilizer effects on the abundance
and weight of earthworms found that a combination of mineral and organic fertilizers
was even more significant than mineral fertilizer alone [19–22]. Another study indicated a
positive effect of mineral fertilizer on springtails and mite abundance, despite the reduction
in species richness [23]. On the contrary, N fertilizers, mainly ammonium N, can potentially
contribute to diminishing soil biological activity by acidifying soil and inducing changes in
soil functional communities [10,18,24,25]. Besides, repressing certain soil enzymes involved
in nutrient cycles, e.g., the amidase involved in the N cycle, is likely due to the repeated
application of mineral fertilizers [24].

Similarly, perhaps due to reduced plant species richness, reduced soil microbial weight
was reported in perennial grassland under high N fertilizing rates. However, results from
annual croplands do not support this conclusion [9,26–28], despite results being highly
dependent on fertilization rates [18,21]. Regardless, the functional activity of soil organisms
is a complex trait controlled by a multitude of environmental and management factors and
recurrent mineral N fertilization [25]. It was shown that repeated application of organic
fertilizers stimulates soil microbial and faunal growth and activity [18,19,29,30]. Indeed,
organic amendments provide carbon for soil living communities and improve productivity
and residue return. In addition, organic fertilizers enhance soil microbial and faunal
communities more than chemical fertilizers. Albeit, this positive effect is expressed more
when combining organic and mineral fertilizers [19,20,29]. However, these effects vary
between annual and perennial production systems [29].

The susceptibility of soil fauna and invertebrates to elevated nitrogen levels differs.
For example, soil fauna feeding activity under fertilization has been reported to be reduced
in the short-term [9,24] and the long term [31]. Another study found that the abundance
of springtails decreased following cattle slurry application; however, it recovered, but not
entirely to initial numbers, later during the same growing season [32]. Furthermore, there
are positive reports about fertilizers enhancing soil faunal structure, diversity, and feeding
activity [26,27,31], specifically for springtails in the topsoil layer [33]. The mentioned con-
troversies highlight the importance of investigating fertilizer effects on soil biota, especially
when dealing with novel fertilizers such as NEO.

The current study aimed to (1) identify if NEO has any detrimental effects on soil
fauna compared to conventional fertilizers and (2) develop a method for evaluating the
immediate effect of fertilizers on earthworm abundance and weight. A preliminary study
showed that NEO did not negatively affect soil fauna feeding activity more than other
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fertilizers [34]. In the present study, we expand our research using a different type of NEO
and compare effects on the abundance of earthworms and springtails as “bioindicators of
soil quality” [35–37]. Fertilization treatments included mineral fertilizer, NEO, untreated
cattle slurry, and a combination of organic and mineral fertilizers.

2. Materials and Methods

In this study, we conducted three sets of experiments. First, a growing chamber
experiment to identify and compare the fertilizer effects on soil fauna feeding activity;
second, a field experiment to identify and compare fertilizer effects on the abundance of
springtails. Third, an outdoor experiment to identify and compare the immediate effect of
fertilization on the abundance and weight of earthworms.

2.1. Soil Fauna Feeding Activity
2.1.1. Experimental Design

We conducted pot experiments in a growing chamber at Inland Norway University of
Applied Sciences. Perforated pots (13× 18 cm2 with 2.5 L of field soil were used. Treatments
were distributed randomly among the four replicates after the pots were fertilized at
loading time.

The trial consisted of five fertilization regimes distributed in seven fertilization treat-
ments (Table 1); no fertilizer; mineral fertilizer (Yara Mila 18-3-15) [38]; NEO type D (N2
Applied) [15]; organic fertilizer (untreated cattle slurry); and organic fertilizer + mineral
fertilizer (Yara Liva 16-0-0) [39]. NEO and untreated slurry were applied in liquid form,
while Yara Mila and Yara Liva were pelleted. Treatments were (1) no fertilizer, (2) mineral
fertilizer 73 kg N ha−1, (3) mineral fertilizer 175 kg N ha−1, (4) NEO type D 73 kg N ha−1,
(5) NEO type D 175 kg N ha−1, (6) organic fertilizer 73 kg N ha−1, (7) organic fertilizer + MF
175 kg N ha−1.

Table 1. Fertilizing treatments and application rates used in the growing chamber trial.

Fertilizing
Treatment

Organic Fertilizer
(Tons ha−1)

Kg N in Yara
Mila18-3-15 (kg ha−1)

Kg N in Organic
Fertilizer (kg ha−1)

Kg N in Yara Liva
16-0-0 (kg ha−1) Total kg N (kg ha−1)

1 No fertilizer - - - - 0

2 Mineral fertilizer
73 kg N ha−1 73 73

3 Mineral fertilizer
175 kg N ha−1 175 175

4
NEO type D
73 kg N ha−1 22 73 73

5
NEO type D

175 kg N ha−1 50 175 175

6
Organic fertilizer

73 kg N ha−1 55 73 73

7
Organic fertilizer +
mineral fertilizer

175 kg N ha−1
55 73 102 175

NEO type D had a pH of 5.22 and contained 1746 mg L−1 NH4
+ –N, 1131 mg L−1

NO2
− –N, and 1562 mg L−1 NO3

− –N, totaling 4439 mg L−1 N. The untreated slurry
had a pH of 7.32, containing 1804 mg L−1 NH4

+ –N and 149 mg L−1 NO2
− –N, totaling

1953 mg L−1 N. Therefore, we targeted a slurry amount of 55 tons ha−1; nonetheless,
during production, the N2 applied apparatus excludes all dry materials bigger than 5 mm;
as a result, NEO’s quantity decreases by 10% to 50 tons ha-1. Therefore, each ton of
untreated slurry contained 1.95 kg of plant-available N, while each ton of NEO contained
4.44 kg of plant-available N.
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The soil was acquired from the adjacent experimental farm and analyzed at Eurofins
soil lab (https://www.eurofins.no/agro-testing/ (accessed on 20 July 2022)), indicating a
sandy clay loam texture, more than 10% clay, and soil organic matter of 4.5%. The soil pH
was 7.4, which is relatively high, with a normal phosphorus status (P-AL = 11 mg/100 g),
and a low potassium status (K-AL = 5 mg/100 g). Moreover, we estimated the soil’s field
capacity at 33.6% VWC, with a total pore volume of 41.4%.

In order to simulate field conditions, we planted seeds in the pots. Pots were prepared
following the protocol that we developed before [34]. First, a soaked paper tissue was
laid at the lowermost of the perforated pots to prevent soil outpour. Then, an initial 0.6 L
(5 cm) soil load into the pots. Next, a soil load of 0.8 L (6 cm) was mixed with the fertilizer.
Fertilizers were dosed following the advised field application rates (measured in tons
per hectare), accounting for the soil surface in each pot (169 cm2) (Table 1). Afterward,
three rows of Italian ryegrass seeds (Lolium multiflorum Lam.), variety “Barpluto” (NAK
Nederland/Ref. DE148-214011) per pot were then sown over the top of 0.9 L (6 cm) of
additional soil. Finally, 0.2 L (1 cm) of soil was added to form the surface soil.

In the growing chamber, we used Lumatek ATS300W 80 × 80 cm LED light pads
(https://lumatek-lighting.com/ (accessed on 21 July 2022)) that delivered a complete visible
light spectrum (380–780 nm wavelength) recommended for plantation under controlled
conditions [40]. Three adjacent LED pads were positioned 35 cm above the plants and were
uplifted alongside plant growth. The light and dark intervals were adjusted according to
Nordic summer days with 16 h light and 8 h darkness. Additionally, 16 pots per LED pad
were confirmed to receive equal light using a digital light intensity meter. Throughout the
experiment, the growth chamber had a temperature of 16 ◦C.

Five hundred milliliters of water, or 55% of the field capacity for our dry soil, was used
to irrigate the pots at first since the soil was not entirely dry at pot preparation. After that,
pots were irrigated with 200 mL of water thrice a week for the first four weeks. However,
as plants progressed in the developmental stages, irrigation frequency was increased the
weeks before harvest upon visual inspection [41].

The pots were positioned for the first two weeks adhering to each other. However,
from week three, there was a five cm distance between the pots to avoid plants competing
for light and space. Thinning was performed following germination; 24 vigorous plants
per pot were kept (3 × 8 rows). Moreover, a few germinated weeds were removed by hand.

2.1.2. Evaluating Feeding Activity

Bait-lamina strips (Terra Protecta GmbH, Berlin, Germany) [42] were used to evaluate
soil fauna feeding activity. This method is considered efficient, rapid, and reproducible
with high statistical applicability [43,44]. This method evaluates the functional activity of
soil fauna, feeding activity as one of the critical factors in soil nutrient cycling [44–46]. The
technique has helped researchers screen various soil management practices and has given
valuable information on the feeding activity of soil fauna. [44]. In this method, 16 1.5 mm
diameter holes are located 5 mm apart on perforated PVC strips (1 mm × 6 mm × 120 mm).
The holes are filled with bait substrate. The bait substrate comprises 5% activated carbon,
25% wheat bran, and 70% cellulose powder [47]. After a certain period of exposure to soil,
the degree to which substrate is used up in the holes reveals the feeding activity of soil
fauna, whereas soil microorganisms (e.g., bacteria, nematodes, fungi) have a negligible
effect [42,48–50].

We conducted preliminary tests to determine proper intervals for the bait-lamina
sampling in a pot experiment. In these tests, we noticed that after four weeks of soil
fauna feeding activity, the percentage of bait consumption in the strips varied from 3–29%.
Moreover, after extending the period to eight weeks, we had several strips with all holes
empty, showing 100% feeding activity. Therefore, we determined seven weeks as an
appropriate test period.

In this experiment, we planted three Bait-lamina strips diametrically in each pot (repli-
cate) when watering for the first time to assess and compare the early effect of fertilization
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on soil fauna feeding activities [47]. Seven weeks later, the first set of strips was taken out,
and the second set was inserted in the same order as the first set to evaluate the mid-term
effect. Seven weeks later (week 14 after plantation/fertilizing), the second set was taken out,
and the third set was inserted to evaluate the late effect of fertilizing soil fauna feeding ac-
tivity. At last, this set was taken out seven weeks later (week 21 after plantation/fertilizing).
Plant growth and watering were sustained until the experiment’s termination to simulate
the conditions seen in an actual field. The strips were visually examined for the removal of
the bait substrate on each sampling [47]. Three categories—empty (1), partially empty (0.5),
or filled (0)—were assessed and used to describe the disappearance of the bait substrate [9].
With a maximum of 100% feeding activity (all 16 empty holes), each empty hole (score 1)
was equivalent to 6.25% feeding activity.

2.2. The Abundance of Springtails (Collembola)

Springtails live in all soil layers, depending on soil moisture, and have diverse life
forms in different soil strata and nutrition types [51]. They graze on fungi, algae, and
bacteria or feed on plant detritus or other organic substances. [52]. They are great soil
bio-indicators, especially in shallow soils. As a pray for other arthropods, they play a
central role in the food chain [35].

2.2.1. Experimental Design

We conducted springtail sampling in two different field trials that had been fertilized
with NEO and other fertilizers one year before the first sampling. The first trial was a
cereal field located at Blæstad experimental farm at Inland Norway University of Applied
Sciences (60◦49′11.7” N 11◦10′48.4” E). The second trial was on a grass field located at
Stjørdal, Trøndelag (63◦20′33.4” N 10◦17′56.9” E). The experimental design in both trials
was a traditional randomized complete block design with four replicates. Both trials
consisted of four fertilization regimes; mineral fertilizer (Yara Mila 18-3-15) [38]; NEO type
B (N2 Applied) [15]; organic fertilizer (untreated cattle slurry); and no fertilizer. Both fields
were fertilized for two consecutive years. The grain field was fertilized once a year: before
sowing: (22 April 2020 and 27 April 2021). The grass field was fertilized twice a year: in
early spring (27 April 2020 and 4 May 2021) and after the first harvest (24 June 2020 and
15 June 2021).

Fertilizer doses in the grain field were (1) mineral fertilizer 666.6 kg ha−1, (2) NEO
37.6 tons ha−1, (3) organic fertilizer 41 tons ha−1, and (4) no fertilizer. Then again, doses
in the grass field were (1) mineral fertilizer 650 kg ha−1 in spring + 500 kg ha−1 after
the first harvest, (2) NEO 37.5 tons ha−1 + 28 tons ha−1 after the first harvest, (3) organic
fertilizer 41 tons ha−1 + 30.5 tons ha−1 after the first harvest, and (4) no fertilizer. NEO
type B had a pH of 5.35 and contained 1480 mg L−1 NH4

+ –N, 777 mg L−1 NO2
− –N, and

1250 mg L−1 NO3
− –N, totaling 3507 mg L−1 N. The cattle slurry used in this experiment

had a pH of 7.32, and it contained 1804 mg L−1 NH4
+ –N and 149 mg L−1 NO2

− –N,
totaling 1953 mg L−1 N.

NEO and untreated slurry were applied in liquid form while mineral fertilizer was
pelleted. For a homogenous liquid fertilizer, all the barrels were stirred well prior to
bottling/spreading to dissolve the sediments. Next, the fertilizers were dispersed manually
using containers and rapidly harrowed with the soil using a tractor before sowing in the
grain field and spreading on the grass field surface. The grain field was seeded with barley
‘Rødhette’ (180 kg ha−1) in 2020 and spring wheat ‘Mirakel’ (220 kg ha-1) in 2021. The
grass field was a mixture of timothy, meadow fescue, and red clover seeded in 2019. In
the grain field, herbicides were applied once in June with Ariane S (Corteva Agriscience,
Puerto Rico) and once at the end of the growing season with Roundup (Bayer, Germany).
No irrigation was applied. The 2021 season at Blæstad was decent regarding cereal growth,
with a relatively cool May and a little over average precipitation: 78 mm in May and 62 mm
in June. Moreover, in Trøndelag, the season was good, with precipitation around normal.
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The soil in the field trial at Blæstad was identical to the soil we used in the growing
chamber experiment (see Section 2.2.1). The soil in the grass field trial at Trøndelag was
classified as clay loam. The organic matter content was 5.1%, pH was 6,2, and plant
available phosphorus and potassium were normal (P-AL = 8, K-AL = 7), but the potassium
reserve was high (KHNO3 = 140).

2.2.2. Evaluating the Abundance of Springtails

The soils from experimental plots in the grain and grass fields were sampled twice in
2021 for springtail abundance. The first sampling occurred on 15 June 2021, some weeks
after fertilization. The second sampling was on 20 October 2021, after harvesting. The
temperature on the first sampling day in June was 20 ◦C and 6 ◦C after some rainy days in
October when the soil was sampled again.

Three diametric samples were collected on each replicate’s corners and in the center
of the field plots. First, soil sampling was conducted by hammering down a corer (5 cm
high, 5 cm diameter = 98.17 cm3 volume) in the surface soil and collecting the sample
into a zipper bag using a spade [35]. The samples were transferred directly to the lab,
and the three samples from each replicate were placed upside down on slightly modified
Berlese funnels [35,53,54]. In this method, moisture, heat, and light gradient drive the soil
organisms to move away from the heat source (60 W lamp) [55], passing a mesh screen
and falling into the vessel, ending in the collection tube filled with 91% ethanol. This
way, animals can be preserved for further investigation for a long time. The samples
remained in extraction units for a week on each sampling occasion. Following completion
of extraction, the abundance of springtails in samples was counted and registered using
a light microscope. Springtail abundances were scaled up to 1 m2 and −5 cm depth,
estimating the number of soil cores fitting into 1 m2 (169.8).

2.3. The Fate of Earthworms (Lumbricidae)

Earthworms are medium to large oligochaetes that are substrate feeders and play an
essential role in decomposition in the soil [35]. Due to several essential functions, their
activity increases soil fertility. However, their distribution highly depends on moisture, soil
type, pH, and vegetation. Earthworms are categorized into three ecological groups: litter
dwellers, horizontal burrowers, and deep burrowers [56]. Because of their size, a significant
fraction of the biomass in loamy meadows is composed of earthworms; however, they are
scarce in shallow or acid soils [57,58]. In this study, we developed a protocol for evaluating
the immediate effect of fertilizers on earthworms. The earthworms used in the experiments
were a mixture of juveniles and adults from the most common Norwegian earthworms:
geophagous (soil eating) field worms (Aporrectodea caliginosa) and pink worm (Aporrectodea
rosea). In addition, other common species in Norwegian arable soil include dew worm
Lumbricus terrestris, L. rubellus, and a few individuals of the less common Allolobophora
chlorotica [30]. The earthworms used in our trials were found in an organic vegetable garden
adjacent to the experimental field.

2.3.1. Experimental Design

The experiment was repeated twice in June 2021 and June 2022, with three replicates. The
study location was at Blæstad experimental farm, Innlandet (60◦49′11.7′′ N 11◦10′48.4′′ E); the
soil analysis was identical to the growing chamber experiment (Section 2.1.1), and the
fertilizer treatments were (1) no fertilizer, (2) mineral fertilizer (Yara Mila) 666 kg ha−1,
(3) NEO type B (2021), and type D (2022) 3.4 tons ha−1, and (4) organic fertilizer (untreated
slurry) 3.7 tons ha−1. Over, NEO and mineral fertilizer contained almost equal N per
hectare in both experiments. The duration of the experiments was eight days.

2.3.2. Changes in Abundance and Weight of Earthworms

The developed protocol is as follows:
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1. Holes with 30 cm diameter and 20 cm are dug out in the field. The soil from the holes
was visually inspected to exclude present earthworms.

2. Earthworm-proof but water-permeable textile (tested before the experiment) is in-
serted into the hole.

3. Earthworms (Lumbricidae) used in the experiment were excavated from the same
experimental farm two days before and stored in a pile of soil pending the experiment.
On the day of starting the experiment, the earthworms were detached from the soil
pile, sorted, weighed, and an equal number of worms (11 in the 2021 trial and 13 in
the 2022 trial) making up a similar total weight were deposited in separate containers
and marked. The worms were not rinsed before weighing. The worms were handled
cautiously and remained detached from the soil for the shortest possible period. After
counting and weighing, earthworms were transferred to other containers with soil.

4. Next, 10 cm of soil was filled back into the holes, and the earthworms were placed
over the top.

5. The next 5 cm of soil was carefully mixed with the fertilizer and filled back into the hole.
6. As a supplementary food source for the worms, 100 g of grass was spread on this layer.
7. Two cm loose soil scattered over.
8. Finally, the last 3 cm of loose soil was scattered on the top.
9. Outer edges of the textile were fetched together and closed over. At last, a heavy

substance (a stone) was placed over the top to inhibit wind opening or bird feeding.
Finally, the experimental units were covered with white plastic tarpaulin on days of
intense sun to avoid excessive temperature caused by the sun and the black textile.

10. At the end of the experiment (8 days), the soil bags were lifted out of the soil and
dispersed over a flat surface. The living earthworms were carefully handpicked,
counted, and weighed in less than five minutes to avoid desiccation.

2.4. Data Handling and Statistical Analyzes

We registered and sorted the data from each respective experiment. Using Minitab
20 statistical software (2021 Minitab, LLC (State College, PA, USA)), the differences in
soil fauna feeding activity, the abundance of springtails, and variations in weight and
abundance of earthworms were examined. The differences among fertilizing treatments
were assessed using a one-way ANOVA and Welch’s test. Games–Howell pairwise com-
parison was further utilized to compare, categorize, and plot data at a 95% confidence
interval for the means. The error bars in the graphs are calculated by using individual
standard deviations.

3. Results
3.1. Soil Fauna Feeding Activity

Using a growth chamber experiment where all variables except fertilization were held
constant, we examined and evaluated the impact of different fertilization treatments on the
feeding activity of soil fauna. We investigated the early effects (seven weeks), mid-term
effects (14 weeks), and late effects (21 weeks).

There was a significant early fertilization effect on the feeding activity (p = 0.001).
However, this effect was not associated with the type of fertilizer but with the amount of
fertilizer applied (Figure 1A, Table S1). After seven weeks, mineral fertilizer 73 kg N ha−1

(78.13%), organic fertilizer 73 kg N ha−1 (74.74%), NEO type D 73 kg N ha−1 (73.70%), and
organic + mineral fertilizer 175 kg N ha−1 (61.98%) exhibited increased soil fauna feeding
activity relative to no fertilizer (54.17%). Both NEO type D 175 kg N ha−1 (49.22%) and
mineral fertilizer 175 kg N ha−1 (46.35%) tended to have lower soil fauna feeding activity
than soil without fertilizer. Additionally, the lead was insignificant even though the mixture
of organic and mineral fertilizers was the only high N content treatment that improved soil
fauna feeding activity above that of no fertilizer (Figure 1A, Table S1).
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Regarding the mid-term effect, 14 weeks after fertilizing, initial (week 7) differences
in soil faunal feeding activity converged and became more even between treatments.
However, the reduction was more evident among those treatments with higher feeding
activity during the initial weeks (Figures 1B and 2). Hence, the average feeding activity
was 62.61% among all treatments seven weeks after fertilizing, which dropped significantly
(p = 0.001) to 47.75% at the mid-term evaluation (Figure S1, Table S1).
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Furthermore, at mid-term evaluation, feeding activities were not significantly different
(p = 0.08) among fertilization treatments. Instead, mineral fertilizer 73 kg N ha−1 (58.44%),
NEO type D 73 kg N ha−1 (55.99%), organic + mineral fertilizer 175 kg N ha−1 (49.48%),
organic fertilizer 73 kg N ha−1 (48.96%), and NEO type D 175 kg N ha−1 (45.57%) had
higher soil faunal feeding activity than no fertilizer (41.41%). By comparison, mineral
fertilizer 175 kg N ha−1 (34.38%) had the lowest feeding activity. Thus, only the mineral
fertilizer with a high N content reduced the ability of soil fauna to feed; however, as
mentioned earlier, this was not statistically significant (Figure 1B, Table S1).

The late fertilization effect on feeding activity resembled the mid-term effect, i.e.,
despite a slight insignificant average reduction from mid-term to late effect among all
fertilizing treatments (47.75% to 46.88%), soil fauna feeding activity appeared to stabilize
seven weeks after fertilization without showing any significant effects (Figures 2 and S1).

The lower amounts of fertilizer, regardless of fertilizer type, supported higher feeding
activity, NEO type D 73 kg N ha−1 (49.74%), mineral fertilizer 73 kg N ha−1 (49.48%),
organic fertilizer 73 kg N ha−1 (46.35%) showed higher feeding activity than no fertilizer
(46.09%). On the other hand, higher fertilizer amounts, NEO type D 175 kg N ha−1 (45.83%),
mineral fertilizer 175 kg N ha−1 (45.57%), and organic + mineral fertilizer 175 kg N ha−1

(45.05%) had lower feeding activity. However, the difference between the highest and
lowest feeding activities was a maximum of 4.2% and insignificant (Figure 1C, Table S1).

Lastly, low amounts of NEO type D, mineral fertilizer, organic fertilizer, and to some
extent, the combination of organic and mineral fertilizer seemed to stimulate soil fauna
feeding activity in the initial weeks after fertilization. However, this early effect gradually
disappeared, whereas other treatments, including no fertilizer, had more or less constant
soil faunal feeding activity throughout the experiment (Figure 2).
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3.2. The Abundance of Springtails (Collembola)

We investigated and compared the effects of different fertilization treatments on the
abundance of springtails at two field locations; one under cereal and another under grass
cultivation. Both fields were fertilized for two consecutive years. Moreover, two samplings
were performed, once just before fertilization in early summer and another during fall.

During summer, the abundance of springtails in the cereal field was slightly higher for
organic fertilizer than NEO and mineral fertilizer; 509.4, 467, and 297.1 per m2, respectively
(Figure 3A, Table S1). However, the difference was insignificant (p = 0.25). The same
pattern was observed during the fall. The number of springtails was slightly higher for
organic fertilizer and no fertilizer than NEO and mineral fertilizer; 213.3, 213.3, 169.8,
and 169.8 per m2, respectively (Figure 3B, Table S1). Likewise, the difference between
fertilization treatments in the fall sampling was insignificant (p = 0.669).
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Similarly, no fertilization effects were found regarding springtail abundance in the
grass field during summer and fall (p = 0.404, p = 0.943). However, during summer, higher
abundance was observed for organic fertilizer than NEO and mineral fertilizer; 1528, 807,
and 467 per m2, respectively (Figure 3A, Table S1). In the fall, a slightly higher abundance
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was observed for organic fertilizer and no fertilizer than NEO and mineral fertilizer; 1486,
1486, 1401, and 1316, respectively (Figure 3B, Table S1).

Generally speaking, the springtail abundance was higher in the grass field during fall
than in summer and almost identical in the grain field during both seasons. Nevertheless,
none of the fertilizer treatments affect springtail abundance regardless of field and season.

3.3. The Fate of Earthworms (Lumbricidae)

In the 2021 trial, the abundance of earthworms for all treatments increased after eight
days, except for the treatment with no fertilizer. However, the difference was insignificant
among fertilizing treatments (p = 0.38). Organic fertilizer showed an average increase
of 4.33 worms, followed by mineral fertilizer, 4, and NEO, 2.33, while no fertilizer had
one fewer living earthworm than the beginning (Figure 4A, Table S1). Moreover, like
for abundance, a similar pattern was observed for the average weight change. Among
all captured earthworms, mineral fertilizer had an increment of 4.07 g after eight days,
followed by organic fertilizer 2.87 g, NEO 1.93 g; however, the no fertilizer control had
1.67 g fewer earthworms (Figure 4A, Table S1). Nevertheless, the difference in weight
change among fertilizing treatments was insignificant (p = 0.34).
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In the 2022 trial, however, the outcomes were slightly different. Although the abun-
dance was increased for all fertilization treatments, the weights of living worms were
almost identical to the beginning. The average abundance increment for organic fertilizer
and NEO was 7, no fertilizer 6, and mineral fertilizer 3.67 earthworms (Figure 4B, Table S1).
However, the average weight of all earthworms increased by 0.5 g for no fertilizer, 0.22 g
for organic fertilizer, and 0.05 g for NEO. In comparison, mineral fertilizer reduced the total
weight by 0.09 g (Figure 4B, Table S1). Nevertheless, changes in abundance or weight were
insignificant between fertilizing treatments (p = 0.69 and p = 0.83, respectively).

Thus, the results indicated no adverse effects of fertilizing on the abundance and
weight of earthworms, regardless of the fertilizer type used in both experiments.

4. Discussion

It is known that N fertilization affects the taxonomic composition of soil faunal com-
munities, their population dynamics, and their feeding activity. However, it is not well
understood if soil-dwelling organisms adapt to these external factors [59], especially when
the external factor is a newly developed fertilizer (NEO). In this study, we investigated
and compared the effects of different fertilization regimes on soil-dwelling organisms. We
screened changes in soil faunal feeding activity under controlled conditions, the abundance
of springtails, and the immediate effect of different fertilizers on the abundance and weight
of earthworms under field conditions. The goal was to detect if NEO, a novel fertilizer with
potentially toxic contents of nitrite, has any detrimental effects on soil-dwelling organisms
compared to conventional fertilizers.

4.1. Soil Fauna Feeding Activity

The soil fauna feeding activity was evaluated at three intervals in pot experiments
under controlled conditions; 0–7 weeks (early effect), 7–14 weeks (mid-term effect), and
14–21 weeks (late effect). Low (73 kg N ha−1) and high (175 kg N ha−1) rates of mineral
fertilizer, NEO, organic fertilizer (untreated slurry), and a mixture of organic and mineral
fertilizer were used as the fertilizing treatments.

Early effect analysis showed that low doses of fertilizer stimulated feeding activity
irrespective of fertilizer type, while high amounts of fertilizer resulted in slightly less
feeding activity. The only exception was the combination of organic and mineral fertilizer,
which tended to have a higher feeding activity than no fertilizer. In line with our results, a
grassland study showed that a high amount of organic fertilizer reduced soil fauna feeding
activity within days after fertilizing [59]. Except for this, we could not detect any beneficial
or detrimental early effect of fertilizers on soil fauna feeding activity. It may be argued that
microbial biomass is promoted within the first weeks after high N fertilization resulting in
alternate food sources for soil mesofauna, and they may have shifted away from the bait
substrate [59], which explains lower feeding activity under higher fertilization.

The mid-term evaluation showed almost the same pattern as the evaluation of the early
effect. The only difference was that at the higher N application rates, given organic and
mineral fertilizer combination showed a slightly higher feeding activity than the organic
fertilizer alone. Additionally, compared to no fertilizer, a high concentration of NEO showed
a slightly increased soil faunal feeding activity. However, variations across fertilization
treatments were smaller at the mid-term assessment than at the early effect evaluation,
demonstrating that the initial stimulation gradually faded with time after fertilizing.

Finally, at the late effect evaluation, the initial stimulation by low amounts of fertilizer
disappeared. Like during the early effect evaluation, higher amounts of fertilizer had lower
feeding activities, and lower amounts of fertilizer had higher feeding activity irrespective
of fertilizer type; whereas the difference among treatments was much smaller than in short-
and mid-term evaluations, with less than five percent difference between the highest and
lowest feeding activities.

Although similar to an earlier study [34], higher amounts of fertilizer, regardless of
fertilizer type, initially showed a somewhat negative effect on soil faunal feeding activity,
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this detrimental effect progressively stabilized with time after fertilization. Furthermore,
after some weeks of fluctuations in soil faunal feeding activity, a similar stabilizing effect
has been reported in an oil palm plantation fertilized with different amounts of mineral N
fertilizer [26]. The rationale for these transient effects might be the soil’s buffering capacity
and other soil chemical responses that gradually diminish fertilization’s perturbation effect.
Moreover, the soil fauna may be functionally redundant, conveying resilience to transient
perturbations. Thus, we can summarize that neither NEO nor conventional fertilizers used
in our experiment adversely affected the soil faunal feeding activity.

4.2. The Abundance of Springtails (Collembola)

In the grain field during summer, some weeks after fertilization, the numbers of
springtails were almost identical among the plots fertilized with organic fertilizer and NEO.
There were slightly fewer springtails than the latter two in the plots fertilized with mineral
fertilizer. However, in the grass field, the plots fertilized with organic fertilizer supported
an almost double and quadruple number of springtails compared to the plots fertilized
with NEO and mineral fertilizer, respectively. Correspondingly, in the cereal field during
fall, there were slightly more springtails in the plots fertilized with organic fertilizer and no
fertilizer than in the plots fertilized with NEO and mineral fertilizer. The same pattern was
observed in the grass field during the fall.

NEO had no adverse effects on the number of springtails after fertilization or after
harvest; the number of springtails was generally lower during the summer than during
the fall. It has been indicated that the abundance of springtails decreases after cattle slurry
application [32]. However, this does not have been the case in our study. There might
be two reasons for the apparent lack of response to organic fertilization. Springtails are
moisture-dependent organisms [37]; therefore, it is a valid argument that sampling on a
warm sunny Scandinavian day with limited moisture in the surface soil forced a major part
of the springtail community to move deeper in the soil to avoid desiccation [60]. Moreover,
more decaying plant matter as food for springtails may be available deeper in the soil after
harvest [61].

Nonetheless, in line with our findings, another study showed almost no fertilization
effect on the abundance of springtails [62], while another study indicated that fertilization
increases the abundance of springtails [63]. Our study showed no adverse effect of NEO or
other fertilizers on the abundance of springtails.

4.3. The Fate of Earthworms (Lumbricidae)

We used our developed method to investigate and compare the immediate effects of
NEO and other fertilizers on earthworms. The experiment was repeated twice, once during
summer 2021 and then in summer 2022. We targeted both the changes in the abundance
and the average total weight of earthworms. The treatments were mineral fertilizer, NEO,
organic fertilizer, and no fertilizer.

The results from the first experiment indicated no negative effect of fertilizer treatments
on the abundance or weight of earthworms after eight days. Only the treatment with no
fertilizer showed a slight reduction in the abundance and weight of earthworms. Moreover,
roughly the same results were drawn from the second-year experiment. The only difference
was that no fertilizer treatment did not lead to any reduction in the abundance or weight
of earthworms.

In the case of NEO and organic fertilizer, a promoting effect of adding organic matter to
the soil on the earthworm population was expected [18,30]. However, the concern was that
excessive liquid slurry in a single dose might adversely affect earthworms [20]. Nonetheless,
this did not occur with the amounts applied in our experiments. Moreover, mineral fertilizers
might benefit earthworms through direct or indirect effects [19,20,22,64]. However, ammonia-
based fertilizer potentially could have adverse effects on the earthworm population in the
long run by lowering soil pH [18,65]; this was not the case in our experiments.
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The concern might arise from the increasing number of earthworms in our experi-
mental plots after eight days. Earthworms might have escaped their confinement even
though we tested this before the study. Another possibility might be that tiny juveniles
were contained in the soil before starting the experiment, which grew larger and became
discoverable after eight days. Moreover, the most unlikely scenario might be that there were
juveniles hatched from the cocoons within the experimental period. Notwithstanding, it is
reasonable to argue that these error sources should have been identical for all experimental
plots. Thus, it is logical to conclude that fertilization with NEO or any other fertilizer did
not inhibit earthworms in the soil but supported an increase in number and activity.

5. Conclusions

NEO, the novel, plasma-treated nitrogen-enriched organic fertilizer, did not adversely
affect soil faunal feeding activity, the abundance of springtails, and the abundance and
weight of earthworms, as observed in pot and field trials. Moreover, fertilization with
organic and mineral fertilizers was not seemed to harm the selected soil-dwelling organisms.
Hence, NEO does not adversely affect the selected soil-dwelling organisms compared to
conventional fertilization regimes commonly used in plant production today.
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Abstract: Water scarcity is an increasingly recurring problem for irrigated agriculture in Mediter-
ranean regions. It is, therefore, necessary to establish technical and financial measures to enable
irrigators to deal with this problem. This study presents a new index-based drought insurance
scheme in an irrigation district in the Jucar river basin in Spain, a highly regulated water system.
Three insurance scheme options were evaluated and, the values of the fair risk premiums, the maxi-
mum compensation, and the deductible franchise were established. These insurance schemes were
designed in agreement with the preexisting drought system operating rules to reduce moral hazard
and adverse selection. Risk-reducing and effective evaluation methods were used to determine
the insurance coverage’s viability for irrigators: standard deviation gross margin, minimum gross
margin, and RMSL. The proposed insurances were also evaluated using synthetic hydrological time
series generated with a stochastic ARMA model through a basin-wide water resource simulation
model developed in the DSS Shell AQUATOOL. Financial indicators, such as the basis risk and claim
ratio were applied to analyze the economic feasibility for insurance companies. The results show
that a suitable and efficient option is an early-bird contract combined with a trigger of emergency or
alert state in a multi-year contract. This type of specialized insurance helps to fill the existing gap in
traditional insurance schemes for irrigated crops and offered additional coverage to farmers under
drought and water scarcity conditions.

Keywords: hydrological drought; index insurance; irrigation water management; decision support
system; Jucar river basin

1. Introduction

Irrigated agriculture plays a key role in food production, and therefore, in the food
and nutrition security of the world’s population [1,2]. With the impact of climate change,
the already low profitability of most rainfed crops, as well as their vulnerability to climatic
events (drought, heatwaves), will continue to increase the pressure to irrigate more land [3].
Extreme weather events, major biodiversity loss and ecosystem collapse, food crises, water
crises, and, the failure of climate change mitigation and adaptation are currently the main
global threats [4]. These risks affect the agricultural sector directly since it is not only the
productive sector with the highest use and demand for water resources [5] but is also the
most exposed to droughts and water scarcity. This makes it necessary to implement produc-
tion schemes that allow farmers to produce more food while using the minimum amount
of water possible. It is also crucial to create risk mitigation strategies that contemplate the
technical and economic implications that their implementation would entail.

The agricultural production sector is affected by a variety of drought types: a meteo-
rological drought takes place when there is a continuous shortage of rainfall; agricultural
drought is associated with the deficit of moisture in the root zone of a crop in a certain place
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and time and a hydrological drought entails the decrease in the availability of surface and
groundwater in a management system during a given period (compared to the average
values) [6–8]. Irrigated agriculture mostly faces the risk of hydrological drought, since its
water supply depends directly on the water available in regulatory reservoirs [9].

The sustainable management of water resource systems requires both environmental
and financial sustainability. Therefore, economic factors must be considered in the rational
decision-making about the use of water [10]. For instance, the European Union’s Water
Framework Directive (WFD) already contemplates these factors in its proposal to achieve
sustainability and manage water scarcity [11–13]. At the watershed level, economic in-
struments, such as subsidies, water prices, water banks, and water markets have been
studied [11,14–17]. Agricultural insurance has been successfully implemented as a financial
instrument of agro-climatic risk management. It aims to be a system of protection for
agricultural production by transferring different risks, such as drought events, hailstorms,
winds, rains, and frost, to the insurance company [18,19].

In recent years, indexed or parametric insurance plans have been increasingly applied
worldwide. The compensation scheme of these plans is based on the behavior of a certain
index or variable linked to the risk to be covered by the insurance company, that is, payment
will be made when values above or below certain pre-established thresholds of said index
or variable considered are reported [18,20,21]. However, this insurance model has only
been standardized for rainfed crops, and its application to irrigated crops is still being dis-
cussed. The relatively high overall costs of actuarial data capture, risk classification, moral
hazard monitoring, and claim validation have hindered the development of conventional
agricultural insurance markets, which is why indexed insurance is proposed as a low-cost
alternative to conventional insurance products [22–26]. The difficulty of applying indexed
insurance schemes lies in designing indexes or triggers that correlate as close as possible
with the occurrence of claims. The chosen index must have a high correlation with potential
losses and meet quality standards, such as being transparent, verifiable, easily measurable,
and timely, and officially reported [24,27–32].

There are studies related to indexed insurance in irrigation districts using various index
types, such as the river flow accumulations index [33], the Standardized Precipitation Index
(SPI) [34], and drought indexes established in the river basin management plan [35,36], the
volume of water stored in reservoirs [31,37], or a combination of rainfall and the water
storage available for irrigation [38].

The Jucar river basin, the main watershed in the Valencian region, is a highly regulated
Mediterranean basin with a large share of water use for irrigation (around 80%) and
recurrent long and severe droughts. The economic losses caused by meteorological disasters
in the Valencian region have increased by 95 million Euros in the last ten years, reaching
values of almost 380 million in 2018. During this period the crops of the region were affected
mostly by heavy rains and hail (50%). The losses caused by drought events were around
15%. This has led farmers to adopt conventional insurance. The total insured production
has oscillated from 2.5 to 3.0 million tons every year during the last 15 years [39]. There
is already a tradition in the development of institutions and multi-actor partnerships
for drought management [40] in the basin, with a well-established and innovative set of
drought indicators [41,42] that trigger a set of water management measures according to
the river basin drought plan.

This paper proposes an alternative insurance scheme that allows farmers to face
the economic impacts due to water scarcity events in irrigation districts, especially in
those located in highly regulated basins, such as that of the Jucar river. This proposal is
based on the implementation of indexed insurance. For the insurance design, the Jucar
river basin Scarcity State index was used in three insurance scheme options: (1) variable
premium and/or variable franchise based on the forecast of water availability for the
insured irrigation campaign, (2) multiannual insurance contract, and (3) advance contract
with a constant premium. The viability of the insurance scheme, both for the insurance
companies and the beneficiaries, is assessed using financial indicators.
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2. Materials and Methods

The implementation framework for the hydrological index insurance is shown in
Figure 1. It consists of two main processes: the insurance design and its subsequent
evaluation. It begins with general information about the basin, system state variables (such
as reservoir storage and inflows), and Precipitation, which are combined and weighted to
estimate the drought state index. At the same time, the irrigation district is characterized
by the historical data on the crops (sown area, production, yields, production costs, and
revenue), and the historical water delivered allows for an economic assessment of the
drought impact.
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Figure 1. Framework for the design of the insurance.

For the insurance sustainability evaluation, a basin-level operation system simulation
is performed. It begins with the development of an autoregressive stochastic time series
model to forecast the inflows of the system and their interaction with changes in the storage
in the main reservoirs. This simulation also includes demand units (agricultural, urban,
industrial and ecological flows) as well as all the normativity and regulations that exist
within the management of the water resource in the basin. A technical and financial
sustainability assessment of the proposed insurance is made using economic indicators.
If this design option meets the defined economic indicators, it is possible to validate the
proposed design scheme.

The estimation of a pure (actuarially fair) hydrological drought insurance premium is
usually done in two steps: (i) quantifying the risk associated with the irrigation water allo-
cated to farmers, and (ii) quantifying the impact of water allocation on the farmers’ income
or revenue [36]. Afterward, premium rates, deductible franchises, and insurance contract
periods of different insurance schemes are compared to design the best-fitting alternative.

To implement the insurance scheme proposed in this paper, the following princi-
ples must be taken into account: (1) the Drought Index must be included in the River
Basin Management Plan; (2) the operational regulations and supply reduction rates de-
fined in the drought plans should not change during the term of the insurance contract;
(3) the administrators of the irrigation districts should be the ones that hold the insur-
ance policy instead of each farmer; [9,31]; (4) only irrigation districts with a single source
of water (surface) are fit for this insurance scheme; (5) although other factors—such as
crop variety, phenological phase, the chemical and physical soil qualities, nutrition, and
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high temperatures—determine crop yields in some measure, water shortage should be
considered the primary cause of diminishing crop yields.

2.1. Economic Assessment of Drought Impacts

This analysis is based on the study carried out by [31], where they tackle some of the
main problems that arise from the design of indexed insurance, such as base risk, moral
hazard, and adverse selection [43–47].

Initially, is necessary to determine the relationship between the selected hydrological
drought index DSI and the historical water deliveries in the irrigation district (wd) during
the period to be analyzed. Afterward, the water shortage (wst) in the irrigation district
in m3/ha is measured by subtracting the water delivered (wd) in a given year (t) from the
guaranteed water delivered (GWA). GWA is the average water delivered to the irrigation
district in the period of analysis, which depends on water rights, water availability and the
system operation. By comparing the volume of delivered water with the volume of stored
water and the consolidated demand, the years in which there is a water shortage can be
identified. Once the periods of water scarcity have been identified, the economic impact
generated by droughts in the irrigation districts can be established.

To estimate the compensation that a farmer would receive from this insurance scheme,
the Net Value of Agricultural Production (NVAPi) had to be calculated. To do this, the area
sown (sic), yield (yc), and prices (pc) for each crop (c)were considered [48]. There exist C
crops, indexed by c = 1, . . . , C. Afterward, the irrigation costs in each crop scenario (VCI)
were subtracted from this value:

VAPi =
C

∑
c=1

sic ∗ yc ∗ pc (1)

VCIi =
C

∑
c=1

sic ∗ VCIic (2)

NVAPi = VAPi − VCIi (3)

The NVAPi was calculated for two hypothetical scenarios based on the drought State
Index DSI in the River Basin Agency: (a) a normal state, where DSI > 0.5, and (b) an
emergency state, where DSI < 0.15. To this end, the value of the water (wvi) in years in
which a state of emergency was declared was compared with these values in a normal
scenario I where the total water needed for irrigation can be allocated:

wvi = wvi(wdi) =
NVAPI − NVAPi

Wsti
(4)

wvt = wvt(wdt) (5)

where wdi and NVAPi are water delivered and the net value of agricultural production in
scenario i, respectively, and NVAPI is the net value of agricultural production in a normal
scenario with fully guaranteed water allocation.

2.2. Design of the Insurance Scheme

The compensation that a farmer would receive (€/ha) in a given year (t) results from
multiplying wst by a unit compensation equal to the value of water (wv) in €/m3, where
the deductible franchise (γ) is the minimum amount of loss that can be incurred before
insurance coverage applies [31,49].

indt =

{
0, i f wdt ≥ (1 − γ) ∗ GWA

wst ∗ wvt i f wdt < (1 − γ) ∗ GWA
(6)
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That is, compensation is triggered by the DSI:

(1 − γ) ∗ GWA = f (DSI = Trigger) (7)

The liability or maximum compensable value of the insurance scheme in €/ha is
determined from the expression:

Liability = GWA ∗ wvt (8)

Finally, the insurance premium is calculated based on the expected compensation,
where t represents the year in which compensation would need to be paid and T is the total
number of years of the insurance analysis.

Premium = E(Indt) =
1
T
∗

t=T

∑
t=1

Indt (9)

This methodology is implemented in the three hydrological drought insurance options
described in Table 1.

Table 1. Insurance scheme options for designing.

Option Characteristics

Option 1: Variable premium and/or
variable franchise based on the

forecast of water availability for the
secured irrigation season.

Farmers may purchase insurance based on the conditions of scarcity presented before the
start of the irrigation season (1 April). The value of the premium would depend on two

franchises (state of alert and emergency scarcity) [31].

Option 2: Pre-season index contract.
Multi-year insurance contract

Farmers may purchase insurance that uses certain indexes to adapt the value of its premium
to the real risk at the time of the purchase. This can either be a one-year or a multi-year

policy. The period of the policy would be set in October, i.e., the beginning of the harvest
season. That is, the value of the premium is estimated with the DSI measured in October t

and the compensation is calculated with the DSI in 1 April t + 1 [50].
Option 3: Early Contract with a
Constant Premium (Early Bird)

Farmers may purchase insurance at a constant premium. However, they would have to buy
it early, before the drought can be predicted [51].

2.3. Selection of the Most Appropriate Insurance Plan

In agriculture index-based insurance, the high risk-reducing effectiveness of the con-
tract was most frequently assessed from a minimized variance or downside risk in the
income, with and without insurance [32]. Financial indicators are used to determine the
insurance scheme’s viability, both for the insurance companies and the beneficiaries. Risk-
reducing and effective evaluation methods were used to determine the insurance coverage’s
viability for irrigators: standard deviation gross margin, minimum gross margin, and mean
root square loss RMSL (Table 2).

In the analysis, it is important to consider additional loadings on the fair premiums of
10% and 37% which may represent acquisition effort, administrative expense, risk-bearing
(i.e., reinsurance costs), and profit allocation [37].
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Table 2. Performance Indicators for assessing the insurance schemes.

Indicator Description

% Basis Risk

Expected difference between the compensation received by the farmer with the insurance (indt) and the
current losses calculated based on the historical water deliveries. The base risk can be broken down into base

loss (probable farmer losses due to index insurance) and base gain (probable farmer gains due to index
insurance) [31].

RMSL (Gross
margin)

It is a simple function of the semivariance (i.e., losses) with respect to the trend of the gross margin without
Insurance [31,52,53].

Minimum Gross
Margin

Minimum gross margin in productive systems, with and without insurance (revenue—direct costs), in
historical time series [31,54].

Claim ratio

The most commonly used indicator for assessing the performance of an insurance or reinsurance undertaking
is the claim rate [18]. This index makes it possible to determine whether the price fixed for a given insurance

scheme is correct; that is, whether it actually allows for the settlement of claims arising in a given period.
Claim Ratio = claim incurred/premium collected

Simulation of the Insurance Design through a Water Resource System Model

The feasibility of the designed insurance schemes, as well as the potential benefits for
both farmers and insurers, is determined through a retrospective analysis that calculates
the value of the claims in a hypothetical scenario where coverage had been in operation
during previous years [55]. For this, financial indicators, such as the basis risk and claim
ratio let insurance companies analyze their feasibility (Table 2).

To evaluate these insurance schemes, synthetic inflow time series are generated with
a stochastic model and included in a simulation model that includes drought and water
management procedures of the water resource system. This DSS is used to analyze the
impacts of droughts, including management rules based on drought indicators [56–58].

If the claim ratio were less than 1, it would indicate that the premium collected
would be higher than the compensation paid, and therefore, the insurer would make a
profit. Were it to be 1, this would imply a balance between the compensation paid and
the premium. Were it to be higher than 1, the insurer would incur some losses in as
much as the compensation paid would be greater than the premium collected during the
evaluated period.

2.4. Case Study
2.4.1. Description

The Real Acequia de Escalona (RAE), an irrigation canal of 23 km located in the
lower Jucar river basin Figure 2, brings water from a dam located downstream of the
Tous reservoir and ends in the municipality of Villanueva de Castellón (Source: https:
//sequiaescalona.org/quienes-somos) (accessed on 15 September 2021). Four irrigation
districts (Comunidad de Regantes, CR), about 2700 ha in total, benefit from the water
provided by the RAE: CR Real Acequia de Escalona (66.07%), CR Sumacárcer (12.69%),
CR del Valle de Cárcer y Sellent (12.58%) and CR La Defensa de los Derechos de Riego de
las Tierras del Valle de Cárcer (8.66%). We chose two citrus crops (orange and tangerine)
to analyze in this study since they are the most representative in the area (approximately
90% of the total crops). The irrigation districts in the RAE have particular qualities whose
analysis may be very useful for insurance design. For instance, these communities have the
right to administer and distribute the water allocated to them, as well as a legal status that
grants them the economic management of the water in that area.
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2.4.2. Drought State Index

The current drought indicator system in Spain is determined by an operational index,
the Drought State Index (DSI). This index reflects the amount of available water for the
end-users in each month, concerning the amount of available water for that month histori-
cally. The index consists of a combination of some selected control variables distributed
throughout the river basin, including storage in surface reservoirs; piezometric levels; river
discharges; reservoir inflows, and precipitations in those areas where they are significant in
relation to water resources availability [59,60]. This is done by relating ten measurements of
representative variables of the river basin (precipitation (one variable), piezometric levels
(three variables), flows (four variables), and storage (two variables). Previously, to give
a dimensionless numerical value that allows them to be compared on a single scale, all
variables should be stationarized in order to filter out the seasonal component and avoid
the influence of the annual meteorological cycle in the calculation of the indicator in a given
month. The DSI is then calculated as [59]:

i f Vi ≥ Vmed, DSI =
1
2

[
1 +

Vi − Vmed
Vp95 − Vmed

]
(10)

i f Vi < Vmed, DSI =
Vi − Vp5

2(Vmed − Vp5)
(11)

In this equation, V represents the value of the seasonal variable in each month being
considered (i); Vmed represents the mean value of the whole series, which in this case
goes from 1980 to 2012; and Vp5 and Vp95 represent the 5th and 95th percentile of that
series. The DSI may range from 0 to 1, which allows the scarcity situation to be classified
into four levels: Normal (DSI > 0.5), Prealert (0.5 > DSI > 0.3), Alert (0.3 > DSI > 0.15) and
Emergency (DSI < 0.15). When the DSI falls into the Prealert or Alert status, this means that
there is a moderate to severe water shortage, while an Emergency status means that there
is a serious shortage.

Afterward, the impact of each one of the ten variables is weighted to combine them
properly into the same equation. The river basin agency determines the weight of each
variable from the relative volume of demand to be supplied by the water resources repre-
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sented by each indicator, which was then adjusted and validated by comparison to previous
drought situations [59]. This is done to ensure that, based on the historical data logged or
supplied by simulation models, the alert and emergency scenarios detected by the system
represent the historical scarcity circumstances gathered in the basin as closely as feasible.
This index allows us to determine when and how often water scarcity occurs in the river
basin, as well as the impact it has on a community of irrigators since operating rules or
restrictions on the use of water are introduced based on it.

Figure 3 presents the DSI used in this study for insurance analysis (1980–2019). Accord-
ing to this index, the following periods were identified in the Jucar river basin: there was a
drought from 1982/1983 to 1985/1986, followed by a wet period between 1987/1988 and
1990/1991. Then came the drought of 1991/1992–1994/1995, followed by some rainy years
(they were, however, not so rainy as the previous wet period). This, in turn, prevented the
years 1997/1998–2000/2001 from being particularly dry. Afterward came the drought from
2004/2005 to 2007/2008, which, despite not taking place during the years with the least
rainfall recorded in the Júcar region during the analyzed period, was the most severe [59].
Finally, another drought period began in early 2018.
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2.4.3. Water Scarcity in the RAE

According to the Júcar River Basin Management Plan, the RAE has a gross demand of
25.36 Hm3 of water per year. However, an analysis of the historical records (2006–2019),
shows that a lower volume of water has been delivered in the irrigation district in 9 of
those 14 years. This may be due to periods of water scarcity, deliberate decisions from
the planners of the Jucar River Basin Agency (CHJ Confederacion Hidrografica del Jucar),
or the advancement in irrigation techniques, which nowadays require a lower volume of
water to irrigate wider areas.

Given the above, to identify actual periods of water scarcity, we determined the storage
in the three main reservoirs that regulate the water supply in the Jucar river basin on 1 April
and compared it to the actual volume of water delivered to the RAE (Figure 4). The drawn
red line represents the minimum amount of water that ought to be delivered during a
drought period (16.5 Hm3). There is a direct relationship between the amount of water
stored and the amount of water that was delivered for irrigation. According to this analysis,
between 2005 and 2019, there were three years in which less water than the minimum
volume was delivered, which means that a hydrological drought took place during those
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years (2005–2008). Moreover, even though there was a relatively high initial storage in
the reservoirs during 2008/2009, 2009/2010, and 2018/2019, the actual amount of water
delivered during those years was very close to the minimum, which generated economic
impacts in the irrigation districts.
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3. Results
3.1. Correlation between Drought Index DSI and Water Deliveries

The model used to estimate the irrigation water deliveries in comparison with the
DSI measured on 1 April, i.e., before the irrigation season, in the RAE (Equation (12))
is obtained by considering the historical water deliveries to the irrigation districts (wdt).
Figure 5 shows the high correlation between these variables obtained in the model.
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3.2. Measuring the Economic Impact of Hydrological Droughts

To determine the impact of a drought, the management measures established in the
river basin drought management plan must be taken into account, since they dictate that
the volume of water delivered may be reduced up to 35% when a drought brings about a
state of emergency [59].

The second step is to analyze the impact of the reduced water availability on crop
yields, for which we consider the work carried out by [15], who simulated the change in
citrus-fruit yield according to different changes in water availability in the Jucar Basin.
These changes were the consequence of deficit irrigation and allow for the determination
of the relationship between yield and net irrigation (In) (m3/ha).

Yield
(

Kg
ha

)
= −0.00000003In3 + 0.0003In2 − 0.0868In + 21495 (13)

To assess the cost of scarcity in €/m3 of water, historical records of production, sown
area, yields, sales prices, and production costs from 2006 to 2019 in the Valencian Com-
munity were considered. Since there are several sources of information, after a selection
process, the reports of the Valencian agricultural sector were chosen as the most fitting
(These reports can be accessed at: http://www.agroambient.gva.es/es/informes-sector-
agrario-anos-anteriores) (accessed on 15 October 2020).

A regular net demand of 4107.33 m3/ha-year has been established in the Júcar Hy-
drological Plan for the RAE. However, during a state of emergency, the allocated water is
reduced by 35%. By applying the López citrus water productivity model (2017), insurers
may find that crop yields would be reduced by approximately 1290 kg/ha during these
periods, i.e., 5.35% of the production. With this in mind, a compensation value can be
established. In this case, it was set to 0.09 €/m3, which, considering that 7789 m3/ha of
water had been historically guaranteed in the region, results in a maximum compensable
value of 701 €/ha.

3.3. Hydrological Index Insurance Design

• Option 1: Variable premium and/or variable franchise based on the forecast of water
availability for the insurance irrigation season.

In this proposal, the value of the premium is calculated based on the correlation of
the expected yield, the historical values of the DSI, and the expected amount of water
delivered (Equation (12)) in the event of an alert or emergency scenario (triggered by a
0.3 and a 0.15 DSI, respectively) additionally, an intermediate scenario (DSI = 0.2) was
used. The above allows for the establishment of three different deductible franchise values
(according to the DSI), which are presented in Table 3. There is a significant difference in
the premium values.

Table 3. Premium rates for a Hydrological Drought Insurance Option 1.

DSICHJ Trigger
Deductible Franchise

0.5
γ = 0%

0.3
γ = 19%

0.2
γ = 31%

0.15
γ = 37%

0.3
γ = 0%

0.2
γ = 0%

0.15
γ = 0%

Premium rate (€/ha) 293.00 170.00 171.00 158.00 127.00 60.00 30.00
% liability 41.80 24.25 24.39 22.54 18.19 8.56 4.28

• Option 2: Pre-season index contract. Multi-year insurance contract

Three states of scarcity were selected: Normal, Alert, and Emergency. As depicted
in Table 4, the value of the premiums differs significantly depending on the pre-season
shortage scenario and the selected index. Considering the emergency state as an example,
the premium value for a 1-year contract ranges between 292 and 947 €/ha/year, which
corresponds to 41.65% and 135.09% of the maximum compensable value. Similarly, Table 4
shows that another possibility to reduce the premium rate in the years when a state of
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emergency is reached is to contract a multiannual policy, depending on the scenario or
state of scarcity taking place at the time of purchase of the policy. With a 3-year contract,
premiums could range between 268 and 871 €/ha (38.23% and 124.25% of the maximum
compensable value). The latter being such a high value, it is not viable for implementation.

Table 4. Premium rates for a Hydrological Drought Insurance Option 2, using a deductible franchise
of 37% for 1, 2, and 3 years of the policy contract.

Pre-Season Index Contracts DSICHJ

Premium 1
Year-Contract

Premium 2
Year-Contract

Premium 3
Year-Contract

€/ha/year % Liability €/ha/year % Liability €/ha/year % Liability

Normality 292.00 41.65 243.00 34.66 268.00 38.23
Pre alert—Alert 542.00 77.32 451.00 77.32 498.00 71.04

Emergency 947.00 135.09 788.00 112.41 871.00 124.25

• Option 3: Early Contract

The correlation between past and future water volumes is no longer significant (that
is, the system loses its memory) when data from 32 months before the start of the irrigation
season are considered. In those cases, the degree of significance of the correlation would
be lower than 90%. For a significance of 99%, the water-allocation data considered for
predicting storage in the present cannot be more than 16 months. Therefore, to guarantee a
reasonable degree of significance in the correlation, these types of multiannual contracts
should be renewed every 2 years.

3.4. Assessment of Insurance Schemes Proposed in the RAE Irrigation District

To establish the effectiveness of the proposed insurance scheme, Table 5 presents a
comparison of different options, for a period of analysis between 2006 and 2018, across
the following parameters: standard deviation gross margin, the RMSL, and the minimum
gross margin with and without the insurance contract.

• Basis Risk

Ideally, the base loss and base gain should be similar, so the insurance system does
not favor either the farmer or the insurance company [31]. The basis risk of the insurance
scheme is calculated by breaking it down into basis loss and basis gain. This is done, in
turn, by comparing insurance system indemnities, based on drought indexes, with the
potential compensation (calculated from the records of delivered water between 2006 and
2019). In the current insurance proposal, the basis gain is, in most cases, higher than the
basis loss. This entails that the insured farmer would receive more than the expected
compensation, which does not favor the insurance company. However, there is one case
where the insurance company would benefit greatly. When a DSI of 0.15 is reached and the
γ is 0%, the value of basis loss will be negative 9.13%. This means that despite suffering
economic losses under these circumstances the farmer that took the insurance would not
receive any compensation from the insurance company (Table 5).

• Standard Deviation Gross Margin (€/ha), Minimum Gross Margin (€/ha), RMSL (€/ha)

The lower the RMSL value for comparing two structures, the greater the structural
similarity of the structures. The Mean Root Square Loss (RMSL) is appropriate because
minimizing semivariance instead of complete variance is relevant as farmers are primarily
interested in managing their losses downwards [49,50]. Therefore, if the RMSL reduces
with insurance, the contract is efficient [50]. Considering the three criteria expressed above,
the insurance condition with a value of the DSI index = 0.2 and no deductible franchise
γ = 0% would be selected. Although it does not meet all the conditions, another option that
approaches is the value of the index DSI = 0.3 and no deductible franchise γ = 0%.
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Table 5. Risk-reducing effectiveness evaluation indicators applied in RAE.

Insurance
Scheme

Additional
Loadings

Standard
Deviation

(€/ha)

Minimum
Gross Margin

(€/ha)

RMSL
(€/ha)

Basis Risk
(Loss) (%)

Basis Risk
(Gain) (%)

No
insurance 567.9 1193.1 84.1

γ = 37%
DSI = 0.15

0% 551.5 1156.6 96.1
3.85 12.5510% 551.5 1140.8 103.2

37% 551.5 1098.1 122.7

γ = 19%
DSI = 0.3

0% 550.8 1144.6 101.5
3.85 12.8410% 550.8 1127.6 109.2

37% 550.8 1081.7 130.3

γ = 0%
DSI = 0.5

0% 597.3 1021.6 158.3
2.71 25.9610% 597.3 992.3 172.4

37% 597.3 913.2 211.9

γ = 0%
DSI = 0.3

0% 550.8 1187.1 82.6
3.85 12.8410% 550.8 1174.3 88.2

37% 550.8 1139.9 103.6

γ = 0%
DSI = 0.15

0% 626.6 1163.1 99.2
9.13 3.8510% 626.6 1160.1 100.7

37% 626.6 1152.0 104.9

γ = 0%
DSI = 0.2

0% 550.8 1254.6 54.9
3.85 12.8410% 550.8 1248.6 57.2

37% 550.8 1232.4 63.5

γ = 31%
DSI = 0.2

0% 550.8 1143.6 102.0
3.85 12.8410% 550.8 1126.5 109.7

37% 550.8 1080.3 130.9

3.5. Simulation of Insurance Design Based on the Implementation of a Management Model

The MASHWIN and SIMGES modules of the AQUATOOL software were imple-
mented. The demands included in the model were both agricultural and urban. Figure 6
presents the scheme of the simulation. MASHWIN included a monthly stochastic analysis
model intended for the study of the water inflows to a hydraulic system of different sources
during a certain period. MASHWIN combines a multivariate ARMA auto-regressive and
moving-mean model with the monthly spatial disaggregation analysis provided by the
condensed Lane model [60].

Then, by generating 100 synthetic series of water inflows, with SIMGES the volumes
of different reservoirs, as well as their water inputs, outputs, and evaporation rates were
obtained. Finally, these data were used as input to calculate the DSI and simulate an
insurance scenario.

When the simulation was run with a DSI trigger of 0.2, the average value of the claim
ratio was 0.74 and the claim rate ranged between 0.6 and 1.4 in 82% of the cases (Figure 7).
On the other hand, when the simulation was run with a SI of 0.15 and a γ = 37%, the average
value of the claim ratio was 1.1. The claim rate peaked at 1.6 under these conditions, and
no claims were made in 52% of the cases.
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4. Discussion

Traditional agricultural insurances are contracts between the farmer and the insurer,
indemnifying either the cost of production, planting, or installations or a combination of
them. However, drought or water scarcity impacts on irrigated crops are not included.
In this study, drought insurance covers the value of the economic impact generated by
reducing water deliveries to the irrigation district as the insurable capital. This type of
specialized insurance attempted to offer additional coverage to farmers under drought and
water scarcity conditions [50], filling the existing gap in traditional insurance schemes for
irrigated crops.
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A key novelty of the approach is the use of a water resource management model,
which allows the assessment of the insurance considering the systemwide features and
the variation of resources and demands. This improvement is important for evaluating
indexed hydrological drought-insurance schemes since the exposure to drought events of
each particular agricultural demand will depend on the water resource system operating
rules and the variability in resources and demands over time and space. Unlike the case
of rainfed agriculture, water deliveries to the irrigated demands will be driven by water
availability in the system. Even in a situation of meteorological drought, there might
be enough water storage to cope with it without restrictions, and on the contrary, water
storage could be heavily depleted even in the absence of a meteorological drought. This is
a challenge for the development of hydrological insurance.

The evaluation of the proposed insurance scheme was carried out using stochastic
modeling, which allows for the generation of a wide range of inflow scenarios and drought
status index values. The suitability of the suggested methodology requires a strong correla-
tion between the drought status index and water deliveries to irrigation. A weak correlation
between the mentioned variables would negatively affect the basis risk, premium values,
and claim indemnity results and, as a consequence, the insurance applicability.

By including an official drought state index established by the River Basin Agency,
together with proper design schemes, trigger values, and deductible franchises, the inci-
dence of moral hazard problems and adverse selection in irrigated-drought insurance is
reduced. With this approach, both individual and combined options for indexed drought
insurance were considered. A suitable option is an early-bird contract combined with
a trigger of emergency or alert state in a multi-year contract. On the other hand, in the
analysis of the insurance scheme based on a “pre-index” (an index based on the values
at the beginning of the hydrological year), the premiums get high for the farmers. For
instance, if an alert or emergency scenario were declared in October before the irrigation
season (April–September), the whole irrigation season would most likely be affected by
water scarcity. Insurance companies would not see it profitable to offer insurance in such
cases, which is why the present study suggests offering multi-year contracts with at least
three years of validity.

5. Conclusions

The proposed framework assesses hydrological drought insurance schemes for ir-
rigated agriculture considering water scarcity at the basin level through an economic
assessment of drought impacts. This approach includes financial indicators to evaluate
the viability of the insurance scheme for the insurance companies and the beneficiaries,
using multiple stochastic realizations of inflow time series and the simulation of the water
system’s operation.

The comparison between purchasing or not purchasing insurance was assessed by
integrating financial indicators from the perspective of the farmer and insurance companies.
The selection of the design alternative is based on minimizing the semi-variance (RMSL)
and gross margins standard deviation and maximizing the minimum gross margin. In the
basis risk analysis in the current insurance proposal, the basis risk gain is in most cases
higher than the loss. This entails that the insured farmer would receive more than the
expected compensation, which does not favor the insurance company. The basis risk and
claim ratio analysis should have a balance between the benefits for the insurance companies
and for the farmers.

Given the frequent and severe drought events that affect water availability in the
Jucar river basin, the implementation of this type of insurance is not meant to replace
the agricultural insurance currently provided, but rather to serve as a complementary
insurance alternative for irrigated agriculture. Its premium values are reasonable for
farmers compared to the benefits it can provide, and also with multi-year contract options
it can become a viable business alternative for insurance companies.
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The estimation of the economic impacts of water scarcity on agriculture is challenging
due to the variability of driving factors, such as prices, quality, and demand for products.
As future research, this study can be complemented with an estimation of the impact
of drought analysis on revenue and production costs. For instance, water scarcity may
decrease product quality, lowering its price. The level of adoption of the proposed insurance
must also be studied from a social-economic perspective, considering its viability and
aspects, such as willingness to pay and the inclusion of possible subsidies from the basin
agencies or government. Additionally, future studies can also define drought-related
indexes with a higher correlation with water deliveries for irrigation and the corresponding
economic losses.
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Abstract: Endophytes are well-known for their symbiotic interaction with plants and their ability
to promote plant growth by producing various metabolites. The most well-studied endophytes are
bacteria and fungi. For generations, viruses were misnamed, and their symbiotic associations were
ambiguous. Recent advances in omics techniques, particularly next-generation sequencing, have
given rise to novel developments in the mutualistic relationships that exist between plants and viruses.
Endogenous viruses have received a lot of attention in the animal world, but limited information
exists on their functions and importance to plants. Therefore, endophytic viral populations inhabiting
the root of a maize plant were assessed in this study for the first time using shotgun metagenomics.
Complete DNA was extracted and sequenced using shotgun metagenomics from the maize roots in
farming sites where organic fertilization (FZ), inorganic fertilization (CZ), and maize planted with
no fertilization (NZ) are being practised in an experimental field. Our results identified 2 orders
namely: Caudovirales (67.5%) and Herpesvirales (28.5%) which dominated the FZ site, although
they do not show any significant difference (p > 0.05) across the sites. At the class level Microviridae,
Phycodnaviridae, Podoviridae, Phycodnaviridae, and Poxviridae dominated the FZ site. Myoviridae and
Podoviridae were more abundant in the CZ site, while only Siphoviridae predominated the inorganic
fertiliser site (NZ). Diversity analysis revealed that viral populations were more abundant in organic
fertilization (FZ). Taken together, this research adds to our understanding of the symbiotic integration
of endophytic viruses with maize plants and that their abundance is affected by farming practices. In
addition, their potential can be exploited to solve a variety of agronomic issues.

Keywords: agricultural sustainability; farming practices; endophytes; metagenomics; viruses

1. Introduction

In the natural environment, plant health relies on an overabundance of interconnection
between micro and macro-organisms. Endophytes are the diverse microbial group that
lives in plant tissues in a mutualistic approach. It has been scientifically proven that
endophytes can benefit their host through the mitigation of various agroclimatic conditions
like broad abiotic and biotic stresses. Endophytic microbes are commonly acknowledged
for the promotion of the growth of plants by metabolite creation, which enhances soil
nutrients [1–3]. The root endophytes are of great significance because of their immediate
imminent relationship with soil [4–6]. Various information exists on the interaction between
the root of plants and endophytic micro-organisms [7–10]. Nonetheless, some viruses
have been reported to be pathogenic in studies involving animals, plants, and humans.
This discovery has presented a general negative image of viruses until recently. The
introduction of next-generation sequencing and omic tools has helped improve our interest
in understanding the symbiotic viral–host associations. The coexistence of viruses with
the host plants and genomic association in an asymptomatic approach were accentuated
by scientific studies [11,12]. Viral diverseness and symbiotic relationships require more
scientific observation because most of them are unknown.

Viruses are ample and important biological individuals on earth. New research found
that they are abundant in soil, desert, plant ecosystems, ocean, and the mammalian gut.
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The broad misunderstanding linked with viral associations was highlighted by ecological
surveys [11,12]. Viral interaction may also be mutualistic, but it cannot be symptomatic at
all times. Interconnection between viruses and their hosts is conditional and dynamic in
some instances. Symbiogenesis may easily be led by viral symbiosis through the genomic
fusion of two individuals; this is where the evolution of new species takes place. The
immense plethora of viral sequences in extant genomes can aid coevolution and symbio-
genesis [13,14]. They play a crucial role in the diverseness of living things on the earth,
including the coevolution of viruses and hosts. Based on studies on the diversity of plant
virus biodiversity, viruses discovered in a larger number of plants were found to have
an asymptomatic existence [15]. The influence of biotic and abiotic stresses is improved
by viruses. The ability to survive under extreme temperatures as well as the disease-
suppressive potentials of plants are some of the contributions of viruses to plant health.
In Yellowstone National Park, the plant’s ability to acclimatize to geothermal sectors with
the capability to endure the increased level of temperature was discovered to be correlated
with a novel fungus which consequently was affected by the virus [16]. The development
of a nitrogen-fixing nodule, which is a situation where the quantity of nitrogen is sufficient
in the soil as a means of energy conservation, can be restricted by White Clover cryptic
virus [12].

The ribosomal RNA gene, which lacks a universal coding sequence, is discovered
in all biological life making it difficult to analyse the diverseness of viruses. To unveil
the enormous wealth of viral details from dissimilar environmental tests, metagenomic
research using shotgun sequencing serves as a promising approach [15,17]. Sequences of
viral endophyte were also contracted with the indigenous viral group of the soil to detect
the particular relationship or straight transference coming to the root of the plant from the
soil. A broad analysis was given to propose the likely useful impact of such a symbiotic
relationship. This present study is crucial to discovering the wider expectation of an internal
viral relationship. Having a better understanding of the viral interactions with plants and
their abundance will help in addressing disease emergence in plants and identifying
beneficial integration that might be used to treat a variety of agricultural concerns.

The majority of maize producers in South Africa utilise conventional farming practices
and inorganic fertilisers to increase plant production. In addition to having negative envi-
ronmental consequences, excessive usage of inorganic fertiliser also has negative effects
on the seed quality, microbial populations, and increased lodging in the plant [18]. Simi-
larly, chemical fertilisers are not economical and a non-renewable nutrient source for the
plant [19]. Examining microbiological sources and organic farming, which have excellent
properties for stimulating plant development and productivity, is urgently necessary.

Furthermore, it is uncommon to find a well-organised study on how various agricul-
tural practices affect endophytic virome in maize roots. According to reports, the biggest
population of endophytes is found in a plant’s roots [20,21], which is why maize roots were
chosen in this investigation. To the best of our knowledge, there has not been any research
on how agricultural practices affect the composition and variety of endophytic viromes
inhabiting the roots of maize plants using the shotgun metagenomic technique.

To acknowledge the enormous wealth of viral details from dissimilar environmental
tests, metagenomic research employing shotgun sequencing has presented itself as one
of the best approaches [15,17,22,23]. Therefore, we present the first study assessing the
community structure of endophytic viromes in the roots of maize plants using the shotgun
metagenomic techniques.

2. Materials and Methods
2.1. Seed Sourcing

The drought resistant WE 3127 maize seed used in this experiment was collected
from North-West University School Farm, Molelwane, Mafikeng, North West Province,
South Africa.
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2.2. Root Sampling

Because of the experimental farmland’s triangular form, each agricultural site was
separated into 3 divisions for sampling purposes. The roots of the ten fresh plants in each
division were selected randomly from the farming site and pooled to represent biological
replicates with a total of 30 plants for each site. The maize roots were then uprooted for
the experimental purpose at the fruiting stage of growth [24]. A total of ninety samples
of the plant were assessed, with 3 replicates for the individual sampling site, indicating
three regions. The collected samples were stored in ice, and then promptly taken to the
laboratory for subsequent analysis.

2.3. Description of the Study Site and Experimental Design

Organic and inorganic experimental fields (approximately 500 acres) had been estab-
lished for 15 years at the University School in Molelwane, North West of South Africa
(25◦47′25.24056′′ S, 25◦37′8.17464′′ E). Shrubs and trees dominate this province. The aver-
age province temperature varies from 3–21 ◦C and 17–31 ◦C during winter and summer,
respectively. The annual province’s rainfall is about 360 mm. For a long period, the main
crops planted at this experimental site were sorghum, maize, and soybean (maize-soybean-
sorghum), with sorghum sown in 2019. The physicochemical parameters of the soil samples
from the sampling sites were identical (66% silt, 22%, 12% clay, pH 6; 0.15% total N, 0.48%
organic C, 101.5 ppm p, and 0.962 ppm) (Supplementary Table S1).

The two regimes of fertilization that were employed are organic fertilization (FZ) and
inorganic fertilization (NZ) and have been existing for more than fifteen years, along with
control with no fertiliser application (CZ). The quantity of the inorganic fertiliser that had
been in use is 75 P2O5, 75 K2O, and 150 N in kg ha−1, while the organic fertiliser site had
been applying cow manure with a 10,625 kg ha−1 dosage for more than 15 years following
the international best practices [25], and the last site has never experienced the application
of fertiliser. The WE 3127 seeds were planted on 3 sites, respectively, using a farming space
measuring up to 10 m × 4 m, and was terminated during the summer of the year 2019.
To avoid drought stress, all of the sites were irrigated as needed. Manual weed control
was employed.

2.4. Surface Sterilization of Maize Roots

Soil particles that came with the roots of the plants from the experimental field were
removed via sieving, the procedure outlined by [26], was employed for surface washing
of the new roots. The roots were first immersed in 70% ethanol for 3 min. After which,
they were washed for 5 min with a 2.5% sodium hypochlorite solution. They were then
washed again with 70% ethanol for 30 s before being washed with distilled water that
had been sterilised. To make sure that epiphytes were perfectly taken out and that the
sterilization process was successfully done, the washed roots were chopped into little pieces
and cultured on a yeast extract-mannitol medium (YEM) [27]. After 72 h, the Petri dishes
were incubated at 30 ◦C and were then inspected for the growth of bacteria. The roots of
maize plants from uncontaminated plates were selected for DNA extraction [28,29].

2.5. Extraction of DNA and Shotgun Sequencing

Using a sterilised knife, the maize roots were sliced into minute pieces and macerated
using a Qiagen TissueLyser. Qiagen DNeasy Plant Mini Kit (Dusseldorf, Germany) was
used to extract completed metagenome DNA from the root of the plant samples. The
extracted DNA samples were then sent to the Molecular Research LP in Shallowater, TX,
USA, where shotgun metagenomic sequencing was performed. The Nextera DNA Flex kit
(Illumina, San Diego, CA, USA) was used to prepare the libraries, and the typical protocol
was followed. The Life Technologies Qubit®dsDNA HS Assay Kit was employed for the
determination of the actual DNA concentration in all of the samples. After the formation of
the library, its final concentration was determined by employing the Qubit®dsDNA HS
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and the Agilent 2100 Bioanalyzer.
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The size of the library ranges from 683 to 877 bp, with an average of 731 bp. Library pooling
was done with 0.6 nM ratios and paired-end sequencing was carried out using 300 cycles
via the Illumina NovaSeq 6000 equipment.

2.6. Data Analysis

Sequences obtained for each metagenome were uploaded to the metagenomics rapid
annotation online server (MG-RAST) [30], where QC of the raw sequences was performed,
including the removal of adapter and low-quality reads using the Trimmomatic v 0.33 tool
with default parameters [31]. Artificial sequences were removed, ambiguous bases ere
filtered, a minimum read size was specified, and length filtering was all part of the quality
control process. Following quality control, sequence annotation was performed using
BLAT [32], against the M5NR database [33], which allows nonredundant database in-
tegration. The SEED database was used to categorise endophytic microbiomes, with
characteristics including a 10−5 e-value cut-off and at least 60% similarity of the sequence
to a subsystem. Sequences that failed that annotation test were not taken into consideration.
However, because we focused on endophytic virome, we ignored sequences from bacteria,
eukaryotes, archaea, and maize plants. The MG-RAST data normalization option was
selected to reduce the impact of experimental error/noise. Each taxon’s endophytic virome
table was produced, and unclassified sequence reads were retained for statistical analysis.
Furthermore, after an independent examination of the nine (9) sequences using MG-RAST,
the relative abundance of the taxa in percentages was computed. For statistics, the mean
values of the relative abundance of the three replicates for the experimental sites (CZ, FZ,
and NZ) were employed. These standard sequences can be obtained in the PRJNA607664
NCBI SRA dataset.

2.7. Statistical Analyses

At the order level, the Shinyheatmap was used to plot a relative abundance graph of
endophytic virome communities [34]. The Pielou evenness and Shannon diversity indices
for all the sampling sites were analysed using PAST version 3.20 [35], and the indices
across the farming sites were compared using the Kruskal–Wallis test. The beta diversity
was defined using principal coordinate analysis (PCoA) based on a Kruskal–Wallis matrix,
and the differences in community structure were assessed by employing the one-way
analysis of similarities (ANOSIM) [35]. How the identified endophytic viral order was
distributed among the maize plant fields was presented using Euclidean matrix-based
principal component analysis (PCA).

3. Results
3.1. Metagenome Dataset and Quality Control

The sequence readings of samples were CZ (4839895527), FZ (2977205570), and NZ
(48270695214), obtained for the three experimental sites. The sequenced reads for CZ were
334,259,767 with an average G + C content of 44%, FZ had 415,505,341 with an average
G + C content of 44%, and NZ had 817,699,487 with an average G + C content of 49%, were
obtained after quality-control analysis in MG-RAST. Sequences that mapped for identified
proteins in the metagenome samples that passed the quality control assessment were
371,329, 325,439 and 643,141 for CZ, FZ, and NZ, respectively (Supplementary Table S2).

3.2. Community Structure and Abundance of Endophytic Virome Inhabiting Maize Root Samples

Two major viral orders identified in this experiment are the Caudovirales (67.5%) and
Herpesvirales (68.5%) and are more abundant in the FZ site samples, although no significant
difference (p > 0.05) exists across the sites (Figure 1). At the class level, Microviridae,
Phycodnaviridae, Podoviridae, Phycodnaviridae, and Poxviridae dominated the FZ site (Figure 2).
Myoviridae and Podoviridae were more abundant at the CZ site while Siphoviridae was found
to be more abundant only in the site with the inorganic fertiliser (NZ), although, the
difference across the experimental sites was found not to be significant (p > 0.05).
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been modified using the z-score for the endophytic virome.

Furthermore, at the genus level, unclassified Siphoviridae, Badnavirus, P2-like viruses,
SPO1-like viruses, LUZ24-like viruses, N4-like viruses, Bpp 1-like viruses, Phi29-like
viruses, T4-like viruses, T7-like viruses, L5-Like viruses, Lambda-like viruses and N15-like
viruses dominated FZ sites. Chlamydiamicrovirus, unclassified Podoviridae, unclassi-
fied Myoviridae, and P22-like viruses were dominant in the CZ site, while unclassified
Microviridae, Chlorovirus and T1-like viruses were found to be dominant in the NZ site
(Figure 3). The PCA graph was employed in showing the virome distribution of the identi-
fied between the sites with the most abundant distribution observed in the organic farming
site (FZ) (Figure 4).

3.3. Alpha (α) and Beta (β) Diversity of the Viral Endophytes across the Experimental Sites

The evenness and Shannon indexes derived for the order of the endophytic virome
do not differ significantly (p > 0.05), while a significant difference (p < 0.05) was found at
the genus level (Table 1). The virome community composition was analysed using PCoA
with a Bray–Curtis dissimilarity matrix (Figure 5). The PCoA figure revealed that the FZ
samples varied considerably from the CZ and NZ samples (Figure 5). ANOSIM revealed a
significant difference (ANOSIM, R = 0.67, p = 0.01) in the diversity of the viral endophytes
virome across the farming sites.
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Table 1. Evenness and diversity assessment of endophytic virome across the sampling sites.

Level Indices CZ FZ NZ p-Value

Endophytic Virome

Order Shannon_H 0.59 ± 0.03 0.68 ± 0.14 0.48 ± 0.11 0.42
Evenness_eˆH/S 0.90 ± 0.03 0.66 ± 0.05 0.80 ± 0.14

Genus Shannon_H 1.77 ± 0.39 1.85 ± 0.22 1.60 ± 0.21 0.007
Evenness_eˆH/S 0.73 ± 0.23 0.85 ± 0.17 0.82 ± 0.17

Mean ± SD (n = 3). p-values based on Kruskal–Wallis matrix test. NZ = samples from the inorganic experimental
site, FZ = samples from the organic experimental site, and CZ = no fertiliser site/control samples.
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and CZ = no fertiliser site/control samples.
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4. Discussion

Farming techniques have a considerable effect on the abundance, diversity, and func-
tions of microbial communities in the soil, and can thus be connected to increased crop out-
put and development, as well as improve crop resistance to abiotic and biotic stress [36–38].
Using shotgun metagenomics, we investigated the effects of various farming practices on
the community structure and abundance of endophytic virome inhabiting the root of maize
grown under various fertiliser regimes. For years, viruses had a poor reputation and were
mostly recognised for their capacity to spread disease. But more recently, symbiotic aspects
using omics technologies have come into emphasis. The viral community discovered from
maize root samples which are endogenous in origin were discussed in this study using
the shotgun metagenomics. Interestingly, we also discovered phage virus genomes from
the Caudovirales family, which may have spread from soil [39]. MG-RAST was used to
examine the sequenced metagenome data collected. Genomes for the endophytic virome
were identified, but plant-derived sequences were discarded.

Caudovirales and Herpesvirales were the major viral order in samples and the most
predominant FZ site. This result agrees with an earlier study by Das, et al. [39], this may be
a result of the application of organic fertiliser in the organic site, which might harbour more
microbes. Caudovirales are a family of group-I viruses containing double-stranded DNA
and an icosahedral head connected to a tail by a connector protein. The Caulimoviridae
family provided the majority of unclassified sequences (Figure 1). Caulimoviridiae is a type
of DNA virus with two strands of DNA. Their endogenous pararetroviral sequences have
received a lot of attention (EPRVs). Natural integration into the host DNA has also been
documented [40,41]. This natural interaction with the DNA of the host plant also points to
a co-evolutionary relationship with the plant–virus pathosystem [42–44].

Also, at the class level Siphoviridae, Microviridae, Phycodnaviridae, Podoviridae, Phycod-
naviridae Poxviridae Myoviridae, Podoviridae, and Siphoviridae were identified at the root of
the maize plant. Most of the viral sequences discovered were comparable to those found in
tea plants [39]. However, this study could imply that their relationship as an endogenous
viral particle is well-known. Furthermore, at the genus level unclassified Siphoviridae, Bad-
navirus, P2-like viruses, SPO1-like viruses, Bpp 1-like viruses, LUZ24-like viruses, N4-like
viruses, Phi29-like viruses, T4-like viruses, T7-like viruses, L5-like viruses, Lambda-like
viruses, N15-Like viruses dominated the FZ site, Chlamydiamicrovirus, unclassified Podoviri-
dae, unclassified Myoviridae, P22-like virueses dominated the CZ site, while unclassified
Microviridae, Chlorovirus, and T1-like viruses were found to be dominant in the NZ site.

Badnavirus belongs to the Caulimoviridae family with the plant-associated bacilli-
form DNA virus. They have been reported to be a major pathogen of a variety of
horticultural crops, including citrus, black pepper, cocoa, banana, taro, sugarcane, and
yams [45,46]. Diseases of plants including root necrosis, leaf chlorosis, red vein banding
in early leaves, tiny speckled pods, and the swelling of the stem/root followed by die-
back are all caused by Badnavirus [39,45]. Several researchers have reported Badnavirus
endogenous connection [47,48]. Endogenous recombination with the host genome, on the
other hand, may not lead to infection in the host plant and can give protection against
non-integrative counterparts [45]. Not many reports exist on its presence in maize plants.
However, only one report of Badnavirus from the tea plant has been published, and it comes
from Hao, et al. [49], who used metagenomic sequences of leaves and shoot samples.

The genus level was used for PCA due to the abundance of the virome at the genus
level. The PCA graph revealed that each site has its unique viral genus, which accounts
for 73.4% of the variance between all fertilization locations (Figure 4). The composition
of sequences connected to each genus is reflected in the position of each endophytic
virome; the vector arrows indicate the genus most heavily affected by the distribution.
This information can be used to discover which viral genera are more prevalent at each
sampling site when compared to others (Figure 4). In this investigation, viral genera were
shown to be more prevalent in the FZ site than in other sites (Figure 4).
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The Shannon and evenness indexes evaluated for each viral order revealed no signif-
icant differences (p > 0.05), while the result from the viral genus showed that they differ
significantly (p > 0.05). Endophytic virome in maize grown in the organic farming site was
more diverse and equally distributed than those in maize grown with inorganic or without
fertiliser (Table 1). The result also agrees with the findings of Das et al. [39]. FZ’s viral
endophyte community structure differed from that of CZ and NZ, according to the PCoA
plot (Figure 5). The endophytic virome in the root of maize plants differed significantly
between sample sites, as seen by the Bray–Curtis dissimilarity matrix-based figure.

5. Conclusions

This is one of the foremost studies unravelling the diversity of endophytic virome
inhabiting maize plants employing the shotgun metagenomics approach. This study gave
a detailed taxonomic distribution of viral endophytes in maize roots and showed that
farming practices have a significant effect on the abundance and diversity of these viromes.
Endophytic viromes which were found to majorly dominate the roots of maize plants are
Caudovirales and Herpesvirales. This report has added to our understanding of endogenous
viruses, with a focus on the maize plant. There will be many more mutualistic viruses
that need to be further studied to grasp their evolutionary significance. Understanding
how viruses interact with plants and their diversity will help in communicating disease
disclosure in plants and identifying the most favourable combination, which might be
important in addressing a variety of agricultural issues. The findings of this study further
add to our understanding of the virus–plant symbiotic connection.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy12081867/s1, Table S1: Physicochemical characteristics of the
experimental field; Table S2: Analysis of sequenced data and diversity evaluation of the shotgun
metagenomes of the maize plant from across the fertilizers sites.
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Abstract: Sweet cherry is a highly appreciated seasonal fruit with a high content of bioactive com-
pounds; however, this highly perishable fruit has a relatively short shelf-life period. Here, we
evaluated the evolution of the physicochemical and sensory qualities of sweet cherries (Prunus avium
(L.) cv. Satin) under different storage conditions, namely at a Farmers’ Organization (FO) and in
a Research Centre (RC) under normal and four different conditions of controlled atmosphere for
49 days. Additional parameters were monitored, such as rotten fruit incidence and stem appearance.
Temperature was the factor that most influenced the fruit quality changes over the study time. In fact,
fruits stored at higher mean temperatures showed higher weight loss, higher variation in CIE-Lab
colour parameters, higher firmness loss, and browner and more dehydrated stems and were less
appealing to the consumer. Controlled atmosphere conditions showed a smaller decrease in CIE-Lab
colour parameters and lower weight loss. The incidence of rotting was very low and was always
equal or lower than 2% for all conditions. Thus, RC chamber conditions were able to sustain fruit
quality parameters over 28 days under normal atmosphere conditions and 49 days under controlled
atmosphere conditions.

Keywords: carbon dioxide; controlled atmosphere; refrigeration; sensory evaluation; sweet cherry

1. Introduction

Sweet cherry (Prunus avium L.) is a non-climacteric fruit with a significant content
of nutrients and bioactive compounds, such as ascorbic acid, fibre, anthocyanins and
carotenoids [1,2]. However, this highly perishable fruit has a short marketing period,
extending from May in Southern Europe to August in Northern Europe [2,3].

In 2019, the three main global sweet cherry producers were Turkey (664,224 t), USA
(321,420 t) and Chile (233,929 t). In the same year, Portugal produced 19,130 t of sweet
cherry [4], mainly from the municipalities of Fundão, Covilhã and Belmonte, which are
located in the Beira Interior region [5,6].
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Sweet cherries deteriorate rapidly after being harvested, especially if stored at room
temperature [7]. This may include changes in skin colour, peduncle dehydration and
browning, pulp softening, decrease of acidity and rotting [8–11]. Fungal spoilage, especially
from the genera Botrytis, Monilia, Penicillium and Rhizopus, is the most important reason for
sweet cherry post-harvest losses [11–13].

The maturity of a fruit can be defined as the stage of development that is associated
with the minimum acceptable quality for the consumer [14]. Soluble solids content (SSC),
titrable acidity (TA), the ratio SSC/TA, skin colour and firmness are parameters that have
been suggested to be used as indices to evaluate the maturity of sweet cherries [15–19].
More particularly, Crisosto et al. [15] report that, depending on the sweet cherry cultivar, a
minimum of light red colour and/or 14% to 16% SSC is required for consumer acceptance.

Refrigeration is the most common technique used to extend fruit shelf life. Combined
with refrigeration, controlled atmospheres (CAs) have been shown to help delay fruit
quality decay. This technique uses low oxygen (O2) and high carbon dioxide (CO2) con-
centrations to lower the respiration rate and to stop or delay mould development [7,20,21],
thus enabling fruit storage for longer time periods.

Specifically, CA conditions may help maintain adequate levels of acidity, brighter skin
colour and greener stems [11,22]. High amounts of CO2 have a fungistatic action (delay
of fungal growth), preserving fruit quality and contributing to the extension of fruit shelf
life [12,21]. Additionally, CA conditions induce metabolic changes in volatile compounds,
phenolics and pigments [23].

Optimum values for O2 and CO2 concentrations vary among different studies. How-
ever, intervals are usually between 3% and 10% for O2 concentration, and between 10%
and 15% for CO2 concentration, according to the review presented in Andrade et al. [24].
Very low concentration of O2 and/or very high concentration of CO2 may cause anaerobic
fermentation, development of fruit injuries and off-flavours, leading to fruit spoilage [23].

In fact, O2 concentrations under 1% may result in surface pitting and increase the risk
of anaerobic fermentations occurring in the fruit tissues, which leads to the development of
off-flavours [25,26], and CO2 concentrations above 30% may induce skin discoloration and
off-flavour occurrence [15].

This study intended to evaluate the effect of different storage conditions and different
atmosphere compositions on the quality parameters of sweet cherry cv. Satin, namely
loss of weight, CIE-Lab colour, firmness, soluble solids content, titrable acidity, sensorial
variables and rotting incidence during a storage period of 49 days.

2. Materials and Methods
2.1. Sweet Cherry Storage Conditions and Sampling

The study was conducted over two years, 2019 and 2020, starting on the harvest
day, on 12 June 2019 and on 16 June 2020, for a period of 28 to 49 days (Table 1), and
weekly sampling analysis was performed. Sweet cherries came from the same orchard
(Fundão, Portugal) to minimize the variability influence of environmental conditions, with
the harvest date decided by the Farmers’ Organization. However, in both years, the fruits
used in the study were further selected to form homogeneous samples in terms of colour
and weight.
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Table 1. Description of the experimental design used in the sweet cherry cv. Satin conservation study:
atmosphere conditions, storage time and location of the refrigeration chambers.

Treatment Atmosphere O2
(%)

CO2
(%)

Total Storage
Time (Days) Storage Location Chamber

1
Normal 21 0.04 28

Farmers’ Organization A

2

Research Centre

B
3

Controlled

3
10

49
4 15

C5
10

10

6 15

This experiment evaluated a total of 6 treatments (Table 1). Treatments 1 and 2 were
under normal atmosphere (NA) conditions and treatments 3 to 6 were under controlled
atmosphere (CA) conditions. The 6 treatments were organized in 3 refrigeration chambers,
named A, B and C. Chamber A was located at FO and received treatment 1 (NA). Chambers
B and C were located at RC and received treatments 2 to 6. Chamber B received treatments
2 (NA), 3 (3%O2–10%CO2) and 4 (3%O2–15%CO2), and chamber C received treatments
5 (10%O2–10%CO2) and 6 (10%O2–15%CO2). Sampling was performed once a week (every
7 days of storage), except for CA treatments where sampling was initiated after 14 days.
The duration of the study was 28 days for NA (treatments 1 and 2) and 49 days for CA
(treatments 3 to 6).

Temperature and relative humidity were monitored inside the refrigeration chambers
using dataloggers (EL-USB-2-LCD+, Lascar Electronics). The 2 storage locations, namely
FO (chamber A) and RC (chambers B and C) had different temperature conditions and
similar relative humidity (Table 2).

Table 2. Temperature and relative humidity values in the three chambers of the sweet cherry cv.
Satin conservation study. Chamber A was located in FO with treatment 1. Chambers B and C were
located in RC with treatments 2 (NA), 3 (3%O2–10%CO2), 4 (3%O2–15%CO2), 5 (10%O2–10%CO2)
and 6 (10%O2–15%CO2).

Temperature (◦C) Relative Humidity (%)

A (FO) B (RC) C (RC) A (FO) B (RC) C (RC)

Mean ± Standard deviation 4.8 ± 2.7 2.0 ± 0.7 1.8 ± 0.6 91.1 ± 2.9 97.1 ± 1.2 97.0 ± 1.5
2019 Maximum 12.9 10.5 10.8 98.0 99.9 99.1

Minimum 1.1 1.7 1.6 81.2 84.4 83.9

Mean ± Standard deviation 6.7 ± 1.0 0.9 ± 0.4 1.6 ± 0.7 94.2 ± 3.3 98.7 ± 3.2 98.8 ± 3.3
2020 Maximum 12.0 6.8 10.7 100.0 100.0 100.0

Minimum 4.5 0.3 0.6 81.4 60.2 58.8

The mean temperature in the FO (chamber A) was systematically higher than the
mean temperatures in RC (chambers B and C), namely, for chamber A, 4.8 ± 2.7 ◦C (2019)
and 6.7 ± 1.0 ◦C (2020), compared to chamber B, 2.0 ± 0.7 ◦C (2019) and 0.9 ± 0.4 ◦C (2020),
and chamber C 1.8 ± 0.6 ◦C (2019) and 1.6 ± 0.7 ◦C (2020). In terms of relative humidity,
all the chambers had an average higher than 90% during storage. According to Crisosto
et al. [15], the optimum values of temperature and relative humidity for the storage of
sweet cherry are, respectively, −0.5 ± 0.5 ◦C and 90–95%. All storage chambers were above
that interval, yet the mean value of temperature from chamber A (FO) was significantly
higher. The mean values found for the relative humidity were near (chamber A) or slightly
above (chambers B and C) the recommended interval [15].
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The sweet cherries used in the study were selected to be homogeneous both in colour
and weight. For the physicochemical analysis, a total of 60 sweet cherries per treatment
and sampling day were individually numbered and distributed in 3 small netted baskets
(20 sweet cherries per basket). Each small basket was filled with 30 more cherries (to a total
of 50 cherries), which were not used in the physicochemical analysis. The basket was then
placed in the middle of a 5 kg tray with approximately 4500 cherries, simulating commercial
storage conditions (Figure 1). The evaluation of stem aspects and rotting incidence was
done with 50 sweet cherries per treatment and sampling day, corresponding to 1 full netted
basket. These sweet cherries were not numbered and received only minimum handling to
avoid unnecessary contamination.
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Figure 1. Sweet cherries cv. Satin numbering (A) and netted basket with the numbered sweet cherries
placed in the centre of a 5 kg commercial tray (B).

Fruit trays were stored on euro-sized pallets; CA treatments were covered and sealed
with an LDPE plastic bag connected to a GAC 5000 unit (Fruitcontrol Equipment S.R.L.)
to monitor and add gases when necessary (Figure 2). Gases used in the study were
CO2 (Biogon® C, E290, Linde), N2 (Nitrogen 30, Sysadvance) and O2 (air compressor,
HYAC24-2, Hyundai).
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2.2. Fruit Quality Evaluation
2.2.1. Physicochemical Analysis

At day 0 (harvest), a sample of 60 fruits was used as a start reference based on the
determination of weight, CIE-Lab colour parameters, firmness, soluble solids content (SSC)
and titrable acidity. Additionally, all marked sweet cherries (60 cherries per treatment
and sampling day) were individually evaluated for weight (digital scale, TE1502S, Sarto-
rius) and colour, the 2 non-destructive parameters that can be monitored throughout the
storage period.

Every sampling day, the weight, CIE-Lab colour parameters, firmness, SSC and titrable
acidity were measured.

Weight loss (∆w) was expressed as a percentage of the initial weight. It was determined
for each numbered sweet cherry by the ratio between the weight difference and the fruit
weight on day 0. The weight difference corresponds to the difference between the weight
on the sampling day and the weight on day 0.

Colour was evaluated on opposite sides of the numbered fruit with a tristimulus
colorimeter (CR-400 Chroma Meter, Konica Minolta), the illuminant D65 and the software
Colour DATA CM-S100w. CIE-Lab colour space was used. The differences in each colour
parameter (∆L, ∆a and ∆b) were determined between the sampling day and day 0.

SSC was determined using the refractometer PR-32 alpha, Atago. Results were ex-
pressed as ◦Brix.

Firmness was obtained by compressing the sample against a flat surface (TA-XTplus,
Stable Microsystems), using a flat 75 mm diameter (P/75). The deformation rate was set to
5%, and the deformation speed to 1 mm/s. The results were expressed in newtons (N).

Titrable acidity was determined in the 3 sub-samples of 6–7 fruits (split of the 20 fruits)
by potentiometric titration to pH 8.1, with a solution of NaOH 0.1 mol dm−3 using an
automatic titrator (Titromatic 2S+3B, Crison) and the software TiCom. The results were
expressed as the equivalent percentage of malic acid.

2.2.2. Rotten Fruit Evaluation

The incidence of rotten fruit was evaluated by direct observation based on the 50 fruits
of the minimally handled tray. Results were expressed as a percentage.

2.2.3. Stem Visual Aspect

The visual stem aspect was determined using a scale of 1 to 5 (1—all brown and dry;
5—all green and turgid), created for this study (Figure 3).
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2.2.4. Sensory Evaluation

The sensory evaluation was conducted in a sensory laboratory designed in accordance
with ISO 8589 [27]. Parameters included the visual classification of the sweet cherry (aspect),
firmness, juiciness, flavour and the overall sensory classification (global score). These
parameters were evaluated by 10 consumers using a 9-point scale (1—dislike extremely,
5—neither like nor dislike, 9—like extremely). A minimum classification of 5 was defined
as an acceptance indicator. The samples were presented randomly in Petri dishes, coded
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with a three digit number. Consumers were asked to rinse their palate with water after the
evaluation of each sample.

2.2.5. Statistical Analysis

Statistical analysis was performed with SPSS 23 (IBM). For the physicochemical vari-
ables, the comparisons between means were performed with an Analysis of Variance
(ANOVA), and the means were ordered using the Tukey HSD post hoc test. For the sen-
sory variables, a Kruskal-Wallis test was used [28]. Statistical differences were accepted if
p < 0.05.

3. Results and Discussion
3.1. Fruit Quality Evaluation
3.1.1. Physicochemical Analysis—Initial Conditions

Table 3 presents the initial values of weight, CIE-Lab colour variables, firmness, soluble
solids content and titrable acidity. Colour-related variables, especially a* and b*, showed
the highest variation between the 2 years, probably because of the natural heterogeneity of
sweet cherry skin colour. Nevertheless, the values found in L* were similar to what was
reported by Harb et al. [29] for cv. Regina, more precisely, 27.9 and 29.0 in their studies
conducted in 2001 and 2002, respectively. Firmness values, 3.17 N in 2019 and 3.85 N in
2020, were similar or slightly higher than those found by Paulo et al. [30] for cv. Sweetheart
(2.9–3.3 N).

Table 3. Initial values of the physicochemical variables evaluated in the sweet cherry cv. Satin
conservation study for each of the 2 years of analysis.

Weight
(g) L* a* b* Firmness

(N)
SSC

(◦Brix)
Titrable Acidity
(% Malic Acid)

2019 9.36 33.35 24.25 8.20 3.17 16.92 0.50
2020 10.37 29.66 12.26 2.51 3.85 16.76 0.42

SSC—soluble solids content.

The values found for SSC, 16.92 ◦Brix (2019) and 16.76 ◦Brix (2020), were similar to
the 16.1 ◦Brix reported by Costa [31], which indicates a high sugar content characteristic
of this production region, where SSC frequently is over 20 ◦Brix. Simões et al. [32], using
12 cultivars, observed a minimum of 15.5 ◦Brix (cv. Earlise) and a maximum SSC of
24.4 ◦Brix (cv. Sweetheart). Remón et al. [22] reported 14.7 ◦Brix found in cv. Burlat,
Akbudak et al. [33] reported an SSC of 13.8 ◦Brix for cv. 0900, and Ziraat and Dziedzic
et al. [2] reported values between 14.8 ◦Brix and 16.6 ◦Brix for cv. Regina.

The acidity was 0.50% (2019) and 0.42% (2020), which is a lower value compared to
other results. The values of titrable acidity are mainly determined by the cultivar, but there
is also an influence of weather conditions. Costa [31] reported 0.77% for cv. Satin in the
Beira Interior region. The titrable acidity levels found in the literature were also higher,
more precisely, 0.66% for cv. Burlat [22], 0.7% for cv. 0900 Ziraat [33] and between 0.57%
and 0.74% for cv. Regina [2].

3.1.2. Physicochemical Analysis—Weight Losses

Weight losses were higher in treatment 1 and significantly increased throughout the
storage time, both in 2019 and in 2020 (Tables 4 and 5), reaching −8.83% in 2019 and
−10.50% in 2020, after 28 days of storage. For treatment 2, weight loss reached −1.36% in
2019 and a residual value of −0.30% in 2020. This low value of 2020 was related to some
condensation due to the proximity of an evaporator. Under CA conditions (treatments 3 to
6), it was always below −3.0% at the end of storage period of 49 days. In 2019, there were
no significant differences in weight loss over the storage period for treatment 6 in 2019
and for treatments 4 and 5 in 2020. Globally, CA conditions correspond to lower weight

94



Agronomy 2022, 12, 188

losses, which is in accordance with Akbudak et al. [11,33], who reported higher weight
losses under normal atmosphere (NA) conditions when compared to CA. However, the
influence of different CA conditions on weight loss is not consensual among the reported
studies. For example, Harb et al. [29] reported small or insignificant differences between the
different treatments. Nevertheless, Akbudak et al. [11] pointed out that the water vapour
accumulated inside the CA containers may have influenced the lower weight losses under
these conditions. Sweet cherry low skin diffusion resistance and high surface/volume ratio
increases the chances of weight loss [2,13].

Table 4. Comparison of physicochemical variables between treatments and sampling days in 2019
evaluated in the sweet cherry cv. Satin conservation study. Treatment 1 was located at the FO under
normal atmosphere conditions. Treatments 2 to 6 were located at the Research Centre. Treatment 2
was under normal atmosphere conditions. The atmosphere compositions of treatments 3 to 6 were
3%O2–10%CO2, 3%O2–15%CO2, 10%O2–10%CO2 and 10%O2–15%CO2, respectively.

Treat 7 d 14 d 21 d 28 d 35 d 42 d 49 d

∆w (%)

1 −2.95 A ± 0.60 −4.92 B-e ± 1.36 −7.18 C-d ± 1.68 −8.83 D-b ± 1.93
2 −0.66 A ± 0.19 −0.64 A-a ± 0.28 −0.92 B-a ± 0.28 −1.36 C-a ± 6.84
3 −1.51 A-bc ± 0.60 −1.51 A-b ± 0.47 −1.49 A-a ± 0.50 −1.64 AB-a ± 0.75 −1.92 B-ns ± 0.91 −1.99 B-b ± 0.99
4 −1.22 A-b ± 0.30 −1.75 BC-bc ± 1.41 −1.52 AB-a ± 0.60 −1.79 BC-a ± 0.50 −2.09 CD ± 0.70 −2.37 D-b ± 0.95
5 −1.76 AB-c ± 0.44 −1.77 ABC-bc ± 0.56 −2.28 C-a ± 0.62 −1.95 BC-a ± 0.96 −2.11 BC ± 1.17 −1.41 A-a ± 1.63
6 −2.24 NS-d ± 0.51 −2.20 c ± 0.62 −2.32 a ± 1.00 −2.64 b ± 1.38 −2.39 ± 0.95 −2.36 b ± 1.01

∆L*

1 0.43 A ± 1.06 −1.21 B-c ± 1.28 −3.06 C-d ± 2.26 −1.23 B-c ± 1.69
2 −0.57 A ± 0.96 −1.27 B-c ± 1.25 −2.06 C-c ± 1.51 −0.26 A-b ± 0.95
3 0.14 D-a ± 1.44 1.68 B-a ± 1.60 0.88 C-a ± 0.65 1.32 BC-ns ± 0.74 2.44 A-ns ± 0.77 −0.17 D-b ± 2.31
4 −0.04 D-a ± 0.98 0.08 D-b ± 0.85 1.32 BC-a ± 0.60 1.49 B ± 0.87 2.60 A ± 1.17 0.84 C-a ± 1.00
5 −0.23 D-ab ± 0.80 −0.25 D-b ± 1.26 0.82 C-a ± 0.95 1.51 B ± 0.76 2.63 A ± 0.89 0.75 C-a ± 0.90
6 −0.79 D-bc ± 1.47 −0.02 C-b ± 0.78 0.82 B-a ± 0.79 1.25 B ± 1.54 2.30 A ± 1.32 0.96 B-a ± 0.98

∆a*

1 −2.48 A ± 1.96 −4.18 A-c ± 3.59 −10.46 B-c ± 4.68 −10.66 B-c ± 4.15
2 −1.74 A ± 1.22 −2.70 B-b ± 1.39 −4.01 C-b ± 1.45 −6.54 D-b ± 1.71
3 −0.83 A-a ± 2.20 −1.20 AB-a ± 3.22 −2.43 BC-a ± 0.92 −3.39 CD-ab ± 1.39 −4.74 DE-ns ± 1.22 −5.27 E-b ± 5.16
4 −1.03 A-a ± 1.18 −1.86 B-a ± 0.84 −2.33 C-a ± 1.14 −3.85 C-b ± 1.31 −4.87 D ± 1.55 −3.32 C-a ± 1.63
5 −1.33 A-a ± 1.17 −1.75 A-a ± 1.31 −2.49 B-a ± 1.20 −2.87 B-a ± 1.12 −4.22 C ± 1.30 −2.49 B-a ± 1.11
6 −1.55 A-a ± 1.25 −1.83 A-a ± 1.11 −2.10 A-a ± 0.97 −3.79 BC-ab ± 1.42 −4.55 C ± 2.30 −3.39 B-a ± 1.75

∆b*

1 −0.36 A ± 1.14 −1.59 B-b ± 1.98 −4.39 C-d ± 3.32 −3.31 C-c ± 2.77
2 0.63 A ± 0.66 −1.32 B-b ± 1.24 −2.30 C-c ± 1.52 −1.96 C-b ± 1.31
3 0.23 AB-a ± 1.37 0.49 A-a ± 1.63 −0.52 BC-a ± 0.75 −0.37 ABC-b ± 0.88 −0.69 C-b ± 0.99 −2.21 D-b ± 3.29
4 −0.14 NS-a ± 0.65 −0.42 b ± 0.50 −0.07 a ± 0.64 −0.36 b ± 1.01 −0.44 ab ± 1.03 −0.41 a ± 1.01
5 −0.13 AB-a ± 0.91 −0.44 B-b ± 0.92 −0.35 B-a ± 0.96 0.13 A-a ± 0.66 −0.01 AB-a ± 0.92 −0.08 AB-a ± 0.89
6 −0.23 NS-a ± 0.67 −0.16 ab ± 0.52 0.11 a ± 0.69 −0.27 ab ± 0.89 −0.32 ab ± 1.56 −0.09 a ± 0.98

Firmness
(N)

1 2.68 A ± 0.53 2.39 B-c ± 0.54 2.22 B-c ± 0.49 1.92 C-d ± 0.53
2 3.42 NS ± 0.61 3.57 a ± 0.84 3.72 a ± 0.82 3.75a ± 0.72
3 3.35 B-ab ± 0.76 3.94 A-a ± 0.87 3.72 AB-a ± 0.85 3.58 AB-b ± 0.76 3.97 A-ns ± 1.06 3.73 AB-ns ± 0.71
4 3.58 NS-a ± 0.81 3.65 ab ± 0.87 3.59 ab ± 0.91 3.77 b ± 0.83 3.81 ± 0.91 3.91 ± 0.75
5 3.32 BC-ab ± 0.80 3.66 AB-ab ± 0.82 3.23 C-bc ± 0.69 3.76 A-a ± 1.01 3.53 ABC ± 0.88 3.48 ABC ± 0.71
6 3.15 B-b ± 0.67 3.27 AB-b ± 0.73 3.12 B-c ± 0.73 3.56 A-b ± 0.82 3.57 A ± 0.96 3.64 A ± 0.71

SSC
(◦Brix)

1 16.63 B ± 1.81 17.60 AB-a ± 2.46 17.79 A-a ± 2.44 18.56 A-a ± 2.73
2 16.27 NS ± 1.27 16.33 b ± 1.76 16.25 b ± 2.07 16.70 bc ± 2.16
3 16.70 AB-ab ± 1.94 16.68 AB-ab ± 1.67 17.33 A-bc ± 2.05 16.16 BC-b ± 2.47 15.94 BC-ns ± 1.59 15.64 C-ns ± 2.09
4 17.06 AB-ab ± 2.71 17.22 A-ab ± 1.79 17.09 AB-bc ± 2.92 16.55 AB-b ± 2.49 16.40 AB ± 1.59 15.92 B ± 1.64
5 16.90 AB-ab ± 1.82 16.57 B-b ± 2.07 16.16 B-c ± 1.78 17.72 A-a ± 2.37 16.43 B ± 1.94 16.06 B ± 2.07
6 17.26 AB-ab ± 2.66 17.81 A-a ± 3.21 17.39 AB-ab ± 1.91 16.18 BC-b ± 2.27 16.45 BC ± 1.91 15.62 C ± 1.68

Titrable
acidity

(% malic
acid)

1 0.36 B ± 0.04 0.44 AB-ns ± 0.02 0.45 A-ns ± 0.02 0.43 AB-ns ± 0.04
2 0.45 NS ± 0.07 0.47 ± 0.04 0.44 ± 0.01 0.47 ± 0.02
3 0.43 NS ± 0.06 0.45 ± 0.04 0.44 ± 0.05 0.39 ns ± 0.03 0.43 ns ± 0.03 0.41 ns ± 0.03
4 0.48 NS ± 0.02 0.50 ± 0.08 0.44 ± 0.05 0.41 ± 0.07 0.43 ± 0.05 0.42 ± 0.04
5 0.44 NS ± 0.01 0.46 ± 0.03 0.41 ± 0.06 0.43 ± 0.05 0.42 ± 0.02 0.36 ± 0.07
6 0.47 NS ± 0.03 0.47 ± 0.04 0.44 ± 0.06 0.39 ± 0.03 0.43 ± 0.01 0.40 ± 0.04

Different capital letters in the same row indicate statistical differences (p < 0.05) between sampling days. Different
small letters in the same column indicate statistical differences (p < 0.05) between treatments. NS—non significant
(p ≥ 0.05) differences between sampling days, ns—non significant (p ≥ 0.05) differences between treatments.

Comparing results from 2019 and 2020 for treatments 1 and 2, the higher weight losses
that occurred in treatment 1 may have been caused by constant exposure to higher storage
temperature. This was also noticed and reported by Dziedzic and co-authors [2].
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Table 5. Comparison of physicochemical variables between treatments and sampling days in 2020,
evaluated in the sweet cherry cv. Satin conservation study. Treatment 1 was located at FO under
normal atmosphere conditions. Treatments 2 to 6 were located at RC. Treatment 2 was under
normal atmosphere conditions. The atmosphere composition of treatments 3 to 6 was, respectively,
3%O2–10%CO2, 3%O2–15%CO2, 10%O2–10%CO2 and 10%O2–15%CO2.

Treat 7 d 14 d 21 d 28 d 35 d 42 d 49 d

∆w (%)

1 −3.30 A ± 0.82 −6.06 B-c ± 1.31 −7.22 C-d ± 1.84 −10.50 D-d ± 2.57
2 0.96 B ± 1.24 2.12 A-a ± 1.31 −1.08 D-a ± 0.53 −0.30 C-a ± 0.74
3 −1.48 A-b ± 2.63 −1.44 A-ab ± 1.11 −1.69 A-bc ± 0.71 −1.66 A-ns ± 1.15 −2.19 AB-ns ± 1.55 −2.96 B-b ± 2.03
4 −1.41 NS-b ± 0.48 −2.09 c ± 0.90 −1.85 bc ± 1.36 −1.71 ± 1.26 −2.05 ± 1.90 −2.10 ab ± 1.95
5 −2.05 NS-b ± 1.51 −2.00 bc ± 0.90 −1.58 b ± 0.72 −1.95 ± 1.84 −1.97 ± 1.35 −1.72 a ± 2.24
6 −1.73 AB-b ± 0.48 −1.71 A-bc ± 1.05 −2.43 B-c ± 1.52 −2.15 AB ± 1.66 −2.33 AB ± 1.46 −2.39 AB-ab ± 1.63

∆L*

1 −0.46 A ± 0.53 −0.70 AB-b ± 0.90 −0.93 B-d ± 0.63 −1.28 C-c ± 0.65
2 −0.49 NS ± 0.62 −0.41 ab ± 0.75 −0.60 cd ± 0.75 −0.75 b ± 0.74
3 −0.25 A-a ± 0.52 −0.61 B-cd ± 0.59 −0.32 AB-a ± 0.72 −0.18 A-ns ± 0.72 −0.28 AB-ab ± 0.62 −0.35 AB-ns ± 0.65
4 −0.26 AB-a ± 0.78 −0.08 A-ab ± 0.50 −0.34 AB-a ± 0.68 −0.16 A ± 0.91 −0.63 B-b ± 1.07 −0.43 AB ± 0.78
5 −0.47 NS-ab ± 0.65 −0.38 bc ± 0.86 −0.31 a ± 0.81 −0.14 ± 0.75 −0.37 ab ± 0.74 −0.41 ± 0.64
6 −0.19 AB-a ± 0.72 0.07 A-a ± 0.55 −0.38 BC-ab ± 0.55 −0.25 ABC ± 0.65 −0.24 ABC-a ± 0.73 −0.53 C ± 0.71

∆a*

1 −1.72 A ± 0.80 −3.31 B-b ± 3.67 −5.18 C-c ± 1.87 −5.60 C-c ± 1.77
2 −0.62 A ± 0.70 −1.52 B-a ± 0.65 −2.09 C-b ± 0.85 −2.86 D-b ± 1.10
3 −0.78 A-a ± 0.71 −1.50 B-ab ± 1.02 −1.41 B-a ± 1.39 −1.71 BC-ns ± 0.89 −2.32 D-ns ± 0.97 −2.17 C D-ab ± 1.14
4 −1.30 A-a ± 0.80 −1.40 A-a ± 1.03 −1.64 AB-a ± 0.94 −2.21 BC ± 1.45 −2.34 C ± 1.32 −2.70 C-bc ± 1.37
5 −1.18 A-a ± 0.98 −1.50 AB-ab ± 1.14 −1.81 BC-a ± 0.94 −1.99 BC ± 1.16 −2.32 C ± 1.06 −2.01 BC-a ± 1.07
6 −1.28 A-a ± 0.93 −1.77 AB-ab ± 0.90 −1.99 B-a ± 1.21 −2.07 B ± 0.88 −2.09 B ± 1.23 −2.76 C-c ± 1.22

∆b*

1 −0.24 A ± 0.32 −0.53 AB-b ± 0.96 −0.94 C-b ± 0.76 −0.84 BC-c ± 0.62
2 −0.10 A ± 0.27 −0.06 A-a ± 0.38 −0.10 A-a ± 0.33 −0.30 B-b ± 0.60
3 0.10 A-a ± 0.21 0.03 AB-a ± 0.27 −0.04 B-a ± 0.31 0.06 AB-ab ± 0.24 −0.07 B-b ± 0.27 0.02 AB-ns ± 0.29
4 0.04 NS-a ± 0.19 0.08 a ± 0.28 0.09 a ± 0.24 0.16 ab ± 0.29 0.15 a ± 0.37 0.07 ± 0.26
5 0.00 NS-a ± 0.28 0.03 a ± 0.32 0.04 a ± 0.38 0.03 b ± 0.41 0.05 ab ± 0.29 0.15 ± 0.32
6 −0.04 B-a ± 0.30 0.05 AB-a ± 0.28 0.09 AB-a ± 0.32 0.17 A-a ± 0.23 0.14 A-a ± 0.35 0.13 A ± 0.34

Firmness
(N)

1 3.01 NS ± 0.75 3.02 d ± 0.61 2.72 d ± 0.68 2.91 b ± 0.91
2 4.65 NS ± 1.33 4.94 a ± 0.92 4.63 ab ± 1.12 4.94 a ± 1.04
3 3.90 C-bc ± 0.82 4.23 BC-bc ± 0.83 4.41 ABC-a ± 1.16 4.77 A-ns ± 1.07 4.38 ABC-b ± 1.08 4.66 AB-ns ± 0.93
4 4.28 B-b ± 1.03 4.73 AB-a ± 1.08 4.64 AB-a ± 0.93 4.80 AB ± 1.07 5.02 A-a ± 1.38 4.62 AB ± 0.90
5 4.19 A-b ± 1.21 4.42 A-ab ± 0.95 4.43 A-a ± 1.03 4.62 A ± 1.18 4.25 A-b ± 0.92 4.37 A ± 0.90
6 3.58 C-c ± 0.81 3.85 BC-c ± 0.80 4.71 A-a ± 0.98 4.53 A ± 1.03 4.24 AB-b ± 0.91 4.38 A ± 1.13

SSC
(◦Brix)

1 17.11 NS ± 2.47 17.66 a ± 2.01 17.30 a ± 1.89 17.81a ± 2.13
2 16.23 A ± 1.40 15.44 B-c ± 1.67 16.75 A-abc ± 1.86 16.00 AB-b ± 1.61
3 16.78 NS-ab ± 1.94 16.61abc ± 1.70 16.50 b ± 2.24 16.55 ns ± 1.81 16.37 ns ± 2.01 16.97 a ± 2.48
4 16.06 NS-bc ± 2.21 16.02 c ± 1.65 16.30 b ± 1.94 16.61 ± 2.37 16.46 ± 1.74 15.95 ab ± 1.75
5 16.67 NS-ab ± 2.09 16.32 bc ± 2.02 16.00 b ± 1.91 16.37 ± 1.79 16.38 ± 1.94 16.36 ab ± 2.09
6 17.12 A-ab ± 2.52 17.06 A-ab ± 2.05 16.64 AB-b ± 2.29 16.71 AB ± 1.94 16.76 AB ± 1.86 15.66 B-b ± 2.42

Titrable
acidity

(% malic
acid)

1 0.48 A ± 0.04 0.40 B-ab ± 0.02 0.41 B-ab ± 0.04 0.38 B-ab ± 0.04
2 0.37 AB ± 0.03 0.38 AB-b ± 0.03 0.40 A-b ± 0.02 0.36 B-b ± 0.03
3 0.42 A-ab ± 0.04 0.41 A-ab ± 0.03 0.38 AB-ab ± 0.02 0.36 B-ns ± 0.04 0.35 B-ns ± 0.03 0.34 B-ns ± 0.03
4 0.44 A-a ± 0.04 0.39 AB-b ± 0.01 0.39 AB-ab ± 0.04 0.36 BC ± 0.05 0.32 C ± 0.03 0.31 C ± 0.03
5 0.44 A-a ± 0.04 0.41 AB-ab ± 0.03 0.37 BC-ab ± 0.02 0.35 C D ± 0.03 0.33 C D ± 0.04 0.32 D ± 0.03
6 0.44 A-a ± 0.04 0.44 A-a ± 0.04 0.40 AB-a ± 0.03 0.37 BC ± 0.03 0.36 BC ± 0.03 0.34 C ± 0.03

Different capital letters in the same row indicate statistical differences (p < 0.05) between sampling days. Different
small letters in the same column indicate statistical differences (p < 0.05) between treatments. NS—non-significant
(p ≥ 0.05) differences between sampling days, ns—non-significant (p ≥ 0.05) differences between treatments.

3.1.3. Physicochemical Analysis—CIE-Lab Colour Parameters

The range of ∆L* values was higher in 2019 than in 2020 (Tables 4 and 5). In the first
year, ∆L* values were between −3.06 (treatment 1, 21 days) and 2.63 (treatment 5, 42 days).
However, in 2020 the values were spread between −1.28 (treatment 1, 28 days) and 0.07
(treatment 6, 21 days).

CA conditions resulted mostly in positive values for ∆L* in 2019 and negative values
in 2020. Apart from a global decrease in the values of this variable found in 2019 and 2020
for treatment 1, the other treatments did not show any consistent evolution pattern either
in 2019 or in 2020 (Tables 4 and 5), which was contrary to the more prevailing decrease
pattern reported in other studies [7,22,33].

The treatments under CA conditions showed lower differences in the L* value than
the treatments under NA between 14 and 28 days of storage (in 2019, Table 4) or at 28 days
of storage (in 2020, Table 5), indicating lower differences in the brightness of the fruits.
Akbudak et al. [33], working with cv. 0900 Ziraat, also reported lower colour variation in
sweet cherries stored under CA conditions. In a similar way, Yang et al. [7] reported that
the sweet cherries cv. Lapins under CA conditions which, in their case, included argon (Ar)
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instead of nitrogen (N2) as the inert gas (5%O2–10%CO2–85%Ar) had higher L* values than
the cherries under NA conditions.

A decreasing tendency was found in ∆a* for all treatments, pointing to a* as the main
affected colour parameter under storage (Tables 4 and 5), reaching −10.66 (in 2019) and
−5.60 (in 2020) in treatment 1. Higher variation of a* was observed in NA compared to CA,
which is consistent with the results of Akbudak et al. [33].

In 2019 (Table 4) and 2020 (Table 5), b* values showed a decreasing pattern through-
out time for NA treatments (treatments 1 and 2) and showed a higher decrease in the
b* value (higher ∆b* in modulus) than the CA treatments, similar to what was reported
by Akbudak et al. [33]. ∆b* values for CA conditions were always <1 for all treatments
and remained stable through time for treatment 4 (2019 and 2020), treatment 6 (2019) and
treatment 5 (2020), which means that CA conditions were better at preserving the colour
characteristic than NA conditions.

The temperature difference between treatments 1 and 2 may have influenced the
CIE-Lab colour parameter evolution, since treatment 1 showed a higher decrease in values
than treatment 2 (Tables 4 and 5).

3.1.4. Physicochemical Analysis—Firmness

The fruit firmness from treatment 1 was lower than other treatments after 14 days
(Tables 4 and 5), reaching 1.92 N (2019) and 2.91 N (2020). This might have been influenced
by different temperature conditions since (a) treatment 2 fruit firmness did not statistically
differ (in most cases) from CA fruit firmness treatments (3 to 6) and (b) the fruit firmness
of treatment 1 was systematically lower than treatment 2, both under NA conditions.
Dziedzic et al. [2] also found lower firmness values for ‘Regina’ sweet cherries stored
under NA at 8 ◦C than at 2 ◦C in both years presented (12.2 N vs. 14.1 N in 2011 and
17.1 N vs. 18.9 N in 2012). However, since these authors used a different probe (8 mm) for
the firmness determination, the absolute values cannot be directly compared with ours.
Nevertheless, the trends between treatments remain valid.

In this study, no differences in fruit firmness between atmosphere compositions were
found. However, in most studies, CA treatments showed similar or higher firmness than
NA treatments. For example, Dziedzic et al. [2], using cv. Regina, reported mean values
of 21.2 N when stored at 2 ◦C under 3%O2–5%CO2 and 18.9 N for NA conditions in their
study performed in 2012. However, in the study performed the year before, also presented
in the same article, Dziedzic et al. [2] reported similar mean values between CA (14.2 N)
and NA (14.1 N) treatments.

Yang et al. [7] also reported a sharper decrease in fruit firmness from ‘Lapins’ sweet
cherries stored under NA when compared to the fruits stored under CA conditions
(5%O2–10%CO2–85%Ar). After 63 days of storage, the firmness of the fruits under NA was
approximately 4 N, while the firmness was 5.5 N under CA treatment.

Treatment 6 (2019) showed an increase of firmness (reaching 3.64 N at 49 days). Similar
evolution was also reported by Tian et al. [9] for ‘Lapins’ sweet cherries stored under CA
(5%O2–10%CO2).

Globally fruit firmness was higher in 2020. At harvest, fruit firmness was 3.85 N in
2020 compared to 3.17 N in 2019 and remained very stable under CA conditions, inside the
interval of 3.58 to 5.02 N in 2019 and 3.15 to 3.97 N in 2020 (Tables 4 and 5).

3.1.5. Physicochemical Analysis—Soluble Solids Content

SSC mean values at day 0 were 16.92 ◦Brix and 16.76 ◦Brix (Table 3), higher than the
minimum indicated by Crisosto et al. (1996) for acceptable quality (14–16 ◦Brix).

Neither clear nor systematic evolution patterns throughout time were found
(Tables 4 and 5). Treatment 1 showed, at the end of storage period (28 days), the high-
est values for SSC: 18.56 ◦Brix in 2019 and 17.81 ◦Brix in 2020. Our results did not show
any relationship between SSC and CA conditions. The results found in the literature re-
garding the sweet cherry SSC evolution are not consensual. Dziedzic et al. [2] reported
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an increase of SSC for ‘Regina’ sweet cherries, higher at 8 ◦C than at 2 ◦C, which may be
explained by the sugar concentration due to water loss [2] or by the conversion of cell wall
polysaccharides into sugar, since sweet cherry starch amount is low [33]. On the other side,
Yang et al. [7] reported a decrease in SSC of ‘Lapins’ sweet cherries, which was lower under
CA conditions (5%O2–10%CO2).

3.1.6. Physicochemical Analysis—Titrable Acidity

Titrable acidity (TA) is very important for sweet cherry sensorial properties [12].
Starting from a low value of 0.50% (2019) and 0.40% (2020), no significant differences
were found for titrable acidity evolution in 2019 (Table 4). In 2020, a decreasing tendency
was found for all treatments through storage time (Table 5), which is similar to what was
reported by other authors [2,7,12,22,29,33,34]. The use of organic acids as substrates for
physiological processes may be one reason for TA decrease [2,33]. However, no differences
were found in TA content between CA conditions for >35 d (Table 4). Akbudak et al. [11,33],
working with cv. 0900 Ziraat, found higher values for TA in the CA treatments (5%O2–5%
to 25%CO2) compared to NA conditions, which was not observed in our results.

3.1.7. Visual Observation—Rotten Fruits

Sweet cherries are highly perishable and susceptible to fungal fruit decay. The obser-
vation of rotten fruits was low in all results and was equal to or lower than 3% (Table 6).
In both years, the first observed rotten fruits occurred after 21 days of storage, sooner
than the 30 days reported by Akbudak et al. [11]. Due to a low percentage of rotten fruits,
no relationship between the percentage of rotten fruits and atmosphere composition was
found, contrary to what was reported by Akbudak et al. [33], who found a lower percentage
of rotten fruits in the higher CO2 treatments (20% CO2 and 25% CO2).

Table 6. Percentage of rotten sweet cherries cv. Satin for each year, treatment and storage time.
Before 21 days of conservation, no rotten fruits were found. Treatment 1 was located at FO under
normal atmosphere conditions. Treatments 2 to 6 were located at RC. Treatment 2 was under normal
atmosphere conditions. The atmosphere composition of treatments 3 to 6 was, respectively, 3%O2–
10%CO2, 3%O2–15%CO2, 10%O2–10%CO2 and 10%O2–15%CO2. Treatments 1 and 2 were evaluated
until the 28th day. Treatments 3 to 6 were evaluated until the 49th day. The absence of values indicates
0% rotten sweet cherries.

Treatment 21 d 28 d 35 d 42 d 49 d

2019

1 3% 2%
2 3%
3 2%
4 2% 2%
5
6

2020

1 3% 2%
2
3 2%
4
5 3%
6 2%

N = 50 fruits per treatment and sampling day.

3.1.8. Stem Aspect

Green and non-shrivelling stems are considered a freshness characteristic by con-
sumers [2] and are very important in retail. Stem browning is related to the fact that water
evaporates more easily from stems than from fruits [11].

All treatments showed a generic decrease in the mean classification values through
the storage time (Figure 4). Treatment 1 had the lowest mean values: one scale point lower
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on average. This indicates a more severe stem dehydration and browning related to higher
storage temperatures.
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Figure 4. Stem aspect evolution (N = 50) expressed as mean values of the visual classification.
Classification (Figure 3, Materials and methods) ranged from 1 (completely brown and dehydrated
stem) to 5 (completely green and fresh stem). Treatment 1 was located at FO under normal atmosphere
conditions. Treatments 2 to 6 were located at RC. Treatment 2 was under normal atmosphere
conditions. The atmosphere compositions of treatments 3 to 6 were, respectively, 3%O2–10%CO2,
3%O2–15%CO2, 10%O2–10%CO2 and 10%O2–15%CO2.

CA conditions clearly maintained stems in the same classification throughout storage
time. Thus, the browning and shrivelling of stems were kept at a minimum.

Differences were not observed between treatment 2 and CA treatments until 21 days
(Figure 2). This indicates that, in our study, NA conditions preserved stem freshness until
21 days and did not differ considerably from CA conditions in the stem aspects. This
observation differs from other authors [2,11,23,34]. Nevertheless, Stow et al. [35], working
with sweet cherry cultivars Lapins and Colney, reported that, though the percentage of
green stems was higher in the treatments with lower O2 content (0.5% and 1%), it was
similar for the control, NA conditions and the treatment with higher CO2 content (10%),
which, in their study, was conjugated with atmosphere O2 content (21%).

3.1.9. Sensory Evaluation

In 2019, no differences between treatments were found in any sensory variable. In
2020, differences were found only at 28 days of storage for aspect, flavour and global
score, and treatment 1 showed the lowest classification (Figure 5). Moreover, at 28 days of
storage, the median of aspect scores in treatment 1 was below the minimum defined for
sensory acceptance (5 points), which represents the negative influence of a higher storage
temperature and not atmosphere composition, since no significant differences were found
between treatment 2 (NA) and treatments 3 to 6 (CA).

In 2019, no differences were found between sampling days in any sensory variable,
with the exception of aspect and flavour. The medians of the scores given to these two
variables were lower at 28 days than at the other sampling days. Nevertheless, all medians
of scores were equal or higher than the minimum defined for sensory acceptance (5).

In 2020 there was a global decrease in medians from all CA treatments in the variables
of juiciness, flavour and global score. This decrease also occurred for firmness, except for
treatment 3. Despite this, and similar to what was found in 2019, the medians of the scores
at the end of the study (49 days) were all equal to or higher than the minimum established
for sensory acceptance (5).
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Figure 5. Results from the sensory evaluation of sweet cherries cv. Satin in 2020 after 14 days, 21 days
and 28 days. The evaluation followed a 9-point scale ranging from 1 (dislike extremely) to 9 (like
extremely). Treatment 1 was located at FO under normal atmosphere conditions. Treatments 2
to 6 were located at RC. Treatment 2 was under normal atmosphere conditions. The atmosphere
compositions of treatments 3 to 6 were 3%O2–10%CO2, 3%O2–15%CO2, 10%O2–10%CO2 and 10%O2–
15%CO2, respectively.

The influence of atmosphere composition in sweet cherry sensory characteristics,
more precisely, in flavour, appear to be variable across different cultivars. Wang and
Vestrheim [34] reported that atmosphere composition did not significantly influence the
flavour of cv. Van, Sam and Stella. Nevertheless, according to the same authors, cv. Kristin,
Huldra and Emperor Francis showed higher flavour scores under CA conditions.

4. Conclusions

The mean chamber temperature of the Farmers’ Organization was higher than the
chambers of the Research Centre, allowing differential treatment conditions. Higher mean
storage temperature was correlated to higher weight loss, higher variation in colour param-
eters, especially a* parameter, lower firmness, and more dehydrated and browner stems,
resulting in lower sensorial fruit classifications, particularly concerning aspect, flavour
and global score. Controlled atmosphere treatments maintain fruit quality, namely the
colour parameters, fruit firmness, and sensorial elements. Additionally, at the end of our
study (49 days), the classifications of all sensory parameters were above the limit defined
for sensory acceptance. In CA conditions, fruit weight loss was 2% to 3% after 49 days of
storage. Few rotten fruits, less than 2%, were observed throughout the storage period. No
clear distinction could be found between CA treatments using sweet cherry cv. Satin.
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Abstract: Due to the deterioration of natural resources, low agricultural production, significant
postharvest losses, no value addition, and a rapid increase in population, the enhancement of
food security and safety in underdeveloped countries is becoming extremely tough. Efforts to
incorporate the latest technology are now emanating from scientists globally in order to boost
supply and subsequently reduce differences between the demand and the supply chain for food
production. Nanotechnology is a unique technology that might increase agricultural output by
developing nanofertilizers, employing active pesticides and herbicides, regulating soil features,
managing wastewater and detecting pathogens. It is also suitable for processing food, as it boosts food
production with high market value, improves its nutrient content and sensory properties, increases
its safety, and improves its protection from pathogens. Nanotechnology can also be beneficial to
farmers by assisting them in decreasing postharvest losses through the extension of the shelf life of
food crops using nanoparticles. This review presents current data on the impact of nanotechnology
in enhancing food security and reducing postharvest losses alongside the constraints confronting its
application. More research is needed to resolve this technology’s health and safety issues.

Keywords: agriculture; food processing; food safety; nanoformulation; nanosensors

1. Introduction

One of the most challenging concerns of the 21st century is ensuring food security
for the world’s rapidly growing population. According to projections, the global food
demand will increase from 59 to 98% by 2050, with a population of 9 billion [1,2]. Although
the world’s population is growing, most especially in developing nations, the local and
international supply of food is being disrupted by the use of bio-resources for chemical
manufacturing, production of energy, low-value addition, high postharvest losses, poor
marketing systems, and inefficient distribution and other similar factors [3]. Farmers glob-
ally have concentrated most of their efforts on improving the yield of crops via extensive
and intensive agriculture by implementing novel technologies and ideas [4,5]. Precision
farming in combination with the application of nano-modified stimulants has boosted
the current attempts. Agricultural efficiency, secure water usage, food quality, soil im-
provement and food distribution in outlets are all essential aspects of food security that
nanotechnology research can improve [6].
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It is critical to develop new technologies that will enhance product output while reduc-
ing food waste in order to preserve a nation’s sustainable living standards and improve food
security. Nanotechnology is notable for providing foods with exceptional physical quality
in addition to incrementing nutrient bioavailability. Recently, most research studies have
concentrated on expanding the use of nanotechnology in food processing and agricultural
production [7,8]. Nutraceutical distribution, packing, food processing, serviceability, and
quality control are all areas of nanotechnology research that are experiencing an increase in
intellectual property, patents and publications [9].

Nanotechnology is among the most promising alternatives for increasing food avail-
ability and developing new products related to water application, food, environment,
agriculture, energy, electronics, and medicine. It is a rapidly growing field with novel food
research and exclusive agricultural applications [10]. Growth enhancement and decreasing
postharvest expenditures through improved outcomes and assistance by advanced scien-
tific studies involving biotechnology and nanotechnology in foodstuffs may be the ideal
solution [11]. In agriculture, nanomaterials are being used to discourage the dependency
on pesticides in crop production, limit the loss of nutrients in fertilization and boost crop
output via nutrient and pest control [12].

Smart nutrition delivery, chemical pollutants, bioseparation of proteins, quick moni-
toring of biological, nutraceutical nanoencapsulation, solubilization, and distribution are
examples of new themes approached by nanotechnology and involved in food security that
might be greatly improved [13,14]. The application of nanocarrier techniques to reinforce
bioactive components in order to adjust their biological accessibility and resistance against
a variety of environmental or chemical variations is referred to as food nanotechnology [15].
It improves food dependability by enhancing sensory features such as color, texture, and
taste [16]. It may also increase the capture and biological administration of nutraceuticals
and medicine systems [17]. Food companies benefit from nanotechnology as a unique
food packaging supply with improved mechanical and antibacterial properties [18,19].
Other advantages of the nanotechniques include the development of nanosensors for trace
elements detection, monitoring the state of foodstuffs during storage, transportation and
encapsulation of food modifiers or additional components [20]. There is an increased need
for nanoparticles in food biotechnology, food processing, functional food creation, food
packaging, detection of pathogens in food, food safety and prolonged shelf-life of food
driven by nanotechnology-based applications [21]. Nanomaterials are very good in the
enhancement of food security and in promoting the growth of the food production indus-
try. Depositing food processing equipment (through biofilm coating), membranes, sieves,
nanofabricated filters, catalytic agents, nanosized adsorbents and nanocomposite-based are
all research areas that could contribute to the development of food processing [22]. Using
nanoparticles in food packaging is reported to reduce the amount of time it takes for items
to be packed, as well as the use of valuable raw resources and waste generation [13].

Nanotechnology has a promising potential for developing improved and novel prod-
ucts. Many scientific groups, however, remain skeptical of the public health problems linked
with products emanating from nanotechnology, which requires further research [23,24].
The purpose of this review is to discuss the essentials of nanotechnology, as well as its
applications in food process technology, postharvest, and packaging. It also explores its
role in enhancing food security, as well as the challenges associated with its use in the
agricultural and food systems.

2. Approaches to Nanotechnology

Nanomaterials can be synthesized by either a “bottom-up” or a “top-down” approach.
On a commercial scale, nanomaterials are mostly produced using the “top-down” strat-
egy, in which bulk precursors are reduced to nano size using nanolithography, precision
engineering or milling techniques [13]. The milling process is used to secure flour having
small size particles and high water-holding capacity. By reducing the size of green tea, the
top-down technique can improve its antioxidant capabilities [25]. A study revealed that
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green tea powder with a particle size of 1000 nm has a stronger capacity to digest nutrients,
resulting in an increased ability of oxygen removal by the enzyme dismutase and, hence,
increased antioxidant activity [26]. A similar top-down strategy is homogenization, which
is often employed in the dairy industry for the size reduction of globules, laser applications
and vaporization linked to chilling [27]. A surface area with superior qualities allows
achieving food material with the functions desired for the needed purpose.

The top-down technique is related to nanotechnology-based devices, which are often
controlled with external forces to produce the necessary parameters and particle initiation
from greater levels with stuffing and fragmenting, to obtain the required size [28]. In the
bottom-up approach, atoms are turned into materials of nanoscale dimensions, and this may
involve some complicated processes. The matching of attracting and repulsive interactions
among paired molecules employed as components for making effective supramolecular
assemblies is essential for self-assembly [26]. Self-assembly or clustering of casein micelles,
for example, results in the creation of carbohydrate-binding proteins. The arrangement of
casein micelles, the structures generated in protein–polysaccharide liposomes, and their
aggregates are examples of nanostructures that are self-assembled in food. According to
research, the bottom-up strategy allows for the creation of nanostructures with fewer faults
and a more uniform chemical arrangement [29].

3. Nanotechnology in Agriculture

Agriculture is important in food production through the cultivation of a variety of
crops and the rearing of livestock. Most developing countries regard it as the backbone
of their economies, and it plays a major role in their progress and development. As
the global population expands, so does the need for more food, and food engineers and
scientists are devising innovative ways to boost agricultural productivity [30]. Agricultural
nanotechnology has spent the last several years focusing on applications and research to
address environmental and agriculture challenges for crop enhancement and increased
production. In relation to undernutrition and the need to reduce hunger and child mortality,
agricultural nanotechnology appears to be quite promising in underdeveloped nations [31].
Germany, China, the USA, France, Brazil, Korea and India are among the developed and
rising nations that have shown a great interest in employing nanomaterials for agricultural
purposes, as evidenced by the increased number of related patents and publications [31].

Nanotechnology may be used to refurbish the agricultural sector as a prospective
tool; it also helps in studying the biochemical routes of crops by changing conservative
approaches for assessing environmental difficulties and its application towards improved
production [32]. Nanotechnology, when compared to eco-friendly agricultural biotech-
nology, demonstrates the potential for a greater and faster influence on all elements of
the agro-value chain, resulting in synchronized benefits to the public, moral, legal, and
environmental repercussions [33]. The techniques employed for traditional agricultural
have been transformed through the use of nanoscale agrochemicals such as nanopesticides,
nanofertilizers, nanoformulations, and nanosensors in agriculture (Figure 1).

In agriculture, nanotechnology has a variety of uses, which include the treatment of
wastewater, quality improvement of contaminated soil, and the increment of crop yield
through the use of sensors to detect diseases [22,34]. Nanobiosensors, for instance, are
examples of nanotools that support the highly technological development of agricultural
farms, while also aligning with the usage of nanotools for farm management accuracy and
the control of agricultural inputs [35]. Nanopores carrying zeolite for delayed discharge
and better efficiency, nanosensors for the measurement of soil quality, and smooth her-
bicide delivery mechanisms are some of the beneficial impacts of nanotechnology use in
agricultural development [36].
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Nano-forms of alumino-silicates, silver, silica, and carbon are examples of nanopar-
ticles used for the monitoring of plant diseases. The application of nanomaterials in
agricultural practice has been reported to decrease pesticide usage by ensuring a steady
supply of energetic molecules. It enhances nutrient waste reduction during the application
of fertilizer sand increases harvests by ensuring a better management of nutrients and
water [31]. The responses of different cultivars of rice to engineered nanoparticles have
also been studied at various stages of development and under various conditions [37].

Pests and diseases of plants have been reported to cause 20–40% of crop losses each
year throughout the world [38]. Pest control in current farming techniques is mainly reliant
on the use of pesticides such as herbicides, fungicides and insecticides. It is critical to
produce cost-effective and very active insecticides that are eco-friendly. Pesticides may
benefit from emerging concepts such as nanotechnology, which can reduce toxicity, improve
shelf-life, and increase the solubility of poorly water-soluble pesticides, all of which might
have a good impact on the environment [39]. Other studies also reported the importance of
nanotechnology in agriculture, which majorly regards disease control and safety [31,33].

Pesticides and herbicides developed through nanotechnology help plants receive
steady agricultural chemicals and supply nutrients in regulated proportion [40]. Nanopar-
ticles may potentially be useful in the management of viruses, insects and pests that
infect hosts [41]. For the manufacture of nano-insecticides, some polysaccharides such as
polyesters, starch, chitosan, and alginates have been investigated [39]. In general, nanopar-
ticles that can be used for plant protection may act in two ways: (a) they directly protect
crops and (b) they act as carriers when commonly used pesticides are sprayed [42]. The
application of nanoparticles in food production and plant protection, on the other hand,
remains mostly unexplored [12].

4. Role of Nanotechnology in Postharvest Loss Reduction

More than 40% of food losses (cereals, fruit, pulses, oil crops, vegetables, fish, roots
and tubers, dairy and meat) occur at the distribution and trade stages in developed coun-
tries, whereas more than 40% of losses recorded for foodstuffs occur at the processing and
postharvest stages in developing countries [43]. Due to microbial attack, most of freshly
harvested high-moisture crops are not well preserved, and may soon decay. Nanotech-
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nology is a newer and more improved technology that can assist in reducing postharvest
losses by creating an active packing element with a low amount of bioactive compounds,
enhanced mechanical and gas capabilities, and a minimized influence on the quality of
fruits and vegetables. [44].

Edible coatings are applied on food in the form of a liquid, usually by immersing
the agricultural product in a material-providing solution created via a structural medium
(protein, lipid, carbohydrate or a mixture). They prevent untreated foods from deteriorating
by reducing respiration, preventing dehydration, preserving volatile fragrance molecules,
inhibiting microbial development and refining textural qualities [45]. Nano-coatings with
edible properties deposited on a variety of foods create a barrier to moisture and gas ex-
change, while also delivering enzymes, colors, antioxidants, browning-resistant chemicals,
and tastes which may extend the shelf life of foods produced synthetically [45]. The method
allows for the creation of nanoscale coatings with a thickness of up to 5 (5) nm [46]. Thin
films and edible coatings are commonly used on horticulture products. Cost, functional
characteristics, availability, mechanical properties (tension and elasticity), photosensitive
properties (opacity and brilliance), the fence effect vs. gas flow, the structural barrier to the
movement of water, sensory appropriateness, and microbes are all factors that influence
their utilization [47].

To manage the postharvest activities of newly harvested items, numerous edible coat-
ings that are within nanoscale dimensions are applied to food crops. Silver nanoparticles
have lately generated a lot of interest because of their antibacterial qualities, which are im-
portant for the processing of food. The application of PVP-dependent Ag nanoparticles on
asparagus significantly slowed down microbial growth and weight loss and reduce changes
in the color of the skin [48]. A similar study found that edible gelatin-derived coverings
containing nanocrystalline cellulose extended significantly the shelf-life of strawberries [49].
In comparison to other treatments, a chitosan supplement nano-silica coating increased
the physiological and physicochemical value of longan fruit at room temperature by effec-
tively generating an exceptional semi-permeable layer [50]. Furthermore, coatings with
alginate or a lysozyme-based nanolaminate [51] and chitosan film-based nano-SiO2 [52]
were reported to preserve the value of fresh foods throughout a long storage. In addition,
nano-ZnO coating prevented microbial decay and preserved the postharvest quality of
selected fruits throughout storage [53].

5. Impact of Nanotechnology in Food Processing

The world’s largest food industries are looking for new ways to improve food’s
value, safety and nutritional characteristics. To improve market price, production and
quality in the food industry, newer technologies are necessary. Nanotechnology is useable
in diverse ways in the food industry, including nanoencapsulation, nanoparticle-based
food additives, nanosensors, nano-packing, and nanoparticle-based smart distribution
systems [54]. Its uses include encapsulation, biopolymer matrix, emulsions, related colloids
and simple solutions, all of which provide effective delivery methods. Nanotechnology is
gaining attention in industrial food processing, notably for the encapsulation of flavors or
the enhancement of odor, food texture modification or value increase, and as innovative
viscosity- or gelatin-enhancing agents [55]. Food nanotechnology focuses on the creation of
structures at the nanometer-scale having unique qualities that are often used for various
applications, e.g., as delivery systems, food interaction surfaces with distinct superficial
properties, food characterization tools, sensor technology, nanocomposite coatings and
microfluidic instruments [10]. Figure 2 depicts the multiple applications of food technology.
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At the nanoscale (water/oil system), nanoemulsions are formed by minute emulsion
droplets with diameters of less than 100 nm [56]. The generation of scattered phases
requires more mechanical energy, such as a high-pressure homogenizing step or the use
of a sonication process or microfluidizer. The application of nanoemulsions brings about
a reduction in the involvement of stabilizers by protecting the food from splitting and
breaking, leading to a considerable reduction in the fat quantity required [9]. Numerous
nanoemulsions often appear to be transparent optically and possess numerous technical
advantages when the mixing of a liquid is involved [12]. Nanoemulsions’ end products
often appear creamy, just like other foodstuffs, with no alterations in flavor or taste [9].
They are used to improve drinks, oils taste, sweeteners, salad dressings and other processed
foods. Nanomaterials are often involved in the processing of food as anti-caking agents,
food additives, antimicrobial agents, transporters for nutrient delivery, filling factors for
mechanical power increment and stability of packing material, as well as to improve the
assessment of food security and safety through food nanosensing [57]. This is true for
dietary additions as seen for nutraceuticals, which are produced with improved stability
and bioavailability [55].

Nanoparticles are naturally present in a wide range of food items. Several meals
include proteins that have globular structures with a size ranging from 10 to 100 nm, while
others possess polymers that are linear, with a thickness of 1 nm, and mostly consist of
lipids and carbohydrates. Casein, a nanoscale protein, is found in milk, while meat contains
protein filaments that are classified as nanomaterials [12]. A number of food firms have
been focusing on increasing food safety, production efficiency and nutritional characteristics
in the beverage and food industry, which is a high-finance industry across the world [27].
Increased bioavailability and antibacterial capabilities, improved sensory qualities and
guided distribution of substances with superior bioactivity are outstanding advantages
of using nanoparticles in meatpacking and processing [58]. Nanotechnology is used to
create motivating nano-protocols, fabricate ecologically friendly procedures and smart
nano-packaging, manufacture goods with the best texture and flavor and produce low-
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calorie drinks and food items to improve the health of humans [59]. It can use instruments
such as atomic force microscopy (AFM) for faster diagnosis of component shortfalls and
enhance the development of nanosensors that can be used to identify infections in food [54].
Atomic force microscopy is a powerful tool for studying food assemblages and chemical
interactions that occur at the nanoscale level [59]. It is also a very useful tool for studying
fine food assemblages and chemical interactions at the nanoscale level [45,59].

Food science, like other scientific fields, uses modern nanotechnologies to improve
consumers’ quality of life through updated food formulations and packaging, innova-
tive ingredient synthesis and process monitoring to produce healthier, safer, precise food
systems, with high quality and long shelf lives [27]. Food security, functionality, process-
ing and economic issues regarding distribution and efficiency are developing key links
between nanotechnologies and food systems [54]. Nanofiltration, modification and ab-
sorption of nanoencapsulation, nanoscale enzyme-based reactors, mass and heat transfer
and nanofabrication are multipurpose uses of nanotechnology in food processing. In the
pharmaceutical industry, nanofiltration is very effective in purifying medications and as
a necessary step in removing certain solutes. It is equally employed for the treatment of
water and dairy products in a bid to improve the quality of products by eliminating salt
from lactose [9]. Nanofabrication through mass and heat transfer improves package heat
resistance. Nanoscale enzyme reactors are used to change food systems so to improve
flavor and nutritional value and provide a variety of health benefits. As a result of their
assistance in scattering food due to large surface-to-volume relationships, nanomaterials
result in greater enzyme-mediated systems (to enhance economy, activity and shelf life) in
comparison with macroscale amended goods [60]. The action of lipase in nanotubes was
reported to be 70% greater when compared with that of conventional lipases. For instance,
nano-SiO2 particles considerably hydrolyzed olive oil, leading to increased reusability,
adaptability and stability at extreme temperatures (65 ◦C) [61].

To extend the shelf life of food items, nanoencapsulation is also very important. This
technique is commonly used to improve flavor, preserve food and provide cooking balance.
Nanoceramic derived from nanocapsules in a pot-like form may be used for absorption
modification to reduce the time used for cooking and that spent on oil. It further reduces
trans fatty acids by using plant oil instead of hydrogenated oil and, finally, leads to safer
nanofood production through nanocapsules used for the distribution of nutrients in food
for enhanced absorption. Nanoencapsulation can hide taste and odors, manage food
interactions with effective ingredients, regulate the release of dynamic agents, ensure
accessibility at a specific time intervals and protect them from biological, heat, moisture,
or chemical interferences. Its action displays similarities with those of other ingredients
present in the system [21,62]. Metallic oxides such as titanium dioxide (TiO2) and silica
(SiO2) are often used in food preparation as coloring additives. Wasted food nanoparticles
based on SiO2 nanomaterials are used to transfer odors or fragrances to foodstuffs [63].

6. Impact of Nanotechnology on Food Packaging

One of the important roles of nanotechnology is the protection of food from physical
injury and quality deterioration. Food packaging should be passive, safe, low-cost, readily
reusable or disposable, stable in transportation and storage and resistant to physical abuse.
The content and kind of packing materials have an impact on food quality. Packaging
materials with lightweight, heat resistance and strength, among other qualities, could be
obtained using nanomaterials. Food packaging obtained through nanotechnology has been
widely reported [64,65]. The global nano-based packaging beverage and food industry
was predicted to reach USD 4.13 billion in 2008, rising to USD 7.3 billion by 2014, with an
11.65% estimated annual growth rate [55].

Active packing applications are used on a variety of metal and metal oxide nanopar-
ticles. In food packaging, TiO2 and silver (Ag) are extremely valuable [66]. Metal and
metal oxide nanoparticles, as well as nanocomposites for food packaging, are used as
antimicrobials in active packaging [29]. Due to its semiconducting qualities and improved
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electrical, photosensitive and optical properties, TiO2 is commonly used as a stain, catalytic
substrate and adsorbent material [67]. Rice storage at 70% relative humidity and a tem-
perature of 37 ◦C enhanced food characteristics by combining dispersed and antibacterial
Ag/TiO2 nanoparticles with polyethene used as a packing agent [68]. Antimicrobial poten-
tial, oxygen transfer, enzyme mobilization and information on the level of vulnerability to
degradation-related factors are advantages linked to nanoparticles used in food packag-
ing [69]. When compared to traditional packing materials, material for nano-packaging
generated a superior sensory quality [70]. A nano-polymer including zinc oxide and
polylactic acid nanoparticles was used to produce a highly functional material for food
packaging [45]. A coating with zinc oxide-treated semolina protein was evaluated for the
packaging of food and produces a significant reduction in oxygen absorption as well as
increased resistance to heat [71].

In food packaging, nanoclay, hydrated alumina–silicate and silicates have been used
as layers [62]. The blending of clay with silicate and polymers is a promising nanocompos-
ite contender for food packaging with excellent qualities [70]. Organoclay nanoparticles
employed as antibacterial material have also been studied for their usefulness in food pack-
aging [72]. As a result of the large surface area of nanoparticles and their increased activity,
cellulose is considered a supporting material in a variety of nanomaterials and is being used
in a variety of applications [70]. As a natural polymer, it is extremely strong, ecofriendly,
easily recyclable and affordable [73]. Food packaging using nano-composite films mod-
ified with nano-cellulose and nano-chitosan-added films has shown an improvement in
clearance, elongation to breaking, food protection features and tensile strength [45]. In
comparison to chitosan alone, nano-bio-composited films made with polylactides–chitosan
were proven to be acceptable for food packaging, with significant and long-term antioxi-
dant prospects [74]. Packaging and paper coatings made of nanocomposites of copper and
cellulose have also been reported to have antimicrobial activities [75].

Due to their intrinsic antibacterial properties, nanometer-thick chitosan films have been
widely used [76]. Ionic binding is used to make chitosan nanoparticles via the electrostatic
interaction of the positive amino sides of chitosan with polyanions as cross-linkers [70].
A chitosan/gelatin-based nanocomposite containing Ag nanoparticles is utilized in the
packaging of food and appears to be a very effective protective packaging material for
prolonging the lifespan of red grapes up to 14 days [77]. Gold–chitosan and silver–chitosan
nanocomposite coatings are used as effective antibacterial agents against Gram-negative
bacteria (P. aeruginosa), yeast (C. albicans), Gram-positive bacteria (S. aureus), and fungi
(A. niger) in food packaging [78].

7. Nanosensors in Food Security

Carbon nanotubes are hollow carbonaceous materials composed of atomic groups
arranged in a hexagonal pattern [79]. Nanotubes are used in alumina, medical instruments,
food processing equipment and sports equipment. This is due to their ability to tolerate
high temperatures and to their flexible and sturdy nature [54]. Inorganics, bio-microtubules,
carbon, viral proteins, porins, amyloid proteins, carbohydrates, synthetic polymers, lactal-
bumin, lipids, DNA28 and other organics are often used to create nanotubular textures [45].

Carbon nanotubes increase food packaging’s mechanical qualities [80]. Some poly-
mers have had their tensile strength increased by using polyamides and carbon nan-
otubes [81]. Because of their lower cost, easy methodology, and acute detection property,
carbon nanotube-based biosensors have been used to detect microorganisms, hazardous
substances and other metabolites in food and drinks [82]. Carbon nanotubes made of
TiO2 have been shown to have increased disinfecting ability against B. cereus spores [83].
TiO2 nanoparticles doped with silver showed improved their bactericidal effects against
E. coli [81].

Carbon nanotubes’ potent antibacterial properties often lead to the mass destruction of
pathogens [80]. Partial hydrolysis of α-lactalbumin (milk proteins) resulted in the formation
of nanotubes [13]. According to several studies, α-lactalbumin nanotubes have improved
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viscosity and hardness and therefore can be used as a thickening agent [84]. According to
this study, α-lactalbumin nanotubes can be used as gelation agents, regulating viscosity,
encapsulating agents with steady taste and drug delivery agents in pharmaceuticals and
foods [85]. Nanotubes have also been studied in contemporary agriculture. Various
nanoparticles have been reported to infiltrate the cell walls of plants. Carbon nanotubes
have been reported to infiltrate tomato seeds and alter their growth and sprouting [86].
This is because of the greater water intake promoted by carbon nanotubes, which improves
the plant’s performance. The cell wall was also penetrated by gold-derived mesoporous
silica nanoparticles, which aided DNA penetration [87].

8. Nanosensors in Agriculture and Food

The utilization of biosensors in conjunction with better microfluidics technology,
nanomaterials, and molecular biology has huge implications for crop yield. They may
also be used to track microbes’ activities in the soil and anticipate the occurrence of soil
diseases. The primary premise behind using a biosensor to examine soil is to determine
how the action of negative and positive bacteria in soil is influenced by variations in oxygen
consumption during respiration. They also provide several alternatives for detecting
pollutants and their obstructive effects by utilizing novel nanomaterial characteristics [30].

For azelaic acid and methyl salicylate, biosensors for detecting nitrate concentrations
in plants alongside markers for the identification of infected plants have been reported [88].
Biosensors were used to monitor infections emanating from P. digitatum in citrus [89].
Nanosensors and smart delivery systems are used in precision farming to aid in the efficient
use of natural agricultural resources such as water, chemicals and nutrients. Applications
include geographic systems, remote detection and satellite monitoring tools that can aid
the detection of pests’ activities in crops or of signs of stress, such as drought [90]. The
use of separate sensors linked to real-time GPS tracking is anticipated to be crucial in
nanotechnology-assisted instruments [91]. Nanosensors may be strategically placed across
a field to monitor crop development and soil factors.

Nanosensors are gaining global attention due to their increasingly important impact
in the food sector due to their rapid response capabilities in detecting microorganisms,
harmful compounds and gases in packaged foods. Nanobiosensors have been proven
to detect infections in processing facilities, so to inform clients and suppliers about food
safety [92]. They have also been used to check for impurities, mycotoxins, pollutants and
microorganisms in foodstuffs [93]. There have been reports on allergens detected by using
nanoparticles and biosensor tools, near commercialization [94]. These technologies can also
help in the detection of temperature, expiration date and time history.

9. Challenges and Future Prospects of Nanotechnology in Food Security

Nanotechnology is widely used in agriculture, industry and food production, as
previously stated. Nanomaterials are associated with a host of safety problems linked to the
fact that they might penetrate cells and remain in the system due to their tiny sizes [70,95].
Increased application of nanotechnology in agricultural operations and production of
food is of significant concern to a broad portion of the society due to several antagonistic
effects of different nanoparticles [30]. Despite the protection properties and quality of bulk
substances being obvious, nanoscale complements consistently show different features
when compared to macroscale complements [69]. Nanotechnology poses a concern owing
to the use of tiny nanoparticle with big surface areas that are readily dispersed, may
penetrate the cells and reach far-flung places of the body, posing a risk of toxicity [9].
Nanomaterials have the potential to react with biological specimens due to their size
resemblance to DNA [30].

Environmental conditions can result in the degradation of nanocomposites, leading
to the release of incorporated nanoparticles from polymeric materials into the environ-
ment [73]. For example, the food packaging material low-density polyethylene loses
strength after exposure to environmental factors such as ozone or UV light under humid
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circumstances [64]. Low-density polyethylene samples oxidized under UV radiation or
ozone undergo significant thermal, physical and structural changes [64]. Nanofertilizers
and pesticides are used in agriculture and often spread into the soil, water and environment,
leading to serious health-endangering consequences for farmers [27]. The development
and yield of the plants might be affected by the build-up of nanoparticles in the soil, which
may later accumulate in human tissues when plants are consumed [95].

When nanoparticles are discharged into the agro-environment, they quickly undergo a
series of changes. One of the main concerns regards the unpredicted effects of nanoparticles
on the human body. Nanoparticles can produce oxidative damage and unwanted responses;
wasted nanoparticles may be hazardous [64,96]. Nanotoxicity is primarily mediated by the
massive creation of free radicals, which cause oxidative stress in the cells, rendering them
incapable of performing normal redox-regulated biological functions [29]. In humans, the
breakdown of nano-clay found in low-density polyethylene clumps can result in alveolar
basal epithelial cell cancer [77]. The antibacterial mechanism of Ag has been the subject of
several investigations. However, being a notable heavy metal, it may cause toxicity in the
body by denaturing enzymes and proteins when present in large concentrations; its danger
should be calculated [66]. Research on TiO2 and Ag nanoparticles, as well as on carbon
nanotubes, revealed that they could penetrate the bloodstream and accumulate in organs
due to their insoluble nature [70]. When TiO2 is consumed as a food additive, it can induce
oxidative stress, which causes inflammation, and genotoxicity, which causes chromosomal
instability [97].

Inhalation, cutaneous contact and ingestion are different ways through which nanopar-
ticles enter the body. The use of a large number of nanoparticles in food packaging might
be a source of worry, as their leakage could lead to contamination of the environment and
food materials [64]. However, there is a shortage of data regarding nanoparticles’ migration
from packaging materials into food, as well as their long-term toxicological effects [29].

The selection of green nanofillers in studies involving nanocomposites is critical
for animal, human and environmental safety. Furthermore, concentration, particle size,
molecular weight, diffusivity and certain compounds’ stability in polymer blends, pH value,
temperature, viscosity and polymeric structure, contact duration, food composition and
mechanical pressure are critical factors to be considered [45,70]. It is, therefore, important
that studies should be channeled towards determining the precise number of nanoparticles
discharged into the environment, their buildup in plants and their influence on human
health [95].

Generally, for the safe application of nanoparticles in the food industry, comprehensive
guidelines, rules and regulatory systems are essential. For instance, in the USA, the Food
and Drug Administration (FDA) monitors food packaging and nanofoods, whereas, in
Europe, the European Union regulates nanotechnology-based food additives [98]. How-
ever, most nations that produce nanomaterials lack adequate and specific nanotechnology
regulations [45]. For a legal nanotechnological application, comprehensive government
legislation and guidelines, as well as a thorough procedure for impact and toxicological
screening are required [98].

10. Conclusions

Nanotechnology is a relatively young but rapidly developing technology that has ap-
plications in a wide range of areas including food, agriculture, medicine, various industries
and human activities across the world. It is a remarkable phenomenon that nanostructures
and nanoparticles improve different qualities of the systems in which they are used because
of their high surface area, reduced size and impressive properties such as high catalytic
nature. Nanotechnology plays a major role in improving food security, especially in agricul-
ture. This technology has the potential of improving crop yield through the provision of an
effective insect, pest, microbial and weed management that has high economic value, safety
and security. It further helps in ensuring food safety, monitoring food processing, stability,
food modification and shelf life, sensing, extension, and food loss reduction. With im-
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proved safety, packaging materials, and stability, nanotechnology also reduces postharvest
losses. Metallic and metal oxide nanoparticles such as Au, Zn, Ag, TiO2, MgO, ZnO and
SiO2, which are often employed in food processing, might cause health problems due to
their ease of penetration into the cells, causing undesirable responses in many animals and
human organs, as well as plant parts. Future studies should focus on reducing the hazards
posed by nanocomposite and nanoparticles attacks by employing greener synthesis and
looking for simple and less expensive techniques for removing and degrading existing
nanomaterials from the sites where they were deposited.
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Abstract: Hazelnuts are one of the most appreciated nuts worldwide due to their unique organoleptic
and nutritional characteristics. The present work intended to analyse several physical and chemical
properties of different hazelnut varieties grown in Portugal, namely Tonda de Giffoni, Grada de
Viseu, Segorbe, Longa de Espanha, Butler, Gunslebert, and Negreta. In general, the results revealed
statistically significant differences between the varieties under study. The Gunslebert had more
elongated hazelnuts and with heavier shelled fruits, while the kernels of the Grada de Viseu revealed
to be heavier. Grada de Viseu was harder in the shell, Gunslebert had a harder core, and Segorbe
was more resistant to fracture. Fat was the more representative component for all varieties and in
some cases the values of moisture and water activity were over the recommended amount (≥0.62).
Tonda de Giffoni was the variety with the highest induction time, indicating the highest oxidation
stability. Moreover, discriminant analysis revealed that the variables more important to distinguish
the varieties were protein (λ = 0.007) and water activity (λ = 0.010). The results of this study help to
better understand the differences between some hazelnut varieties that are cultivated in Portugal,
which gives important hints for all players in the hazelnut sector.

Keywords: chemical properties; hazelnuts; physical properties; specific extinction coefficients

1. Introduction

Hazelnut (Corylus avellana L.) is the fruit of the hazel tree and belongs to the Betulaceae
family. Due to their organoleptic and nutritional characteristics, hazelnuts are well appreci-
ated worldwide. This fruit is traditionally consumed as a whole nut (raw or roasted) but
hazelnut kernels can also be used in bakery products, chocolates, dairy products, snacks,
and other confectionary products [1,2].

Hazelnuts are a good source of proteins, monounsaturated fatty acids (mainly oleic
acid), carbohydrates, fibre, minerals, vitamins (such as vitamin E), phytosterols, and also
phenolic antioxidants [3–5]. Its consumption is associated with several health benefits such
as the prevention of cardiovascular diseases for example [6].

In Portugal, the dried fruit sector is of great importance in the economic sustainability
of rural regions, as well as in the fight against social desertification, as it continues to be
based on a regional tradition, is represented by family businesses, and is derived from
smaller orchards [7]. In 2018, hazelnut production in Portugal was equal to 240 tons [8].
According to a study performed by Ferrão et al. [9], the main hazelnut varieties cultivated
in Portugal are Grada de Viseu, Segorbe, Fertile de Coutard, Butler and Negreta, being
Tonda de Giffoni one of the most productive varieties.
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There are different standards to measure hazelnuts’ quality in terms of dimensions,
aspect, and hidden defects [10]. Furthermore, hazelnut properties vary according to the
cultivar [11]. Knowledge of hazelnuts’ physical and chemical properties is crucial as they
are necessary to determine numerous parameters of extreme importance to guarantee
the quality of the product. Moreover, the determination of these parameters also leads
to the decision regarding what type of care should be given to the product; for example,
regarding whether or not it should undergo any transformation before it is made available
to the final consumer [12]. Food acceptability is influenced by different factors including
food intrinsic properties such as taste, texture, aroma, and appearance [13,14]. According
to Lopes et al. [4], hazelnuts’ quality is not only related to its nutritional and chemical
composition but also to some visual aspects such as the absence of broken cores and
presentation of a clear and uniform colour. Thus, to guarantee the food quality of the
products, it is of utmost importance to ensure that they are handled and stored under
proper conditions [4,15]. According to their characteristics, the different varieties may be
more suitable for industry or fresh consumption. The varieties of Grada de Viseu, Longa
de Espanha, Butler, and Segorbe are more appropriate for fresh consumption, while the
variety Negreta is more suitable for industry. Conversely, the varieties Tonda de Giffoni and
Segorbe are suitable for both industry and fresh consumption [16]. Despite the importance
of this theme, there are still only few studies on the physical and chemical properties of
hazelnut varieties grown in Portugal.

Therefore, the aim of this study was to evaluate the physical and chemical properties
of different hazelnut varieties cultivated in Portugal.

2. Materials and Methods
2.1. Hazelnut Samples

The hazelnut samples used in this study were from different varieties, namely Tonda
de Giffoni, Grada de Viseu, Segorbe, Longa de Espanha, Butler, Gunslebert, and Negreta,
collected in Viseu in central Portugal. Three sets of 1 kg of each hazelnut fruit were
harvested in 2019 at the maturity state and then stored (whole hazelnut) until the analysis
at 5 ◦C to guarantee the safety and quality of the product.

2.2. Colour Evaluation

The colour was examined using the colourimeter Konica Minolta CR-400 that evaluates
the Cartesian coordinates CIE L*, a*, and b *. The L* coordinate quantifies the lightness
variation, ranging from 0 (black) to 100 (white). The a* and b* represent chromaticity
coordinates, varying from −60 to +60. The coordinate a* changes from red (+a) to green
(−a) and the coordinate b* varies from yellow (+b) to blue (−b) [4,12,17]. For this analysis,
30 hazelnuts of each variety were used and measurements of different parts of the shell
(2 on the brown shell and 2 on the hilum) and the kernels (2 on the skin and 2 on the inner
core) of each variety were recorded. The measurements on the skin were made on the
whole surface of the hazelnuts.

2.3. Analysis of Texture

Texture measurements were conducted using the texturometer TA.XT.Plus (Stable
Micro Systems, Godalming, Surrey, UK). For these analyses, 30 fruits from each variety
were submitted to two independent tests, namely shell crushing and core cutting. Both
tests used a 500 N load cell.

The test performed for shell crushing was a measurement of force in compression
using a flat P75 probe (diameter of 75 mm) that compressed the sample against the base
of the texturometer. The speeds of the pre-test, test, and post-test were 1.0 mm/s in all
cases. The distance was 6 mm and the trigger force considered was 0.2 N. From the test
performed for shell crushing, was obtained a curve of force (N) versus distance (mm) which
allowed calculating the hardness (the value of the force that corresponded to the crushing
of the shell).
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For the test of cutting the core, the probe used was the Blade Set HDP/BS (Warner-
Bratzler). The pre-test and test speeds were 1.0 mm/s, while the post-test speed was
10.0 mm/s. For this test, the distance was 30 mm and the trigger force was 0.15 N. The
obtained curve of force vs. distance allowed for the calculation of two textural properties:
hardness (force at first peak) and friability (distance to first peak). Hardness was measured
both for shell and unshelled hazelnuts, while friability was only measured for the core.

2.4. Density Evaluation

Density was assessed as described by Guiné et al. [12] and two types of density were
measured: the true density and the apparent density. To assess the apparent density, two
samples of 100 g of hazelnuts were weighted: one with the shell and one without the
shell. Then, they were placed in two separate beakers: one with a capacity of 500 mL (for
the shelled hazelnuts) and the other with a capacity of 250 mL (for the hazelnut kernels)
in order to determine the apparent density of both samples. The apparent density was
calculated by dividing the mass by the volume measured. In the case of true density,
250 mL of water was placed in two 500 mL beakers. To one beaker, 100 g of hazelnuts with
the shells were added, while to the other beaker, 100 g of hazelnuts without the shell were
added. In both cases, the initial volume and final volume was measured. The true density
was calculated as the ratio between the mass and the differences observed in the volume.
All the measurements were conducted in triplicates for each of the hazelnut samples.

2.5. Biometric Evaluation

For the biometric analysis, 50 hazelnuts of each variety were used and the measure-
ments were performed using a calliper rule with a precision scale. The analyses were
conducted for the whole fruit and for the corresponding kernels, and the numbers of
hollow fruits were also registered.

Different biometric parameters were evaluated, namely width (wider equatorial zone),
height (distance between centres), and thickness (narrow equatorial zone perpendicular to
the latter). These parameters were evaluated for the whole hazelnuts and the kernels [18].
With the values obtained, it was possible to calculate the shape ratio and compression ratio
as follows [4]:

Shape ratio =
(width + thickness)

2 × height
(1)

Compression ratio =
width

thickness
(2)

The kernel percentage was calculated as (kernel weight/nut weight) × 100 [19].

2.6. Chemical Analyses

To perform the chemical analyses regarding moisture, protein (% Nx5.23), fat, fibre,
and ash, standard procedures were followed completely [20] and only the kernels were
analysed after the milling and homogenization of the varieties were evaluated. The
procedure was conducted in fresh hazelnuts.

Water activity was determined at a constant temperature using the Hygroscope
Rotronic. The Rancimat method for oils and fats is an accelerated aging test and was
used to evaluate the oxidation stability of hazelnut fat. [21]. This method was performed
using the Rancimat equipment model 743, Metrohm from Herisau/Switzerland.

2.7. Specific Extinction Coefficients Analysis

The analysis of primary and secondary oxidation of the fat extracted from hazelnut
kernels was evaluated using a spectrophotometer (T80 uv-vis spectrophotometer, PG
instruments Ltd., Lutterworth, UK) and according to the procedure described at the Annex
IV of the Regulation (EU) 2015/1833 [22]. For the determination of the spectrophotometric
indices, each sample of hazelnut fat (0.6 g) was placed in a 10 mL flask and filled up to
10 mL with isooctane as this the stock solution. Then, two dilutions were made from the
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stock solution: one of 1:20 for the measurement at 232 nm and the other of 1:2 for the
measurements at 264 nm, 268 nm, and 272 nm. In all cases, isooctane was added until
10 mL was reached.

The specific extinction coefficients (K) were calculated as follows:

K(λ) =
absorbance measured at wavelength λ × dilution factor

weight of the sample × path length of the quartz cell (mm)
(3)

For each sample, two fat extractions were performed and then the procedure was
conducted in duplicates for each extraction.

2.8. Statistical Analysis

The data were analysed using basic descriptive tools such as the mean value and
standard deviation of a set of replication measurements. Additionally, one-way ANOVA
was used to compare the means of three or more samples and to assess the differences
between them using the post-hoc test Tukey HSD (Honestly Significant Difference); this
test consists of a multiple comparison process performed in a single step and identifies
which means are significantly different from others. The data were further submitted to
a discriminant function analysis for the categorical variable VARIETY as the dependent
variable and the 43 ratio variables (accounting for all the measured properties) as the
independent variables. The analysis was performed using the stepwise method with
Mahalanobis distance and the criteria was the probability of F. The tests of equality of co-
variance matrices (Box’s M test) and group means were performed to verify the assumptions
for the utilization of this analysis.

For all tests, a level of significance of 5% (p < 0.05) was considered and the data
analysis was performed with the Statistical Software for Social Sciences (SPSS) software
from IBM Inc. (Armonk, NY, USA, version 26).

3. Results and Discussion
3.1. Physical Properties
3.1.1. Biometric Characteristics

Biometric evaluation is important not only to differentiate hazelnuts’ varieties but also
to decide their utilization and design for the processing equipment. For example, in the
food industry, spherical nuts are preferred because they are easily processed [23]. Table 1
presents the values obtained for the weight of the shelled hazelnuts and kernels. In terms
of the shelled hazelnuts, the fruits of Gunslebert were heavier on average (3.89 ± 0.64 g),
while the fruits of Negreta were lighter on average (2.23 ± 0.37 g). In terms of the kernels,
Grada de Viseu were considered the heavier fruit (1.70 ± 0.31 g), while Negreta was consid-
ered the lightest of all the varieties (1.12 ± 0.24 g). In a study performed by Lopes et al. [4],
it was also found that Negreta appears among the lightest varieties.

Table 1. Weight of the hazelnut fruits and kernels (mean ± standard deviation).

Sample Fruit Weight 1

(g)
Kernel Weight 1

(g)
Kernel Percentage 1

(%)

Grada de Viseu 3.82 ± 0.65 e 1.70 ± 0.31 d 44.14 ± 6.24 a

Tonda de Giffoni 3.16 ± 0.33 c 1.50 ± 0.18 bc 46.19 ± 4.86 a

Segorbe 2.56 ± 0.43 b 1.21 ± 0.22 a 57.27 ± 9.17 b

Longa de Espanha 2.68 ± 0.54 b 1.23 ± 0.34 a 67.68 ± 10.33 c

Butler 3.51 ± 0.42 d 1.58 ± 0.28 cd 53.16 ± 12.39 a

Gunslebert 3.89 ± 0.64 e 1.65 ± 0.20 b 44.23 ± 9.07 a

Negreta 2.23 ± 0.37 a 1.12 ± 0.24 a 63.91 ± 12.05 c

p-value <0.05 <0.05 <0.05
1 Mean values in the same column with the same letter are not statistically different (p < 0.05).
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It was observed that the differences encountered between some of the varieties were
statistically significant (p < 0.05).

Kernel percentage is an important parameter as it identifies which part is edible [18].
The results demonstrated that, regarding kernel percentage, the varieties can be grouped
into three different groups: the first includes the varieties Grada de Viseu (44.14 ± 6.24%),
Gunslebert (44.23 ± 9.07%), Tonda de Giffoni (46.19 ± 4.86%), and Butler (53.16 ± 12.39%);
the second includes Segorbe (57.27 ± 9.17%); and the third group includes Negreta
(63.91 ± 12.05%) and Longa de Espanha (67.68 ± 10.33). In previous studies [18,24,25], it
was found that kernel percentages were lower (< 40.00%) than the values obtained in the
present study.

As presented in Table 2, height varies from 1.39 ± 0.18 cm (Negreta) to 1.76 ± 0.14 cm
(Longa de Espanha), with significant differences between some of the varieties (p < 0.05).
It is important to highlight that height and thickness have the same variation profile for
each variety.

Table 2. Biometric measurements of the hazelnut kernels (mean ± standard deviation).

Sample Height 1

(cm)
Width 1

(cm)
Thickness 1

(cm)
Shape
Ratio 1

Compression
Ratio 1

Grada de Viseu 1.65 ± 0.11 b 1.60 ± 0.12 e 1.42 ± 0.15 e 0.92 ± 0.09 c 1.13 ± 0.12 a

Tonda de Giffoni 1.45 ± 0.10 a 1.58 ± 0.09 e 1.42 ± 0.09 e 1.04 ± 0.09 d 1.11 ± 0.07 a

Segorbe 1.43 ± 0,12 a 1.36 ± 0.11 c 1.22 ± 0.11 c 0.91 ± 0.09 c 1.12 ± 0.12 a

Longa de Espanha 1.76 ± 0.14 c 1.23 ± 0.18 b 1.11 ± 0.17 b 0.67 ± 0.08 a 1.13 ± 0.23 a

Butler 1.69 ± 0.13 bc 1.45 ± 0.13 d 1.31 ± 0.13 d 0.82 ± 0.08 b 1.23 ± 0.13 a

Gunslebert 1.67 ± 0.19 b 1.10 ± 0.21 a 1.01 ± 0.21 a 0.64 ± 0.14 a 1.10 ± 0.15 a

Negreta 1.39 ± 0.18 a 1.08 ± 0.12 a 1.00 ± 0.12 a 0.78± 0.30 b 1.09 ± 0.08 a

p-value <0.05 <0.05 <0.05 <0.05 0.643
1 Mean values in the same column with the same letter are not statistically different (p < 0.05).

As for width, values ranged from 1.08 ± 0.12 cm for Negreta to 1.60 ± 0.12 cm
for Grada de Viseu, again with significant differences between the varieties (p < 0.05).
Thickness assumed values between 1.00 ± 0.12 cm (Negreta), 1.42 ± 0.09 cm (Tonda de
Giffoni), and 1.42 ± 0.15 cm (Grada de Viseu). The variety Gunslebert is one of the smaller
and thicker varieties, unlike Tonda de Giffoni that is one of the widest and thickest varieties,
which translates into a higher shape ratio (1.04 ± 0.09 cm). As for the compression ratio,
all the varieties had values higher than 1 and Butler had the highest compression ratio
(1.23 ± 0.13 cm). Although there were significant differences between some varieties
in the shape ratio, the same did not occur with the compression ratio to which all the
varieties had similar values. According to Lopes et al. [4], higher values of compression
ratio indicate that these fruits are more asymmetric and values close to 1 indicate that these
fruits are more rounded in the equatorial zone. Nut size is an important parameter as it
provides indication about the kernel size. According to Yao and Mehlenbacher [26], kernels
diameters ranging from 11 to 13 mm are the most suitable for kernel market.

3.1.2. Density

Knowledge about physical properties such as porosity in addition to apparent and
true densities are very important in order to project storage facilities [27]. The mean values
of the apparent and true densities with and without the shell are presented in Table 3. By
analysing the results obtained, generally the values of the fruits without the shell were
higher than those with the shell, which is expected considering there exists an important
amount of void between the shell and the core. The results also demonstrated that for all
varieties, true density was higher than the apparent density both for shelled and unshelled
hazelnuts which can be explained by the fact that the round form of the elements does not
allow a great compaction [12]. It was also observed that there were statistically significant
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differences between the values of densities among the samples under study (p < 0.05).
Similar results were obtained in the study performed by Guiné et al. [12].

Table 3. Hazelnuts’ density (mean ± standard deviation).

Sample
True Density (g/mL) Apparent Density (g/mL)

With Shell 1 Without Shell 1 With Shell 1 Without Shell 1

Grada de Viseu 1.39 ± 0.05 cd 1.35 ± 0.09 ab 0.35 ± 0.01 ab 0.42 ± 0.01 ab

Tonda de Giffoni 1.17 ± 0.23 d 1.41 ± 0.12 a 0.33 ± 0.01 a 0.42 ± 0.01 ab

Segorbe 1.09 ± 0.09 bc 1.19 ± 0.07 c 0.47 ± 0.04 c 0.45 ± 0.02 bc

Longa de Espanha 1.56 ± 0.12 e 1.63 ± 0.07 a 0.31 ± 0.01 a 0.40 ± 0.01 a

Butler 0.79 ± 0.05 a 0.97 ± 0.03 b 0.40 ± 0.01 b 0.47 ± 0.02 c

Gunslebert 0.73 ± 0.02 a 0.96 ± 0.04 a 0.33 ± 0.010 a 0.40 ± 0.01 a

Negreta 0.91 ± 0.03 ab 1.07 ± 0.04 c 0.47 ± 0.01 c 0.47 ± 0.01 c

p-value <0.05 <0.05 <0.05 <0.05
1 Mean values in the same column with the same letter are not statistically different (p < 0.05).

3.1.3. Colour

Colour assessment is crucial because it is one of the most important food intrinsic
properties affecting consumers’ food choices. In fact, a change in food colour can lead to a
rejection by consumers [28]. In Table 4, the colour coordinates for the shell, hilum, skin,
and kernel of the hazelnuts studied are presented. Regarding the lightness of the shell (L*
value), the variety with the highest value was Butler (49.34 ± 2.71) (Table 4), indicating that
the shell of those hazelnuts were clear when compared to the others. Conversely, the blackest
varieties were of Grada de Viseu (42.56 ± 3.05) and Negreta (45.29 ± 2.04). As for the values
of a* on the shell, it was observed that for all varieties, the predominant colour was red with
two distinct groups: one with a greater intensity of red (varieties Tonda de Giffoni, Negreta,
Grada de Viseu, Butler, and Longa de Espanha) and the other with a lesser intensity (varieties
Butler and Segorbe). In the case of the yellowness of the shell (b*), there were more differences
found among the varieties and Butler had the highest value (31.77 ± 2.01).

Table 4. Colour coordinates (mean ± standard deviation).

Grada de
Viseu

Tonda de
Giffoni Segorbe Longa de

Espanha Butler Gunslebert Negreta

Shell 1
L* 42.56 ± 3.05 a 46.43 ± 2.19 bc 46.73 ± 2.47 c 45.65 ± 3.03 bc 49.34 ± 2.71 d 46.46 ± 2.04 bc 45.29 ± 2.04 b

a* 19.11 ± 2.49 b 19.51 ± 2.28 b 16.33 ± 2.03 a 18.31 ± 2.48 b 18.61 ± 1.64 b 16.64 ± 3.26 a 19.23 ± 2.62 b

b* 22.61 ± 3.78 a 28.43 ± 3.43 c 24.52 ± 3.29 ab 28.54 ± 4.25 c 31.77 ± 2.01 d 26.24 ± 4.58 b 24.61 ± 3.93 b

Hilum 1
L* 49.79 ± 2.97 a 54.01 ± 6.28 b 50.28 ± 2.38 a 50.49 ± 3.10 a 48.99 ± 2.81 a 48.00 ± 6.95 a 50.49 ± 5.58 a

a* 10.60 ± 1.35 b 9.37 ± 1.53 a 9.36 ± 1.14 a 9.18 ± 3.10 a 12.59 ± 1.66 c 8.75 ± 1.35 a 8.75 ± 1.40 a

b* 23.02 ± 1.71 d 23.19 ± 2.75 d 21.22 ± 1.61 c 19.98 ± 1.64 b 24.71 ± 2.39 e 18.59 ± 3.38 a 20.67 ± 1.50 bc

Skin 1
L* 43.75 ± 4.08 a 50.21 ± 5.07 d 48.76 ± 3.25 cd 46.36 ± 4.70 b 49.84 ± 3.62 d 49.35 ± 3.53 cd 47.46 ± 3.63 bc

a* 15.56 ± 1.33 b 14.40 ± 1.32 a 15.55 ± 1.65 b 15.55 ± 1.54 b 17.08 ± 1.30 d 14.73 ± 1.33 a 15.83 ± 1.23 b

b* 23.65 ± 2.17 a 25.00 ± 2.11 a 25.37 ± 2.66 a 25.59 ± 2.47 a 26.98 ± 1.84 a 25.26 ± 1.38 a 26.63 ± 1.84 a

Kernel 1
L* 72.35 ± 4.27 cd 75.00 ± 5.26 ef 69.71 ± 5.21 bc 64.94 ± 6.48 a 68.78 ± 3.34 b 74.08 ± 4.85 de 77.50 ± 4.04 f

a* 2.45 ± 0.94 b 2.30 ± 1.23 ab 2.73 ± 1.24 b 3.82 ± 1.78 c 2.91 ± 0.74 b 2.29 ± 0.97 ab 1.73 ± 0.83 a

b* 25.24 ± 2.28 ab 24.59 ± 3.21 a 25.67 ± 2.04 ab 26.18 ± 2.32 b 29.72 ± 3.79 c 25.43 ± 2.50 ab 25.29 ± 1.98 ab

1 Mean values in the same row with the same letter are not statistically different (p < 0.05).

As presented in Table 4, the hilum had lower values for a* when compared to the
shell, indicating that the hilum is less red. In general, there were no differences among
the varieties regarding the values of L* with the exception of Tonda de Giffoni that was
clearer when compared to the others. As for the values of a* on the hilum, the variety with
the highest value was Butler (12.59 ± 1.66), followed by Grada de Viseu (10.60 ± 1.35).
Regarding the coordinate b*, it was also possible to distinguish two varieties, namely Grada
de Viseu with the lowest value (18.59 ± 3.38) and Butler with the highest (24.71 ± 2.39).
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Regarding the skin (Table 4), Grada de Viseu was the variety with blackest skin
(43.75 ± 4.08) and both Tonda de Giffoni and Butler were the varieties with the lightest
skin (50.21 ± 5.07 and 49.84 ± 3.62, respectively). Regarding the a* coordinate, the values
ranged between 14.40 ± 1.32 (Tonda de Giffoni) and 17.08 ± 1.30 (Butler). The ANOVA test
did not show significant differences among the samples for the coordinate b* (p = 0.418).

As presented in Table 4, the values of the coordinates L* and a* of the kernel are
highly different from those of the shell and the skin. L* presented higher values (between
64.94 ± 6.48 and 77.50 ± 4.04 for Longa de Espanha and Negreta, respectively), indicating
that the hazelnut kernels are whiter. For all samples, the values of a* were lower than the
ones obtained for the shell, hilum, and skin, indicating that in the kernel, the red colour is
less intense. The highest value was 3.82 ± 1.78 for the Longa de Espanha sample. The values
of b* were all positive, indicating the presence of the yellow colour. Guiné et al. [29] reported
a value for b* equal to 31.57, thus indicating that the kernels they studied were slightly more
yellow than those in the present study. In another study by Mexis and Kontominas [30],
colour parameters were found for hazelnuts of 30.45 for lightness (L*), 6.84 for redness (a*),
and 8.70 for yellowness (b*), notably values that are considerably lower than those found in
the present study. Lopes et al. [4] also evaluated the colour of the varieties present in this
study with the exception of Longa de Espanha and observed different values than those
presented in Table 4. These differences are perhaps due to the fact that hazelnuts’ properties
are dependent on the year and place of harvest, among other factors [31].

3.1.4. Texture Characteristics

The textural characteristics evaluated were hardness and friability. Hardness is related
to the mechanical strength necessary to cause the crushing of a product [3] that in the
case of hazelnuts is linked to the mechanical strength necessary to crush the outer shell,
an important consideration as it ensures the physical integrity of the product, as well as
ensures its ability to support the mechanical stress involved in the process of packing
and transportation. However, if hardness is too high, it may represent a difficulty for
industrial workers who need to remove the shell to process the hazelnuts’ kernels. The
friability measures the tendency of the products to fracture [32,33]. Table 5 presents the
mean values obtained for the hazelnuts’ textural properties. The results demonstrated
that the hardness of the shell varied considerably according to variety, with Grada de
Viseu having a very high value of hardness (389.91 ± 94.31 N) and Longa de Espanha
having a lower value (82.56 ± 22.22 N). The hardness of the core also exhibited very high
variability from 11.94 ± 3.20 N (Segorbe) to 79.00 ± 32.17 N (Gunslebert). The different
values between the samples indicates that the forces necessary to cause the crushing
of the kernel and to perform the hazelnut cut are dependent on the variety. In a study
performed by Ghirardello et al. [34], it was found that the rupture force for hazelnut kernels
was 91.83 ± 20.91 N, indicating that those hazelnut fruits were harder than the samples
evaluated in this study. Thus, these results could be very important for producers and the
food industry sector.

Table 5. Hazelnuts’ textural properties (mean ± standard deviation).

Sample
Hardness

of the Shell 1

(N)

Hardness
of the Core 1

(N)

Friability of the Core 1

(mm)

Grada de Viseu 389.91 ± 94.31 d 68.15 ± 15.23 bc 5.15 ± 1.45 ab

Tonda de Giffoni 292.87 ± 65.26 c 56.53 ± 11.12 b 4.42 ± 1.25 a

Segorbe 201.85 ± 46.97 b 11.94 ± 3.20 a 11.21 ± 2.75 c

Longa de Espanha 82.56 ± 22.22 a 15.45 ± 3.70 a 10.50 ± 2.70 c

Butler 189.85 ± 53.42 b 15.11 ± 4.10 a 11.09 ± 3.13 c

Gunslebert 235.42 ± 56.21 b 79.00 ± 32.17 c 7.27 ± 4.69 b

Negreta 293.28 ± 47.41 c 57.39 ± 14.42 b 5.60 ± 3.73 ab

p-value <0.05 <0.05 <0.05
1 Mean values in the same column with the same letter are not statistically different (p < 0.05).
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Regarding the friability of the core (Table 5), fruits of the varieties Segorbe, Longa de
Espanha, and Butler were less susceptible to fracture (supporting a higher crushing distance
before fracture: 11.21 ± 2.75 mm, 10.50 ± 2.70 mm, and 11.09 ± 3.13 mm, respectively),
while the variety Tonda de Giffoni exhibited the lowest value of friability and therefore can
be fractured more easily (4.42 ± 1.25 mm). This could be also important when the main
objective of producers and the food industry is to maintain the whole core.

3.2. Chemical Properties

The results obtained for the chemical analyses of the hazelnuts’ fruits under study
are presented in Table 6. Moisture content varied from 4.77 ± 0.27 g/100 g (Negreta) to
9.78 ± 1.32 g/100 g (Longa de Espanha). According to Silva et al. [35], hazelnut moisture
content in the natural state is about 4% to 6%. As can be observed, some of the analysed
samples presented values higher than the above-mentioned limit that can compromise the
storage time and quality of the fruits. The ANOVA test showed statistically significant
differences among the varieties (p < 0.05) and this could be due to the intrinsic differences
among the varieties, among drying conditions, and handling techniques.

Table 6. Hazelnuts’ chemical properties (mean ± standard deviation as determined for the kernel).

Sample Moisture 1

(g/100 g)
Water

Activity 1
Fat 1

(g/100 g)
Ash 1

(g/100 g)
Fibre 1

(g/100 g)
Protein 1

(g/100 g)
Induction
Period (h)

Grada V. 7.18 ± 0.38 bc 0.73 ± 0.01 c 46.04 ± 1.53 a 2.59 ± 0.14 a 10.58 ± 0.77 c 17.56 ± 0.40 e 23.76 ± 2.16 b

Tonda G. 5.98 ± 0.15 ab 0.70 ± 0.01 b 72.29 ± 4.16 b 2.45 ± 0.18 a 11.53 ± 0.82 c 12.15 ± 0.27 b 24.21 ± 4.74 b

Segorbe 8.80 ± 0.38 d 0.80 ± 0.03 f 66.13 ± 1.75 b 3.08 ± 0.08 b n.d. 2 14.09 ± 0.34 de 21.58 ± 2.25 b

Longa E. 9.78 ± 1.32 d 0.77 ± 0.01 d 72.50 ± 3.79 b 2.61 ± 0.15 a 8.37 ± 0.34 b 17.43 ± 0.53 c 20.96 ± 1.70 ab

Butler 8.45 ± 0.21 cd 0.80 ± 0.01 e 69.07 ± 4.28 b 3.10 ± 0.05 b 11.11 ± 0.22 c 15.43 ± 0.75 d 22.47 ± 1.76 b

Gunslebert 5.67 ± 0.31 ab 0.60 ± 0.01 a 71.61 ± 2.50 b 3.80 ± 0.23 c 5.75 ± 0.41 a 11.41 ± 0.28 b 17.74 ± 0.21 ab

Negreta 4.77 ± 0.27 a 0.59 ± 0.01 a 70.06 ± 0.18 b 3.05 ± 0.14 b 5.30 ± 0.46 a 10.02 ± 0.27 a 14.02 ± 0.39 a

p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
1 Mean values in the same column with the same letter are not statistically different (p < 0.05). 2 Not determined.

The water activity values ranged from 0.59 ± 0.01 (Negreta sample) to 0.80 ± 0.01 and
0.80 ± 0.03 (Butler and Segorbe samples, respectively). It is considered that the limit for
fungal activity corresponds to a value of water activity equal to 0.62, indicating that with
higher values, all microbial activity ceases [36]. Nevertheless, in the evaluated samples,
that upper limit was exceeded and therefore some samples might be more susceptible to
microbial or mould deterioration.

It is important to highlight that fat was the major component for all varieties, ranging
from 46.04 ± 1.53 (Grada de Viseu) to 72.50 ± 3.79 (Tonda de Giffoni). However, considering
the statistical analysis, the only result for fat that was significantly different is the result
presented for Grada de Viseu with a low value, indicating that the other varieties presented
have a similar fat content. These results are similar to those obtained by Oliveira et al. [5].
According to previous studies, hazelnut kernel composition is composed of 60% fat, 15%
crude proteins, 4% ash, and 4% moisture on average, and these values are not very different
from those obtained in the present study (Table 6) [5,37].

The ash, fibre, and protein contents showed significant differences between sam-
ples (p < 0.05). Ash was highest for the Gunslebert sample (3.80 ± 0.23 g/100 g) and
lowest for the Tonda de Giffoni sample (2.45 ± 0.18 g/100 g). Oliveira et al. [5] found
higher values of ash for hazelnuts in the range of 4.2–5.2 g/100 g. Moreover, the results
illustrated that there are three different groups in terms of the ash content: the first is
for the varieties Tonda de Giffoni, Grada de Viseu, and Longa de Espanha (2.45 ± 0.18,
2.59 ± 0.14, and 2.61 ± 0.15 g/100 g, respectively); the second for Negreta, Segorbe, and
Butler (3.05 ± 0.14, 3.08 ± 0.08, and 3.10 ± 0.05 g/100 g, respectively); and the third for
the variety Gunslebert (3.80 ± 0.23 g/100 g). Fibre varied from 5.30 ± 0.46 g/100 g (Ne-
greta) and 5.75 ± 0.41 g/100 g (Gunslebert) to 11.53 ± 0.82 g/100 g (Tonda de Giffoni),
11.11 ± 0.22 g/100 g (Butler), and 10.58 ± 0.77 g/100 g (Grada de Viseu). According to
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Tunçil [38], hazelnut is rich in dietary fibre, recognized for its potential to improve bowel
function. In his work, the author reported a fibre content value of 17.78 g/100 g for a
natural hazelnut, considering this lowered as hazelnuts were roasted. He also reported a
very high value of fibre in the hazelnut skin (69.78 g/100 g). Regarding the protein content,
it varied from 10.02 ± 0.27 g/100 g (Negreta) to 17.56 ± 0.40 g/100 g (Grada de Viseu).
Oliveira et al. [5] reported values of protein in the range of 14.8–15.7 g/100 g and hence
some of the samples evaluated in this work had higher values while others had a lower
protein content.

It is very important to assess the oxidation stability of a sample because lipid oxida-
tion is one of the most critical factors that affects the shelf-life and preservation capacity
of food products [12,39]. The results of the fat oxidation test (Rancimat) presented in
Table 6 demonstrated that the variety with the highest induction time was Tonda de Giffoni
(24.21 ± 4.74 h), indicating a higher oxidation stability when compared to the other vari-
eties. Again, there were some statistically significant differences found among the varieties
under study.

3.3. Specific Extinction Coefficients

The specific extinction coefficients are used as indicators of oil oxidation, providing
information about its quality and preservation state [40]. The parameter K232 is indicator
of primary oxidation during oxidation processes and it is correlated with the formation
of conjugated dienes of polyunsaturated fatty acids [37,41–44]. Conversely, K270 indicates
the level of conjugated trienes that is representative of the secondary oxidation [45]. Fur-
thermore, the resulting products of the secondary oxidation (aldehydes and ketones) also
absorbs at wavelengths of 262, 268, and 274 nm [46].

Table 7 presents the results for the specific extinction coefficients at 232, 264, and 268 e
272 nm. The values for K232 varied between 1.66 ± 0.06 (Negreta) and 4.06 ± 0.24 (Segorbe),
indicating that Negreta exhibited a lower presence of primary oxidation products than
the other hazelnut varieties. Furthermore, significant differences were found among the
varieties under study for all the determined parameters. The results also demonstrated that
in all cases the values for Segorbe were considered higher and were statistically different
from the other samples, indicating that this variety had a higher degree of oxidation that
translates into a worse state of conservation. In the study of Pannico et al. [45], it was
stated that K232 is considered the most important lipid oxidation parameter and that values
higher than 2 are attributed to hazelnuts with taste defects, while values above 2.5 are
considered rancid. According to Karoui et al. [47], an inappropriate storage of fruits or
incorrect procedures of oil extraction usually correspond to an increase of K232, while K270
increases when the oil is not fresh and results are from a previous harvest.

Table 7. Hazelnuts’ specific extinction coefficients at 232, 264, and 268 e 272 nm (mean ± standard
deviation).

Sample K232
1 K264

1 K268
1 K272

1

Grada de Viseu 2.09 ± 0.01 b 0.09 ± 0.00 ab 0.09 ± 0.00 ab 0.09 ± 0.00 ab

Tonda de Giffoni 2.16 ± 0.14 b 0.07 ± 0.01 a 0.07 ± 0.01 a 0.07 ± 0.01 a

Segorbe 4.06 ± 0.24 d 0.22 ± 0.02 d 0.22 ± 0.02 d 0.21 ± 0.02 d

Longa de Espanha 3.23 ± 0.06 c 0.17 ± 0.00 c 0.17 ± 0.00 c 0.17 ± 0.00 c

Butler 2.36 ± 0.06 b 0.11 ± 0.00 b 0.12 ± 0.00 b 0.13 ± 0.03 bc

Gunslebert 2.42 ± 0.27 b 0.08 ± 0.00 ab 0.08 ± 0.00 ab 0.08 ± 0.00 ab

Negreta 1.66 ± 0.06 a 0.10 ± 0.04 ab 0.10 ± 0.04 ab 0.10 ± 0.04 ab

p-value <0.05 <0.05 <0.05 <0.05
1 Mean values in the same column with the same letter are not statistically different (p < 0.05).

3.4. Discriminant Function Analysis

The discriminant function analysis was performed for variety as dependent variable
and considering as independent variables all the properties analysed in the hazelnuts. The
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results illustrated that only some variables had a significant Wilks’ lambda according to
the p-value of the F test (p < 0.05): namely L* of the shell, height, width, compression
ratio, kernel height, kernel width, kernel thickness, kernel shape ratio, true density of
the whole fruit with the shell, true density of the whole fruit without the shell, apparent
density of the whole fruit with the shell, apparent density of the whole fruit without
the shell, moisture content, ash, fat, fibre, protein, water activity, and specific extinction
coefficient at 232 nm (K232). The variables with a lower value of Wilks’ lambda and therefore
those more important for the discriminant analysis were protein (λ = 0.007) and water
activity (λ = 0.010). The results for the correlation matrix indicated some very high values
of the correlations including three values equal to or higher than 0.990. The results of
discriminant function analysis are shown in Table 8 and they correspond to four functions.
The first function with the highest eigenvalue explains 65.2% of variance, followed by
F2 explaining 29.1%, which indicates these two functions account for most of the variance
explained. Therefore, the other two functions are residual. Nevertheless, all four functions
are significant (p < 0.05). The value of the Wilks’ lambda is considerably lower for F1 that
confirms its bet discriminant ability, although F2 also has a very low value of lambda.
The canonical correlation coefficients that measure the strength of the association between
each function and the dependent variable (VARIETY) are very high for all four functions,
although notably highest for F1 and F2 as compared to F3 or F4.

Table 8. Results of discriminant function analysis.

Function Eigenvalue % Variance
Explained

Canonical
Correlation

Wilks’
Lambda p-Value

F1 601.7 65.2 0.999 1.31 × 10−8 <0.05
F2 269.2 29.1 0.998 7.92 × 10−6 <0.05
F3 43.08 4.7 0.989 0.002 <0.05
F4 9.600 1.0 0.952 0.094 <0.05

From the 43 independent variables used, only five were considered in the analysis
as they had greater discriminant ability (water activity, protein, ash, b*of the shell, and
apparent density with the shell). According to the standardized canonical discriminant
function coefficients in which the largest absolute values correspond to variables with
greater discriminating capacity, variable b*of the shell demonstrated greater discriminant
ability in function F1 (4.821) and protein was more discriminating in F2 and F3 (0.874 and
0.863, respectively), while for function F4 the most discriminating variable is ash (1.079).

The results of the structure matrix (Table 9) show that the greater discriminant ability
in functions F1 and F3 is provided by the variable of apparent density with the shell
(0.199 and 0.546, respectively), while in F2 it is provided by the variable of protein (0.680)
and in F4 it is provided by the variable of ash (0.986).

Table 9. Structure matrix accounting only for the five variables included in the analysis.

Variables F1 F2 F3 F4

Water activity 0.143 0.546 * −0.362 −0.382
Protein 0.028 0.680 * 0.479 −0.318

Ash −0.039 −0.096 0.127 0.986 *
b*of the shell −0.007 0.002 −0.014 0.124 *

Apparent density with the shell 0.199 −0.280 0.546 * −0.515
* Largest absolute correlation between each variable and any discriminant function.

Figure 1 shows the distribution of the different variety groups according to the most
relevant discriminant functions (F1 and F2). These results indicate that varieties Tonda de
Giffoni, Longa de Espanha, and Segorbe are more similar considering the proximity of their
centroids, while varieties Gunslebert, Negreta, Grada de Viseu, and Butler are different
from all others.
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Figure 1. Discrimination of the seven varieties studied according to the two most important functions:
F1 and F2.

The model includes four equations built on the basis of the canonical discriminant
function coefficients as follows:

F1 = −399.6 + 395.7 × aw − 4.2 × Prt + 11.6 × Ash + 345.6 × DaS − 0.99 × bS (4)

F2 = −60.7 + 60.4 × aw + 2.8 × Prt + 1.6 × Ash − 51.4 × DaS − 0.06 × bS (5)

F3 = −0.123 − 85.2 × aw + 2.8 × Prt + 1.7 × Ash + 51.2 × DaS − 0.12 × bS (6)

F4 = −38.9 + 32.3 × aw − 0.25 × Prt + 6.1 × Ash + 2.1 × DaS + 0.06 × bS (7)

where aw is water activity, Prt is protein, DaS is the apparent density with the shell, and bS
is the b* of the shell.

4. Conclusions

This study provided results that allowed for the comparison different hazelnut vari-
eties. Regarding the biometric characteristics, it was concluded that Gunslebert had the
heavier fruits while Grada de Viseu had the heavier kernels. In addition, Gunslebert was
more elongated and Butler was more rounded in the equatorial zone. For all varieties, the
apparent density was lower than the true density.

The results also established the expectable ranges for each colour parameters in the
shell, hilum, skin, and kernel, with Butler exhibiting a clearer shell and Tonda de Giffoni
exhibiting a clearer hilum and skin. In contrast, Negreta exhibited a clearer kernel. As for
texture, Grada de Viseu had a harder shell while Gunslebert had a harder core. Additionally,
varieties Segorbe, Longa de Espanha, and Butler were more resistant to fracture.

Regarding the chemical properties, as expected, the major component was fat, fol-
lowed by protein, and then fibre. Very different values were found for the chemical
components according to variety. Negreta exhibited the lowest amount of primary oxida-
tion products, corresponding to a lower K232 value. The values of moisture content were
over the recommended values in some cases (varieties Grada de Viseu, Segorbe, Longa de
Espanha, and Butler) and the desirable values for water activity were surpassed in some
samples (Grada de Viseu, Tonda de Giffoni, Segorbe, Longa de Espanha, and Butler). This
indicates that these varieties are more susceptible to mould and microbial deterioration
that represents a problem in the hazelnuts’ conservation and storage.
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The discriminant analysis illustrated that the variables of protein and water activity
were the most important parameters. The distribution of the different variety groups
according to the most relevant discriminant functions revealed that varieties Tonda de
Giffoni, Longa de Espanha, and Segorbe were more similar, while varieties Gunslebert,
Negreta, Grada de Viseu, and Butler were different from all others.

These findings are important for Portuguese producers, retailers, and industry sectors
because they are useful to better understand the characteristics of different hazelnuts’
varieties, they can be a tool to facilitate the choices for all players in the hazelnut sector, and
they can provide context in view of the particular future usages intended for hazelnuts.
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Determination of the Thermal Oxidation Stability and the Kinetic Parameters of Commercial Extra Virgin Olive Oils from
Different Varieties. Available online: https://www.hindawi.com/journals/jchem/2019/4567973/ (accessed on 3 February 2021).

41. Casal, S.; Malheiro, R.; Sendas, A.; Oliveira, B.P.P.; Pereira, J.A. Olive Oil Stability under Deep-Frying Conditions. Food Chem.
Toxicol. 2010, 48, 2972–2979. [CrossRef] [PubMed]

129



Agronomy 2021, 11, 1476

42. Kıralan, M.; Bayrak, A. Oxidative and Antiradical Stabilities of Two Important Virgin Olive Oils from Ayvalik and Memecik
Olive Cultivars in Turkey. Int. J. Food Prop. 2013, 16, 649–657. [CrossRef]
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Abstract: The continued and extensive use of synthetic herbicides to control weeds to maximize
crop yield is no longer sustainable, as it results in negative impacts on the environment and human
health. Innovative sustainable and resilient food production systems should preserve resources and
environmental health by incorporating alternative natural herbicides, recycling waste, and favoring
a circular economy. The present work assesses the value of different organic waste (Urtica dioica
residues, Vicia faba pods, spent coffee grounds, and corn cobs) as bioherbicides and fertilizers in
different seasons through pot and field two-year sequential experiments. Pot assays revealed that
V. faba pods, spent coffee grounds, and corn cob waste showed the best inhibitory effect, which were
subsequently evaluated in the Spring–Summer and Autumn crops. In the field, spent coffee grounds
reduced the biomass of total naturally-emerged weeds and stimulated crop growth under scarce
rainfall and warm days. However, its effect varied under different environmental conditions. Spent
coffee grounds can partially control weeds in the field, which valorizes them as a bioherbicide and
boosts sustainable agriculture.

Keywords: bioherbicides; corn cobs; organic manures; spent coffee grounds; Vicia faba pods

1. Introduction

The widespread use of synthetic herbicides and fertilizers on agricultural lands to
maximize yield and feed an increasing population has resulted in air, soil, and water
pollution [1–3]. The overuse of herbicides has additionally resulted in an increase in
herbicide-resistant weeds [4]. This reduces the effectiveness of the long-term use of herbi-
cides, compromising crops yield [5]. Environmental contamination by synthetic pesticides
results in human diseases [6,7] and to the depletion of non-human biota populations [6].
This has led to an increasing demand for organic products free of synthetic herbicides, able
to provide sustainable and safe alternatives, leading to a rapid increase of organic farming,
which contributes to environmental protection [8,9]. In the last ten years, the European
Union’s organic farming area increased by 70% [9]. Maintaining agricultural production
based on synthetic agrochemicals has proven to be environmentally and socially unsus-
tainable in the long term. As a result, both the United Nations, through its 2030 Agenda,
and the European Union, with the European Green Deal, are deeply committed to ensuring
the use of sustainable and resilient food production systems that preserve ecosystems for
future generations. The European Commission aims to significantly and urgently reduce
the dependence on pesticides and fertilizers by promoting a circular bioeconomy and
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integrated pest management to achieve sustainable food production [10]. Conducting
sustainable agriculture involves abandoning old risky practices and adopting new, safer
farming strategies that preserve the environment [11].

Herbicides can be partially replaced by natural phytotoxic compounds or organic
mulches to control weeds [12–14]. Natural compounds are considered safer than synthetic
herbicides, since they have shorter environmental half-lives and rarely contain halogenated
atoms [15,16]. Similarly, renewable manures made with organic waste can be a source of
nutrients for crops [17,18], reducing the use of synthetic fertilizers. Organic amendments
also improve soil fertility and favor water retention [19,20]. Additionally, the use of
biopesticides and biofertilizers contributes to the recovery and maintenance of soil quality
and health, which are essential in agriculture [21].

Valuing waste by finding new potential uses for it, while reducing the use of synthetic
agrochemicals in agriculture, embodies a holistic and sustainable alternative that prevents
environmental contamination, provides new raw materials, and favors zero waste, by
turning waste into by-products. This contributes towards the implementation of the circular
economy strategy and the Waste Directive approved by the Council of the European Union
on 30 May 2018 [22]. In Portugal, three types of common organic waste include spent coffee
grounds (CG), Vicia faba L. (broad bean) pods, and corn cobs. Coffee is the most popular
beverage in Portugal with a consumption average rate per capita of 4.15 kg/year1 [23],
providing a considerable daily amount of CG. However, this waste is marginally recycled
as a mushroom substrate or adsorbent for cationic dyes in sewage water [24]. Biodiesel
production from CG was also evaluated, but it does not seem to be worthwhile since
the production costs outweigh the energy revenues [24]. Vicia faba is a popular crop in
Portugal. Data from 2017 pointed out that 2892 tons of broad beans were produced in the
country that year, with the fresh pods being thrown away to landfills. Corn (Zea mays L.)
is the main cereal crop in Portugal for grain production [25]. Corn cob waste is generally
burned [26]. Recent studies evaluated its potential as a raw building material for thermal
insulation [26,27] and a source of xylan to produce nanoxylan particles with antileishmanial
and antifungal activities [28].

Despite the abundance of CG, V. faba pods, and corn cob waste, their potential as new
agricultural resources has not been broadly explored. Extensive literature has focused
on CG properties and its potential uses [29,30]. For agriculture purposes, CG may be a
nutrient source, since it increases the content of organic matter, carbon, total nitrogen, avail-
able potassium and phosphorous, and reduced C/N ratio in soils [31,32]. This waste also
increases moisture in sandy-loam soil [33]. The direct application of CG produced contradic-
tory results on crop yields; while low doses can slightly affect the plant growth [33,34], high
doses suppress the growth of a range of different crops [32,33], although the inhibitory
effect can be alleviated through composting [34]. Crop-growth inhibition by CG seems to be
related to the presence of phytotoxic compounds such as caffeine, tannins, and chlorogenic
acids [31,35]. However, this negative effect might be useful to control weeds in sustainable
agriculture, a relevant issue that was scarcely explored for CG [31]. In the case of V. faba,
the literature highlighted both its phytotoxic and fertilizing properties. Interestingly, fresh
flowering V. faba plants incorporated into the soil reduced weed biomass in maize crops by
50% in the short-term, but increased crop and weed biomass after the phytotoxic effects
disappeared [36]. For V. faba pod waste in particular, Al-Chammaa et al. [37] found that
sorghum plants almost doubled their biomass in response to soil amendments with this
type of green manure, with the N from green manure being effectively used (up to 45%)
by sorghum. Pod-waste extracts are known to have phytotoxic activity on three nematode
species under in vitro and in vivo conditions [38]. Corn cobs are a source of antioxidant
phenolic compounds that could be useful in food and pharmacological industries [39,40].
However, their use for agricultural purposes has not yet been explored.

This study presents a combined strategy to reduce waste and the overuse of synthetic
agrochemicals. Therefore, the objective of this study is to explore the potential herbicidal
effect of different agri-food waste incorporated into the soil as tools to control emerging
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weeds in Spring–Summer and Autumn crops, and simultaneously to evaluate the waste
effect on crops’ biomass and soil quality. We hypothesize that these waste would contribute
towards conducting more sustainable practices in agriculture by reducing the use of syn-
thetic herbicides and fertilizers, and favor a circular economy by providing new uses for
overlooked agri-food byproducts.

2. Materials and Methods
2.1. Evaluated Waste

The flowering plants of Urtica dioica L. were weeded at the Escola Superior Agrária
de Coimbra farm (ESAC, Coimbra, Portugal; 40◦13′02′′ N, 8◦26′56.2′′ W) on 29 May 2019,
allowed to dry in a shaded placed until 3 June 2019, cut into 4–7 cm pieces, and stored in a
paper box before use.

The fruitful plants of Vicia faba L. were harvested from crops in central Portugal on
3 June 2019 and on 29 May 2020, and immediately processed in the FRIP company (Gafanha
da Nazaré, Portugal) 2–3 days before setting up the experiments. Fresh-oxidized pods
were used in the Spring–Summer experiments to test their effect, but overprocessing was
avoided. However, dry pods were used in the Autumn experiments because broad bean is
only cultivated during the Winter–Spring season at this latitude. Fresh-oxidized pods were
dried at 65 ◦C for preservation and stored at dark-room temperature before use.

The spent coffee grounds were obtained from local coffee shops. In October 2019,
fresh one-day spent coffee grounds were collected and immediately used in the Autumn
pot experiment (2019) as fresh waste. The amount of coffee grounds needed for the field
experiments, set in 2020, was much higher. However, the availability of spent coffee
grounds was sporadic due to the COVID-19 pandemic restrictions, which kept local coffee
shops closed. Therefore, we decided to collect spent coffee grounds when available, dry
them at room temperature to prevent fungal contamination, and mix them before setting
up the experiments.

The corn cobs were obtained from local farmers in September 2019 and 2020, ground
using a standard garden grinder to provide 3–8 cm particles, and stored at room tempera-
ture before use.

2.2. Waste Extracts for Pot Experiments

In Spring–Summer 2019, dry U. dioica and fresh pods of V. faba were used to obtain
water extracts at 20% mixing 20 g of waste with 100 mL of distilled water for 24 h, at room
temperature. These were periodically shaken. The extracts were then filtered through a
gauze and immediately used.

In Autumn 2019, water extracts using U. dioica or V. faba (20%, 20 g dry waste 100 mL−1

distilled water) were obtained as described for the Spring–Summer extracts.

2.3. Crop Species for Field Evaluation

To evaluate the waste effect on crops, several species were selected to ensure different
taxa and crop-edible plant parts. Lactuca sativa L. and Raphanus sativus var. niger (Mill.)
J. Kern. were chosen to represent leaf-edible and bulb-edible crops under Spring–Summer
conditions, while Brassica rapa subsp. nipposinica (L. H. Bailey) Hanelt (leaf-edible) and
Beta vulgaris L., sp. Pl. (bulb-edible) were chosen to represent crops under the Autumn
conditions. The seedlings of those species were obtained from local suppliers before
conducting the field experiments.

2.4. Experimental Set-Up

Two trials in two consecutive years were conducted. First, the herbicidal effect of
different waste on weeds naturally emerging from agricultural soils was evaluated in
pots in Spring–Summer and Autumn. Agri-food waste showed the best herbicidal results,
which is the reason why they were subsequently assayed in field plots to test their effect
on weeds, crops, and physico-chemical soil properties during the Spring–Summer and
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Autumn seasons. To facilitate their potential use by farmers, fresh waste were primarily
used when available to avoid later overprocessing. However, the availability of some
agri-food waste depended on crop timing. To standardize the procedures, fresh agri-food
waste were dried for preservation and used when needed.

2.4.1. Pot Trials
Experiment 1—Bioherbicidal Effect of Different Waste on Emerging
Spring–Summer Weeds

The first pot experiment was established outdoors at ESAC farm (Coimbra, Portugal;
40◦12′47,3′′ N, 8◦27′05,1′′ W) from 6 June to 18 July 2019. This region is characterized
by a warm temperate climate with a dry summer—Csb (Köppen–Geiger climate classifi-
cation, [41]), with very scarce rainfall and an average medium temperature of 20 ◦C for
the experimental period (Figure S1: meteorological data were obtained from the ESAC
meteorological station). The area is devoted to organic production that is heavily infested
by several weed species, mainly Cyperus spp. The soil characteristics at the experimen-
tal site were the following in average: pH(H2O) = 6.5, 1.3% organic matter (OM), 84 mg
P2O5 kg−1 extractable phosphorus (P), 122 mg K2O kg−1 extractable potassium (K), and
0.13% total Kjeldahl nitrogen (N). Fifteen-liter pots (29 cm diameter, 24 cm high) were
filled with agricultural soil (Ap horizon) collected from this location and watered with
2 L of tap water. The pots were randomly assigned to one of the treatments: dry U. dioica
waste (hereafter U), fresh V. faba waste (hereafter F), extract of dry U. dioica waste (hereafter
UE), extract of fresh V. faba waste (hereafter FE), control without any addition of waste or
extract as a negative control (hereafter C), and Cyperal herbicide (Benfuresato 40%) as a
positive control (hereafter H). The treatments were applied in the doses described in Table 1.
The control pots received water from the Mondego River (pH 7.34; electrical conductivity
0.10 mS cm−1; [42]). The treatments were replicated five times and the pots were randomly
distributed. The doses for fresh (28 Mg ha−1) and dry (9 Mg ha−1) waste applied in the
present study were similar to those for phytotoxic mulches or manures commonly used in
weed control [14,43,44]. The dose for aqueous treatments was the quantity of waste extracts
needed to moisten the soil, while avoiding percolation. U and F were incorporated into
the first 10 cm soil layer. EU, EF, and H were homogeneously applied on the top of the
soil. After treatment application, the pots were covered with plastic bags for 24 h to avoid
premature treatment leachate by rain on June 6th (Figure S1). Then, the bags were removed,
and weeds grew under natural conditions. The pots were watered with the same quantity
of tap water two or three times a week, avoiding percolation.

Table 1. Doses for treatments tested in Experiment 1.

Treatment Abbreviation Dose

River water/no waste (negative control) (L ha−1) C 45,418.8
Vicia faba pod extract (L ha−1) FE 45,418.8
Urtica dioca extract (L ha−1) UE 45,418.8

Vicia faba pod waste (Mg ha−1) F 28
Urtica dioca waste (Mg ha−1) U 9

Herbicide (positive control) (L ha−1) H 3

At the end of the experiment, the weeds from each pot were uprooted, classified into
monocotyledons, dicotyledons, and Cyperus spp., typically the most problematic weed,
and dried at 65 ◦C until a constant weight was achieved. Determinations included the
aboveground biomass (g m−2) of each weed group and total weeds.

Experiment 2—Bioherbicidal Effect of Different Waste on Emerging Autumn Weeds

A second pot experiment was conducted in the same place, from 15 October to
26 November 2019. Environmental conditions throughout the experiment were character-
ized by average values of 6 mm for rainfall and 14 ◦C of medium temperature (Figure S1:
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data collected at ESAC). Fifteen-liter pots were filled with the same agricultural soil as for
Experiment 1 and randomly assigned to these treatments: dry U, dry F, UE, FE, fresh spent
coffee grounds waste (CG), dry corn cob waste (CC), C, and H. The treatments were applied
in the doses described in Table 2 and were replicated five times. The control treatment
received water from the Mondego River.

Table 2. Doses for treatments tested in Experiment 2.

Treatment Abbreviation Dose

River water/no waste (negative control) (L ha−1) C 45,418.8
Vicia faba pod extract (L ha−1) FE 45,418.8
Urtica dioca extract (L ha−1) UE 45,418.8

Vicia faba pod waste (Mg ha−1) F 9
Urtica dioca waste (Mg ha−1) U 9

Spent coffee grounds waste (Mg ha−1) CG 28
Corn cob waste (Mg ha−1) CC 9

Herbicide (positive control) (L ha−1) H 3

Waste and extract treatments were applied as described in Experiment 1. At the
beginning of the experiment, the pots were covered by plastic bags for 48 h to avoid
premature treatments leachate by rain from 17 October to 19 October (Figure S1). Then, the
bags were removed, and the weeds grew normally. The pots were naturally rain-fed.

At the end of the experiment, the weed biomass as indicated for Experiment 1 and
soil samples from the first 15 cm of the top soil layer in each pot were collected. The soil
samples were dried at 30 ◦C, sieved through a 2 mm sieve (Soil Mill Pulverizette 8, Fritsch,
Idar-Oberstein, Germany), and analyzed following Magalhães et al. [45] to determine the
pH, OM, extractable P, extractable K, and total N. Briefly, the soil pH was determined
using 1:5 soil volume/distilled water volume ratio. Organic matter was estimated by
oxidizing organic carbon in 2 g soil samples at 600 ◦C (model SC-144 DR, LECO, St. Joseph,
Michigan, United States) and multiplying the organic carbon value by the 1.724 factor.
Extractable P and K were extracted in 2 g soil samples using the Egnér–Riehm method.
P was calorimetrically determined at 650 nm. K was quantified using an atomic absorption
spectrophotometer (model Analyst 300 with software AA Winlab, Perkin Elmer, Waltham,
Massachusetts, United States) based on a calibration curve with K2O standard solutions.
Total N was determined in 2.5 g soil samples using the Kjeldahl method [45].

2.4.2. Field Evaluation

Pot experiments 1 and 2 indicated that F, CG, and CC treatments had the best herbicidal
effect on the biomass of the total weeds. Therefore, these treatments were selected to
evaluate their herbicidal effect under field conditions.

Experiment 3—Evaluation of Agri-Food Waste Effects on Spring–Summer Crops and
Associated Weeds

The Spring–Summer field experiment was established on ESAC’s agricultural farm
(Coimbra, Portugal, 40◦13′05.7′′ N 8◦26′54.1′′ W) from 1 June to 27 July 2020, with the
same climate as Experiment 1. This area was used to grow potatoes under organic farming
and was characterized by the following soil properties: 7 ± 0.0 pH, 2.40 ± 0.10% OM,
319.33 ± 63.40 mg kg−1 P, 308.00 ± 43.03 mg kg−1 K, and 0.15 ± 0.01% N. The average
values for rainfall and mean temperature during the experiment were 0.24 mm and 22 ◦C,
respectively (Figure S2: data collected at ESAC).

An experimental area covering 319 m2 was ploughed and earth-milled on 29 May
2020, and split into 16 6 m × 1.5 m plots, divided from each other by 1 m in all directions.
The applied treatments were dry CG, dry CC, fresh F, and C, with four replicates each.
The treatments were randomly distributed by plots at doses of 9 Mg ha−1, 9 Mg ha−1, and
28 Mg ha−1 for CG, CC, and F, respectively, and manually incorporated into the first 15 cm
of the soil layer on 1 June 2020. Seedlings of L. sativa and R. sativus were immediately
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planted in each plot in three central intermixed rows with 0.25 m separating the rows: one
central R. sativus row (0.75 m from margins) with 0.10 m between plants, and two L. sativa
rows (0.5 m from margins) with 0.30 m between plants [46]. The plots were watered by a
drip irrigation system (2.66 L s−1 flow rate per emitter) for 30 min, every 2–3 days [42].

The normalized difference vegetation index (NDVI) was recorded weekly by mea-
suring plant spectral reflectance with a GreenSeeker® handheld sensor (NTech Industries
Incorporation, Ukiah, CA, USA; [47]) for the first seven weeks after waste incorporation
until stable values were reached. Readings were collected at a height of 1 m from the topsoil
layer along each plot and covering the central area.

The aboveground weed biomass was sampled in four random frames (0.25 m × 0.25 m)
per plot, excluding plot margins, at four and eight weeks after waste incorporation (on
29 June and 27 July 2020, respectively). The weeds were cut at ground level, separated into
monocotyledons, dicotyledons and Cyperus spp., as the most problematic weed in the area,
and dried at 65 ◦C for 72 h to determine the dry biomass for each weed group and total
weeds in each plot.

Lactuca sativa and Raphanus sativus were harvested on 16 July 2020, when commercial
size was reached. Twelve L. sativa and fifteen R. sativus plants per plot were uprooted
in both rows following the one-yes/one-no or one-yes/two-no schemes, respectively,
discarding plants at 0.50 m row margins. The crop plants were washed to remove soil,
divided into leaves and roots, and dried at 65 ◦C until constant weight to obtain the
leaf, root, and total biomass. Additionally, L. sativa leaves, R. sativus roots, and waste
were powdered to 0.05 mm size particles and analyzed to determine the total content of
macronutrients (phosphorous, P; calcium, Ca; magnesium, Mg; potassium, K; nitrogen,
N) and micronutrients (copper, Cu; iron, Fe; zinc, Zn; manganese, Mn). Briefly, the
crop or waste dry composite samples (0.5 g) were extracted with HCl after ignition at
480–500 ◦C for 14 h. The elements Cu, Zn, Mn, Fe, Ca, Mg, and K were assessed based on
a calibration curve for each one, using an atomic absorption spectrophotometer (model
Analyst 300, Perkin Elmer). Phosphorous was colorimetrically quantified, at 470 nm, using
the vanadate–molybdate reagent in nitric acid solution and a calibration curve. The total N
was determined using the Kjeldahl method [45]. Among CG, CC, and F waste, CG had the
highest content of N, Cu, and Mn; F was rich in P, Ca, K, Zn, and Fe; and CC showed the
lowest content of nutrients, except for Mg, which was the highest (Table S1).

The soil samples were collected at the same time as the weed samples. A composed-
soil sample was obtained per plot mixing soil four subsamples collected from the top 30 cm
of soil. The soil samples were air-dried, sieved through a 2 mm sieve, and analyzed to
determine the pH, OM, P, K, and N, as described in Experiment 2.

Experiment 4—Evaluation of Agri-Food Waste Effect on Autumn Crops and
Associated Weeds

In the Autumn, an additional field experiment was conducted in the ESAC farm
located 87 m apart from Experiment 3, from 25 September to 2 December 2020. For this
period, the rainfall averaged per day was 3 mm, with heavy rain concentrated from 19 to
28 October, achieving 44 mm in one day (Figure S2, data collected at ESAC). The average
mean temperature was 15 ◦C (Figure S2).

The same plot preparation, experimental design, treatments, and waste doses used
for Experiment 3 were established, except for F that was calculated based on the same
fresh volume used in Experiment 3, resulting in 3.84 Mg dry weight ha−1. Seedlings of
Brassica rapa and Beta vulgaris were alternately planted in four pure rows separated by
0.30 m between rows. Two B. rapa and two B. vulgaris rows were planted with 0.20 and
0.15 m between plants, respectively [46]. The seedlings were watered with river water
immediately after plantation, and then rain fed.

NDVI was recorded for the first six weeks, like in Experiment 3. Weed samplings were
performed four and eight weeks after waste incorporation on 26 October and 23 November,
respectively, as described in Experiment 3. The crops were harvested when they had
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achieved commercial size, e.g., on 26 October 26 for B. rapa, and on 2 December 2021 for
B. vulgaris. Ten and thirteen plants of B. rapa and B. vulgaris, respectively, were sampled in
respective lines following the one-yes/one-no scheme, avoiding the 0.50 m row margins.
These plants were processed as indicated for the crops in Experiment 3 to obtain leaf, root,
and total biomass. Chemical analyses of B. rapa leaves and B. vulgaris roots were conducted
as described in Experiment 3.

Soil sampling and analyses followed the pattern of Experiment 3.

2.5. Statistical Analyses

For the pot experiments, analyses of variance via general linear models (LMs, lm() func-
tion, ‘stats’ package) or generalized linear models (GLMs with Gamma error and identity or
log link, glm() function, ‘stats’ package) were conducted. These were performed separately
for each season experiment to test the effect of treatment (Spring–Summer: U, F, EU, EF, C,
H; Autumn: U, F, CC, CG, UE, FE, H) on the biomass of monocotyledons, dicotyledons,
Cyperus spp., and total weed groups. The effect of treatments on soil parameters (pH, MO,
K, N, P) in Autumn was assessed using LMs.

In the case of field experiments, analyses were separately performed for the Spring–
Summer and Autumn experiments. Two-way repeated measured models via generalized
linear mixed models (GLMMs, lmer() function, ‘lme4′ package) were conducted to test
whether treatment (C, CG, F, CC; fixed factor), time (sampling week; repeated measures)
and their interaction had an effect on NDVI. Plot was considered as a random factor. To
explore the effect of treatment (C, CG, F, CC; fixed factor), time (week four and eight;
repeated measures) and treatment × time interaction on biomass of different weed groups
(monocotyledons, dicotyledons, Cyperus spp., and total weeds), two-way repeated measures
GLMMs were used with sampling units nested in plots as a random factor. The effect of
treatment (C, CG, F, CC; fixed factor) on crop biomass (leaves, roots, and total) was assessed
via one-way linear mixed models (LMMs, lmer() function, ‘lme4′ package) with plot as a
random factor for each crop. In crop chemicals analysis, individuals from the same plot
were pulled together to obtain a composite sample per plot. Therefore, one-way LMs or
GLMs with Gamma error and identity link were conducted to test for the effect of treatment
(C, CG, F, CC) on the content of each nutrient (P, Ca, Mg, K, N, Cu, Zn, Fe, Mn) in each crop.
Finally, a two-way LM was used to assess the effect of treatment (C, CG, F, CC) and time
(week four and eight) and the interaction between these two factors on the soil parameters
(pH, OM, P, K, N) for Spring–Summer data, while in Autumn, the effect of the same factors
using two-way LMs in the case of soil pH, OM, K, and N and a two-way GLM (Gamma
error and identity link) for soil P was evaluated.

Post hoc mean separations were conducted using the lsmeans() function (‘lsmeans’
package) by comparing the least-square means obtained in each model.

All statistical analyses were conducted in R [48]. The level of significance was set
at p ≤ 0.05.

3. Results
3.1. Bioherbicidal Effect on Emerging Common Weeds in Pots

For the Spring–Summer (Experiment 1), treatment significantly affected the biomass of
all weed groups (Figure 1). The biomass of dicotyledons was reduced when treated with FE,
F, and U relative to the control (Figure 1A). However, the biomass of monocotyledons and
Cyperus spp. did not differ from the control under any waste treatment (Figure 1B and 1C,
respectively). Considering total weeds, the plant biomass increased in UE and decreased
by 46% and 39% in F and U, respectively, when compared to the control (Figure 1D).
As expected, pots treated with herbicide (positive control) always showed the greatest
inhibition (Figure 1A–D).
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waste, H = positive control with herbicide. Dw = dry weight. Figures show least-square mean values 
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Figure 1. Effect of waste treatments on the biomass of dicotyledon weeds (A,E); monocotyledon
weeds (B,F); the weed Cyperus spp. (C,G); and total weeds (D,H) emerged from pots filled with agri-
cultural soil and placed outdoors in Spring–Summer (Experiment 1, 2019) and Autumn (Experiment
2, 2019). C = control, FE = Vicia faba pod extract, UE = Urtica dioica extract, F = Vicia faba pod waste,
U = Urtica dioica waste, CG = spent coffee grounds waste, CC = corn cobs waste, H = positive control
with herbicide. Dw = dry weight. Figures show least-square mean values (±confidence intervals).
n = 5. For Cyperus spp. biomass in Spring–Summer, confidence intervals were back-transformed
from the log scale. Different letters indicate statistical significance according to the lsmeans function
at p ≤ 0.05.
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In Autumn (Experiment 2), treatment had a significant biomass impact for all weed
groups (Figure 1). Dicotyledons showed reduced biomass in F, CG, and CC waste treat-
ments (Figure 1E). As found in Spring–Summer, the biomass of monocotyledons and
Cyperus spp. showed no significant differences between waste treatments and the control
(Figure 1F and 1C, respectively). For total weeds, plant biomass was inhibited in F (61%),
CG (54%), and CC (59%) pots compared to the control pots, being close to herbicide inhibi-
tion (Figure 1H). Again, herbicide showed the lowest weed biomass for all weed groups
(Figure 1E–H). Regarding soil from pots in Autumn, treatment significantly affected pH,
the content of OM, and N (Table 3). Soils treated with FE, UE, F, U, and CC had higher pH
than control soils (Table 3). Soils with F and CG showed increased OM, while CG increased
the content of N (Table 3).

Table 3. Values of soil properties obtained in soils mixed with different waste and collected at the end of
Experiment 2 (Autumn pots, 2019). Least-square mean values (±confidence intervals) are shown. n = 5.

Treatment pH Organic Matter (%) N (%) P2O5 (mg kg−1) K2O (mg kg−1)

River water/no waste
(negative control) 6.06 ± 0.17 c 2.70 ± 0.28 c 0.17 ± 0.02 b 422 ± 120 390 ± 160

Vicia faba pod extract 6.40 ± 0.17 ab 2.81 ± 0.28 bc 0.17 ± 0.02 b 358 ± 120 413 ± 160
Urtica dioca extract 6.44 ± 0.17 ab 2.80 ± 0.28 bc 0.17 ± 0.02 b 298 ± 120 346 ± 160

Vicia faba pod waste 6.41 ± 0.17 ab 3.15 ± 0.28 b 0.19 ± 0.02 ab 350 ± 120 576 ± 160
Urtica dioca waste 6.57 ± 0.17 a 3.12 ± 0.28 bc 0.19 ± 0.02 ab 390 ± 120 442 ± 160

Spent coffee grounds waste 6.28 ± 0.17 bc 3.86 ± 0.28 a 0.22 ± 0.02 a 309 ± 120 316 ± 160
Corn cob waste 6.46 ± 0.17 ab 2.91 ± 0.28 bc 0.16 ± 0.02 b 255 ± 120 373 ± 160

Herbicide (positive control) 6.32 ± 0.17 abc 2.73 ± 0.28 bc 0.17 ± 0.02 b 388 ± 120 333 ± 160
p <0.001 <0.001 <0.001 0.116 0.052

Values in bold indicate significance at p ≤ 0.05. Least-square mean values within a column and without statistical
letters are not significantly different, when followed by different superscript letters statistical differences were
found according to the lsmeans function at p ≤ 0.05.

3.2. Waste Performance in Field Crops

In Spring–Summer (Experiment 3), time, treatment, and the time × treatment inter-
action had a significant effect on NDVI (Table S2). This parameter increased over time
(Figure 2A). Plots treated with CG and CC registered lower NDVI than the control plots
(Figure 2B). A significant reduction in NDVI was found for CG plots at weeks three and four
and for CC at week four (Figure 2C). For the weed groups, treatment significantly affected
the biomass of dicotyledons, monocotyledons, and total weeds (Table S2). Plots with F
waste significantly increased dicotyledons’ biomass (Figure 3A). However, plots receiving
CG reduced the biomass of monocotyledons and total weeds 2- and 1.8-fold, respectively
(Figure 3B,E). Time also significantly affected the biomass of all weed groups, being higher
at week eight after waste incorporation (Tables S2 and S3). A treatment × time interaction
was observed for dicotyledons’ biomass and total weeds (Table S2). At week eight, plots
receiving F waste had higher dicotyledons’ biomass (Figure S3A). However, plots with
CG reduced the biomass of all weed groups, although a significant reduction was only
found for total weeds (43%), compared with the control (Figure S3D). In crops, the biomass
of leaf- and bulb-edible plants was significantly affected by treatment (Figure 4A,B). This
effect was influenced by the plot covariate for the leaf biomass of L. sativa and for leaf and
total biomass of R. sativus (Figure 4A,B). CG significantly increased the leaf, root, and total
biomass by 72, 109, and 76% in the case of L. sativa (Figure 4A) and by 57, 66, and 60%
for R. sativus (Figure 4B). Treatment also affected the content of N, Fe, and Mn in L. sativa
leaves and of P, Zn, Fe, and Mn in R. sativus roots (Table S4). In L. sativa, leaves from the
CC treatment had a higher content of Fe than the control (Table S4). Plots treated with F
had a higher content of N and Mn than CC and CG plots, respectively, but their content
was not different from the control plots (Table S4). For R. sativus roots, the content of P
an Zn increased in F plots (Table S4). Zn was additionally increased by CC (Table S4).
However, CC reduced the Fe content (Table S4). Differences in the content of Mn occurred

139



Agronomy 2022, 12, 1184

between F and CG and CC, but their values did not differ from the control (Table S4). For
soil parameters, only the time factor significantly affected the content of OM and K, which
decreased after eight weeks of waste incorporation (Table 4).
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Figure 2. Effect of time (sampling week, (A,D)), treatment (different waste, (B,E)), and the interaction
between these two factors (C,F)) on the normalized difference vegetation index (NDVI) recorded
in field experiments under Spring–Summer and Autumn conditions (Experiment 3 and 4, 2020,
respectively). W1, W2, . . . , W7 = week 1, week 2, . . . , week 7 after waste incorporation. C = control,
F = Vicia faba pod waste, CG = spent coffee grounds waste, CC = corn cob waste. Figures show least-
square mean values (±confidence intervals). n = 4. Different letters refer to statistical significance
according to significant p values from Table S2 and lsmeans function at p ≤ 0.05.

In Autumn (Experiment 4), the NDVI parameter was significantly affected by treat-
ment, time, the interaction between these two factors and plot as covariate (Table S2). The
values of NDVI were different among sampling weeks and increased over time (Figure 2D).
This parameter was lower in CC compared to the control (Figure 2E). Nevertheless, consid-
ering treatment and time together, significant differences were registered between F and
CC for weeks four and five (Figure 2F). Concerning weeds, treatment only significantly
affected the biomass of Cyperus spp. (Table S2, Figure 3), which presented higher values
for F compared to CC (Figure 3G). Time had a significant effect on the biomass of dicotyle-
dons, Cyperus spp., and total weeds (Table S2). This effect was also influenced by plot for
dicotyledons (Table S2). When affected by time, the biomass of the weed groups was higher
at week eight (Table S3). The treatment × time interaction did not affect weed biomass
(Table S2, Figure S3E–H). For crops, the leaf, root, and total biomass of leaf-edible B. rapa
were significantly affected by treatment (Figure 4C). Leaf and total biomass were also influ-
enced by plot as a covariate (Figure 4C). Plots treated with F and CG had smaller B. rapa
plants than the control plots (Figure 4C). Treatment also affected the biomass of bulb-edible
B. vulgaris plants, with an additional effect of the covariate plot on roots (Figure 4D). The
leaf, root, and total biomass of B. vulgaris were reduced by 42–51% when grown in plots
with CG or CC compared with the control plots (Figure 4D). Regarding plant nutrients,
treatment only had a significant effect on K in both B. rapa and B. vulgaris (Table S4). B. rapa
leaves from plants growing in F and CC plots showed a lower content of K than the control
plots (Table S4). For B. vulgaris, the content of K was lower in CG and CC plots compared
with the control (Table S4). Concerning the soil parameters, soils collected in F plots had
significantly lower pH, N, P, and K than the control plots (Table 4). Time also significantly
affected the content of N and P, presenting higher values at week four after waste incor-
poration (Table 4). Finally, the treatment × time interaction had a significant effect on K,
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which increased in CG plots at week four, but rapidly decreased in CG and F plots at week
eight compared with the control plots (Table 4).
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Figure 3. Effect of waste treatments on biomass of dicotyledon weeds (A,E); monocotyledon
weeds (B,F); the weed Cyperus spp. (C,G); and total weeds (D,H) in experimental field plots in
Spring–Summer (Experiment 3, 2020) and Autumn (Experiment 4, 2020). C = control, F = Vicia faba
pod waste, CG = spent coffee grounds waste, CC = corn cob waste. Dw = dry weight. Figures show
least-square mean values (±confidence intervals). n = 16. Least-square mean values without statistical
letters are not significantly different. Different letters indicate statistical significance according to
significant p values from Table S2 and lsmeans function at p ≤ 0.05.
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Figure 4. Effect of waste treatments on leaf, root, and total biomass of Lactuca sativa (A) and Raphanus
sativus (B) grown in field plots in Spring–Summer (Experiment 3, 2020) and of leaf, root, and total
biomass of Brassica rapa (C) and Beta vulgaris (D) grown in field plots during Autumn (Experiment 4,
2020). Upper figures = leaf-edible crops. Lower figures = bulb-edible crops. C = control, F = Vicia faba
pod waste, CG = spent coffee grounds waste, CC = corn cobs waste. Dw = dry weight. plot = random
factor. Figures show least-square mean values (±confidence intervals). n = 4–12, 10–15, 9–11, and
10–14 for L. sativa, R. sativus, B. rapa, and B. vulgaris, respectively. Different letters indicate statistical
differences according to the lsmeans function at p ≤ 0.05 after conducting linear mixed models.
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Table 4. Effect of treatment (different waste), time (sampling week), and the interaction between
them on soil properties from soils collected in the experimental field plots during Experiment 3
(Spring–Summer, 2020) and Experiment 4 (Autumn, 2020). Least-square mean values (±confidence
intervals) are shown. n = 4.

Season Source of
Variation Source Level pH Organic

Matter (%) N (%) P2O5 (mg kg−1) K2O (mg kg−1)

Spring–
Summer Treatment (Tr) C 6.79 ± 0.17 1.89 ± 0.30 0.123 ± 0.02 191 ± 120.0 227 ± 63.0

F 6.90 ± 0.17 1.91 ± 0.30 0.129 ± 0.02 251 ± 120.0 265 ± 63.0
CG 6.89 ± 0.17 2.06 ± 0.30 0.144 ± 0.02 218 ± 120.0 267 ± 63.0
CC 6.96 ± 0.17 1.88 ± 0.29 0.130 ± 0.02 215 ± 120.1 295 ± 63.0
p 0.285 0.643 0.137 0.817 0.259

Time (t) W4 6.92 ± 0.11 2.07 ± 0.19 a 0.133 ± 0.01 246 ± 75.0 309 ± 40.0 a

W8 6.84 ± 0.11 1.80 ± 0.18 b 0.129 ± 0.01 192 ± 75.0 218 ± 39.0 b

p 0.207 0.021 0.559 0.196 0.001
Tr × t C W4 6.83 ± 0.2 1.80 ± 0.46 0.123 ± 0.03 191 ± 188.0 271 ± 98.6

F W4 6.95 ± 0.26 2.15 ± 0.46 0.139 ± 0.03 306 ± 188.2 335 ± 98.6
CG W4 6.95 ± 0.26 2.23 ± 0.47 0.141 ± 0.03 234 ± 188.2 298 ± 98.9
CC W4 6.97 ± 0.27 2.10 ± 0.46 0.130 ± 0.03 252 ± 188.2 334 ± 99.0
C W8 6.75 ± 0.26 1.99 ± 0.47 0.122 ± 0.03 190 ± 188.0 184 ± 98.8
F W8 6.85 ± 0.26 1.66 ± 0.46 0.119 ± 0.03 197 ± 188.0 196 ± 98.5

CG W8 6.83 ± 0.27 1.89 ± 0.46 0.147 ± 0.03 202 ± 188.0 237 ± 99.0
CC W8 6.95 ± 0.2 1.66 ± 0.46 0.130 ± 0.03 178 ± 188.5 256 ± 98.9

p 0.950 0.139 0.528 0.884 0.670
Autumn Treatment C 6.41 ± 0.17 a 1.92 ± 0.21 ab 0.146 ± 0.01 ab 244 ± 69.0 a 304 ± 74.0 a

F 6.15 ± 0.18 b 1.82 ± 0.21 b 0.126 ± 0.01 c 122 ± 34.2 b 191 ± 74.0 b

CG 6.39± 0.18 ab 2.16 ± 0.21 a 0.161 ± 0.01 a 299 ± 103.0 a 247 ± 74.0 ab

CC 6.36± 0.18 ab 2.04 ± 0.21 ab 0.141 ± 0.01 bc 186 ± 52.0 ab 203 ± 74.0 ab

p 0.032 0.023 <0.001 <0.001 0.023
Time W4 6.29 ± 0.11 2.01 ± 0.13 0.149 ± 0.01 a 264 ± 54.0 a 248 ± 46.0

W8 6.36 ± 0.11 1.95 ± 0.13 0.138 ± 0.01 b 161 ± 31.0 b 224 ± 46.0
p 0.263 0.438 0.036 0.009 0.396

Tr × t C W4 6.36 ± 0.28 1.97 ± 0.33 0.158 ± 0.02 228 ± 99.0 bc 313 ±116.0
F W4 6.06 ± 0.27 1.81 ± 0.33 0.129 ± 0.02 133 ± 57.6 bcd 196 ± 116.0

CG W4 6.36 ± 0.27 2.27 ± 0.33 0.167 ± 0.02 512 ± 221.5 a 261 ± 115.4
CC W4 6.38 ± 0.27 2.00 ± 0.33 0.142 ± 0.02 185 ± 80.1 bc 221 ± 115.0
C W8 6.46 ± 0.28 1.87 ± 0.33 0.135 ± 0.02 261 ± 112.8 ab 294 ± 116.0
F W8 6.24 ± 0.28 1.82 ± 0.33 0.123 ± 0.02 111 ± 48.0 cd 185 ± 115.2

CG W8 6.42 ± 0.28 2.05 ± 0.33 0.154 ± 0.02 85 ± 36.8 d 233 ± 116.0
CC W8 6.33 ± 0.28 2.08 ± 0.33 0.140 ± 0.02 187 ± 81.6 bc 185 ± 115.7

p 0.677 0.537 0.448 <0.001 0.989

Values in bold indicate significance at p ≤ 0.05. Least-square mean values within a column for each source of
variation and without statistical letters are not significantly different; when accompanied by different superscript
letters, statistical differences were found according to the lsmeans function at p ≤ 0.05. C = control, F = Vicia
faba pod waste, CG = spent coffee grounds waste, CC = corn cob waste. W4 = week 4 after waste incorporation,
W8 = week 8 after waste incorporation.

4. Discussion

The Spring–Summer pot experiment revealed that U and F waste were efficient in
reducing the biomass for almost all weed groups. However, U waste lost its inhibitory effect
in the Autumn pot experiment, with F, CG, and CC being the most effective treatments in
reducing the biomass of weeds emerging during that season. The inhibitory effect of these
waste did not seem to be influenced by environmental conditions nor by a nutrient deficit.
F waste showed exactly the same inhibitory pattern for dicotyledons, monocotyledons, and
total weeds in Spring–Summer and in Autumn, and soil treated with this waste had higher
OM content than the control soils. Similarly, soils mixed with CG were enriched with OM
and N. No soil with F, CG, and CC showed nutrient or pH limitations compared to the
control soils. This implies that the reduced growth found for weeds in these treatments
are related to the release of phytotoxic compounds by the waste. In fact, CG inhibited the
growth of different crops and weeds when directly applied to the soil, probably due to its
natural toxic compounds [31–33,35]. A recent study on weed control using V. faba found
that green manures of this plant reduced by half weed biomass in field maize crops, with
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the inhibitory effect occurring within 27 days after the incorporation of green manure [36].
After 27 days, the inhibition disappeared and the fertilizing effects were evident [36]. Water-
soluble and volatile organic compounds released by V. faba probably play a role in reducing
weed biomass [49]. For V. faba pods in particular, a herbicidal effect on weeds was scarcely
studied. However, pod extracts of this species had nematocidal activity [38]. As far as we
know, the inhibitory effect of CC waste or its composition in phytotoxic compounds is
unknown. This could mean that toxic compounds were not abundant in this waste or were
not released during the pot experiment duration (six weeks). One plausible explanation for
the reduced weed growth found in CC pots may be related to the C/N ratio and the lower
nutrient content of this raw waste compared to CG and F (Table S1). The C/N ratios for
CG and F are around 23:1 and 18:1, respectively [33,37]. However, CC has a C/N ratio of
120:1 [50], which is very high, explaining its poor quality. Although the soil from CC pots
did not show nutrient limitations relative to control soils, CC soils had lower OM and N
content than CG soils. This could indicate that CC raw waste contains a poor nutrient stock
that was likely firstly immobilized by the microbial biomass (i.e., N), leading to a lower
nutrient availability for plants, which, in turn, hindered their growth [33].

As F, CG, and CC showed the best inhibitory effect on weed biomass in the Spring–
Summer and Autumn pot experiments, consequently, their effectiveness was evaluated in
real field crops in both seasons. Under field conditions, the results varied with the seasons.
The CG waste reduced weed biomass and increased crop biomass in Spring–Summer,
but had no effect on weeds and reduced crop biomass in Autumn. The NDVI parameter
indicated that the negative effect caused by CG occurred at week three and four after waste
incorporation. The inhibitory trend of this waste was similar in both seasons, but the
significant effect was only found in Spring–Summer. The F and CC waste did not impact
weed biomass regardless of season and crop biomass in Spring–Summer. However, F and
CC inhibited the growth of B. rapa and B. vulgaris in Autumn. The different results found
between the Spring–Summer and Autumn field trials may be firstly explained by different
environmental conditions during the experiments. In Spring–Summer, warm days with
scarce precipitation prevailed. Lower temperatures and rainy days were more frequent in
Autumn. Heavier rain events, especially those concentrated in short periods, as found for
the Autumn field trial, may contribute to soil nutrient leachate [51,52]. This could explain
the lower content of all nutrients measured in the soils from F plots, which in turn may
result in the lower biomass and K leaf content of B. rapa found in these plots. High rainfall
concentrated at week four in the Autumn experiment could also lead to a phytotoxicity loss
from CG by leaching toxic compounds, reducing its effectiveness. This may explain why
no significant differences were found between CG and the control treatments in Autumn,
despite having a similar inhibitory trend (NDVI) to the Spring–Summer field trial. The
remaining phytotoxicity of CG seemed to be sufficient to affect the growth of Autumn crops,
since no nutrient deficit was found in the CG plots. Additionally, contrasting behavior
between the Spring–Summer and Autumn crops in the CG plots might be related to the
different sensitivity of plant species to the same phytochemicals [53]. On the other hand, CC
waste did not show a clear pattern for weeds or crops. However, the values of both weeds
and crops biomass tended to be lower than in the control plots. This could be related to the
high C/N ratio, as previously discussed [50]. Additional studies under field conditions
should be conducted to clarify this issue.

The waste dose applied may also influence the results. Most studies assessing the
value of CG as an organic amendment found that doses higher than 10% had a toxic effect
on lettuce, broccoli, leek, radish, viola, and sunflower [32–34]. However, growing substrate
containing up to 5% CG stimulated seed emergence of Brassica crops [54]. In our field
trials, CG was used at 9 Mg ha−1, which is lower than that previously reported [32] and
agreed with those results, showing positive effects of CG at low densities [54]. Interestingly,
we found that CG dose positively impacted the growth of both L. sativa and R. sativus
and additionally reduced weed biomass when precipitation was scarce, and temperature
was warm (Spring–Summer). However, this effect was not consistent under different
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environmental conditions (Autumn), probably because the dose used represents a threshold
between low and medium-high doses under field conditions. The effect of CG at different
doses in the field is an interesting topic that requires further research.

Cyperus spp. are among the most serious weed species in arable lands in warmer
countries, substantially reducing crop yield, especially in organic agriculture [55]. They
efficiently reproduce by seed and tubers and show tolerance to various herbicides [56].
For these reasons, Cyperus spp. have become particularly worrisome to farmers and
efficient alternatives are urgently needed to control them. That is why we paid attention
to evaluating the effect of the tested waste on this weed group. Unfortunately, the tested
waste did not effectively control Cyperus weeds. However, in field trials, the lowest biomass
value of Cyperus spp. was obtained from CG plots in Spring–Summer and CC plots in
Autumn. As discussed above, the applied dose might be the key to obtaining effective
results. Hardgrove and Livesley [33] found that amendments with increasing rates of CG
decreased weed growth. Therefore, it can be suggested that higher doses of CG and CC
than those applied in the present study may contribute to reducing Cyperus spp.; for that,
an additional evaluation is required.

On the other hand, organic waste is expected to improve soil fertility. For example,
Cervera-Mata et al. [32] showed that the addition of CG at 10% to two different soils
increased the content of organic carbon, total N, and available K after 15, 30, 45, and 60 days.
Similarly, Chrysargyris et al. [54] found that a substrate mixture including CG showed
enriched content of N, P, K, and some micronutrients. In the case of F waste, Al-Chammaa
et al. [37] proved that adding green manures of V. faba pods as soil amendment with, 15 days
before plant sowing, provided a considerable amount of N requirements for Sorghum plants.
These three studies were conducted in pots using a range of substrates (peat–perlite and
field soil). In our study, a more basic pH (by F, CG, and CC) and improved OM content (by
F and CG) and total N (by CG) were obtained when the effect of these wastes was evaluated
in pots. Against expectations, field trials indicated that F, CG, and CC did not increase soil
nutrients. Although we did not check for this, one plausible explanation might be related
to the different decomposition rates occurring in the pots (e.g., higher temperature) that
accelerates the process. Moreover, even if a similar decomposition rate occurred between
pot and field trials, leaching or movement of nutrients from pots was likely to be hampered
by a physical barrier.

5. Conclusions

Finding new alternatives to control weeds is a major task for the future of organic
agriculture, as well as for environmental and human health preservation. Various organic
waste can play an important role in replacing synthetic pesticides, which is why we assessed
the role of Urtica dioica waste, Vicia faba pods, spent coffee grounds, and corn cob waste.
The work presented here shows that the applied doses of organic waste can reduce the
sprouting of weeds, but can also have a negative impact on cash crop yields.

The findings of this study show that, among all of the evaluated waste, the application
of CG at 9 Mg ha−1 reduced the total biomass of naturally-emerged weeds, while stimu-
lating crop growth, under scarce rainfall and warm days. The inhibitory effect is likely to
occur between weeks three and four, after the incorporation of the waste into the soil. The
inhibitory and stimulating effects of CG obtained under real conditions suggest that this
waste could partially replace the use of synthetic agrochemicals and provide new evidence
to boost a circular economy. However, the effectiveness of this waste seems to be limited
by environmental conditions and probably by the applied dose. Despite these promising
results, additional field research is required to corroborate the obtained effect of CG at
different doses in the long term, covering several years.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12051184/s1: Figure S1: Meteorological data regis-
tered during pot experiments in Spring–Summer (A, Experiment 1) and Autumn (B, Experiment
2) 2019; Figure S2: Meteorological data registered during field experiments in Spring–Summer (A,
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Experiment 3) and Autumn (B, Experiment 4) 2020; Figure S3: Effect of the interaction between
waste treatments and time on biomass of different weed groups (dicotyledons, monocotyledons,
Cyperus spp., total weeds) in experimental filed plots in Spring–Summer (Experiment 3, 2020) and
Autumn (Experiment 4, 2020); Table S1: Content of macro- and micronutrients of agri-food waste
used in the field trials; Table S2: Repeated measures results obtained via generalized linear mixed
models to test for the effect of treatment (different waste), time (sampling week), and the interaction
between them on the normalized difference vegetation index (NDVI) of weeds and crops and on the
biomass of different weed groups in experimental field plots under Spring–Summer and Autumn
conditions (Experiment 3 and 4, 2020, respectively); Table S3: Effect of time on biomass of different
weed groups (dicotyledons, monocotyledons, Cyperus spp., total weeds) in experimental field plots in
Spring–Summer (Experiment 3, 2020) and Autumn (Experiment 4, 2020); Table S4: Effect of treatment
(agri-food waste) on the macro- and micronutrients content of Lactuca sativa leaves and Raphanus
sativus roots grown in field plots in Spring–Summer (S-S) (Experiment 3, 2020) and of Brassica rapa
leaves and Beta vulgaris roots grown in field plots during Autumn (A) (Experiment 4, 2020).
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Abstract: In the last few decades, the increase in the world’s population has created a need to produce
more food, generating, consequently, greater pressure on agricultural production. In addition,
problems related to climate change, water scarcity or decreasing amounts of arable land have serious
implications for farming sustainability. Weeds can affect food production in agricultural systems,
decreasing the product quality and productivity due to the competition for natural resources. On
the other hand, weeds can also be considered to be valuable indicators of biodiversity because of
their role in providing ecosystem services. In this sense, there is a need to carry out an effective
and sustainable weed management process, integrating the various control methods (i.e., cultural,
mechanical and chemical) in a harmonious way, without harming the entire agrarian ecosystem. Thus,
intensive mechanization and herbicide use should be avoided. Herbicide resistance in some weed
biotypes is a major concern today and must be tackled. On the other hand, the recent development
of weed control technologies can promote higher levels of food production, lower the amount of
inputs needed and reduce environmental damage, invariably bringing us closer to more sustainable
agricultural systems. In this paper, we review the most common conventional and non-conventional
weed control strategies from a sustainability perspective, highlighting the application of the precision
and automated weed control technologies associated with precision weed management (PWM).

Keywords: agricultural production; sustainability; weed management; herbicide resistance; weed
control technologies

1. Introduction

The world population has rapidly exceeded seven billion and is expected to reach
nine billion by 2050 [1]. Current crop production levels are not adequate to feed the
growing population, and meeting this anticipated demand could be a huge challenge for
humanity [2]. Climate change, the scarcity of arable land and water resources and the
threat from diseases, pests and weeds are additional issues [3] that make the pressure on
agricultural systems greater than ever before [4], with implications, in the short and long
term, for sustainability, for the planet and for the quality of life of living beings. Weeds
have been a persistent problem in agriculture since its beginning [5]. Weeds hinder the
growth of crops by competing with the plants for water, nutrients and sunlight, which
results in large losses in crop production. Most weeds are either controlled mechanically
through specific cultivation practices or with the application of herbicides [6]. However,
intensive mechanization increases soil erosion [7], leading to a loss of fertility. The use
of herbicides contaminates the soil, water, food and air, causing diseases in humans and
animals [8], creating the phenomena of herbicide resistance and unbalancing ecosystems.
From this perspective, biodiversity plays a preponderant role in the provision of ecosystem
services in agricultural systems. Agrobiodiversity can have a direct effect on services when
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increased crop diversity increases food resources, or when cover crop diversity increases
plant biomass, improving water quality and lowering runoff [9]. However, agrobiodiversity
and services, such as pollination, improved soil structures and natural pest control, are
increasingly threatened by the massive elimination of weeds and wild plants, as well
as due to species’ toxification by agrochemical inputs [10]. Weeds perform a range of
ecosystem functions in terms of soil quality and biodiversity support, which can help to
sustain agroecosystem productivity in the long term [11]. Thus, as sustainable agriculture
has the capacity to save natural resources for the future and develop farms with less
cost, a transition to sustainable weed control is necessary for a variety of environmental,
social and economic reasons [12]. Sustainable weed management comprises a suite of
weed management options, including integrated weed management (IWM) [13], which
is based on the employment of a multiplicity of weed control strategies [1]. IWM aims
to optimize crop production and increase grower profit through the concerted use of
preventive strategies, scientific knowledge, management skills, monitoring procedures and
the efficient use of control practices [14]. In this context, a wide and rapidly expanding range
of new technologies have been developed and implemented in agricultural practices, which
also play a key role in progress towards economically and environmentally sustainable
weed management [6]. Precision weed management leads to a reduction of inputs without
decreasing weed control effectiveness [1]. Studies and experiments have shown significant
potential savings and technical progress in sensing, weeding and spraying technologies.
Some of these technologies have been commercially exploited [6]. Thus, the current
paper aims to describe conventional and non-conventional weed control strategies from a
sustainability perspective, showing the value of the application of different innovations
associated with PWM. The remainder of this paper is organized as follows: in Section 2,
we present the search strategy chosen to carry out the literature review. In Section 3 we
discuss the weed concept in the context of population ecology and the sustainability of
agricultural systems. Section 4 introduces weed management techniques and discusses
the conventional and non-conventional methods and their limitations. Section 5 addresses
the topic of precision weed control and the current technological trends it encompasses.
Finally, in Section 6 we present our conclusions regarding the potential role of precision
weed control in taking integrated weed management to another level.

2. Search Strategy

The main motivation for carrying out this review lies in the fact that precision weed
management plays a key role in farming production and sustainability. A literature analysis
for the review involved a keyword-based search mainly for conference and/or journal
articles. The ScienceDirect and IEEE Xplore scientific research databases, as well as the
Google Scholar web scientific search engine, were selected to perform this review. We
collected the information about the currently available weed management techniques, sum-
marizing several methods for this agricultural practice. To achieve the objective proposed
for this research, 119 studies were collected using the search terms “weed management”
and “precision weed” without any restrictions for the years considered or language. Other
keywords were also used, such as “sustainable weed management”, “non-chemical weed
management” or “weed technology”. After excluding the duplicated studies (39 total),
80 articles were analyzed.

3. Weeds: Threat or Benefit?

Weeds are certainly as old as agriculture, and from the beginning, farmers recognized
that the presence of those unsown plant species interfered with the growth of the crop they
intended to produce [15]. The term “weed” can be defined, from an agronomical point
of view, as any plant not intentionally sown or propagated by the farmer that requires
management to avoid any interference with crop or livestock production [16]. Indeed,
“volunteer crops”, such as buckwheat, rye, Japanese millet, corn or soybean, can become
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weeds when they self-seed and emerge in another part of the crop rotation when they are
no longer wanted [17].

Weeds are one of the main factors restricting food production in farming systems
all over the world. By growing simultaneously with crops, weeds decrease productivity
and even the quality of the harvested product, whether due to competition for water,
sunlight, nutrients and space, allelopathy [18] or parasitism [17,19]. Furthermore, weeds
are the costliest category of agricultural threats, causing more than 45% of loss in yields of
field crops, when compared to crop diseases (25%) or insect pests (20%) [12]. Yield losses
caused by weeds depend on several factors, such as weed emergence time, weed density,
type of weeds and crops, etc. Uncontrolled weeds can result in 100% yield loss [20]. In
addition, weeds interact with other biological agents of the ecosystem, acting as a host
for insects and pathogens (fungi and bacteria), which can cause serious damage to crop
plants [13]. Moreover, weeds decrease land value (especially perennial and parasitic weeds),
and interfere with water management (e.g., increased losses through evapotranspiration,
reduced water flow in irrigation ditches, etc.) [17]. Serious weed problems develop when
a susceptible crop, a large weed seed bank in the soil (including both true seeds and
vegetative propagules of perennial weeds), and a favorable environment for weed growth
occur together [16]. All weeds’ interactions with human goals represent a permanent
constraint to human activities and this justifies the employment of control tactics aimed
at killing or managing as many weeds as possible. However, the complete eradication of
actual (emerged plants) and potential (seed bank) weeds is unachievable [15]. The presence
of weeds in the crop field also provides a series of agronomic and ecological benefits when
they occur, especially at low densities [17].

Based on the ecological approach, weeds are considered to be important indicators of
biodiversity, playing a key role in providing food or shelter for animal species. For example,
a large proportion of the decline in farmland birds has been associated with a reduction in
weed occurrence in arable crops [15]. Weeds with a deep and extensive root system can
decrease soil erosion and mineral nutrient leaching, conserve soil moisture and improve
soil structure [17]. Weeds can also be an indirect resource for predatory species, as, in fact,
they could provide alternative food sources for the biotic agents that play a key role in
pest control. A solid knowledge of the long-term dynamics of the weed population and
how it is affected by different weed management strategies is critical for developing an
optimum crop management strategy [15]. Agricultural practices that enhance diversity and
ecosystem functioning offer, in general, potential improvements for sustaining agricultural
productivity and farm livelihoods, as well as broader biodiversity and better ecosystem
functioning. More diverse agroecosystems usually provide: (a) greater resilience; (b) less
dependence on pesticides; (c) more reliable incomes and (d) better quality of life for the
rural population [11].

4. Weed Management and the Need for a New Paradigm

Managing weeds has always been placed at the center of agricultural activity by
farmers since ancient times [17]. The control of weeds is a big challenge in agriculture and
in many cases a complex, controversial and also expensive problem to solve [10]. In fact,
weed management accounts for nearly one third of the total cost of the production of field
crops [12]. This agronomic practice goes beyond the control of existing weed problems and
places greater emphasis on preventing weed reproduction, reducing weed emergence after
crop planting and minimizing weed competition with the crop [21].

Currently, weed management in agricultural systems branches out into two distinct
directions corresponding to different approaches. On the one hand is the widespread use
of synthetic herbicides, while on the other, weed control is widely based on mechanical,
cultural and physical methods [17]. Mechanical methods are generally inefficient, while
herbicides have a negative impact on the ecosystem. In this regard, mechanical and
chemical weed control has disadvantages that will probably impede their effectiveness for
future weed management. Thus, weed management requires an integrated approach that
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minimizes the drawbacks of mechanical and chemical weed control [22]. Indeed, there is a
great need for a new weed management paradigm in modern agriculture that is based on
ecological principles and non-conventional weed management approaches [23]. Sustainable
weed control for the crop can significantly influence the operation of machinery, the
reduction of pest habitats (e.g., for voles) and make contributions to satisfactory economic
benefits through the quality of harvested products [24], as required by the market [25].

IWM plays a key role in the weed management of the advanced cropping systems
of developed countries, especially in the European Union, while it is still poorly adopted
in developing countries [17]. A combined use of different weed control methods (agro-
nomic, physical, mechanical and chemical) within a system, rather than relying on a single
method [20], is required in IWM [26]. This strategy is important for reducing the selection
pressure for the development of resistance to any single method of weed control [20].
Furthermore, the use of non-chemical weed tactics in minor crops is important due to
the scarce availability of chemical compounds [26]. Unlike traditional processes, IWM
integrates many agro-ecological practices, such as the role of conservation tillage and crop
rotation on weed seed bank dynamics, the ability to predict the critical period of weed
interference and its competition with crops, and the specific critical levels of crop/weed
interaction [22]. In a broader context of IWM, emerging technologies have the potential to
change the current approach to weed control and help significantly reduce environmental
impacts, such as herbicide resistance or drift and the high cost of inputs and labor, without
decreasing weed control efficacy. Several methods are being developed to observe and
detect weeds so that control measures can be applied wherever and whenever they are
needed. This paradigm shift is based on an interdisciplinary work to harness powerful
technology tools and use them to control weeds [1]. From this perspective, we will present
in the next section the PWM’s contributions to weed control, which could be considered to
be an important upgrade in IWM.

4.1. Conventional Weed Control Strategies
4.1.1. Herbicide Control

The use of herbicides, also known as chemical substance applications, is at the top of
weed control methods. Herbicides can improve production efficiency, facilitate reduced
tillage production systems [21] and require less costs and human effort [17]. Herbicides
were introduced in agriculture mainly to combat the weeds that compete with crops for
nutrients and sunlight. Other common uses in the farm are to eradicate invasive plant
species or undesirable plants for livestock farms [10]. A large number of herbicides have
been produced and are currently under development for field crops. Herbicides can be
classified according to the chemical family, the time of application (preplant, pre-emergence
and postemergence), the mechanism of action, their formulation, the site of uptake and their
selectivity [17]. In a similar manner to other pesticides, herbicides’ active ingredients are
biologically active compounds. They are designed to pass through membranes and diffuse
into the interior of living cells to exert the desirable toxic action [10]. The use of herbicides
should be as minimal and as efficient as possible in order to eliminate the negative environ-
mental impacts, which can bring them a step closer to agricultural sustainability [27]. In
this sense, global changes and herbicide policies in Europe compel farmers to reduce their
herbicide use (Directive 2009/128/CE, 2009) in order to limit their impact on human health
and the environment. In response, farmers need to replace herbicides with a combination
of multiple, mostly preventive and partially efficient practices [28].

4.1.2. Mechanical Control

Controlling weeds via mechanical means is challenging and requires the combination
of different weeding techniques and cultivation strategies to achieve economically accept-
able weed control levels [29]. Mechanical weed control destroys weeds or reduces their
competitive ability via physical means [30]. In addition, mechanical weeding can provide
effective weed management even when other methods are not possible and can outperform
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them in some situations [31]. The choice of mechanical weeding method depends in part
on practical considerations, such as the crop, soil type, price, operating costs and labor
requirements [10].

Mechanical weed control is strongly associated with cultivating tillage [27,32]. Various
forms of tillage are used for mechanical weed control; however, cultivating tillage is the key
component in mechanical control in growing crops [30]. Cultivating tillage is carried out
after crop sowing/planting to control weeds, and consists of shallow tillage with a variety
of control tools, such as the tine harrow, rotary hoe or row cultivator. It includes whole-field
cultivation, inter-row cultivation and intra-row cultivation [32], which are used to cultivate
with the same intensity both on and between the crop rows, are used only between rows in
row crops and are used to remove weeds from the row [21], respectively. Tillage has some
beneficial factors, such as the capability of decomposing soil organic matter through soil
disturbance, soil aeration, improved soil moisture status and the improved accessibility of
organic residues to decomposers, all while being less labor intense [24]. Reduced tillage
can also lead to indirect environmental benefits, including reductions in water pollution
through pesticides and fertilizer runoff [33].

Mowing and cutting also have a large impact on weed control [32]. These operations
are commonly used in turf, in rights of way, in vineyards, in orchards, in pastures and in
forage crops [21]. These techniques are seldom efficient enough to obtain total weed control.
Cutting and mowing weeds reduces their leaf area, slows their growth and decreases or
prevents seed production [34]. However, weed control by cutting or mowing may be
complicated due to the adaptation mechanisms to continuous defoliation of some weeds,
especially perennial ones in grasslands. A high frequency of cutting of these weeds is
required to achieve high degrees of weed control [32].

4.2. Non-Conventional Weed Control Strategies
4.2.1. Mulching

Covering the soil with plant residues/wastes or synthetic materials, commonly re-
ferred as “mulching”, is one of the most popular management methods which can decrease
weed issues, either by preventing weed seed germination altogether, or by blocking the
growth of emerging seedlings [10]. It also promotes the sustainable management of water
and biodiversity [19]. The additional advantage of mulching includes the management of
temperature fluctuations and improved physical, chemical and biological characteristics of
the soil. Mulches are available in distinct ways, including natural mulches, such as straw,
sawdust, weeds, paper and plant residues, and synthetic mulches, such as plastic [25]. Mate-
rials, such as black polyethylene, have been used for weed control in a range of agricultural
production systems [12], namely in horticultural crops (e.g., strawberry, tomato, eggplant,
muskmelon, watermelon, etc.) [26]. Plastic mulches have been developed that filter out
photosynthetically active radiation but let through infrared light to warm the soil. These
infrared-transmitting mulches have been shown to be effective at controlling weeds [12].
Mulching is usually more effective against annual weeds rather than perennial weeds (e.g.,
Cyperus spp., Elymus repens (L.) Gould., Cynodon dactylon (L.), Sorghum halepense (L.) Pers.)
because they greatly perforate plastic [16].

4.2.2. Cover Crops and Living Mulches

The adoption of a cover crops strategy can improve farm sustainability. A cover crop
is any living ground cover that is planted into or after a main crop and then commonly
eliminated before the next crop plantation [35]. Cover crops suppress weeds by occupying
their ecological niche and competing for resources, while their soil surface residues inhibit
weeds through physical, biotic and allelopathic interactions. The cover crop species can
inhibit weed seed germination through the deposition of allelochemical compounds, which
may be secreted both from living plants and decaying cover crop residues. Those species
can be grown in rotation at times when crops are not being grown or simultaneously during
part or all of the commercial growing season [34]. Cover crops enhance soil quality and
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carbon sequestration, facilitate machinery passage and increase microbial, vegetal and
animal biodiversity [36]. However, the great benefits of cover crops as weed mitigators are
usually associated with high cover crop biomass or rapid soil cover. If biomass and residues
are scarce or decompose within a short period of time, herbicide use might be needed,
depending on weed pressure. In this sense, choosing the best-adapted vegetation cover
species is critical [37]. In addition, the choice of proper termination methods for cover crops
can influence weed suppression capacity. Rolling-crimping and flail-mowing are effective
mechanical methods for cover crop termination. Flail-mowing results in small fragments of
material that decompose faster and are less persistent as mulch. Rolling flattens the cover
down to form a mulch layer that decomposes slowly, when compared with flailing, and
can provide more complete ground cover [38].

Living mulches are cover crops sown previously or at the same time as the main crop
and maintained as a living ground cover throughout the growing season. If the living
mulch is a perennial, it may be possible to maintain it without the need for reseeding every
year [35]. Living mulches can decrease nutrient leaching, especially of nitrates, along with
the absorption of carbon and nitrogen [39,40], and provide efficient control of soil erosion,
build up the organic matter for better soil structure, and provide a habitat for beneficial
insects [25]. Some conditions are essential to improve the efficiency of the living mulches,
such as areas with fertile soils, a sufficient water supply and the absence of perennial weed
species. In addition, living mulches should be used only with established crops, as the
competition for water and nutrients is much greater in the early stages of plant growth [24].

4.2.3. Soil Solarization

Soil solarization is an eco-friendly and cost-saving process of soil disinfestation [41],
compatible with organic and integrated crop management systems [42], that uses the sun’s
heat to control weeds [43]. This method consists of placing a cover, such as a black or
transparent plastic, over the soil surface to trap solar radiation and promote an increase in
soil temperature [34]. The plastic cover must stay on the soil surface for 4 to 12 weeks [22].
In order to be effective for weed control, the soil needs to be kept moist during that time and,
for large areas, preferably under drip irrigation [40], and intense radiation throughout the
day is required [34]. This process is particularly applicable for the Mediterranean climate
and similar climates due to the occurrence of high air temperatures in the summer [44],
and higher exposure to high-energy electromagnetic radiation. Soil solarization allows
farmers to maintain a high soil temperature (>40b ◦C), which is enough to eliminate weed
seeds, plants, insects and plant pathogens, such as nematodes and fungal diseases. The
application of solarization is generally restricted to vegetable and minor crops (e.g., tomato,
radish, lettuce, colewort, cucumber and pepper) under greenhouse cultivation, although it
is considered to be effective also in open field conditions [26].

4.2.4. Thermal Weed Control

The thermal control of weeds is based on the use of fire, flaming, hot water, steam
and freezing, which provide rapid weed control without leaving chemical residues in
the soil and water. Moreover, thermal methods are selective towards the weeds, do not
disturb the soil and, therefore, do not bring the buried seeds to the soil surface, as is
the case with cultivation methods [34]. Flaming is the thermal method most commonly
applied in organic and conventional farming systems, and relies on propane gas burners or,
recently, renewable alternatives, such as hydrogen, to generate combustion temperatures
up to 1900 ◦C [17], rapidly raising the temperature of the exposed plant tissues. Heat
injury causes the destruction of plant membranes, which results in the loss of cell function.
Eventually, the plants die or become severely weakened [43]. Dicotyledonous and young
weed plants are more sensitive compared to developed plants and grass species [26].
Flaming is most effective at controlling erect and broad-leaved weeds in an early stage of
growth, and it has been shown to be less effective in the control of grassy and prostrate
weeds [25]. It should be noted that flaming should not be confused with burning, since plant
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tissues do not ignite, but heat rapidly up to the point of rupturing the cell membranes [17].
As an alternative to herbicides, the efficiency of flaming can be enhanced by its integration
with tillage or mulching strategies [25]. Although thermal weed methods do not leave
chemical residues in the soil and water, this approach uses large amounts of fossil fuels
per unit area. The effectiveness of thermal means on weeds can be influenced by several
factors, including temperature, exposure time and energy input [34].

4.2.5. Weed Control through Livestock Grazing

There is a readily available and under-exploited method that is fast proving very
effective for weed control: livestock grazing. Incorporating grazing management into
weed management plans has been recognized as one of the key components in successfully
addressing weed problems [45]. Furthermore, in the agroforestry systems, for example,
the combination of livestock with trees and shrubs provides multiple benefits, including
biodiversity conservation and improved soil fertility [46]. Weed control with livestock
grazing aims to manipulate patterns of defoliation to place a target plant at a competitive
disadvantage relative to other plants in the community [45]. The efficacy and conservation
benefits of targeted grazing can vary based on the timing, duration and intensity of grazing,
as well as the grazing species [29]. In most cases, grazing does not eradicate a mature
infestation of weeds. For successful weed control, grazing animals must be fenced into or
off an area in order to adjust the grazing pressure. The ability to concentrate stock on weed
infestations at some stages of growth or times of the year, and the ability to keep them off
pasture or weeds at other times, is often the key to weed control [47]. Cattle, sheep and
goats are ruminants and the most common animals used for weed control. Combining
ruminant grazing with other weed management tools can offer an integrated approach that
may be very cost effective [19,47]. In particular, sheep are a great tool for managing weed
problems [43]. Increasingly, farmers are coming to view grazing sheep as an effective way
to manage weeds and cover crops instead of chemicals, tillage or mowing. For example,
sheep can replace the use of herbicides or mowing to manage floor vegetation in vineyards
and orchards. Important considerations when grazing with sheep include the need for
regular rotations, temporary fencing and protection against predators. In addition, sheep
should not be able to eat the crop itself, which is essential for vineyard managers, for
example [48].

4.3. Limitations of Conventional and Non-Conventional Weed Control Strategies

Apart from the advantages of using herbicides for weed control, there are also dis-
advantages, mainly due to limitations of the conventional spraying technologies [27].
Continuous use of the same group of herbicides over a period of time on the same piece
of land leads to ecological imbalance in terms of weed shift, herbicide resistance in weeds
and environmental pollution [12]. Indeed, the overuse of herbicides with the same mode
of action may lead to the development of herbicide-resistant weed populations [32]. As
a result, agricultural landscapes now tend to be dominated by a few weed species that
are difficult to control and that provide a poor resource for farmland biodiversity [11].
For example, cutleaf evening primrose (Oenothera laciniata Hill) has become resistant to
glyphosate and paraquat [22]. Herbicides can also have negative side effects, such as
surface and ground water contamination, as well as leaving herbicide residues in the food
chain [32,49]. In addition, chemical herbicides can substantially decrease the soil microbial
communities and earthworm populations, and the persistent effects of weed suppression
can lead to the reduction of nutrient availability and soil biodiversity [25].

In the same way, the excessive use of tillage results in substantial harmful effects
on the soil quality parameters, including biological diversity, soil structure and water
storage capacity. Tillage reduces the supply of carbon and nitrogen nutrients to microor-
ganisms [25]. Soil erosion and soil degradation, inherent in tillage-based systems, increase
the environmental pollution from agricultural chemical inputs, such as fertilizers and
pesticides, compromising the sustainability of crop production and ecosystem services, as
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well as threatening global food security in the long run [15]. Moreover, the operation may
face limitations owing to adverse weather conditions. There are also potential problems
associated with minimum tillage or non-tillage. The bulk density and compaction of the
topsoil increases, and the phytosanitary situation worsens with a higher spread of fungal
diseases and the weed infestation of crops [50]. Furthermore, farmers using reduced tillage
may choose to rely increasingly on herbicides and pesticides to deal with these threats [38]
and, as a result, the phytotoxicity of the soil increases.

Ground cover methods, flaming or livestock grazing for weed control also have a
few limitations. For example, mulching is cost intensive on a large scale, can promote
changes in the soil due to the continuous use of the same mulching material and some
of the organic mulches have allelopathic effects on crops [51]. In addition, many types
of organic mulching, such as grass and straw, contain seeds which could allow weeds to
grow and acidify the soil [52]. Cover crops incur expenses for novel equipment, more
complicated management practices and time spent seeding and eliminating cover crops
instead of managing cash crops [53]. Living mulches can reduce main crop growth and
yield due to competition for water and nutrients, increase pest populations and the risk
of diseases. Moreover, living mulches can also promote allelopathy [54]. Soil solarization
induces high temperatures that can be lethal to bacteria and fungi. In some species, if the
lethal temperature is not reached, dormancy can be broken, allowing an emergence of a
new flush of weed seedlings. This can occur along the topsoil layer [22]. Solarization tends
to result in a flush of nutrients which should be managed by immediately establishing the
crop after plastic removal to prevent nutrient loss [40]. In a flaming strategy, fuel and water
consumption can be high, and the flame has restrictions for use during the summer from a
fire prevention standpoint. However, smaller, more portable units are now available and
provide another tool for the spot control of escape weeds or around sheds and other pieces
of infrastructure [26]. Finally, weed control via livestock grazing can cause damage to the
soil structure and non-target species, lead to the spread of weed seeds in feces or on wool,
hair or hooves, or even cause the loss of animal condition or liveweight [55].

Some of the limitations described above can be mitigated or even eliminated when
technology associated with PWM is integrated. The use of the internet, the various types of
sensors, artificial intelligence or machine learning can provide potential improvements to
IWM. It may be said that we are entering a new era of agriculture, Agriculture 4.0, where
precision is the rule [56].

5. Precision Weed Management

Smart farming technologies, such as smart sensors, remote sensing, air vehicles,
satellites, the Internet of Things (IoT) technology, etc., are becoming increasingly common
in modern agriculture to assist in optimizing agricultural production and minimizing the
wastes and costs [57]. Precision farming or site-specific crop management is a concept based
on sensing or observing and responding with management actions to spatial and temporal
variability in crops. The “sensing” component of the concept is a fundamental element of
precision farming [58], as is variable rate technology (VRT), which offers an effective way
to protect the environment and increase economic benefits [59]. This technology works by
integrating a variable rate control system with a sprayer for fertilizer, pesticide or herbicide
applications. The application at a varied rate can be fundamentally based on maps or
sensors [60]. Indeed, there are two main methods for implementing site-specific variable
rate applications (VRA): map-based VRA, which adjusts the application rate of a crop
production input based on the information contained in a digital map of field properties,
and sensor-based systems that use data from real-time sensors to match inputs to the needs
of the soil and crop [61]. From this perspective, precision farming technologies can provide
many benefits for weed management practices [21]. As mentioned above, weeds are a
persistent problem, and the continuing rise in numbers of herbicide-resistant biotypes
reinforces the lesson that weed control technology (Table 1) must constantly advance to
stay ahead of weed evolution and adaptation [2].
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Table 1. Overview of precision weed control technologies.

Weed Control
Technologies Method Remarks Drawbacks Ref.

UAV’s Combination of UAVs and
GPS technologies

Fast and precise in situ
remote sensing or survey

operations. Excellent
control in the presence of
obstacles, no compaction

and minimal
labor involved.

These systems do not offer
the same territorial

coverage as satellites.
Some technology literacy

is required.

[13]

Hyperspectral
imaging sensors

Hyperspectral imaging
system coupled to a

micro-spray heated oil
application system

Less computationally
intensive. Requires a multi-season

calibration process. [62]Robust to visual occlusion
of the leaf margin.

Customizable spray
application for various

herbicides based on
weed species.

Automatic weeders Intra-row robotic
weeder (Robovator)

Recognition of the crop
row and the size difference
between the crop and weed.

Removes 95% of weeds.

The machine cannot
distinguish between weed

and crop. It can only
distinguish between small

and large plants.

[25,63]

Precision spray
systems

Autonomous robot for
precision spraying

Autonomously sprays
targets with high accuracy. N.A. [63]

Weed sprayers Machine vision weed
spot-sprayer

Distinguishes weed leaves
from maize plants with

more than 90% accuracy.
N.A. [64]

A wide range of weed sensing techniques have been studied since the beginning of
the century. With large areas, the most cost-effective approach may be remote sensing to
provide a farm, or a large area encompassing several farms, with maps of weed occur-
rence [6]. Remote sensing uses satellite or manned/unmanned aerial vehicles to collect
data. Satellite-based remote sensing is well suited for surveying a large area and can help
with large-scale crop yield monitoring. Satellite imagery lacks precision in assessing small
areas, especially for weed detection, spatial distribution and herbicide injury evaluations.
These tasks require high-resolution imagery, which is typically achieved through closer
observations using manned/unmanned aerial or ground vehicles [65].

Unmanned aerial vehicles (UAVs) can be highly valuable, since they allow for site-
specific weed management (SSWM), an improved weed management approach for the
highly efficient and environmentally safe control of weed populations, enabling precise and
continuous monitoring and mapping of weed infestation [13]. In addition, there are other
advantages to using UAV technology. Indeed, UAVs provide helpful information for the
precise application of amounts of water in the required field, contributing to water savings
in agriculture [66]. Additionally, the use of UAVs for spraying and seeding purposes can
prevent problems of subsoil compaction [67]. This technology also has the potential to
minimize soil degradation, the loss of soil fertility and the subsequent contamination of
water due to the excessive use of fertilizers, and can potentially save time by tremendously
reducing inspection times [68]. The applications of UAVs have been increasing in forestry,
rangeland ecology and agronomic cropping systems, among several other fields [65].
The combination of UAVs with advanced cameras and sensors, able to discern specific
weeds, and global navigation satellite system (GNSS) or global positioning system (GPS)
technologies, which provide geographical information for field mapping, can help in
precisely monitoring large areas in a few minutes. Currently, UAVs stand out among
the other remote sensing platforms, as they can fly at low altitudes, capture images with
millimetric accuracy and provide data on demand in critical moments, which are not
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feasible with aerial or satellite platforms [69]. When compared to unmanned ground
vehicles (UGVs), UAVs take less time to monitor or survey the crop field and have optimal
control in the presence of any natural barrier, which is critical when working between
crop rows [70]. Mainly three types of cameras are used for weed identification with UAVs:
red, green and blue (RGB), multispectral and hyperspectral cameras, which can recognize
weed patches with good accuracy depending on the flying altitude, camera resolution and
UAV used. Therefore, the combined use of UAVs and image processing technologies may
help to effectively control different weed species interfering with the crops with relevant
environmental benefits [13].

Multispectral and hyperspectral imaging sensors mounted on UAVs have been used
successfully to detect weeds and distinguish species. This kind of technology can provide
valuable information that is not obtained by RGB cameras or not visible to the naked
eye. In particular, hyperspectral imaging has been used more often to classify agricultural
systems and vegetation because it has more bands compared to that of multispectral
sensors [65]. In fact, the most powerful and, to date, the only method capable of robust,
automated in-field discrimination of individual plant species is based upon hyperspectral
imaging. The hyperspectral imaging concept has been demonstrated in the field with
lettuce (Lactuca sativa L.) and tomato (Lycopersicum esculentum Mill.) crops, with between-
species pixel-level recognition rates above 75% and crop vs. weed discrimination rates
above 90% [43]. For example, Zhang et al. [62] developed a hyperspectral imaging system
coupled to a micro-spray heated oil application system for weed control within the seed
lines of early growth tomatoes. According to the authors, the hyperspectral imaging
system correctly identified 95%, 94% and 99% of tomatoes, black night shade and pigweed,
respectively. This technology is less computationally intensive than shape-based pattern
recognition, it is robust to visual occlusion of the leaf margin and the species recognition
ability can be used to customize the spray application of multiple herbicidal materials
based upon the weed species. However, the requirement of a multi-season calibration
process is a disadvantage of this method [37].

Automation technologies and mechatronics are likely to become more effective and
commercially viable as future weed control strategies and they are already being used
in industrialized countries with specific crops [71]. Typically, vegetable crops, such as
broccoli, cabbage, field-grown flowers, herbs, lettuce, onion and tomato, among others,
are hand weeded to achieve intra-row weed control. In this sense, the industry has re-
sponded to the need for automation of intra-row cultivators [2] as a viable alternative
to hand weeding [47]. According to Peruzzi et al. [72], four kinds of intra-row robotic
weeders are commercially available for precision weed-management systems: Robova-
tor (Frank Poulsen Engineering Aps., Hvalsø, Denmark); Robocrop (Tillett and Hague
Technology Ltd., Greenfield, Bedfordshire, England); IC-cultivator (Machinefabriek Steke-
tee BV, Haringvliet, The Netherlands); and Remoweed (Costruzioni Meccaniche Ferrari,
Guidizzolo MN, Italy). Robovator is considered to be the most effective intra-row weed-
management system, and is used predominantly in organic farming [25]. The Robovator
system is designed to detect the difference between the crop plant and weed based on
the recognition of the crop row and the size difference between the crop and weed. With
the Robovator, each row has a camera, and images from the cameras are processed to
determine the position of the crop, and then the computer signals the actuator to operate at
the proper location. The Robovator intelligent cultivator was evaluated with different types
of crops [43]. With broccoli and lettuce, for example, the Robovator reduced hand-weeding
time by 39% and 27%, respectively, compared with the standard cultivator [2]. Interest in
automation of weed sprayers has been rising in recent decades [73]. Precision spraying is
able to minimize the amount of herbicide needed on a given crop, compared with tradi-
tional broadcast sprayers that usually treat the entire field to control weed populations,
which potentially results in unnecessary application to areas that do not require treatment.
The application of herbicide in a specific location, i.e., where weeds occur, could reduce
costs, the risk of crop damage and excess pesticide residue, as well as potentially reducing
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the environmental impact [27]. The effectiveness of precision spray systems is based on
high levels of crop/weed differentiation, accurate spray prescription maps, the knowledge
of the sprayer tip location relative to the target weed location, accurate herbicide placement
and control of the spray drift [43]. For example, spot spraying systems provide potential
savings with herbicide use, which can range from 5% to nearly 90% [6,74,75], depending
mainly on the spatial and temporal distribution of weeds found in the treated fields. In
addition, according to Jensen et al. [76], the detailed and resource-efficient approach of
herbicide spraying with SSWM in smart farming can decrease herbicide consumption by
40% to 60%. An autonomous robot for precision spraying was developed by Søgaard and
Lund [63]. According to the authors, the system was able to deliver lower doses (2.5 µL)
autonomously by spraying targets with sub-centimeter accuracy. The system was further
tested in field trials planted with oilseed rape as a test weed. In the study, the plant surface
area was found to have a large effect on machine performance [27]. Additionally, Kargar
and Shirzadifar [64] developed a machine vision weed spot sprayer for maize fields. The
system used image segmentation and feature extraction to distinguish the grass leaves
from maize plants with over 90% accuracy. As corn leaves are much wider than grass,
the detection accuracy is increased. Lastly, H-Sensor (Agricon GmbH, Ostrau, Germany)
and See and Spray (Blue River Technology, Sunnyvale, CA, USA) are commercial spraying
systems that use artificial intelligence and are able to distinguish between crop plants and
several weeds [27].

6. Conclusions

With the growth of the world population and the consequent need to ensure the
supply of food by increasing agricultural production, there is a need for improved man-
agement of the world’s agricultural resources while minimizing the negative impact on
the environment. From an agronomic point of view, weeds are considered to be a threat
with serious implications for agricultural efficiency, causing yield losses. However, from an
ecological perspective, they can also be considered to be valuable indicators of biodiversity
in the agrarian ecosystem, as well as providers of ecological services as a component of
the agroecosystem. Weed management involves several methods. Nevertheless, a single
method of control will not provide adequate long-term weed management, and instead
often results in increasing resistance. Therefore, the need to integrate different weed control
methods under a holistic approach is critical.

The use of herbicides creates imbalances in the ecosystem, even causing the resistance
of some species to the continued use of these chemical agents. In addition, no less serious
are the environmental problems they cause and their consequent threat to the well-being
and health of animals and humans.

Thus, the sustainable management of the agricultural system, namely of weeds, is
an important issue for the present and future of humanity. In addition to integrated
management, the development of precision technologies inherent to weed control can be a
valuable contribution to improved sustainability and agricultural yield. In this sense, we
would suggest a more effective involvement of researchers and farmers with the integration
of ecological and technological principles into weed management decision making.
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Abstract: The innovative technologies developed in the different fields of science (nanotechnology,
artificial intelligence, genetic modification, etc.) opened new and infinite possibilities for the several
stakeholders that carry out their activities in the different economic sectors. For agriculture, these
new approaches are particularly relevant and may bring interesting contributions, considering
the specificities of the sector, often dealing with contexts of land abandonment and narrow profit
margins. Nonetheless, the question in these unstopped evolutions is about the interlinkages with
sustainability. In this context, the objectives of this study are to highlight the main insights from the
available scientific literature about the interrelationships between the new trends in the agriculture
and the sustainability. To achieve these aims, a search on the Web of Science Core Collection
(WoS) and Scopus databases was carried out, on 15 May 2021, for the topics ‘smart agriculture’
and ‘sustainability’. A total of 231 documents (102 from WoS and 129 from Scopus) were obtained,
remaining 155 documents after removing the duplicated, which were surveyed through systematic
review following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
approach. As main insights, the concerns of the researchers with the impacts on the sustainability
from the transformations in the farming organization are highlighted. On the other hand, it was
shown the relevance and the new opportunities, including in terms of food supply, arising from the
precision agriculture, agricultural intelligence, vertical/urban farming, circular economy, internet of
things, and crowdfarming. We suggest the new and wider concept of ‘integrated-smart agriculture’,
better than ‘climate-smart agriculture’.

Keywords: agriculture; new technologies; sustainability; systematic review; PRISMA

1. Introduction

The technological progress opens several opportunities for the different socioeconomic
sectors, including the farming sector, in a perspective of smart agriculture, but brings, also,
various challenges [1] threats that may compromise the sustainability of the development
process worldwide. One example of this paradigm is the internet of things (IoT). The
concept of IoT refers to the digital interconnection of everyday objects with the Internet,
connecting objects instead of than people, allowing the intercommunication of data between
sensors and digital controllers, for example. IoT is a set of networks which connect things
capable of processing and communicating data between each other [2]. Hence, the IoT may
contribute to increase the agricultural efficiency in the use of soil, water and energy (some
agricultural resources where an efficient management is crucial); however, it also creates
new risks associated with confidentiality and integrity [2].

In any case, the agriculture is faced with new challenges, such as the population rising,
the urban agglomeration, scarcity of resources, climate change, and waste management.
These tasks call for pioneering solutions. The technological development may play here
a relevant and determinant role, namely with innovative practices associated with, for
example, the vertical/urban farming, seawater and desert farming [3], as well as smart
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agriculture [4]. The literature highlights the relevance of the smart agriculture concept and
practices to increase the sustainability in the farms. Smart agriculture practices are envis-
aged as the most appropriate adaptation strategies that will allow achieving food security,
while at the same time being able to mitigate climatic changes. This is achieved through
the preservation of natural resources and sustainability of vital ecosystem services. Smart
agriculture refers to a number of tools that help the management of agricultural resources
and crop production. Smart agriculture is relating to the utilization of technologies such as
the Internet of Things, sensors, geospatial location, robotics, and artificial intelligence.

Specifically, the artificial intelligence may be crucial for a more efficient use of the
resources, but also, for a better disease and pest control, data analysis, productions’ man-
agement and fill the gap between farmers and knowledge, allowing in this way higher
productivities and competitiveness [5]. In general, the scientific community interlinks the
artificial intelligence with sustainability and a more circular economy [6]. Potentialities of
the artificial intelligence are referred for decades by the researchers [7]. The smart agricul-
ture aims to promote more sustainability, increasing the farming productivity, dealing with
the climate change implications and reducing the greenhouse gas emissions [8]. For these
aims the artificial intelligence may bring interesting contributions, as well as, other new
approaches and technologies, such as the IoT. In the current contexts of climate change [9],
the innovation [10] is crucial to achieve sustainable development goals (SDGs) [11]. The
agricultural institutions, namely the cooperatives, are fundamental to support the farmers
in the process of agricultural digitalization [12] that is in course in the sector [13] in the
different world countries. The cooperatives and the associations are important institutions
in the farming sector, considering their proximity with the several agricultural stakehold-
ers. To improve the sustainability in the agricultural sector through a smarter agriculture,
the institutions (namely the associations and cooperatives) play a determinant role. The
adaptability of farmers to the new technological demands might be difficult, especially
for small dimension farms and family farmers. Hence the role of cooperatives might be
of great help to connect them to the new technological demands. Other dimensions are
related with the commitment of the farmers and the design of adjusted policy instruments
to promote the adoption of innovative approaches in a sustainable perspective. Indeed,
the agricultural policies and planning impact significantly the structure of the farms and
the evolution of the sector, namely in the European Union through the CAP (Common
Agricultural Policy). In fact, the CAP is the main driver of the European farming structures,
including in the sustainability dimensions [14].

In parallel to this process of agricultural digitalization to promote smarter and sus-
tainable farming practices, the public institutions should be able to implement strategies
that increase the organization of the sector, improve the sills of the farmers and encourage
the technological transfer from the scientific community to the farms and the sector. The
organization of the sector and the skills of the farmers are, indeed, determinant for a
more sustainable farming development [15]. These three dimensions will be crucial for an
effective modernization of the agricultural sector in a perspective of a more sustainable
development.

In this perspective, the main objective of this study is to highlight the main rela-
tionships between the smart agriculture (modern agricultural practices based on the new
technologies, such as the IoT [16], that combine scientific research and innovation) and
the sustainability (capacity to meet the present needs without compromise the future
generations [17,18]). In practice the main question here is the following: what are the
main relationships between the smart agriculture and the sustainability? Is the concept
of ‘climate-smart agriculture’ (CSA) in general considered in the scientific literature suffi-
ciently broader to capture the several interrelationships among the smart agriculture and
the sustainability? CSA is a concept introduced by FAO (Food and Agricultural Organi-
zation) in 2010 and is known as the “triple win” approach [19]. CSA is an approach to
the management of landscapes with the purpose of adapting crop and animal production
to the climate changes originated by the human action on the planet. However, some
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researchers argue that the CSA concept is a narrow approach about the current farming
contexts and a broader statement [20], involving interdisciplinary dimensions [21], and
using recent sustainability indicators [22] is needed. For that, a systematic literature review
was carried out based on the PRISMA approach and on a preliminary bibliometric analysis.
The PRISMA statement consists on a checklist with several items and on a flow diagram
with few phases [23]. PRISMA is used as a guiding methodology for conduction reviews,
in many fields of science, however with some degree of subjectivity. In fact, the scientific
research involves always decisions that depend on the authors’ perspective. Nonetheless,
in order to deal with this subjectivity the PRISMA statement suggests transparency in the
description of the decisions made. The literature review reveals that there are not many
studies (or none) that consider the topics here addressed jointly with the PRISMA approach
or bibliometric analysis, highlighting the novelty of this research.

2. Materials and Methods

To achieve the objectives proposed for this research 231 studies were obtained from the
Web of Science Core Collection [24] and from Scopus [25] for the topics ‘smart agriculture’
and ‘sustainability’ in a search carried out on 15 May 2021, without any restrictions for the
years considered or language (in general the abstracts are in English). The identification of
these topics was based on a preliminary survey of the literature related with these fields
and on the findings of, for example, Ruiz-Real et al. [6]. Using the software Zotero [26] 76
duplicated documents were identified. It was considered other topics of search, such as, for
example, ‘smart farming’, ‘digital farming’, or ‘digital agriculture’. A quick search on the
WoS (Core Collection), for example, shows that the interlinkages of these topics with the
sustainability are more limited (a little more than 50 documents in total), highlighting the
‘smart agriculture’ as a wider term. It was considered the concept of ‘precision agriculture’;
however, the CSA is a broader approach that aims the optimization of the whole agricultural
system [27]. It was used, also, the term ‘sustain*’ instead of ‘sustainability’, however, with
this alternative documents were obtained about other issues that not properly about
sustainability that is the main focus of this research. In fact, sustainability is not the same
that sustainable development, for example. In addition, it could be used the topic “climate-
smart agriculture”, however this was already addressed by other studies [28]. There is
always subjectivity in the choice of the topics of search. The PRISMA statement [23] about
the search strategy suggests, namely, a clear explanation of the search terms used and the
identification of the databases considered. In any case, these are suggestions that may be
explored in future studies with other approaches. Indeed, the identification of directions
for future research is an underlying objective of scientific studies.

After removing the duplicated studies 155 researches were considered to carry out a
systematic review, following the PRISMA [23] approach schematised in Figure 1.

To better organise the literature review, namely in terms of sub-topics, the PRISMA
approach was complement with a preliminary bibliometric analysis, following, for example,
Martinho [29] for food marketing, or Nadaraja et al. [30] for sustainable agriculture, or
Martinho for agri-food contexts [31]. The bibliometric analysis was performed with biblio-
graphic data (full counting and 1 as the minimum number of occurrences of a keyword),
considering co-occurrence as links and keywords as items, following the procedures of
the VOSviewer [32,33] software. The bibliometric analysis as support for literature review
was considered, for instance, by Martinho [14,15,34]. In addition a factor-cluster analysis
was carried out to better identify groups to cluster the several documents with the topics
addressed, following Stata [35–37] and Torres-Reyna procedures [38].

Tables 1 and 2 and Figure 2 show that the main keywords found in the documents
related with the topics ‘smart agriculture’ and ‘sustainability’ may be clustered in the
following groups (the name for these groups were identified considering the keywords
associated at each cluster highlighted, namely in Table 2 and Figure 2): environmental
impacts and climate change; new technologies and approaches; food supply and security;
farming systems and crop management; multifunctionality and agricultural/rural devel-
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opment. In fact, the information in Table 2 is in agree with the results presented in Table 1
and confirms a group of keywords, in general, related with the new technologies and ap-
proaches (cluster 1), other group for the sustainability (cluster 2), for the crop management
(cluster), for the food supply (cluster 4) and for the rural development (cluster 5). Figure 2
highlight, also, the relevance of dimensions associated with sustainability, food security,
crops management, new technologies, and agricultural/rural development.

Figure 1. Steps to select the documents for systematic review, considering the PRISMA approach.

Figure 2. Network visualization map for the topics ‘smart agriculture’ and ‘sustainability’.
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Table 1. Top 50 keywords for the topics ‘smart agriculture’ and ‘sustainability’.

Keyword Occurrences Average Publication Year

sustainability 49 2019
climate change 44 2019
climate-smart agriculture 39 2019
agriculture 33 2019
sustainable development 30 2019
smart agriculture 24 2020
agricultural robots 17 2020
food security 17 2018
internet of things 16 2020
alternative agriculture 12 2018
adaptation 11 2018
irrigation 11 2019
sustainable agriculture 11 2020
crops 10 2019
environmental sustainability 9 2019
adoption 8 2019
farming system 8 2020
greenhouse gases 8 2019
mitigation 8 2018
agroforestry 7 2018
conservation agriculture 7 2019
food supply 7 2018
adaptive management 6 2017
carbon sequestration 6 2019
cultivation 6 2018
resilience 6 2019
rice 6 2018
smallholder 6 2019
smart farming 6 2020
sustainable intensification 6 2019
wireless sensor networks 6 2019
agricultural development 5 2017
environmental technology 5 2018
greenhouse gas 5 2019
wheat 5 2018
agricultural ecosystem 4 2018
agricultural production 4 2018
agrometeorology 4 2019
agronomy 4 2019
biodiversity 4 2019
coffee 4 2019
crop production 4 2017
crop yield 4 2018
drought 4 2018
ecosystem services 4 2018
efficiency 4 2020
fertilizers 4 2019
impacts 4 2019
india 4 2019
innovation 4 2019
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Table 2. Results for the factor-cluster analysis with the information from top 50 keywords (occurrences
and average publication year).

Keyword Cluster

sustainability 1
climate change 1
climate-smart agriculture 1
agriculture 1
sustainable development 1
smart agriculture 1
agricultural robots 1
internet of things 1
sustainable agriculture 1
farming system 1
smart farming 1
food security 2
alternative agriculture 2
adaptation 2
irrigation 2
environmental sustainability 2
mitigation 2
agroforestry 2
carbon sequestration 2
resilience 2
smallholder 2
agrometeorology 2
agronomy 2
biodiversity 2
coffee 2
fertilizers 2
impacts 2
india 2
crops 3
adoption 3
greenhouse gases 3
conservation agriculture 3
sustainable intensification 3
wireless sensor networks 3
greenhouse gas 3
efficiency 3
innovation 3
food supply 4
cultivation 4
rice 4
environmental technology 4
wheat 4
agricultural production 4
ecosystem services 4
adaptive management 5
agricultural development 5
agricultural ecosystem 5
crop production 5
crop yield 5
drought 5

3. Systematic Review

In this section will be carried out a systematic review organised considering the
PRISMA approach and bibliometric analysis carried out on the previous section. In practice
231 documents were obtained from the WoS and Scopus (102 and 129, respectively) for a
search carried out on 15 May 2021 for the topics ‘smart agriculture’ and ‘sustainability’.
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After removing the duplicated (76 studies) 155 documents were surveyed. To better show
how the research questions and gaps were addressed, for a more sustainable development
in the framework of the SDGs [39], the main insights are highlighted in Table 3. Each one of
those findings will be presented deeper in the next subsection for literature review. In this
perspective, this part will be structured in the following subsections: environmental impacts
and climate change; new technologies and approaches; food supply and security; farming
systems and crop management; multifunctionality and agricultural/rural development.

Table 3. Main insights from the systematic review.

References Main Highlights

[2] The new technologies and approaches are not exempt of risks and vulnerabilities
[40] CSA approach is a promising solution for the sustainability
[41] Some studies use the terminology of Environment-Smart Agriculture (ESA)
[19] CSA is a concept presented by FAO in 2010, is known as the “triple win” approach
[42] CSA practices improve the soil resilience and quality

[43] The Internet of Things (IoT) and the Internet of Everything (IoE) may bring relevant
added value for the farms

[44] The wireless sensor network is an interesting tool to collect data
[45] The biosensors are other techniques to collect information

[46] Mobile applications, big data analytics and information systems, cloud computing,
drones, blockchain, artificial intelligence

[47] An efficient use of the agriculture resources, such as water, soil and energy, is crucial
for competitiveness and food and security

[48] Agriculture is one of the most vulnerable sectors to the global warming

[49] The agricultural sector contributes with about a third of the anthropogenic GHG
emissions worldwide

[50] The eco-efficiency is the buzzword for the sustainability

[51] The rice-wheat cropping systems concern particularly the researchers specifically in
South Asia

[52] Africa is another world region where it is important to promote cleaner farming
systems

[53] Sometimes the sustainable practices are misunderstood in these countries
[54] In other cases and contexts there is not a convergent view about the CSA practices

[20] CSA concept has a narrow perspective about the current farming contexts and a
wider debate is needed

[55] Rural development may benefit from the concept of smart villages
[56] Sometimes is easier to convince the entrepreneurs than the policymakers

[57] For an effective CSA implementation the farmers should be involved in the policy
design process

[58] Vocational training and the extension services may contribute for the adoption of the
CSA practices

[59] The European Union invested over the last years a significant part of its budget to
promote CSA practices

3.1. Environmental Impacts and Climate Change

In the relationships between the agricultural sector, food security and the environmen-
tal impacts, on the framework of the climate change, the climate-smart agriculture (CSA)
approach appears as a promising solution [40] for the sustainability [4] with the following
three objectives: improve the resilience of the farming sector to the climate change; mitigate
the greenhouse gas (GHG) emissions; and guarantee the food security [60]. The resilience
will be the main challenge to deal with the climate change [61] and the transition to smart
solutions is unstoppable [62]. The objective is to achieve sustainability, resilience, wellbeing,
and development [63] with new approaches [64]. In fact, the agricultural sector suffers from
several particularities that, often, compromise its competitiveness. The new approaches
associated with the different dimensions of the smart agriculture may be an interesting
contribution for the farm profitability and financial performance.
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Some studies use the terminology of environment-smart agriculture to address the
relationships between the agricultural activities and the environment [41]. CSA is a concept
presented by FAO in 2010, relaunched by the Conference of Paris in 2015 and is known
as the “triple win” approach [19]. The idea is to find solutions for the farms in order to
minimise the global warming consequences [65]. The practices associated with CSA are
recognized as intensive agricultural techniques compatible with a sustainable develop-
ment [66]. They are included, also, in silvo-aquaculture [67] and integrated aquaculture [68]
systems, in a context called as Agriculture 4.0 [69]. These practices are not understood and
implemented in a similar way worldwide [70]. These findings should be considered and
addressed properly by the diverse stakeholders, namely the policymakers, for an effective
and adjusted implementation of a sustainable smart agriculture.

In these frameworks, the energy management, in an efficient way [71], is critical [72],
as well as the soil use [73]. CSA practices improve the soil resilience and quality [42].
Nonetheless, for the policy and planning design, it is important to find metrics that allow
to put together the three aims [74] and to bring more insights about this concept [75]. The
agricultural practices have impacts on the environment and the climate change, but have,
also, implications from the global warming, and this brings several challenges for the farm-
ers and policymakers [76]. To deal with the new contexts faced by the agricultural sector
will be needed robust policies [77] and institutions [78], including non-governmental [79],
at local, regional, national, and international levels. Indeed, the public institutions and the
cooperatives, for example, are crucial for a better organisation of the sector and to increase
the compliance with the strategies designed for the agriculture.

3.2. New Technologies and Approaches

The Internet of Things (IoT) and the Internet of Everything (IoE) have had great impact
on the farms [43] and are forms to improve the productivity in the use of several agricul-
tural resources [80], namely the water, through approaches of smart irrigation [81] and
precision agriculture [82]. The smart irrigation systems are important to collect and work
environmental data [83]. The IoT allows to implement automated operations with reduced
supervision [84] in the whole food chain [85] and agricultural production [86], including in
greenhouse agriculture [87] control [88] and in diverse farming systems [89]. The water
management is critical, where the IoT may contribute significantly for a more balanced
use [90], as well as in the soil health assessment [91] and fertilization management [92], in
a perspective of a more competitive agriculture [93]. The potable water will be one of the
scarcest resources and here the new technologies will be determinant for a more efficient
management.

The new technologies and approaches are, also, important methodologies to support
the farmers in other agronomic practices, some of them are available in open source
solutions [94]. In some circumstances the government supports are decisive for the new
technologies’ promotion, namely at an initial phase [95]. The wireless sensor network, for
example, is an interesting tool to collect data about weather, soil, and plant conditions to
provide the farmers with information to better manage the pest and disease control and the
fertilizers’ use [44]. The biosensors are other techniques to collect information about the
condition of the plant and assess its exposure to biotic and abiotic stresses [45]. Namely,
in Europe, there are various projects to create new approaches for the farms that include
smart technologies. The several findings obtained by the scientific literature may have an
important role as a basis of knowledge for these developments.
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The continuous assessment of the plant resilience is determinant in a context of
climate change and agricultural conditions transformation [96]. The specificities of the
conditions faced by the agricultural practices in drylands systems are other contexts
where the new technologies may offer relevant added value [97], specifically in Africa [98].
Mobile applications, big data analytics and information systems, cloud computing, drones,
blockchain, artificial intelligence [46], remote sensing [99] are other terminologies referred
in the scientific literature for a smarter agriculture. However, the new technologies and
approaches related with the smart agriculture are not exempt of risks and vulnerabilities [2].
This is an important aspect that must be highlighted by the scientific literature. Indeed,
the new technologies and approaches bring new solutions and perspectives, but are not
exempt of negative consequences for the sector and for the farmers.

3.3. Food Supply and Security

An efficient use of the agriculture resources, such as water, soil and energy, is cru-
cial to guarantee the competitiveness of the farming sector and consequently the food
self-sufficiency and security [47]. Irrigation availability appears as the main driver of
the farmers’ decisions, jointly with farm labour, seasonality, climate, land, wildfires, and
diseases and pest control [100]. An efficient water management is one of the most im-
portant practices in the farms [101] and is fundamental for a dynamic and competitive
agricultural sector in an era of great challenges [102]. In fact, often, the water availability
and management appear as the main concerns for the various stakeholders, specifically
the farmers.

Agriculture is one of the most vulnerable sectors to the global warming, which, allied
with the population growing, creates serious problems of food security worldwide [48].
Indeed, the demand for agricultural goods increases continuously and the availability of
resources decreases [103]. The smart agriculture concept provides adjusted tools to better
collect, transmit, select, and analyze data, in a perspective of smarter management [104],
with big data [105], for more sustainable farms and, consequently, for a more balanced food
supply [106]. The availability of data is crucial for an adjusted assessment of the present
and future food supply and security scenarios [107] and here the smart approaches may
bring important added value.

The problems related with food security are particularly worrisome in Africa, specifi-
cally between the small farmers [108], and these scenarios were worsened with the climate
changes contexts [109]. More than 200 million have problems of sub nutrition and the
perspective is for this scenario to become worse in the nest years and decades [110]. India
is another context where the climate change and the food security bring new tasks for the
farmers and policymakers [111]. The agricultural strategy instruments and the related
organizations play a crucial role to guarantee food security, specifically where the risks are
higher [112]. There are some specific contexts that deserve a special attention and this is
highlighted by the scientific community.

3.4. Farming Systems and Crop Management

The effective contribution of the smart and sustainable agriculture for a more balanced
development depends on the farming systems’ management [113], on the agricultural
practices implemented in the farms [114], namely those related with irrigation and fertil-
ization [115], on the local conditions [116], specificities [117], and strategies [118]. Other
particularities and solutions were highlighted by the researchers, such as the presented
in Table 4.
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Table 4. Particularities and solutions highlighted by the literature for a more balanced agricultural
development.

References Particularities and Solutions

[119] Fodder banks
[120] Fermentation of agricultural waste
[121] Models to identify tomato ripeness
[122] No-tillage, waste management, and agricultural diversification
[123] Conservation agriculture
[124] Based on conservation tillage systems
[125] Nanotechnology
[126] Including for carbon management in soil
[127] Drought-tolerant seeds
[128] Integrated pest control, combined crop-animal agriculture and organic composting
[129] Fertilizer trees and shrubs
[130] Terrace landscapes
[131] Annual crops planted with coconuts
[132] Agroforestry structures
[133] Microalgae
[134] Dambo cultivation
[135] Valorisation of agro-food byproducts
[136] Traditional agriculture
[137] Integrated farming systems
[138] ‘4R’ approach (right source, right rate, right time, right place)
[139] Agronomic rotations and cover cropping
[140] “Positive Deviance” (identifying practices from farms with higher performance)
[141] Genetic strategies
[142] Vertical farming
[143] In the cities
[144] Crop residues management through principles of bioeconomy
[145] Certification strategies

These solutions as CSA are not universal [146] and depend on the specificities of each
context [147].

The agricultural sector contributes with about a third of the anthropogenic GHG
emissions worldwide, for what is urgent to find innovative approaches to deal with these
impacts [49]. The contexts of the environmental impacts are worse when considered the
food industry sector [148]. The eco-efficiency is the buzzword for the sustainability of
the farming systems [50] and for a more sustainable crop management [149], where the
innovative irrigation adjuvants may have important roles [150].

The new contexts that appeared around the world in the recent years changed the
paradigm of the economic sector organization and call for novel ways of farm manage-
ment [151]. The rice-wheat cropping systems concern particularly the researchers [152],
specifically in South Asia [51], because of its importance for the food security [153] and the
problems associated with the soil quality, water scarcity, and availability of some produc-
tion factors, such as labor [154]. Africa is another world region where it is important to
promote cleaner farming systems [52], in a framework of CSA practices [155], and where
several projects [156], and studies were carried out [157]. This considers the complexity
of the African farming systems [158] and its vulnerability to the global warming [159].
The impacts of the climate change in the African countries are, in fact, problematic [160].
Namely because the difficulties in the pest control. However, sometimes the sustainable
practices are misunderstood in these countries [53].

In other cases and contexts there is not a convergent view about the CSA practices
between the different stakeholders [54]. The perceptions of the diverse actors about the
smart agriculture have here their impacts [161]. It is important, namely through the
extension services to assess and work the perceptions of the farmers about the smart
practices in the farms, because this is decisive to achieve the objectives intended by the
governments, including in terms of sustainability. In addition, some studies argue that
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the CSA concept has a narrow perspective about the current farming contexts and a
wider debate is needed [20], involving interdisciplinary researchers [21] and using recent
sustainability indicators, namely those related with the socioeconomic dimensions [22].
These findings support the thesis argued in this study that a broader concept is needed,
in a more integrated perspective, to capture the several relationships between the smart
agriculture and the sustainability.

In fact, innovative approaches are needed to deal with the multiple and conflicting
domains related with the sustainable development [162] in the current realities [163]. The
current impacts in the farming systems are implications of the global warming and come
from socioeconomic changes, for what are needed integrated approaches [164]. Viticulture
and the copper toxicity is another concern [165], as well as the cotton production [166], oil
palm plantations [167], cocoa [168], and coffee production [169].

3.5. Multifunctionality and Agricultural/Rural Development

A better organised and planned farming sector may improve productivity and profit.
The smart agriculture approaches may be determinant to obtain a more competitive and
sustainable agricultural sector with advantages for the rural development in a context
of smart villages [55], where the ecosystems are able to adapt to the new realities [170].
The terminology of “smart” came to stay, including for the cities [171]. The concept of
climate-smart village and the associated practices are particularly relevant in countries
where there are serious problems of food security, such as the India context [172].

The rural and agricultural policies are fundamental instruments to promote and en-
courage the smart agriculture practices, specifically in the developing countries, where the
CSA adoption is low [173]. However, sometimes is easier to convince the entrepreneurs
than the policymakers [56], and this may be, in certain circumstances, a real barrier to imple-
ment innovation [174]. The adoption of CSA practices is, indeed, a great challenge around
the world for farmers and public institutions [175], including in the OECD countries [176].
For an effective CSA implementation the farmers should be involved in the policy design
process, namely to be considered the local risks and particularities [57]. The involvement of
the stakeholders in the decision processes, in a perspective of citizens/community engage-
ment [177] or multiple engagements [178], improves the compliance with the strategies
designed.

The participation of the women in the processes of decision may increase the adoption
of CSA approaches, because of the concerns with the family food security. In addition, the
vocational training and the extension services are other factors that may contribute for a
more effective adoption of the CSA practices [58], as well as, educational programs [179] to
prepare the next generations [180]. The extension services are crucial to advice the farm-
ers [181] in the implementation of the CSA practices [182], nonetheless the particularities
of these services in some countries may compromise their contributions [183].

In Vietnam, for example, the adoption of CSA practices by the rice farmers is influ-
enced by the following variables: perceptions about the climate change, educational level,
credit and capital availability, land tenure, farm size, availability of extension services,
and access to markets [184]. In Nigeria the choice of adaptation practices is influenced by
the following dimensions: age, land tenure, extension services, gender, farm size, assets,
experience, and credit availability [185]. The determinants do adopt sustainable practices
seem to be similar in these different parts of the world, where, for example, the land access
and use has its relevance [186].

The European Union invested over the last years a significant part of its budget to
promote research about the implementation of smart agriculture in the member-states,
in the frameworks of the Horizon 2020 and the CAP (Common Agricultural Policy) [59].
The rural and agricultural institutions and their digitalisation is fundamental for a more
integrated development [12], namely to avoid the land abandonment and the reduction in
the number of small farms in the Europe context [187].
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4. Discussion

There are not so many systematic reviews about the ‘smart agriculture’ and ‘sustain-
ability’ topics and less (or none) considering, as complement, the bibliometric analysis, as
highlighted by Martinho [31], showing the novelty of this research.

The technological development has been, over the past years, providing tools with
applicability in the domain of agriculture and particularly aiming at more sustainable
agricultural systems. This technological development is continuously evolving and the
knowledge transfer must be, now more than ever, a reality seen as a way to improve
agricultural production allied to sustainability goals. Hence new opportunities come from
smart agriculture and IoT [43] as ways to improve agricultural efficiency and use of scarce
resources such as soil, water, and energy. However, also some possible threats underlie
the application of these new technologies, most especially those linked with ethics, since
aspect such as confidentiality or integrity might be at risk [2].

Smart agriculture with an integrated view targeting sustainability can help face the
challenges [104] derived from the urgent need to feed the growing world population, from
inequality of population distribution around the globe or even the asymmetries coming
from ultra-high density urban areas as opposed to depopulated rural areas, allied to the
scarcity of natural resources, climate change demands, waste management needs, and
circular economy promotion. Artificial intelligence and agricultural digitalization certainly
contribute to improve productivity while reducing the input/output ratios, thus turning
the systems target effective. Optimization of natural resources and of production factors
together with cleaner pest control strategies, are on the verge of greener and highly efficient
agricultural systems [100].

Climate-smart agriculture improves energy/water/soil management and increments
resilience of the agricultural sector, contributing to guarantee food security and attenuating
GHG emissions, thus finding a compromise between intensive agricultural production
and global warming consequences [47]. Concepts of precision agriculture, smart irrigation
and smart fertilization are possible owing to IoT and IoE. They allow to save resources,
by for example collecting data from climate, soil, or plants to manage agricultural inputs,
while improving productivity and reducing environmental impacts [80], either related with
GHG emissions or the biosystem’s ecology. Through controlled and automated farming
systems it is possible to improve competitiveness [84], with positive socioeconomic impacts,
specifically in rural communities. The challenges are particularly relevant in developing
countries where food security is a major risk. Also, the sector of organic farming greatly
benefits from these technologies, since in these farming systems better management is
crucial for profitability. However, implementation of long term measures and a vast
adoption of artificial intelligence and smart agriculture technologies faces some resistance
of farmers, especially in some communities [173], much owing to lack of knowledge or lack
of appropriate technical support. To this matter, engagement of women into these matters
is seen as a major opportunity to better prepare the future generations.

The targets that smart agriculture tries to reach and respond to encompass not only
the climate effects, but also other environmental factors as well as social and economic
aspects linked with the life of farmers and rural communities all over the world. Hence,
the concept of smart agriculture shall be expanded to include all these dimensions and we
therefore suggest that an integrated-smart agriculture concept could be used [20].

The main insights discussed in this section show that the topics and the approaches
considered, when put together, have novelty [70,74], namely the consideration of the biblio-
metric analysis for a systematic review in these topics. On the other, the objectives proposed
for this study (What are the main relationships between the smart agriculture and the
sustainability? Is the concept of ‘climate-smart agriculture’ (CSA) in general considered in
the scientific literature sufficiently broader to capture the several interrelationships among
the smart agriculture and the sustainability?) allowed to highlight the main contributions
from the smart agriculture for the sustainability and the main limitations of this concept
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(smart agriculture). In addition, other approaches and topics of search were suggested for
future research and highlighted topics already explored directly by the literature.

5. Conclusions

The main conclusions point out to the necessity to face the present and future chal-
lenges of the agricultural sector in a more effective way and making use of the technological
possibilities that smart agriculture brings. The challenges linked to providing food to the
growing world population while at the same time guaranteeing the sustainability of food
supply chains must be addressed and looked at as new opportunities to use technology to
the service of mankind and the planet. The efficient use of resources, the improvement of
the input/output balance of agricultural systems, the mitigation of climate change effect
or the socioeconomic impact over rural populations, all are, but not exclusively, part of
this global approach. The conceptualization of an integrated approach where all aspects of
the problem are included is urgent and therefore we are led to suggest that the somewhat
limited concept of climate-smart agriculture could be expanded to a broader concept of
‘integrated-smart agriculture’.

In terms of practical implications, the main insights obtained with this research suggest
a more effective involvement of the stakeholders in the processes of decision and design
of agricultural policy instruments. The participation of the women may be important,
considering their concerns with the sustainability and the wellbeing of the family members.
In these contexts, the contributions of the different institutions are determinant, specifically
through services of extension to involve and support the farmers. Educational programs
and vocational training courses are also determinant for an effective implementation of the
Integrated-Smart Agriculture practices.

Table 5 presents the main policy recommendations and suggestions for future research
from the findings obtain in this research.

Table 5. Policy recommendations, limitations, and future research.

Policy and Future Studies Suggestions

Policy recommendations

- Design new policy instruments that promote the smart agriculture practices in a more
integrated way, namely through a greater involvement of the women in the farms.

- Create programs to standardize the perceptions about the smart agricultural approaches.
- Promote courses to train and raise awareness of the farmers about the advantages and

disadvantages of the smart approaches in the farms.
- Involve deeper the interrelationships between the actors for a better understanding about

the integrated-smart agriculture approaches.

Limitations

- The selection of the topics to search the documents in the scientific databases has always
some subjectivity. The identification of the topics of search in this research is no exception.
However, this aspect was discussed and presented suggestions to be addressed in future
research with other approaches.

Future research suggestions

- For future research, it could be interesting to deeper survey the farmers about the main
constraints to implement an effective plan for smart agriculture practices adoption.

- These results of these studies will give new suggestions to take into account the local
specificities and better design adjusted plans and policy instruments.
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Abstract: Agri-food waste has proved to be a valuable bioresource that can be used to obtain a variety
of valuable materials, ingredients and chemicals. The optimum conditions for extracting bioactive
compounds from sweet cherry seeds (SCS) with different solvents and temperatures were tested in this
work. The choice criteria were based on the most efficient extracting capacity while looking for cleaner
techniques with lower health or environmental impacts. Some extracting solvents (methanol, ethanol
and water) were tested in different combinations and temperatures. The obtained extracts were eval-
uated for total phenolic compounds and some families of phenolics as well, using spectrophotometric
methods. The results obtained showed that the highest extraction of total phenolic compounds was
at 70 ◦C with 60:40 ratio water:ethanol (2.65 mg GAE/g), while maximum flavonoids were obtained
at 80 ◦C and 50% ethanolic aqueous solution (7.26 mg QE/g). The highest value for ortho-diphenols
was 21.47 mg GAE/g for 50 ◦C and water:ethanol 50:50 solution. The highest proanthocyanidins and
flavonols were obtained for 50:50 solution at 70 ◦C (6.43 mg CE/g and 3.88 mg QE/g, respectively),
while the same solution at 80 ◦C allowed obtaining maximum phenolic acids (1.68 mg CAE/g). The
extraction of anthocyanins was found to vary significantly with concentration and temperature, being
highest in the range 35–40 ◦C, when using an 80:20 water:ethanol solution. Hierarchical clustering
showed three clusters, while factor analysis resulted in two factors and four groups of samples. In
conclusion, it was found that extracts obtained from sweet cherry seeds have relevant bioactive
compounds with applications in the food, pharmaceutical or cosmetic industries.

Keywords: extraction procedure; bioactive compounds; anthocyanins; phenolic compounds;
cherry seeds

1. Introduction

Sweet cherry (Prunus avium L.) is cultivated widely [1], and consumers highly appre-
ciate the fruits due to their excellent organoleptic characteristics [2]. Research has shown
that sweet cherry has a high nutritional value and an important content of bioactive com-
pounds [3]. The global sweet cherry production is around 4.0 million tons per year. The
sweet cherry production share in 2021/2022 concerning the principal producing countries
was Turkey (21.4%), followed by the European Union (16.6%), China (14.9%), Chile (9.9%)
and the United States (9.8%) [4].
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The extraction process is one of the fundamental steps for the recovery of phenolic
compounds from the food industry and the related by-products or residues [5]. Different
methodologies are available to perform this operation [6] but the choice will also depend
on the kind of food product or residue under analysis [7]. The extraction of phenolic
compounds can be performed by techniques such as infusion, decoction, maceration,
percolation, digestion, Soxhlet extraction, aqueous alcoholic extraction by phytonics pro-
cesses, supercritical fluid extraction, counter current extraction, ultrasound extraction, or
by fermentation [8]. Undoubtedly, solid–liquid extraction has been the most extensively
utilized to separate several phenolic compounds or families of compounds. However, the
efficiency of the extraction process is highly variable and is dependent on the processing
conditions, especially the type and concentration of solvent, the ratio of solvent-to-mass of
the sample, the extraction time, and the temperature [9]. Naczk and Shahidi [10] showed
that extraction times longer than 24 h could increase the oxidation process of phenolic com-
pounds, therefore they should not be used in order to preserve the antioxidant properties
of the phenolic compounds. Golpour et al. [6] evaluated the effect of different operating
conditions on the extraction of phenolic compounds form strawberry, namely time, sol-
vent concentration and volume/mass ratio. They found that total phenolic compounds
were better extracted when using a volume/mass ratio of 12 mL/g, using a methanol
aqueous solution with a concentration of 70% methanol and extraction time of 40 min.
Guiné et al. [11] described the optimization of extraction of bioactive compounds from
beetroot, and found that the ratio mass of sample/volume of solvent was a factor highly
influencing the extraction efficiency. Ahmad et al. [12] studied the effect of solvent and
temperature on the extraction of phenolic compounds from olive fruits, and reported that
the type of solvent greatly influenced the extraction, while temperature did not. However,
Beaufils et al. [13] reported the strong effect of temperature on the extraction of phenolic
compounds, following the trends of other studies. Casagrande et al. [14] described an
optimal temperature for the extraction of phenolics of 80 ◦C, and also Marete et al. [15]
reported the best extraction temperatures in the range from 80 to 100 ◦C. However, some
authors state that such high temperatures can have a negative effect on the compounds by
degrading them and reducing their biological activity [16].

The quantification of phenolic compounds in cherry fruits has been performed by
Kashyap et al. [17]. In their study, the authors used response surface methodology to opti-
mize the extraction conditions, in particular solvent concentration (40 to 80%), solvent/mass
ratio (10 to 30 mL/g), extraction time (90 to 240 s), and microwave power (300 to 600 W).
The optimized extract resulted in a total phenolic content of 155.27 ± 2.76 mg GAE/g in the
cherry pomace. Schmidt et al. [18] evaluated the phenolic profile of cherry fruits and found
that the major phenolics were procyanidins (1380.64 to 1888.00 µg/g). Basanta et al. [19]
investigated the preservation of the antioxidant effects of phenolic compounds in cherry
surfaces and found that anthocyanins were more degraded by light, while flavonols re-
mained more stable. The study of phenolic compounds from cherry seeds is scarce, but
Oliveira et al. [20] studied some separation methods to isolate compounds with antioxidant
activity from Brazilian cherry seeds. They found that temperature and time influenced the
extraction yield of phenolic compounds.

Two main strategies are adequate to implement a circular economy in any industrial
sector: reducing pollution levels and finding the most sustainable solution to manage the
waste resulting from the processes of the agri-food industry. The large quantity of organic
waste produced by the food industry, besides representing a significant loss of valuable
materials, also poses serious management problems, both from economic and environ-
mental points of view [21]. Waste recovery has been defined as the process of converting
waste into more valuable products [22]. This constitutes a useful approach to addressing
waste materials’ management, thus increasing the competitiveness of agri-food industries,
where a wide variety of products can be obtained using waste as a raw material [23].
Agri-food waste is a valuable bioresource that can originate a variety of convenient mate-
rials, ingredients and chemicals [24,25]. In addition, opportunities for the application of
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industrial symbiosis in the valorisation of wastes in the food manufacturing industry have
already been identified [21]. Because food waste has great potential to provide beneficial
social and environmental benefits, several countries are already promoting strategies for
its valorisation [21]. In addition to the ecological benefits, there is also an economic gain
for the companies, linked with the integration of recovered ingredients into human food
supply chains [26].

The fresh-cut fruit industry discards large percentages of by-products, such as peels,
seeds, or even flesh that is not used for specific quality reasons. However, these residues
can present similar contents of bioactive compounds or even higher than the parts effec-
tively used, such as the flesh. These bioactive compounds include, for example, phenolic
compounds, carotenoids and vitamins [21]. Sweet cherry seeds result from processing
sweet cherry for the production of sweets, juices and jams. Generally, seeds are considered
as production waste, which has gained strong interest due to the environmental aspects
related to waste disposal. Additionally, it is well documented that production waste, such
as peels, seeds, and pomace, contains high-value bioactive compounds [27]. Hence, the
present work focuses on using cherry seeds that are waste derived from food manufactur-
ing industries. The extraction potential of various organic solvents and different extraction
conditions was investigated to optimize the extraction parameters such as type of solvent
and temperature for maximum yield of bioactive compounds extracted. The bioactive
substances evaluated in the extracts were total phenolic compounds and different families
of phenolics.

2. Materials and Methods
2.1. Samples

The waste management company Nutrofertil, located in Portugal, namely in the
district of Viseu (Tondela), provided the Seeds of Sweet Cherry (SSC) for this study. Since
the company uses cherries from different varieties for processing, the seeds were not from
a single variety, but rather from mixed varieties. This is an industrial waste to be valued
instead of being discarded. The samples used were pre-dried in the sun. After this, the
samples were crushed in a mill (Retsch SMI—Retsch GmbH, Haan, Germany) and sieved
for 30 min at 50 rpm (Retsch AS200 sieve—Retsch GmbH, Haan, Germany). A fraction
of the particles with sizes over 0.425 mm (>35 mesh) were used for the tests. Then, the
fractions obtained were again dried on a stove for 24 h at a temperature of 40 ◦C, for better
preservation during storage until further usage.

2.2. Preparations of Extracts

The extracts were obtained from the contact between 5 g of sample with 50 mL of
solvent for 40 min under various experimental conditions, as depicted in Figure 1. In
a preliminary assay, extractions were performed at room temperature under magnetic
stirring at medium speed for different extracting solutions. One more extraction was also
performed with water using an ultrasonic bath. Each extract was filtered into a 50 mL
volumetric flask using Whatman No. 3 paper filter and allowed to stand in the dark at room
temperature until analysis. Oxidation was prevented by leaving the flasks away from light
in closed cabinets. The samples were left for a period of up to one hour, and the experiments
were repeated three times. Based on the results of the preliminary assay, the experiments of
the core work were made using a similar methodology, but different processing conditions,
namely the extraction solvent, were now reduced to mixtures of water:ethanol but at various
proportions (water:ethanol ratios—50:50; 60:40; 80:20; 100:0 %v:v), and the extraction was
carried out at different temperatures of 35 ◦C, 50 ◦C, 70 ◦C and 80 ◦C, all under magnetic
stirring for 40 min. Some extra experiments were made to further investigate results for the
number of anthocyanins and total phenolic compounds, as depicted in Figure 1 under the
additional assay.
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2.3. Quantification of Total Phenols

The Folin–Ciocalteu method is one of the relatively simple spectrophotometric assays
used to determine the content of total phenolic compounds [6]. For measurements, 125 µL
of samples (or standard solution) were mixed with 750 µL of distilled water and 125 µL of
Folin–Ciocalteu reagent. After 6 min, 2 mL of sodium carbonate was added 5% (v:v) and
the prepared solution was left for 60 min at room temperature in the dark for the reaction to
occur. Then, the mixture was shaken, and the absorbance of the standards and samples was
measured at λ = 760 nm. Autozero was performed with distilled water and the blank with
125 µL of distilled water instead of the samples. At the same time, the calibration curve
was obtained with standard gallic acid solutions with different concentrations between
0 and 1 g/L. The results were calculated as mean value and standard deviation from
three replicates of spectrophotometric measurements for each sample and expressed in
milligrams of gallic acid equivalents per gram of sample (mg GAE/g).

2.4. Quantification of Anthocyanins

The extracts obtained (1 mL) were diluted to a final volume V with the solution of 1 mL
of HCl (concentration of 37%), 70 mL of ethanol and 30 mL of H2O, previously prepared
in a 100 mL flask, with three replicates. The cells of 1 cm of optical path were filled, and
the spectrophotometer was read at 540 nm. Quantitative determination of anthocyanins
was carried out in slightly acidic media in the wavelength range of 490–550 nm [28]. This
is possible because anthocyanins have a typical absorption band around this range. This
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band is far from the absorption bands of other phenols, which have spectral maxima in the
UV range [29].

The samples were analysed in triplicate, and the anthocyanin content in the extract
was determined using the following expression, taking into account the dilution factor (V):
Total Anthocyanins (mg/mL) = Absorbance at 540 × 16.17 × V.

Final results were calculated as mean value and standard deviation from three repetitions
and expressed as micrograms of malvidin-3-glucoside (Mv3G) equivalents per gram of
sample of cherry seeds (µg Mv3G/g) [30].

2.5. Quantification of Proanthocyanidins

The quantitative determination of proanthocyanidins (condensed tannins) was per-
formed using the vanillin assay, a method widely used in tests on vegetables and fruits. [31].
The vanillin/HCl assay measured proanthocyanidins content according to the procedure
reported by Zam et al. [32]. Aliquots of 1 mL of samples were mixed with 2.5 mL of 1%
vanillin-methanol solution and 2.5 mL of 8% HCl-methanol solution. Then, the reaction
mixture was incubated in a water bath for 20 min at 30 ◦C. The absorbance was measured
at 500 nm and blanked with methanol. Total proanthocyanidins contents were calculated
as mean value and standard deviation from three repetitions and expressed as catechin
equivalents in milligrams per gram (mg CE/g) using catechin (0.06–0.3 mg/mL) for the
standard curve.

2.6. Quantification of Flavonoids

Aluminium chloride (AlCl3) was used to quantify flavonoid content [33]. Total
flavonoids were estimated according to the method described by Gonçalves et al. [34],
after some adjustments. A calibration curve was performed with standard quercetin so-
lutions with different concentrations (0.0; 0.1; 0.2 and 0.3 g/L) to quantify the flavonoid
content. One millilitre of the sample was thoroughly mixed with 1 mL of 2% AlCl3·6H2O
(2 g in 100 mL of methanol). The absorbance was measured at 370 nm after 10 min of
rest. The total flavonoids content was calculated as mean value and standard deviation
from three repetitions and expressed as quercetin equivalent (QE) in milligrams per gram
of samples.

2.7. Quantification of Ortho-Diphenols

The ortho-diphenol content was determined colourimetrically by the complexation of
ortho-diphenols with the molybdate ions [35].

The experimental procedure was adapted from Santos et al. [36]. In one tube, 4 mL
of properly diluted samples and 1 mL of 5% (v:v) dehydrated sodium molybdate in
ethanol/water (1:1) were added, stirred and remained at room temperature for 15 min. The
samples were analysed by spectrophotometry at a wavelength of 370 nm. A blank was
obtained by measuring a mixture of 4 mL of phenolic solution with 1 mL of ethanol/water
(1:1). In parallel, a calibration curve was determined with standard solutions of gallic acid
with different concentrations in the range 5–300 mg/L. The ortho-diphenol content of each
sample was then determined by interpolating the values obtained colourimetrically in the
calibration curve. The results were calculated as mean value and standard deviation from
three repetitions and expressed as gallic acid equivalents per gram of samples (mg GAE/g).

2.8. Quantification of Phenolic Acids

Total phenolic acid determinations were carried out according to the Arnov method
described by Gawlik-Dziki et al. [37]. One millilitre of the sample was mixed with 5 mL
of distilled water, 1 mL 0.5 mol/L HCl, 1 mL of Arnov reagent (10 g sodium molybdate
and 10 g sodium nitrite dissolved in 100 mL of distilled water) and 1 mL 1 mol/L NaOH
and complete to 10 mL with distilled water. Total phenolic acids were determined by
measuring the absorbance at 490 nm of the complex formed between phenolic acids and
sodium molybdate—sodium nitrite as an equivalent of caftaric acid. The total phenolic
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acids content was calculated as mean value and standard deviation from three repetitions
and expressed as caftaric acid equivalents (CAE) in milligrams per gram of extract.

2.9. Quantification of Flavonols

Series of reference quercetin solutions containing 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and
0.5 mg/mL of quercetin were prepared. Two millilitres of such reference were mixed with
2 mL of aluminium trichloride solution (20 g/L) in 95% (v/v) ethanol, and 6 mL of sodium
acetate solution in ethanol (50 g/L) were added. The absorbance was read at 440 nm after
2.5 h at 20 ◦C. A calibration curve expressing the dependence of the absorbency on the
concentration of quercetin was drawn. Seed extract samples were prepared under the
same conditions using 2 mL of extract (10 g/L) in 95% ethanol instead of quercetin. All
determinations were performed in triplicate. The percentage of flavanols was calculated by
the formula:

Flavonols =
C×V

m
(1)

where C is the concentration of quercetin, determined from the calibration curve (mg QE/mL);
V is the volume of plant extract (mL); m is the weight of pure plant extract (g) [38]. Final re-
sults were calculated as mean value and standard deviation from three repetitions and expressed
as milligrams of quercetin equivalents per gram of sample of cherry seeds (mg QE/g).

2.10. Statistical Analysis

To test differences between mean values for multiple groups, the analysis of variance
was undertaken (ANOVA), coupled with post hoc test Tukey to identify differences when
significant at the level of 5%. Additionally, statistical techniques were used to classify
the data and find grouping structures between them. A hierarchical cluster analysis was
performed for values of total phenolic compounds and anthocyanins considering the data
obtained from the three phases of the research, using squared Euclidean distance and the
average linkage between groups method. Finally, principal component factor analysis with
varimax rotation was undertaken. The suitability of the data for the application of the
analysis was verified by the Kaiser–Meyer–Olkin measure of sample adequacy and the
Bartletts’ Test of sphericity, as well as on the values of the coefficients in the anti-image
matrix. All statistical analyses were made with SPSS software (from IBM Inc., Armonk, NY,
USA) version 26, and a significance level of 5% was considered (p < 0.05).

3. Results and Discussion
3.1. Preliminary Assay

Figure 2 presents the content of total phenolic compounds, anthocyanins and flavonoids
in the extracts obtained in the preliminary assay, all performed at ambient temperature. The
most efficient solvents for the recovery of polyphenols were the mixture water:ethanol and
water extraction, using magnetic stirring (extracting approximately 1.3 mg GAE/g in both
cases and without statistically significant differences between them). The least interesting
extraction conditions were water using ultrasound stirring or methanol with magnetic
stirring. Methanol was also inefficient in extracting flavonoids, which were maximum for
50% water:ethanol solutions (1.04 ± 0.06 mg QE/g). On the other hand, methanol removed
the highest number of anthocyanins, more than 250 µg Mv3G/g. Taking the global results
of this preliminary phase and considering the problems associated with methanol from an
environmental point of view when compared with ethanol, as well as its highest negative
health impact, the following experiments were performed with water:ethanol solutions
at variable ratios and using different temperatures to maximize the contents of various
phenolic compounds.
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Figure 2. Content of total phenolic compounds, anthocyanins and flavonoids in the extracts obtained
in the preliminary assay. Bars with the same letter are not statistically different (ANOVA with Tukey
post hoc test, level of significance p < 0.05).

Because the samples used in the experiments consisted of waste possibly containing
cherry seeds from different varieties, it is not possible to establish a direct association
between the obtained results and a particular type of cherry seed, i.e., from a specific
cultivar or variety. Nevertheless, it is possible that results from seeds of different cherry
varieties could differ in terms of chemical composition or content of phenolic compounds.
Results from other studies show that cherry kernel oil can differ in terms of composition [39]
or texture [40] according to variety. Since the pits can be a waste possible of valorisation,
they can be used both for the production of oil as well as extraction of bioactive compounds.
Hence, differentiation of the chemical composition of pits, based on distinctive cultivars,
could be of high relevance. On the other hand, considering that these wastes come from food
processing industrial plants, most of the time they are not separated according to variety.
So, additional research could be conducted on the basis of academic studies focusing on
individual varieties. Górnaś et al. [41] evaluated the effect of the cultivar of sour cherry pits
on oil yield and the content of individual fatty acids, tocochromanols, carotenoids, sterols
and squalene. Similar studies could, in the future, focus on the evaluation of phenolic
compounds according to the variety of cherry pits.

3.2. Core Experiments for Optimization of Extraction Conditions

Figure 3 shows the concentrations of total phenolic compounds according to the extrac-
tion conditions (temperature and solution ratio). Results show that the best ratios to recover
total phenolic compounds at 35 ◦C were water:ethanol 50:50 (1.54 ± 0.14 mg GAE/g) and
60:40 (1.41 ± 0.01 mg GAE/g), with no significant differences between them. Higher con-
tent of water significantly decreased the total phenolic compounds in the extract. Similar
results were obtained at 80 ◦C. On the other hand, for 50 ◦C and 70 ◦C the highest extrac-
tion was obtained with the 60:40 ratio, decreasing for higher water content. The highest
amount was obtained at 70 ◦C and with a 60:40 ratio. Some increase in temperature allows
extracting more phenolic compounds, either due to the increased permeability of cell walls
and modifications in the structure or as a response to some degree of stress-induced in
the biological material. However, higher temperatures do not favour the increase in total
phenolics, probably due to the thermal degradation happening around 80 ◦C [36,42]. The
results obtained for the total phenolic compounds removed by ethanol: water extraction are
not that different from those reported by Afonso et al. [43] that presented amounts of total
phenolics varying between 1.17 and 2.76 mg GAE/g for sweet cherry kernels extracted
with 70% methanol at 70 ◦C.
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solution, bars with the same capital letter are not statistically different (ANOVA with Tukey post hoc
test, level of significance p < 0.05).

Table 1 presents the concentrations of the different groups of phenolic compounds
according to the extraction conditions (temperature and solution ratio). It was found that a
change in the concentration of water:ethanol solution significantly affected the final result
obtained on extracted flavonoids from SCS at lower temperatures (35 and 50 ◦C). The largest
amount of extractable components at 35 ◦C was obtained using a solution of water:ethanol
with a concentration of 50:50 (4.74 ± 0.05 mg QE/g). With an increase in water concentration
in the solution, the amount of the extractable compounds decreased very intensively to only
0.76 ± 0.22 mg QE/g when 100% water was used. Therefore, flavonoids were more easily
removed by ethanol than water and the increase in the ethanol percentage allowed better re-
covery of these phenolics. These results were lower than those obtained by Engida et al. [44]
with 40%, 60% and 80% ethanol solutions in the extraction of flavonoids from sarang semut
(Myrmecodia pendan) (63.28 ± 1.75 mg QE/g) and by Domingués-Perles et al. [45] from
red grape (Vitis vinifera L.) (37.34 ± 6.60 to 71.49 ± 2.33 mg CE/g). When extracting the
compounds at a temperature of 50 ◦C, again, the amount of the extracted flavonoids de-
creased for a lower concentration of the ethanol:water solution used. The most significant
number of flavonoids (4.45 ± 0.12 mg QE/g) was extracted for 50:50 water:ethanol ratio.
Globally, it was found that increasing temperatures as well as increasing the percentage of
ethanol yields higher concentrations of flavonoids, being maximum at 80 ◦C and 50:50 ratio
(7.26 ± 0.05 mg QE/g). The solubilisation of compounds in a specific solvent is dependent
on the polarity of the molecules of the solvent as well as those to be solubilized, which
explains differences in the solubilisation capacity of water versus ethanol. According to
Herrera-Pool et al. [46] there is a direct relation between the dielectric constant accounting
for the polarity of the solvents and the extraction of phenolic compounds. The results
obtained in the present work for the content of flavonoids are higher than those obtained by
Afonso et al. [43] that presented amounts of total flavonoids varying between 0.23 ± 0.03
and 2.59 ± 0.44 mg CE/g for sweet cherry kernels extracted with 70% methanol at 70 ◦C
but very similar with results obtained by Beghari et al. [47], who presented the total amount
of flavonoids ranging from 1.45 to 7.30 mg CE/g for sweet cherry seeds extracted with a
solution of 50:50 water:ethanol.
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Table 1. Content of different families of phenolic compounds in the extracts according to the type of
solvent and extraction temperature.

Compounds Temperature
(◦C)

H2O-EtOH
(50/50)

H2O-EtOH
(60/40)

H2O-EtOH
(80/20)

H2O
(100%)

Flavonoids 1,2

(mg QE/g)

35 4.74 ± 0.05 aC 3.96 ± 0.14 bB 3.09 ± 0.18 cC 0.76 ± 0.22 dD
50 4.45 ± 0.12 aD 3.63 ± 0.22 bB 1.94 ± 0.09 cD 1.56 ± 0.03 dC
70 6.30 ± 0.12 aB 6.84 ± 0.37 aA 4.60 ± 0.13 bB 2.05 ± 0.09 cB
80 7.26 ± 0.05 aA 6.99 ± 0.08 aA 5.25 ± 0.12 bA 2.49 ± 0.19 cA

Ortho-diphenols 1,2

(mg GAE/g)

35 19.97 ± 0.12 aA 19.91 ± 1.51 aA 17.57 ± 0.15 bA 3.55 ± 0.21 cC
50 21.47 ± 0.40 aA 18.11 ± 0.09 bA 15.45 ± 1.35 cB 9.72 ± 0.40 dA
70 20.92 ± 1.66 aA 18.11 ± 0.52 bA 12.19 ± 0.05 cC 9.47 ± 0.59 dA
80 16.77 ± 0.94 aB 18.63 ± 1.38 aA 18.47 ± 0.39 aA 7.66 ± 0.15 bB

Proanthocyanidins 1,2

(mg CE/g)

35 6.19 ± 0.44 aA 4.91 ± 0.43 bBC 3.57 ± 0.13 cB 2.97 ± 0.14 cA
50 4.85 ± 0.33 aB 4.48 ± 0.10 aC 3.37 ± 0.09 bB 2.07 ± 0.07 cB
70 6.43 ± 0.38 aA 5.93 ± 0.22 aA 4.14 ± 0.20 bA 2.74 ± 0.14 cA
80 6.01 ± 0.12 aA 5.56 ± 0.41 aAB 4.17 ± 0.28 bA 2.01± 0.11 cB

Flavonols 1,2

(mg QE/g)

35 2.06 ± 0.09 dB 2.50 ± 0.08 cC 2.87 ± 0.12 bA 3.32 ± 0.21 aA
50 1.36 ± 0.04 dC 1.63 ± 0.06 cD 1.83 ± 0.07 bC 2.61 ± 0.07 aB
70 3.88 ± 0.28 aA 3.06 ± 0.08 bA 1.84 ± 0.08 cC 1.37 ± 0.02 dD
80 3.63 ± 0.01 aA 2.70 ± 0.04 bB 2.38 ± 0.09 cB 1.92 ± 0.07 dC

Phenolic acids 1,2

(mg CAE/g)

35 1.01 ± 0.07 aC 0.84 ± 0.05 bC 0.54 ± 0.04 cC 0.22 ± 0.01 dB
50 1.01 ± 0.03 aC 0.88 ± 0.07 bC 0.61 ± 0.0 1cC 0.45 ± 0.03 dA
70 1.48 ± 0.08 aB 1.29 ± 0.03 bA 0.86 ± 0.05 cA 0.47 ± 0.03 dA
80 1.68 ±0.05 aA 1.06 ±0.01 bB 0.75 ± 0.02 cB 0.47 ± 0.03 dA

Anthocyanins 1,2

(µg Mv3G/g)

35 26.09 ± 0.37 bA 16.17 ± 0.65 dC 66.08 ± 0.49 aA 23.07 ± 1.35 cB
50 26.63 ± 0.37 aA 25.54 ± 1.62 aA 23.71 ± 1.22 aB 26.52 ± 1.94 aA
70 25.66 ± 1.95 aA 20.27 ± 0.99 bB 23.72 ± 0.67aB 12.29 ± 0.56 cC
80 18.33 ± 1.14b B 16.38 ± 0.19 bcC 23.50 ± 1.95 aB 13.58 ± 0.86 cC

1 Values in the same line with the same lower letter are not statistically different (ANOVA with Tukey post hoc
test, level of significance p < 0.05). 2 Values in the same column, for each of the properties evaluated, with the
same capital letter are not statistically different (ANOVA with Tukey post hoc test, level of significance p < 0.05).

The result for the extraction of ortho-diphenols at 35 ◦C showed similar values for
the concentration of the water:ethanol solution 50:50 and 60:40 (around 20 mg GAE/g),
but with an increase in the concentration of water in the solution; the amount of the
extracted compounds decreased significantly in a similar trend as that observed previ-
ously for flavonoids. Similar results were presented by Domingués-Perles et al. [45] for
red grape stems, where ortho-diphenols extraction was higher for higher concentrations
of ethanol. At 50 ◦C and 70 ◦C, the concentrations of ortho-diphenols differed signifi-
cantly for all used concentrations of the water:ethanol solution, decreasing with decreasing
ethanol concentration. The highest values were obtained again for the 50:50 ratio solution
(around 21 mg GAE/g). Unlike the trends observed for all other temperatures, for 80 ◦C
there were no significant differences for the extracts obtained with ratios 50:50, 60:40 or
80:20 ratios, and only for the 100% water solution was the amount significantly lower
(7.66 ± 0.15 mg GAE/g). Meanwhile, it should be noted that the sample with the largest
amount of ortho-diphenols (21.47 ± 0.40 mg GAE/g) was obtained at 50 ◦C, and the most
efficient solution was water:ethanol 50:50. This was higher than the results obtained by
Afonso et al. [43] for seeds of sweet cherry extracted with a water:methanol solution, which
varied from 0.09 ± 0.01 to 0.16 ± 0.02 mg CE/g. The differences in the values might be
attributed to the standard used in each of the determinations: gallic acid in this case and
catechin in the work by Afonso et al. [43].

The best extracting conditions to maximize the concentration of proanthocyanidins
were using water:ethanol ratio of 50:50 at 70 ◦C (6.43 ± 0.38 mg CE/g), and also the
60:40 ratio (5.93 ± 0.22 mg CE/g) at the same temperature, with these conditions providing
results statistically not significantly different. So, it was found that with the increase in
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water percentage, and regardless of temperature, there was a decrease in the amount
of extracted proanthocyanidins, as previously observed for other families of phenolics.
The range of values obtained in the present work is higher than the results obtained by
Chaovanalikit et al. [48], who presented total amounts of proanthocyanidins ranging from
4.70 ± 0.81 to 22.5 ± 1.86 mg epicatechin equivalents/100 g for sweet cherry seeds extracted
with 70% (v:v) acetone.

The results for flavonols extraction showed that the highest values were achieved with the
50:50 water:ethanol solution for higher temperatures (3.88 ± 0.28 and 3.63 ± 0.01 mg QE/g
at 70 and 80 ◦C, respectively). However, for lower temperatures, the efficacy of extraction
of flavonols increased with the ratio of water in the extracting solution, with relatively high
amounts quantified at 35 and 50 ◦C when the solvent used was water at 100% (3.32 ± 0.21
and 2.61 ± 0.07 mg QE/g, respectively). The least efficient conditions for flavonols’ ex-
traction were 50 ◦C, with extracting solution water:ethanol 50:50 (1.36 ± 0.04 mg QE/g)
and 70 ◦C with extracting solution water 100% (1.37 ± 0.02 mg QE/g). These results were
in a higher range than those obtained by Chaovanalikit et al. [48], which presented total
amounts of flavonols ranging from 1.59 ± 0.21 to 63.2 ± 4.17 mg rutin equivalents/100 g
for sweet cherry seeds extracted with 70% (v/v) acetone.

The number of phenolic acids was lower than all the other phenolic compounds. The
results show that there was, again, increased extraction for a higher percentage of ethanol
in the solution. Extraction at 70 ◦C and 80 ◦C presented a significant yield compared to
the extraction results at 35 ◦C and 50 ◦C. The highest amount was obtained at 80 ◦C in the
water:ethanol solution 50:50 with a value of 1.68 ± 0.05 mg CAE/g, which was higher than
the result presented by Chaovanalikit et al. [48] for total amounts of phenolic acids for sweet
cherry seeds extracted with 70% (v/v) acetone (ranging from 5.58 ± 0.38 to 14.5 ± 1.28 mg
chlorogenic acid/100 g).

Regarding the results for the extraction of total anthocyanins, it was observed that at
50 ◦C for all water:ethanol concentrations, the results were similar (in the range 23.71 ± 1.22
to 26.63 ± 0.37 µg Mv3G/g, with no significant differences), i.e., the proportion of ethanol in
the solution did not influence the extraction capacity. However, for higher temperatures, 70
or 80 ◦C, the use of water (100%) becomes much less efficient in extracting the anthocyanins.
At 80 ◦C the highest amount was obtained with a ratio of 80:20 (23.50 ± 1.95 µg Mv3G/g),
and the lowest was obtained for 100% water (13.58 ± 0.86 µg Mv3G/g). The results,
interestingly, showed that at 35 ◦C and using a solution with a ratio 80:20, maximum
anthocyanins content was extracted (66.08 ± 0.49 µg Mv3G/g). On the other hand, the
lowest amount was found in the assay performed with a ratio of 60:40 for the extracting
solution (16.17 ± 0.65 µg Mv3G/g). The incredibly high value accounted for anthocyanins
in the 80:20 extract compared with all other results led us to carry out a test to verify if
there was a trend explaining this high value.

3.3. Additional Tests for Temperature Range 30–50 ◦C

To verify the results obtained previously for the anthocyanins, an additional test
was carried out, for which the 80:20 ratio water:ethanol was chosen, and the extraction
was performed at different temperatures around 35 ◦C (varying from 30 to 45 ◦C). These
additional tests aimed to verify if the high value obtained for the anthocyanins with
solution 80:20 and at a temperature of 35 ◦C (66.08 ± 0.49 µg Mv3G/g) was not considered
an outlier, resulting from a possible experimental error, since it was considerably higher
than for all other conditions (concentrations and temperatures), varying from a minimum
of 12.29 ± 0.56 to a maximum of 26.63 ± 0.37 µg Mv3G/g.

Figure 4 shows the content of anthocyanins and also of total phenolic compounds in
the extracts obtained in this additional test with the aforementioned conditions.
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Regarding the contents of anthocyanins, a trend of increasing concentration with
temperature until 40 ◦C was observed, followed by a decrease after that, with significant
differences for practically all temperatures. As previously observed for the temperature
of 35 ◦C, an even more considerable increase in the extracted amount was obtained at
40 ◦C (125.37 ± 3.90 µgMv3G/g), which seems to be the best temperature for the extraction
of anthocyanins. In fact, for temperatures higher than 40 ◦C, the extraction efficiency
decreased again, so that similar values were obtained at 30 ◦C and 42.5 ◦C (21.67 ± 1.48 and
22.64 ± 0.86 µgMv3G/g, respectively). The maximum extraction of anthocyanins was in a
similar range when compared to the value of 10.4 mg of cyanodin-3-glucoside/100 g (equal
to 104 µg/g) obtained by Chaovanalikit et al. [48] for cherry seeds of the cultivar Bing, but
higher than the values for cherry seeds of cultivars Royal Ann, Rainier and Montmorency,
determined by the same authors (0.1 to 0.8 mg/100 g corresponding to 1–8 µg/g).

Concerning the total phenolic compounds, it was found that the lowest value of
1.03 ± 0.02 mg GAE/g was obtained at 30 ◦C. However, the results increased with the
increase in temperature up to 40 ◦C, as verified for the anthocyanins. For example, at
32.5 ◦C and 35 ◦C, the amounts were 1.20 ± 0.03 and 1.15 ± 0.06 mg GAE/g, respectively,
without significant differences. It should be noted that 40 ◦C was the best temperature for
extracting total phenolic compounds, with a value of 1.46 ± 0.03 mg GAE/g. However,
it was observed that the values fall again for 42.5 ◦C and 45 ◦C, being 1.21 ± 0.04 and
1.19 ± 0.03 mg GAE/g, respectively. These are very similar to the values obtained at
32.5 ◦C and 35 ◦C. These results confirm that a temperature of 40 ◦C appears to be optimal
for the recovery of total phenolic compounds and anthocyanins from the SCS.

3.4. Global Analysis of Extracts

Figure 5 shows the dendogram for hierarchical clustering obtained for total phenolic
compounds and antocyanins using the average linkage between groups method and
considering the data from all experiments, i.e., the preliminary assay, the core experiments
and also the additional assay. The results confirm that measurements made at 40 ◦C,
with magnetic stirring and using extracts obtained with aqueous solutions of ethanol
(80:20 % v/v) constitute a separate cluster and that those obtained with similar conditions
but for a slightly lower temperature of 35 ◦C constitute another isolated cluster. These
results confirm the high contents found for these specific conditions, particularly in what
concerns the anthocyanins.
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Figure 5. Dendogram for hierarchical clustering obtained for total phenolic compounds
and antocyanins.

Considering all variables measured during phase two (the core experiments), factor
analysis was also carried out. The Kaiser–Meyer–Olkin (KMO) measure of sample ade-
quacy was reasonably high (KMO = 0.732), and the Bartletts’ Test of sphericity was highly
significant (p < 0.0005). The anti-image matrix showed practically all values higher than 0.5,
the highest being for flavonoids (0.894) and lower for anthocyanins and flavonols. The
results showed that two factors were extracted, which explained 75.65% of the variance
(58.06% for factor 1 and 17.59% for factor 2). The rotated component matrix, obtained
by principal component analysis and Varimax rotation in three iterations, indicated that
anthocyanins and flavonols are associated with factor 2. In contrast, all other measured
variables are associated with factor 1. The graph in Figure 6 clearly shows four groups.
One group for the samples with water:thanol 80:20 (% v/v) for 35 ◦C (G1) corresponded to
the extraction of the highest amounts of anthocyanins, thus corresponding to the highest
values of factor 2. Another group accounts for the samples 100% water at 70 ◦C (G3), with
particularly low values of factor 2, i.e., low contents of anthocyanins and flavonols. The
other two groups are differentiated in terms of their values of factor 1, where group G2
refers to extracts with low contents of total phenolic compounds, flavonoids, proantho-
cyanidins, ortho-diphenols and phenolic acids. At the same time, G4 includes extracts with
higher contents in those compounds.

Agronomy 2022, 12, x FOR PEER REVIEW 13 of 16 
 

 

 
Figure 6. Grouping structure according to both factors extracted. 

4. Conclusions 
The main focus in the present work was the extraction of polyphenols from cherry 

seeds that are considered residues of food processing industries. The extraction potential 
of different conditions was investigated to optimize the extraction parameters, such as 
solvent and temperature, for the maximum yield of extracted bioactive compounds. The 
bioactive compounds evaluated were total phenolic compounds, anthocyanins, flavo-
noids, ortho-diphenols, proanthocyanidins, flavonols and phenolic acids. The results 
showed that the best extraction technique for phenolic compounds was an aqueous etha-
nol solution. The results indicated that temperatures that are too high, of 80 °C, are not 
beneficial and can degrade some families of phenolic compounds, reducing the extraction 
of total phenolic compounds, anthocyanins ortho-diphenols, proanthocyanidins and fla-
vonols. On the contrary, these temperatures favour the recovery of flavonoids and phe-
nolic acids. Concerning the composition of the extracting solution, most families of phe-
nolics analysed were better extracted with water:ethanol solution with a ratio 50:50, except 
for total phenolic compounds (best for ratio 60:40) and anthocyanins (best for ratio 80:20). 
Given these results, and after discarding the use of methanol, which showed lower ex-
tracting capacity in a preliminary assay, ethanol is less pollutant, and the ratio of water 
can be 50% or even higher to obtain desirable results. Nonetheless, it was also concluded 
that using 100% water would not allow a proper extraction of the bioactive molecules 
studied. Nowadays, there are more attempts to use environmentally friendly extraction 
methods, using a more sustainable approach, resulting in the maximum recovery of bio-
active compounds, using ecologically correct solvents and minimum processing costs. Ex-
tracts of bioactive compounds obtained from SCS can find other applications in the food, 
pharmaceutical or cosmetic industries, thus contributing to the eco-valorisation of agri-
cultural or industrial residues, and the principles of circular economy. 

Author Contributions: Conceptualization, R.P.F.G. and L.P.C.-L.; methodology, R.P.F.G. and Y.D.; 
software, R.P.F.G. and Y.D.; validation, R.P.F.G.; formal analysis, R.P.F.G. and Y.D.; investigation, 
R.P.F.G., L.P.C.-L. and Y.D.; resources, R.P.F.G., L.P.C.-L. and Y.D.; data curation, R.P.F.G.; writ-
ing—original draft preparation, R.P.F.G. and Y.D.; writing—review and editing, R.P.F.G., L.P.C.-L., 

Figure 6. Grouping structure according to both factors extracted.

196



Agronomy 2022, 12, 1227

4. Conclusions

The main focus in the present work was the extraction of polyphenols from cherry
seeds that are considered residues of food processing industries. The extraction potential
of different conditions was investigated to optimize the extraction parameters, such as
solvent and temperature, for the maximum yield of extracted bioactive compounds. The
bioactive compounds evaluated were total phenolic compounds, anthocyanins, flavonoids,
ortho-diphenols, proanthocyanidins, flavonols and phenolic acids. The results showed that
the best extraction technique for phenolic compounds was an aqueous ethanol solution.
The results indicated that temperatures that are too high, of 80 ◦C, are not beneficial
and can degrade some families of phenolic compounds, reducing the extraction of total
phenolic compounds, anthocyanins ortho-diphenols, proanthocyanidins and flavonols.
On the contrary, these temperatures favour the recovery of flavonoids and phenolic acids.
Concerning the composition of the extracting solution, most families of phenolics analysed
were better extracted with water:ethanol solution with a ratio 50:50, except for total phenolic
compounds (best for ratio 60:40) and anthocyanins (best for ratio 80:20). Given these results,
and after discarding the use of methanol, which showed lower extracting capacity in a
preliminary assay, ethanol is less pollutant, and the ratio of water can be 50% or even higher
to obtain desirable results. Nonetheless, it was also concluded that using 100% water would
not allow a proper extraction of the bioactive molecules studied. Nowadays, there are more
attempts to use environmentally friendly extraction methods, using a more sustainable
approach, resulting in the maximum recovery of bioactive compounds, using ecologically
correct solvents and minimum processing costs. Extracts of bioactive compounds obtained
from SCS can find other applications in the food, pharmaceutical or cosmetic industries,
thus contributing to the eco-valorisation of agricultural or industrial residues, and the
principles of circular economy.
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41. Górnaś, P.; Rudzińska, M.; Raczyk, M.; Mišina, I.; Soliven, A.; Seglin, a, D. Composition of Bioactive Compounds in Kernel Oils
Recovered from Sour Cherry (Prunus cerasus L.) by-Products: Impact of the Cultivar on Potential Applications. Ind. Crops Prod.
2016, 82, 44–50. [CrossRef]

42. Guiné, R.; Gonçalves, C.; Matos, S.; Gonçalves, F.; Costa, D.V.T.A.; Mendes, M. Modeling Through Artificial Neural Networks of
the Phenolic Compounds and Antioxidant Activity of Blueberries. Iran. J. Chem. Chem. Eng. 2018, 37, 193–212.

43. Afonso, S.; Oliveira, I.V.; Meyer, A.S.; Aires, A.; Saavedra, M.J.; Gonçalves, B. Phenolic Profile and Bioactive Potential of Stems
and Seed Kernels of Sweet Cherry Fruit. Antioxidants 2020, 9, 1295. [CrossRef]

44. Engida, A.M.; Kasim, N.S.; Tsigie, Y.A.; Ismadji, S.; Huynh, L.H.; Ju, Y.-H. Extraction, Identification and Quantitative HPLC
Analysis of Flavonoids from Sarang Semut (Myrmecodia pendan). Ind. Crops Prod. 2013, 41, 392–396. [CrossRef]

45. Domínguez-Perles, R.; Teixeira, A.I.; Rosa, E.; Barros, A.I. Assessment of (Poly)Phenols in Grape (Vitis vinifera L.) Stems
by Using Food/Pharma Industry Compatible Solvents and Response Surface Methodology. Food Chem. 2014, 164, 339–346.
[CrossRef] [PubMed]

46. Herrera-Pool, E.; Ramos-Díaz, A.L.; Lizardi-Jiménez, M.A.; Pech-Cohuo, S.; Ayora-Talavera, T.; Cuevas-Bernardino, J.C.;
García-Cruz, U.; Pacheco, N. Effect of Solvent Polarity on the Ultrasound Assisted Extraction and Antioxidant Activity of
Phenolic Compounds from Habanero Pepper Leaves (Capsicum chinense) and Its Identification by UPLC-PDA-ESI-MS/MS.
Ultrason. Sonochem. 2021, 76, 105658. [CrossRef] [PubMed]

47. Bagheri, S.; Alinejad, M.; Nejad, M.; Aliakbarian, B. Creating Incremental Revenue from Industrial Cherry Wastes. Chem. Eng.
Trans. 2021, 87, 553–558. [CrossRef]

48. Chaovanalikit, A.; Wrolstad, R.E. Total Anthocyanins and Total Phenolics of Fresh and Processed Cherries and Their Antioxidant
Properties. J. Food Sci. 2004, 69, FCT67–FCT72. [CrossRef]

199





Citation: Cruz-Lopes, L.; Dulyanska,

Y.; Domingos, I.; Ferreira, J.; Fragata,

A.; Guiné, R.; Esteves, B. Influence of

Pre-Hydrolysis on the Chemical

Composition of Prunus avium Cherry

Seeds. Agronomy 2022, 12, 280.

https://doi.org/10.3390/

agronomy12020280

Academic Editor: Jose Maria Barrero

Received: 23 December 2021

Accepted: 18 January 2022

Published: 21 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Influence of Pre-Hydrolysis on the Chemical Composition of
Prunus avium Cherry Seeds
Luísa Cruz-Lopes 1,*, Yuliya Dulyanska 1, Idalina Domingos 1, José Ferreira 1, Anabela Fragata 2, Raquel Guiné 1

and Bruno Esteves 1

1 CERNAS Research Centre, Polytechnic Institute of Viseu, 3504-510 Viseu, Portugal;
yuliyadulyanska@esav.ipv.pt (Y.D.); ijd@estgv.ipv.pt (I.D.); jvf@estgv.ipv.pt (J.F.);
raquelguine@esav.ipv.pt (R.G.); bruno@estgv.ipv.pt (B.E.)

2 CI&DEI Research Centre, Polytechnic Institute of Viseu, 3504-510 Viseu, Portugal; afragata@estgl.ipv.pt
* Correspondence: lvalente@estgv.ipv.pt; Tel.: +351-232-480-500

Abstract: During the industrial processing of sweet cherry fruits, the seeds are considered agricultural
waste and must be disposed of, typically through burning. In this context, it is intended to contribute
to the scientific development of the ecovalorization of by-products and to provide new strategies
for their transformation into value-added products obtained from sweet cherry seeds (SCS). This
work aimed to establish the chemical characterization of SCS before and after several pre-hydrolysis
steps in order to allow the solubilization of hemicelluloses that can later be used for the recovery
of sugars. The higher percentage of cellulose and lignin remaining in the solid phase will allow
its further processing for an integral valorization of the raw material. The temperature (160 and
170 ◦C) and time (0 and 180 min) of pre-hydrolysis were optimized to obtain the best liquefaction.
The percentage of liquefied material was determined from the solid waste obtained at the time of
filtration. The best liquefaction by the hydrolysis of SCS was obtained at 170 ◦C and 180 min, with
a yield of 26.7%. The chemical analyses of SCS throughout hydrolysis showed the solubilization
of hemicelluloses with increases in the time and temperature of the reactor. α-cellulose and lignin
showed an increase both with temperature and time, increasing the material’s potential for further
processing in adhesives. FTIR analysis showed that there were significant changes in the spectra
between the initial SCS, the solid residue, and the liquefied material. Pre-hydrolysis was proven to be
an efficient process to improve the chemical composition of the material for further processing into
adhesives or higher-mechanical-strength polyurethane foams.

Keywords: sweet cherry seeds; Prunus avium L.; chemical composition; pre-hydrolysis; ecovalorization;
agro-industrial residues

1. Introduction

Sweet cherry, or Prunus avium L., is one of the most popular fruit of the Rosaceae
family, Prunoideae subfamily, and Prunus genus, which have their origin in the Western
Asian continent. Sweet cherry (Prunus avium L.) is the most cultivated species [1], and this
popularity is based on its high appreciation by consumers due to its excellent quality [2].
The annual global sweet cherry production is around 2.2 million tons. The main sweet
cherry producer in 2020/2021 concerning different countries was Turkey (23.4%), followed
by the European Union (17.9%), United States (9.8%), China (11.5%), Ukraine, and Chile
(7.7% and 7.3%, respectively) [3]. Portugal’s climatic conditions have allowed the cherry tree
to adapt very well, making its cultivation viable in various regions of the country. Studies
conducted by the INE [4] (Portuguese Bureau of Statistics) showed that the Portuguese
sweet cherry industry has an implementation area of 6387 ha, producing 9241 t of this
fruit. Its production extends mainly through three regions: the North (area of 3177 ha and
production of 6586 t), Centre (area of 3099 ha and production of 2510 t), and Alentejo (area
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of 64 ha and production of 57 t) [5]. There are several varieties of cherry in Portugal. The
most important traditionally cultivated cherries are: De Saco da Cova da Beira, De Saco do
Douro, Lisboeta, São Julião, Big Burlat, Maring, Napoleon Pé Comprido, and Big Windsor,
and the first four cherries are of national origin [6]. Research shows that particular interest
has focused not only on the nutritional value of this fruit, but also on its high health benefits
due to its content of bioactive compounds, such as its antioxidant, anti-inflammatory, and
anticancer properties [7–9].

When some fruits are processed by industry, wastes are inevitably produced. The seeds
of the sweet cherry are not used for food and are generally considered agricultural waste
by the processing industry, and must be disposed of, typically through burning. Thus, seed
removal and disposal substantially raise production costs and contribute to pollution [10].
This has contributed to the increased research on this topic, addressing the possible uses of
these residues to obtain high-value products in order to reduce environmental management
costs [11]. Residues are also often used in composting processes [12]. Similarly to sour
cherry, sweet cherry seeds are composed of two parts: the shell that corresponds to 75–80%
in sour cherries and the kernel that represents the remainder (20–25%) [13]. According
to these authors, the shell is used almost exclusively as fuel or considered waste. The
kernel, however, is used for oil extraction. There have been some studies on sweet cherry
seed oil, which, according to Bernardo-Gil et al. [14], contains more than 87% unsaturated
fatty acids, such as oleic acid (43.7% by weight) and linoleic acid (41.8% by weight). New
uses for sweet cherry seeds, mainly for their shell portion, are, therefore, of the utmost
importance. There is a lack of knowledge on the chemical composition of sweet cherry seed
shells and the overall composition of the seed. Results presented previously show that the
main components of sweet cherry seeds are lignin, cellulose, and hemicelluloses [15–18].

Structural components are parts of cells; they are macromolecules of a polymeric
nature, and this type of component includes cellulose, hemicelluloses, and lignin. Cellulose
is a linear homopolymer formed by n repeated D-glucose units bound by β-1.4 glycolipid
bonds (n 10 ≥ 000). The glucose units are connected to each other by Van der Waals forces
and hydrogen bonds [12].

Hemicelluloses are heterogeneous polysaccharides consisting of a mixture of pentoses
(D-xylose and D-arabinose), hexoses (D-glucose, D-galactose, and D-mannose), and some
hexuronic acids in small amounts, such as D-galacturonic acid, D-glucuronic acid, and its
acid derivative 4-O-methylglucuronic acid [19]. In hemicellulose, the degree of polymer-
ization (50 ≤ n ≤ 300) is lower than that in cellulose (n ≥ 10,000), and hemicellulose is
ramified and amorphous; therefore, it is less resistant to chemical degradation [20]. Unlike
hemicelluloses, cellulose is linear and contains amorphous and crystalline zones [19].

Lignin is the second most abundant biopolymer in biomass after cellulose; it is a very
complex and branched aromatic biopolymer [20]. The helical structure of lignin mainly
results from the polymerization of three phenylpropanoid monomeric units: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol [20,21]. These phenylpropanoids give rise
to the following phenolic substructures: p-hydroxyphenyl (H); guaiacyl (G) and syringyl
(S), respectively [21]. Lignin has been used for the production of polyurethane foams and
adhesives. Some authors state that the compression strength of PU foams increases with
their lignin content [22,23]. Others state that, although the compressive properties of rigid
polyurethane foams increase in the direction of foam rise with higher amounts of Kraft
lignin, they decrease in the perpendicular direction [24]. Several authors reported higher
hydrophobicity and flame retardancy with higher KL content [23,25,26], but also increased
brittleness [23]. Adhesives from lignin have been studied for several years [27–32] and
some authors have even stated that these adhesives can have a similar performance to
phenol-formaldehyde resins [29]

There are mainly three different types of pre-hydrolysis: acid pre-hydrolysis, auto- pre-
hydrolysis, and alkaline pre-hydrolysis. In accordance with Hamaguchi et al. [33], acid pre-
hydrolysis, usually using sulfuric acid as a catalyst, leads to the production of oligomeric and
monomeric sugars. Some authors, however, mention that acid pre-hydrolysis has corrosive
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effects on equipment and, at the same time, promotes extensive lignin condensation, and
even a low yield due to some undesirable cellulose hydrolysis [34]. Auto hydrolysis is also a
process under acidic conditions due to the acetic acid released by the cleavage of acetyl groups
in hemicelluloses. Alkaline pre-hydrolysis is generally conducted with green or white liquor
from the kraft process with strongly alkaline solutions under low temperatures [33,35,36].
Mechanical pre-treatment has also been used, generally to prepare samples for enzymatic or
chemical hydrolysis with the objective to reduce the particle size and cellulose crystallinity so
that enzymes or chemicals have better access [19,20,37,38]

Pre-hydrolysis with water (auto-hydrolysis) is the most used pre-treatment, in which
biomass is subjected to compressed hot water, enabling the extensive solubilization of hemi-
celluloses [10]. The main reaction in this step is the depolymerization of hemicelluloses,
leading to the formation of sugars and oligosaccharides [39,40]. The reaction is catalysed
by hydronium ions resulting from water autoionization and in situ-generated organic acids.
These acids act as a catalyst to hydrolyse the glycosidic bonds in hemicelluloses that are
depolymerized into low-molecular-weight polysaccharides, oligosaccharides, monosac-
charides, and other products, such as furfural and hydroxymethylfurfural. Due to the
acid that is also released, some lignin and acetic acid can be found in the hydrolysate [26].
Additionally, pre-hydrolysis increases the surface area and decreases the crystallinity of
cellulose, resulting in improved susceptibility towards future hydrolysis. Some authors
state that pre-hydrolysis is a dynamic process, where, due to the acids released, the amount
of hemicelluloses removed by acid hydrolysis in this process increases over time. However,
at the same time, part of the obtained xylose is converted into furfural [41]. Therefore, the
pre-hydrolysis time and temperature must be optimized to obtain the maximum amount of
sugar without significant furfural conversion.

This work aims to establish the chemical characterization of sweet cherry seeds before
and during the pre-hydrolysis of sweet cherry seeds, also aiming at obtaining an enriched
lignin material that can be further processed into value-added products, such as adhesives.

2. Materials and Methods
2.1. Materials

The sweet cherry seeds (SCS) used in this study were wastes produced by the company
Nutrofertil based in Portugal (Tondela), which is a residue management company. The
samples were milled in a Retsch SMI mill (Retsch GmbH, Haan, Germany) and sieved
using a Retsch AS200 (Retsch GmbH, Haan, Germany) for 20 min at 50 rpm. Four fractions,
>40 mesh, 40–60 mesh, 60–80 mesh, and <80 mesh were obtained, but only the 40–60 mesh
fraction was used for the tests.

2.2. Chemical Composition

The SCS were characterized for their ash content, extractives (in dichloromethane,
ethanol, and hot water), α-cellulose, lignin, and hemicelluloses, Figure 1.

The 40–60 mesh fraction was dried at 105 ◦C for at least 24 h and afterwards used
for the chemical analyses according to Tappi T 264 om-97 [42]. The average chemical
composition of each sample was determined in triplicate. The extractives were determined
by extraction with different solvents in sequential order of ascending polarity.

The ash content was determined by the calcination of the material at 525 ◦C according
to the standard procedure Tappi T 211 om-93 [43]. The inorganic composition was deter-
mined by ICP after ash wet digestion in a Leco CHNS-932 Elemental Analyzer (St. Joseph,
MI, USA). The extractive content consisted of the determination of dichloromethane,
ethanol, and hot water extractives using Soxhlet extraction according to Tappi T 204 om-
88 [44] as follows: approximately 10 g of the dried sample was used for Soxhlet extraction
using 150 mL of dichloromethane, ethanol, and water as solvents. The extraction time
was 6 h for dichloromethane and 16 h for ethanol and water, respecting a sequential ex-
traction with increasing polarity. The extractive content was determined in relation to the
dry material.
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Figure 1. Scheme of the determination of the chemical composition of SCS.

The lignin content in SCS free of extractives was determined by the Klason method
with 72% H2SO4 (according to Tappi T 204 om-88) [45]. The method consisted of two
hydrolyses. The first hydrolysis was performed with 72% H2SO4 for 1 h, and the second
with 3% H2SO4 in an autoclave at 120 ◦C for 1 h. The insoluble residue was obtained by
filtering in a G2 glass crucible, and then dried to a constant weight. Then, the soluble lignin
was analysed through spectrophotometry by measuring the absorption at 205 nm.

Holocellulose was determined by the acid chloride method in a water bath at 70 ◦C
until the sample became white. The insoluble material was then filtered and dried [46]. The
α-cellulose content was determined by hydrolysing the holocellulose with 2.5 mL of 17.5%
NaOH in a thermal bath. The insoluble residue was filtered, washed with 8.3% NaOH and
distilled water, finishing with 3.75 mL CH3COOH 10% in a G2 glass crucible, and dried to
a constant weight. The hemicellulose content was determined by the difference.

2.3. FTIR Analysis

The Fourier transform infrared spectroscopy (FTIR) technique was used to evaluate
the functional groups present in the original sample of SCS and the sample that underwent
pre-hydrolysis.

The initial dried SCS, the liquefied material, and the resulting solid residue were
analysed by FTIR-ATR. The samples were previously crushed and dried in an oven at
100 ◦C for one week in order to ensure that water was completely removed.

FTIR-ATR spectra were taken using a Perkin Elmer UATR Spectrum Two (Waltham,
MA, USA) with 72 scans/min and a resolution of 4.0 cm−1 over the 4000 to 400 cm−1 range.
After performing the background, the sample was placed over the crystal. Solid samples
were pressed against the crystal. An average of three spectra was used.
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2.4. Pre-Hydrolysis

Pre-hydrolysis was carried out in a PARR LKT PED cylindrical glass reactor of 600 mL
with a double coating. A 20 g sample (60 mesh) and 200 mL of distilled water were
introduced into the reactor, and the automatic stirrer was set at 70 rpm. The temperature
(160 and 170 ◦C, oil temperature on the shirt) and time (30, 60, 90, and 180 min) were
optimized to obtain the best liquefaction percentage. After removal from the reactor, the
mixture was filtered through a Buckner funnel with a paper filter, and the solid residue
was separated from the liquefied fraction, oven dried, and weighed. The percentage of
liquefied material was determined in accordance with Equation (1).

Lique f action Yield (%) =
Initial dry mass (g)− Solid dry residue (g)

Initial dry mass (g)
× 100

To determine the chemical composition of the solid fraction, dried material was used,
and the content of the following components was determined: Klason Lignin, holocellulose,
α-cellulose, and hemicelluloses, using the 40–60 mesh fraction. The extractives were
assumed to be mostly removed during pre-hydrolysis.

3. Results and Discussion
3.1. Chemical Composition

Table 1 presents the chemical composition of the SCS, where it can be observed
that it was composed of 1.31% ashes, while total extractives represented around 4.69%,
most of which were soluble in water (2.14%) and ethanol (2.04%), and only 0.49% in
dichloromethane. The total lignin was 32.94%, most of which was insoluble lignin (31.67%)
and the remaining 1.27% was soluble. α-Cellulose had a value of about 23.10% and 37.96%
for hemicelluloses. The determination of the chemical composition will allow us to better
understand the possible uses of SCS.

Table 1. Chemical composition of SCS.

Parameters Content (% Dry Matter, w/w)

Ashes 1.31
Na 0.10
Mg 0.58
P 0.95
K 3.2
Ca 0.93
Fe 0.02
Zn <0.01

Extractives
Dichloromethane 0.49

Ethanol 2.04
Hot water 2.16

Total 4.69
Lignin Soluble 1.27

Insoluble (Klason) 31.67
α-Cellulose 23.10

Hemicelluloses 37.96

Although the value obtained for the ashes (1.31%) is higher than the values obtained
for SCS by Venegaz-Gomez et al. [47], Duman et al. [15], and Kamel et al. [48], with 0.24%,
1.16%, and 1.2%, respectively, the differences are not significant. The inorganic composition
shows that SCS are more rich in potassium, with 3.2%, than all the other constituents,
followed by calcium (Ca) and phosphorous (P), with 0.93 and 0.95%, respectively. There
was also approximately 0.6% of magnesium (Mg) and a smaller amount of sodium (Na,
0.1%). Potassium was also the most representative element in grape stalks, followed
by calcium, magnesium, zinc, and sodium [44]. Comparing the inorganic composition
with those of black cherry seeds, almonds, and peanuts, all of these materials have higher
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percentages of potassium, followed by phosphorous; however, the third most representative
mineral was magnesium, followed by calcium, with the exception of almonds, in which
these inorganic compounds had the opposite order. Sodium and iron also had the lowest
contents, similar to SCS [49].

Relative to hemicellulose in the present study, the value of 37.96% is higher compared
with that in the studies by Gonzalez et al. [50], with 14.7%, and Duman et al. [15], with
28.59%. Nevertheless, these authors did not present the method used in their studies. The
cellulose content was lower than the values obtained by Petrov et al. [16] and Gonzalez
et al. [17], with 30% and 29.4%, respectively. The Klason lignin content is similar to the
results obtained by Gonzalez et al. [50], González-Domínguez et al. [18] (30.7%), and
Duman et al. [15] (29.08%), but lower than the results obtained by Petrov et al. [16] (40%).

Pre-hydrolysis with water (auto-hydrolysis) is an excellent method to remove hemi-
celluloses from lignocellulosic materials by a simple process without using chemical com-
pounds. In order to optimize the liquefaction conditions of the pre-hydrolysis, tests were
performed at different times (between 30 and 120 min) and temperatures of 160 ◦C and
170 ◦C. The results are presented in Figure 2, where it can be seen that the liquefaction
yield increased with the temperature and time of the process. For example, using a tem-
perature of 160 ◦C, the liquefied yield was around 6.3% for a 30 min liquefaction time,
but it increased to 18.6% for 180 min. Similarly, at 170 ◦C, the liquefied yield for 180 min
was about 26.6%, much higher than that obtained at 160 ◦C. A higher temperature might
lead to better liquefaction percentages; however, some authors stated that 170◦C was the
optimum temperature to remove hemicelluloses without significant conversion of xylose to
furfural [41]. The liquefaction percentages are higher than those obtained, for example, in
the auto-hydrolysis of Eucalyptus globulus wood at 150 ◦C for 3 h (12.5%) [50] or Eucalyptus
urograndis (10.8%) at 165 ◦C for 0.5 h [51]. Al-Dajani et al. obtained 19% liquefaction for
aspen wood by auto-hydrolysis at 150 ◦C for 4.5 h [52].
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Figure 3 presents the chemical composition variation over the several pre-hydrolysis
steps at both temperatures of 160 ◦C and 170 ◦C.

For α-cellulose, the values obtained for the two temperatures are very different. There
is a significant increase in α-cellulose from 23.1% in the original sample to 39.1% at 170 ◦C,
but only a moderate increase at 160 ◦C to 27.4%. The increase in α-cellulose shows that
this polymer is the most resistant to the pre-hydrolysis process, at least the crystalline
part of the cellulose, since α-cellulose mostly represents this part. The reduction of
hemicelluloses might even be higher since the solubilized cellulose counts toward the
hemicellulose content.
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Figure 3. Variation in the chemical composition of the hydrolysed SCS with time at 160 ◦C (top) and
170 ◦C (bottom).

The influence of pre-hydrolysis temperature is better seen in Figure 4, where the
differences between the initial material and solid residue after pre-hydrolysis are clearer,
being expressed as a percentage of the initial content for each component. The hemicellulose
content decreased to only 80% of the initial content at 160 ◦C, and even further to only 42%
at 170 ◦C. On the other hand, the lignin and α-cellulose contents increased; particularly,
the latter increased to 169% of the original value when treated at 170 ◦C. Holocellulose
also decreased, and its reduction was lower than the relative increase in α-cellulose for
both temperatures.

It was further observed that both the reaction time (Figure 3) and temperature (Figure 4)
had a significant effect on the decrease in the hemicellulose content.

3.2. FTIR-ATR Analysis

FTIR-ATR of the SCS and of the liquefied and solid residues over the several pre-
hydrolysis steps were performed. Figure 5 presents the spectra of the initial SCS and of the
residue obtained after pre-hydrolysis at 160 ◦C and for a 30–180 min reaction time. The
most characteristic peaks are marked for readability purposes.
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Figure 4. Variation in the chemical composition of the SCS hydrolysed in relation to the original
sample, depending on the temperature at the end of the process (time of 180 min).
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Figure 5. FTIR spectra of the original and solid residue from hydrolysed SCS at 160 ◦C.

Comparing the initial material with the residue, there seems to be a slight decrease and
a narrowing of the OH band around 3350 cm−1. The peaks at 2930 cm−1 and 2850 cm−1

have different behaviours. There is a decrease in the peak at 2930 cm−1 that becomes
less distinguished from the peak at 2850 cm−1. With the prolongation of the reaction
time, this region divides into three different peaks, around 2930 cm−1, 2885 cm−1, and
2850 cm−1. These bands are composed of the stretching asymmetric vibrations of -CH3
(2970–2950 cm−1) and -CH2- (2935–2915 cm−1) and stretching symmetric vibrations of
-CH3 (2880–2860 cm−1) and -CH2- (2865–2845 cm−1) [53]. Usually, the asymmetric band is
higher, which was true for the initial material but changed throughout the pre-hydrolysis
treatment. This shows that there were some changes in the neighbourhoods of these bands.
One of the possible reasons is the relative increase in the methoxyl groups in lignin due
to the reduction of carbohydrates, since the CH3 stretching vibrations of methoxyl have
lower frequencies [54,55].
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The bands at 1730 cm−1 and 1650 cm−1 were attributed to non-conjugated and conju-
gated C=O bonds. There seems to be a decrease specifically in the 1650 cm−1 peak. Lignin
has been mentioned to have high absorption at 1600 cm−1 due to benzene ring stretching
vibrations, but at this wavenumber there seemed to be no differences between the original
material and the solid residue. No significant changes could be observed in the fingerprint
region, although there seems to be a slight increase in the 1500 cm−1 peak. There is a
decrease in the peak at 1360 cm−1 in relation to the peak at 1330 cm−1.

There is also the appearance of a shoulder at around 1130 cm−1 that seems to be
due to the slight narrowing of the 1030 cm−1 band. This might be due to the decreased
absorption at around 1100 cm−1, which was attributed to the C-O stretching vibrations in
carbohydrates. At 170 ◦C, the changes in the spectrum are similar to those observed for
160 ◦C, with a slight decrease in the OH band and a decrease at 1650 cm−1.

The absorptions of the liquefied material are much higher than those of the initial
material, probably due to the air between the solid samples and ATR crystal resulting in
a weaker absorbance signal for the initial material, and also due to the infrared radiation
decrease with penetration depth [56].

The FTIR spectra of the original and liquified material from hydrolysed SCS at 170 ◦C
are presented in Figure 6.
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The clearest change between the initial material and the hydrolysed material is the high
increase in the OH band at around 3350 cm−1, although there is no visible increase over the
pre-hydrolysis time. This occurred at both 170 ◦C (Figure 6) and 160 ◦C (Figure 5). There is a
shifting of the 2850 cm−1 peak to higher wavelengths at both temperatures, even starting at
a 30 min reaction time. In relation to the 1730 cm−1 peak of non-conjugated C=O links, there
seems to be an initial decrease for both temperatures, followed by an increase at 170 ◦C.
This shows that several reactions are occurring at the same time during pre-hydrolysis. The
C=O linkage has a strong absorption between 1750 and 1700 cm−1, varying in accordance to
the functional groups, with higher wavenumbers for aldehyde (1740–1720 cm−1) followed
by ketones (1725–1705 cm−1) and carboxylic acids (1725–1700 cm−1) [55]. Contrary to this,
the peak at around 1600 cm−1 increased for the 30 min reaction, decreasing afterwards. This
peak is mostly associated with benzene ring stretching vibrations, which could corroborate
the wet analysis that shows that lignin increases in the residue, which means that there is
a percentual decrease in the liquid. There was an increase followed by a decrease in the
peak at around 1367 cm−1. This decrease was not observed at 160 ◦C. Somewhat similar
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behaviour was observed for the peak at around 1230 cm−1. A new shoulder appeared
at 1060 cm−1 in the 1030 cm−1 band that was mainly attributed to the C-O stretching
in holocellulose [57].

4. Conclusions

The chemical characterization of the sweet cherry seeds shows that this material has
several components that allow the recovery of its residue. The chemical composition of
samples that underwent pre-hydrolysis tests showed that, with an increase in time (from 30
to 180 min) and temperature (from 160 ◦C to 170 ◦C), there was an increase in the amounts
of lignin and α-cellulose. In the initial sample, hemicelluloses represented the major
component, while, after pre-hydrolysis, lignin and cellulose were the main polymers. The
high lignin content shows that this residue has enormous potential to produce adhesives or
rigid polyurethane foams with high mechanical resistance.

FTIR analysis showed that there were significant changes in the spectra from the initial
material, solid residue, and liquefied material, the clearest being the increased OH band
in the liquefied material, which was probably due to the solubilized hemicelluloses. The
changes in the FTIR spectra of both the solid residue and the liquefied material throughout
the pre-hydrolysis show that there were a lot of different reactions occurring at the same
time, some increasing and others decreasing the same functional groups, making it difficult
to track the changes over the pre-hydrolysis steps.

Potassium was the most representative inorganic compound, followed by calcium and
phosphorous.
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Bioactive compounds of sweet and sour cherry stems obtained by subcritical water extraction. J. Chem. Technol. Biotechnol. 2018,
93, 1627–1635. [CrossRef]

3. Publication|Stone Fruit: World Markets and Trade|ID: 0g354f20t|USDA Economics, Statistics and Market Information System.
Available online: https://usda.library.cornell.edu/concern/publications/0g354f20t?locale=en (accessed on 29 August 2021).

4. Portal Do INE. Available online: https://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine_publicacoes&PUBLICACOESpub_
boui=358629204&PUBLICACOESmodo=2 (accessed on 7 August 2021).

5. de Oliveira, T.S. O Marketing da Cereja da Cova da Beira. Ph.D. Thesis, University of Beira Interior, Covilhã, Portugal, 2015.
Volume 73.

6. Produtos Tradicionais de Qualidade na Região Centro. Available online: https://ptqc.drapc.gov.pt/documentos/cereja_cova_
beira.htm (accessed on 14 November 2021).

7. Delgado, J.; Terrón, M.P.; Garrido, M.; Barriga, C.; Paredes, S.D.; Espino, J.; Rodríguez, A.B. Systemic Inflammatory Load in
Young and Old Ringdoves Is Modulated by Consumption of a Jerte Valley Cherry-Based Product. J. Med. Food 2012, 15, 707–712.
[CrossRef] [PubMed]

210



Agronomy 2022, 12, 280

8. McCune, L.M.; Kubota, C.; Stendell-Hollis, N.R.; Thomson, C.A. Cherries and Health: A Review. Crit. Rev. Food Sci. Nutr. 2010,
51, 1–12. [CrossRef] [PubMed]

9. Martínez-Esplá, A.; Zapata, P.J.; Valero, D.; García-Viguera, C.; Castillo, S.; Serrano, M. Preharvest Application of Oxalic Acid
Increased Fruit Size, Bioactive Compounds, and Antioxidant Capacity in Sweet Cherry Cultivars (Prunus avium L.). J. Agric. Food
Chem. 2014, 62, 3432–3437. [CrossRef]

10. Callahan, A.M.; Dardick, C.; Scorza, R. Characterization of ‘Stoneless’: A Naturally Occurring, Partially Stoneless Plum Cultivar.
J. Am. Soc. Hortic. Sci. 2009, 134, 120–125. [CrossRef]

11. Aires, A.; Carvalho, R.; Saavedra, M.J. Valorization of solid wastes from chestnut industry processing: Extraction and optimization
of polyphenols, tannins and ellagitannins and its potential for adhesives, cosmetic and pharmaceutical industry. Waste Manag.
2016, 48, 457–464. [CrossRef]

12. Ventorino, V.; Parillo, R.; Testa, A.; Viscardi, S.; Espresso, F.; Pepe, O. Chestnut green waste composting for sustainable forest
management: Microbiota dynamics and impact on plant disease control. J. Environ. Manag. 2016, 166, 168–177. [CrossRef]

13. Yılmaz, F.M.; Görgüç, A.; Karaaslan, M.; Vardin, H.; Bilek, S.E.; Uygun, Ö.; Bircan, C. Sour Cherry By-products: Compositions,
Functional Properties and Recovery Potentials—A Review. Crit. Rev. Food Sci. Nutr. 2019, 59, 3549–3563. [CrossRef]

14. Bernardo-Gil, G.; Oneto, C.; Antunes, P.; Rodrigues, M.F.; Empis, J.M. Extraction of lipids from cherry seed oil using supercritical
carbon dioxide. Eur. Food Res. Technol. 2001, 212, 170–174. [CrossRef]

15. Duman, G.; Okutucu, C.; Ucar, S.; Stahl, R.; Yanik, J. The slow and fast pyrolysis of cherry seed. Bioresour. Technol. 2011, 102,
1869–1878. [CrossRef] [PubMed]

16. Petrov, N.; Budinova, T.; Razvigorova, M.; Minkova, V.; Vigouroux, R.; Björnbom, E. Preparation of activated carbons from cherry
stones, apricot stones and grape seeds for removal of metal ions from water. In Proceedings of the 2nd Olle Indstorm Symposium
on Renewable Energy-Bioenergy, Royal Institute of Technology, Stockholm, Sweden, 9–11 June 1999; pp. 46–550.

17. González, J.F.; Encinar, J.M.; Canito, J.L.; Sabio, E.; Chacón, M. Pyrolysis of cherry stones: Energy uses of the different fractions
and kinetic study. J. Anal. Appl. Pyrolysis 2003, 67, 165–190. [CrossRef]

18. González-Domínguez, J.M.; Fernández-González, M.C.; Alexandre-Franco, M.; Gómez-Serrano, V. How does phosphoric acid
interact with cherry stones? A discussion on overlooked aspects of chemical activation. Wood Sci. Technol. 2018, 52, 1645–1669.
[CrossRef]

19. Kumari, D.; Singh, R. Pretreatment of lignocellulosic wastes for biofuel production: A critical review. Renew. Sustain. Energy Rev.
2018, 90, 877–891. [CrossRef]

20. Roy, R.; Rahman, M.S.; Raynie, D.E. Recent advances of greener pretreatment technologies of lignocellulose. Curr. Res. Green
Sustain. Chem. 2020, 3, 100035. [CrossRef]

21. Laurichesse, S.; Avérous, L. Chemical modification of lignins: Towards biobased polymers. Prog. Polym. Sci. 2014, 39, 1266–1290.
[CrossRef]

22. Wang, S.; Liu, W.; Yang, D.; Qiu, X. Highly resilient lignin-containing polyurethane foam. Ind. Eng. Chem. Res. 2018, 58, 496–504.
[CrossRef]

23. Li, H.-Q.; Shao, Q.; Luo, H.; Xu, J. Polyurethane foams from alkaline lignin-based polyether polyol. J. Appl. Polym. Sci. 2016, 133.
[CrossRef]

24. Haridevan, H.; Evans, D.A.; Ragauskas, A.J.; Martin, D.J.; Annamalai, P.K. Valorisation of technical lignin in rigid polyurethane
foam: A critical evaluation on trends, guidelines and future perspectives. Green Chem. 2021, 23, 8725–8753. [CrossRef]

25. Flôres, C.C.; Rufino, T.d.C.; Oliveira, M.P. Effect of Kraft lignin and palm kernel oil as substitutes of petroleum-based polyols on
the properties of viscoelastic polyurethane foams. J. Polym. Res. 2021, 28, 1–15. [CrossRef]

26. Cinelli, P.; Anguillesi, I.; Lazzeri, A. Green synthesis of flexible polyurethane foams from liquefied lignin. Eur. Polym. J. 2013, 49,
1174–1184. [CrossRef]

27. Ghaffar, S.H.; Fan, M. Lignin in straw and its applications as an adhesive. Int. J. Adhes. Adhes. 2014, 48, 92–101. [CrossRef]
28. Bertaud, F.; Tapin-Lingua, S.; Pizzi, A.; Navarrete, P.; Petit-Conil, M. Development of green adhesives for fibreboard manufactur-

ing, using tannins and lignin from pulp mill residues. Cell. Chem. Technol. 2012, 46, 449–455.
29. Lee, S.J.; Kim, H.J.; Cho, E.J.; Song, Y.; Bae, H.-J. Isolation and characterization of lignin from the oak wood bioethanol production

residue for adhesives. Int. J. Biol. Macromol. 2015, 72, 1056–1062. [CrossRef] [PubMed]
30. Olivares, M.; Guzmán, J.A.; Natho, A.; Saavedra, A. Kraft lignin utilization in adhesives. Wood Sci. Technol. 1988, 22, 157–165.

[CrossRef]
31. Mansouri, N.-E.E.; Pizzi, A.; Salvado, J. Lignin-based polycondensation resins for wood adhesives. J. Appl. Polym. Sci. 2007, 103,

1690–1699. [CrossRef]
32. Pizzi, A. Recent developments in eco-efficient bio-based adhesives for wood bonding: Opportunities and issues. J. Adhes. Sci.

Technol. 2006, 20, 829–846. [CrossRef]
33. Hamaguchi, M.; Kautto, J.; Vakkilainen, E. Effects of hemicellulose extraction on the kraft pulp mill operation and energy use:

Review and case study with lignin removal. Chem. Eng. Res. Des. 2013, 91, 1284–1291. [CrossRef]
34. Liu, Z.; Fatehi, P.; Sadeghi, S.; Ni, Y. Application of hemicelluloses precipitated via ethanol treatment of pre-hydrolysis liquor in

high-yield pulp. Bioresour. Technol. 2011, 102, 9613–9618. [CrossRef]
35. Al-Dajani, W.W.; Tschirner, U.W. Pre-extraction of hemicelluloses and subsequent kraft pulping Part I: Alkaline extraction. Bioprod.

Biosyst. Eng. 2008, 7, 3–8.

211



Agronomy 2022, 12, 280

36. Helmerius, J.; von Walter, J.V.; Rova, U.; Berglund, K.A.; Hodge, D.B. Impact of hemicellulose pre-extraction for bioconversion on
birch Kraft pulp properties. Bioresour. Technol. 2010, 101, 5996–6005. [CrossRef] [PubMed]

37. Sidiras, D.K.; Koukios, E.G. Acid saccharification of ball-milled straw. Biomass 1989, 19, 289–306. [CrossRef]
38. Zhu, J.Y.; Pan, X.; Zalesny, R.S. Pretreatment of woody biomass for biofuel production: Energy efficiency, technologies, and

recalcitrance. Appl. Microbiol. Biotechnol. 2010, 87, 847–857. [CrossRef] [PubMed]
39. Saeed, A.; Jahan, M.S.; Li, H.; Liu, Z.; Ni, Y.; van Heiningen, A. Mass balances of components dissolved in the pre-hydrolysis

liquor of kraft-based dissolving pulp production process from Canadian hardwoods. Biomass Bioenergy 2012, 39, 14–19. [CrossRef]
40. Liu, C.; Wyman, C.E. Partial flow of compressed-hot water through corn stover to enhance hemicellulose sugar recovery and

enzymatic digestibility of cellulose. Bioresour. Technol. 2005, 96, 1978–1985. [CrossRef] [PubMed]
41. Li, H.; Saeed, A.; Jahan, M.S.; Ni, Y.; van Heiningen, A. Hemicellulose removal from hardwood chips in the pre-hydrolysis step of

the kraft-based dissolving pulp production process. J. Wood Chem. Technol. 2010, 30, 48–60. [CrossRef]
42. TAPPI. 264 om-97. In Preparation of Wood in Chemical Analysis; TAPPI: Peachtree Corners, GA, USA, 1997.
43. TAPPI. 211 om–93. In Ash in Wood, Pulp, Paper and Paperboard: Combustion at 525 ◦C; TAPPI: Peachtree Corners, GA, USA, 1993.
44. Prozil, S.O.; Evtuguin, D.V.; Lopes, L.P.C. Chemical composition of grape stalks of Vitis vinifera L. from red grape pomaces. Ind.

Crops Prod. 2012, 35, 178–184. [CrossRef]
45. Neto, C.P.; Seca, A.; Fradinho, D.; Coimbra, M.A.; Domingues, F.; Evtuguin, D.; Silvestre, A.; Cavaleiro, J.A.S. Chemical

composition and structural features of the macromolecular components of Hibiscus cannabinus grown in Portugal. Ind. Crops
Prod. 1996, 5, 189–196. [CrossRef]

46. Browning, B.L. Methods of Wood Chemistry Volume I & II; John Wiley & Sons: Hoboken, NJ, USA, 1967.
47. Venegas-Gomez, A.; Gomez-Corzo, M.; Macías-García, A.; Carrasco-Amador, J.P. Charcoal obtained from cherry stones in

different carbonization atmospheres. J. Envirom. Chem. Eng. 2020, 8, 103561. [CrossRef]
48. Kamel, B.S.; Kakuda, Y. Characterization of the seed oil and meal from apricot, cherry, nectarine, peach and plum. J. Am. Oil

Chem. Soc. 1992, 69, 492–494. [CrossRef]
49. García-Aguilar, L.; Rojas-Molina, A.; Ibarra-Alvarado, C.; Rojas-Molina, J.; Vázquez-Landaverde, P.; Luna-Vázquez, F.; Zavala-

Sánchez, M. Nutritional Value and Volatile Compounds of Black Cherry (Prunus serotina) Seeds. Molecules 2015, 20, 3479–3495.
[CrossRef] [PubMed]

50. Mendes, C.V.T.; Carvalho, M.; Baptista, C.; Rocha, J.M.S.; Soares, B.I.G.; Sousa, G.D.A. Valorisation of hardwood hemicelluloses in
the kraft pulping process by using an integrated biorefinery concept. Food Bioprod. Process. 2009, 87, 197–207. [CrossRef]

51. Colodette, J.L.; Longue, D., Jr.; Pedrazzi, C.; Oliveira, R.C.; Gomide, J.L.; Gomes, F.J. Pulpability and bleachability of xylan-depleted
eucalyptus wood chips. Ind. Eng. Chem. Res. 2011, 50, 1847–1852. [CrossRef]

52. Al-Dajani, W.W.; Tschirner, U.W.; Jensen, T. Pre-extraction of hemicelluloses and subsequent kraft pulping Part II: Acid-and
autohydrolysis. Bioprod. Biosyst. Eng. 2009, 8, 30–37.

53. Esteves, B.; Marques, A.V.; Domingos, I.; Pereira, H. Chemical changes of heat treated pine and eucalypt wood monitored by
FTIR. Maderas Cienc. Tecnol. 2013, 15, 245–258. [CrossRef]

54. Coates, J. Interpretation of Infrared Spectra, a Practical Approach. In Encyclopedia of Analytical Chemistry; John Wiley & Sons:
Hoboken, NY, USA, 2000.

55. Esteves, B.; Cruz-Lopes, L.; Ferreira, J.; Domingos, I.; Nunes, L.; Pereira, H. Optimizing Douglas-fir bark liquefaction in mixtures
of glycerol and polyethylene glycol and KOH. Holzforschung 2018, 72, 25–30. [CrossRef]

56. Jelle, B.P.; Nilsen, T.-N.; Hovde, P.J.; Gustavsen, A. Accelerated climate aging of building materials and their characterization by
Fourier transform infrared radiation analysis. J. Build. Phys. 2012, 36, 99–112. [CrossRef]

57. Lao, W.; Li, G.; Zhou, Q.; Qin, T. Quantitative analysis of biomass in three types of wood-plastic composites by FTIR spectroscopy.
BioResources 2014, 9, 6073–6086. [CrossRef]

212



Citation: Nelson, D.R.; Chaiboonchoe,

A.; Hazzouri, K.M.; Khraiwesh, B.;

Alzahmi, A.; Jaiswal, A.; Friis, G.;

Burt, J.A.; Amiri, K.M.A.; Salehi-

Ashtiani, K. Tissue-Specific

Transcriptomes Outline Halophyte

Adaptive Strategies in the Gray

Mangrove (Avicennia marina).

Agronomy 2022, 12, 2030. https://

doi.org/10.3390/agronomy12092030

Academic Editors: António Dinis

Ferreira, Raquel P. F. Guiné and

António Moitinho Rodrigues

Received: 4 July 2022

Accepted: 23 August 2022

Published: 26 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Tissue-Specific Transcriptomes Outline Halophyte Adaptive
Strategies in the Gray Mangrove (Avicennia marina)
David R. Nelson 1,2,*,†, Amphun Chaiboonchoe 3,†, Khaled M. Hazzouri 4, Basel Khraiwesh 1,‡, Amnah Alzahmi 1,
Ashish Jaiswal 2, Guillermo Friis 1, John A. Burt 1, Khaled M. A. Amiri 4,5 and Kourosh Salehi-Ashtiani 1,2,*

1 Center for Genomics and Systems Biology, New York University-Abu Dhabi,
Abu Dhabi P.O. Box 129188, United Arab Emirates

2 Division of Science and Math, New York University-Abu Dhabi,
Abu Dhabi P.O. Box 129188, United Arab Emirates

3 Siriraj Center of Research Excellence for Precision Medicine and Systems Pharmacology (SiCORE-PM&SP),
Department of Pharmacology, Faculty of Medicine, Siriraj Hospital, Mahidol University,
Bangkok 10400, Thailand

4 Khalifa Center for Genetic Engineering and Biotechnology, United Arab Emirates University,
Al Ain P.O. Box 15551, United Arab Emirates

5 Biology Department, United Arab Emirates University, Al Ain P.O. Box 15551, United Arab Emirates
* Correspondence: drn2@nyu.edu (D.R.N.); ksa3@nyu.edu (K.S.-A.); Tel.: +971-2-628-5138 (D.R.N.);

+971-2-628-4546 (K.S.-A.)
† These authors contributed equally to this work.
‡ Deceased.

Abstract: Avicennia marina forests fulfill essential blue carbon and ecosystem services, including
halting coastal erosion and supporting fisheries. Genetic studies of A. marina tissues could yield
insight into halophyte adaptive strategies, empowering saline agriculture research. We compare
transcriptomes from A. marina pneumatophores, stems, leaves, flowers, seeds, and transcriptomes
across four widely divergent environments in the Indo-Pacific (Red Sea, Arabian Gulf, Bay of Bengal,
and Red River Delta) to decipher the shared and location-, tissue-, and condition-specific functions.
On average, 4.8% of transcripts per tissue were uniquely expressed in that tissue, and 12.2% were
shared in all five tissues. Flowers’ transcript expression was the most distinct, with domain-centric
gene ontology analysis showing high enrichment for stimulus-responsive processes, as well as genes
implicated in flowering (hydroxygeraniol dehydrogenase, TPM = 3687) and floral scent biosynthesis
(e.g., benzoyl_coenzyme_A, 2497.2 TPM). Pneumatophores highly expressed antioxidant genes,
such as glutathione S-transferase (GST, TPM = 4759) and thioredoxin (TRX, TPM = 936.2), as well
as proteins in the GO term ‘Hydroquinone:oxygen oxidoreductase activity’ (enrichment Z = 7.69,
FDR-corr. p = 0.000785). Tissue-specific metabolic pathway reconstruction revealed unique processes
in the five tissues; for example, seeds showed the most complete expression of lipid biosynthetic
and degradation pathways. The leaf transcriptome had the lowest functional diversity among the
expressed genes in any tissue, but highly expressed a catalase (TPM = 4181) and was enriched for the
GO term ‘transmembrane transporter activity’ (GO:0015238; Z = 11.83; FDR-corr. p = 1.58 × 10−9),
underscoring the genes for salt exporters. Metallothioneins (MTs) were the highest-expressed genes
in all tissues from the cultivars of all locations; the dominant expression of these metal-binding and
oxidative-stress control genes indicates they are essential for A. marina in its natural habitats. Our
study yields insight into how A. marina tissue-specific gene expression supports halotolerance and
other coastal adaptative strategies in this halophytic angiosperm.

Keywords: genomics; halophytes; salt tolerance; transcriptomics; gray mangrove

1. Introduction

Mangroves support coastal ecosystems despite salinity, oxygen, and temperature
extremes [1–5]. They are comprised of distantly related tree species that have converged
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to dwell on saline shorelines [6,7]. Among mangroves, Avicennia species are particularly
hardy in the face of environmental extremes. However, they have relatively shallow genetic
diversity and are vulnerable to environmental perturbations from anthropogenic climate
changes [8–11].

Avicennia forests provide blue carbon and ecosystem services for their surrounding
populations [4]. Their ability to halt coastal erosion, support fisheries, and sequester
atmospheric carbon make them outstanding contributors to global environmental sus-
tainability. These services are enabled by the preservation and propagation of crucial
species, such as A. marina [12]. Further genome-level studies will reinforce afforestation
efforts. Establishing additional omics resources for A. marina, including genomics, tran-
scriptomics, metabolomics, and subsequent comparative analyses, will inform critical
decisions regarding cultivar choices, suitable afforestation locations, and possible trans-
genic species implementation.

The unique ecophysiology of A. marina has facilitated its survival in a wide variety
of Indo-Pacific coastal biomes [8,10,13–22]. It has colonized coasts from Africa and Asia
to Zealandia since the early Holocene [23]. Habitat environments range from hypo- to
hypersaline, and annual average, low, and high temperatures in A. marina-colonized
locations range from Africa to New Zealand. The species has adapted to survive in a wide
range of intertidal biome types. Furthermore, unrelated mangrove lineages have undergone
convergent evolution towards functionally similar adaptations [6,7]. Factors advantageous
in a seafaring lifestyle include seed survival across ocean voyages, secondary growth
through successive cambia formation [20,24], halotolerance [25–29], and multifunctional
pneumatophores that cope with a vast array of abiotic stressors [15,30,31].

A. marina inhabits the coastline of the Red Sea [32], a region occasionally characterized
by extreme heat and salinity [13,14,19,21,22,33]. Cultivars from this region are suitable
models to study the resilience of these angiosperms in the face of intense abiotic stress.
The mechanisms behind A. marina’s resilient biology, especially in areas such as the Red
Sea, can inform translational agronomical research. Oxidative stress results from salt
toxicity that prohibits saline agriculture of most commercial crops; increasing resistance
will allow productive transgenic species to thrive using readily available saline irrigation.
The implementation of seawater irrigation would promote food security in the face of
anticipated shortages in freshwater supply [34–37], as well as expand saline agriculture
into inarable regions [28,38–42].

The mechanisms used by A. marina leaves to maintain photosynthesis in the face of
high salt levels is the subject of intensive research, as salt is toxic to photosystems [43–48]
yet accumulates at high levels in A. marina leaves [26]. A recent study examined Avicennia
officinalis leaves’ response to salt stress and found 1404 genes expressed after salt treat-
ment [30]. Salt stress can be mitigated by osmolyte accumulation [45,49–51] and active
transport [42,52–57]. Membrane integral active transporters are essential for A. marina
survival and responsible for the large salt crystals that commonly form on the surface
of A. marina leaves [58]. Despite intensive research into Avicennia’s leaves and pneu-
matophores, research into its other tissues, including flowers, seeds, and developing shoots,
is lacking. Insight into how these tissues support Avicennia’s seafaring lifestyle could be
obtained by examining their transcriptomic expression profiles.

Here, we highlight the expression of genes involved in processes essential for these
understudied tissues. We use A. marina transcriptomes from different tissues and geogra-
phies to find commonalities of intrinsic gene expression patterns responsible for its ability
to survive in conditions that would be prohibitive for other angiosperms. This informa-
tion will be useful in understanding what core genotypes can promote successful saline
agronomy endeavors.
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2. Materials and Methods
2.1. Sequence Sources

Our five-tissue transcriptome dataset consisted of tissue samples we previously iso-
lated and used to annotate a high-quality A. marina reference [59]. We used the high-quality
reference genome recently published by the NYUAD Marine Biology Laboratory [59] for
chromosome-level read mapping (see Figure S1). Reference transcripts for expression anal-
yses were from He et al. (2020) [7]. Finally, we used public RNAseq data from A. marina
cultivars from the Red Sea (NCBI BioProject: PRJNA591919), Vietnam (NCBI Bioproject: PR-
JDB6605, Department of Biotechnology, Graduate School of Engineering, Osaka University,
Japan), India (NCBI Bioproject: PRJNA283781, M.S. Swaminathan Research Foundation,
Chennai, India), and China (NCBI Bioproject: PRJNA350568, Lingnan Normal Univer-
sity, Zhanjiang, China) to further relate our tissue-specific transcriptomes to natural gene
expression patterns.

2.2. Sequence Processing and Alignment

Adapters and filter low-quality bases (<Q20) were removed with the CLC Genomics
Workbench (v11.0; Qiagen, Hilden, DE) trim tool. Filtered reads were used for mapping
to the reference transcriptome [7] to determine the differentially expressed genes (DEGs,
see Table S1) using the CLC Genomics Workbench (v11.0; Qiagen, Hilden, DE). Mapping
of RNAseq reads to the reference genome [59] was done in HISAT2 [60], similarly to [61],
to observe the global expression patterns (see also Dataset S1). Mapping to the reference
transcripts was done in the CLC Genomics Workbench (v11.0; Qiagen, Hilden, DE) in
the same manner as [62]. Briefly, genes were extracted from the reference genome [59]
(using annotations of the type gene). Other annotations on the gene sequences were
preserved (e.g., coding sequences, introns, exons, and untranslated regions). Then, the
annotated transcripts (using annotations of type mRNA) were extracted. If there were
several annotated splice variants, they were all extracted. The mRNA annotation type was
used for deciphering exon–exon boundaries. Reads were mapped against all the transcripts
plus the entire gene, so all the exon–exon junctions were joined in the extracted transcript.
Mapped reads were categorized and assigned to the genes (elaborated later in this section),
and expression values for each gene and transcript were calculated. Then, putative exons
were identified, following guidelines [63–65]. The default parameters for alignment were
used, including no more than two mismatches per aligned read, ten maximum hits for a
read, a 90% minimum length fraction mapped, and a minimum similarity fraction of 0.8.

Differential expression was calculated for each gene using transcripts-per-kilobase
million (TPM) for accurate comparison between samples (TPM = (R * 106)/(T * L), where T
is the sum of all length-normalized transcript counts, R is the number of reads mapped to
a transcript, and L is the length of the transcript) [66–69]. Transcripts with a TPM value
of ten or higher were classified as actively expressed unless stated otherwise, and those
with TPM values of less than ten were deemed unexpressed. This filtering strategy for a
classification-based feature selection resolved 400–600 ‘uniquely’ expressed genes in each
tissue. A caveat of this study was the lack of triplicate samples for each condition; thus,
qualitative comparative analyses comprised methods used here. Expression values for
TPM, FPKM, RPKM, and raw values are in Table S1 (Red Sea, five tissues) and Table S2
(samples from various geographies).

2.3. Uniform Manifold Approximation Projection

The DEG TPMs in each tissue informed the Uniform manifold approximation pro-
jection (UMAP, [70]) in TensorFlow (tensorflow.org; https://projector.tensorflow.org/,
accessed on 12 March 2021) to cluster different annotated genes by their tissue-specific
expression profiles. Although UMAP is primarily used to decipher single-cell RNAseq
expression data, its adept embedding clustering algorithm lends itself to a wide variety
of applications. Briefly, UMAP clusters data points from variables in multiple dimensions
using fuzzy simplices to preserve local relationship information while approximating their
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embedding. For the projection shown in Figure S1, the ‘3D’ visualization mode was selected,
and the 15 nearest neighbors for each data point were used to calculate the approximations.
Graphs were manually optimized for visual clarity. Data points represented individual
transcripts and were colored according to the tissue showing the highest expression in TPM.

2.4. Hierarchical Clustering

Hierarchical clustering was done using Pearson’s correlation coefficient or 1-cosine
similarity (Figure S3) distance metrics and by using an average agglomeration method [71]
in Morpheus (https://software.broadinstitute.org/morpheus, accessed on 12 March 2021).

2.5. Intersection Analyses

Interactive Venn [72] and UpsetR (Figure S2) [73] were used to discern the shared and
uniquely expressed genes and KEGG orthologs. Uniquely expressed genes >10 TPM are
listed for each tissue in Table S1.

2.6. Domain-Centric GO Enrichment Analysis

The tissue-specific enrichment analysis was carried out using Domain-centric Gene
Ontology (dcGO, [74]). Preliminary HMMsearch (hmmer.org) was performed on trans-
lated reference transcripts with the command ‘hmmsearch –noali -E 0.000000001 –cpu 28
–domtblout $OUT $IN.aa.fa’. The software dcGO statistically infers associations between
GO terms and combinations of PFAM domains. Unique transcripts were used as inputs for
each tissue; the discovered GO terms shown are non-unique. An additional dcGO analysis
with unique GO terms in each tissue from uniquely expressed genes (doubly-unique) is
shown in Figure S4. A false discovery rate (FDR) threshold of 0.001 was used for detection
of enrichment.

2.7. GO Network

The baseline GO network was constructed from the full GO list downloaded from
http://geneontology.org/docs/download-ontology/ (accessed on 5 September 2020). The
‘core ontology’ file (go.obo http://purl.obolibrary.org/obo/go.obo, accessed on 3 July 2022;
Core ontology (OBO Format)) was used to create the network infrastructure in Cytoscape
(cytoscape.org, accessed on 3 July 2022). Expression data were mapped to the nodes on the
network corresponding to the GO terms.

2.8. Metabolic Map Reconstruction

Metabolic maps were reconstructed using the Interactive Pathways Explorer (iPath) (a
web-based tool for the visualization, analysis, and customization of various pathway maps;
https://pathways.embl.de/, accessed on 23 November 2021). Briefly, KEGG ortholog (KO)
designation lists corresponding to genes expressed at >10 TPM were uploaded for each
tissue (see also Table S3).

2.9. Manhattan and Violin Plots

Sequence reads from public RNAseq data from A. marina cultivars in Vietnam (NCBI
Bioproject: PRJDB6605, Department of Biotechnology, Graduate School of Engineering,
Osaka University, Japan), India (NCBI Bioproject: PRJNA283781, M.S. Swaminathan Re-
search Foundation, Chennai, India), and China (NCBI Bioproject: PRJNA350568, Lingnan
Normal University, Zhanjiang, China) were mapped to reference transcripts [7], to obtain
the TPMs, and plotted in Plotly (https://plotly.com/, accessed on 23 November 2021,
px.scatter, y=violin), to show the highest-expressed transcripts and overall expression
distributions2.10. Graphics

Figure 1B was provided by NASA. The International Space Station Program supports
the laboratory as part of the ISS National Lab to help astronauts take pictures of Earth
that will be of great value to scientists and the public, and to make those images freely
available on the Internet. Astronaut photograph ISS052-E-15927 was acquired on 14 July
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2017, with a Nikon D4 digital camera using an 1150 mm lens and is provided by the ISS
Crew Earth Observations Facility and the Earth Science and Remote Sensing Unit, Johnson
Space Center. The image was taken by a member of the Expedition 52 crew. The image has
been cropped and enhanced to improve contrast, and lens artifacts have been removed.
Caption by Andi Hollier, Hx5, JETS Contract at NASA-JSC.
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Figure 1. Overview of the RNAseq data source tissues and geographies. (A) Locations (stars) of the
A. marina RNAseq samples. Map and location visualized in Plotly. (B) Jeddah Port, showing the
industrialization near the Red Sea mangrove sampling site. Image courtesy of NASA. (C) A. marina
flowers. (D) A. marina seeds. (E) A. marina leaves. (F) A. marina stems. (G) A. marina pneumatophores.
Mangrove tissue photos reproduced with permission from Dr. Alexey Sergeev.

Automatic generation of images was carried out in Plotly (Plotly express; https://plotly.
com/python/plotly-express/, accessed on 23 November 2021) and R (https://www.r-
project.org, accessed on 23 November 2021), ggplot2 (https://ggplot2.tidyverse.org, ac-
cessed on 23 November 2021), and processed with Adobe Illustrator (v25.2.3) and Adobe
Photoshop CC (v20.0.6) for clarity and annotation. Circos (http://circos.ca/, accessed on
4 April 2020 [75]) was used to plot the TPM expression values of the RNAseq from various
tissues mapped to the reference chromosomes for Figure S1 [59] with HISAT2 [60]. Hierar-
chical clustering was done in Morpheus (https://software.broadinstitute.org/morpheus,
accessed on 19 May 2021). The GO network was created in Cytoscape (cytoscape.org,
accessed on 3 July 2022).

3. Results and Discussion

We sampled sequencing reads obtained from A. marina in various locations in the
Indo-Pacific region and collated them into a database. These reads were the basis for
transcriptome comparisons between tissue types and geographies (Figure 1). Our charac-
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terization of the expressed functions was facilitated by the reference genome and coding
sequence annotations [7]. In addition, we used the high-quality reference genome recently
published by the NYUAD Marine Biology Laboratory [59] for mapping reads to chro-
mosomes (Figure S1; Dataset S1). Finally, we used public RNAseq data from A. marina
cultivars in Vietnam (NCBI Bioproject: PRJDB6605, Department of Biotechnology, Graduate
School of Engineering, Osaka University, Japan), India (NCBI Bioproject: PRJNA283781,
M.S. Swaminathan Research Foundation, Chennai, India), and China (NCBI Bioproject:
PRJNA350568, Lingnan Normal University, Zhanjiang, China) to further relate our tissue-
specific transcriptomes to natural gene expression patterns in A. marina. Together, these
datasets provide a basis to study organ-specific transcriptomes in A. marina.

3.1. A. marina Coding Potential and Transcriptome

A. marina can survive extreme conditions because of the genes transcribed by its
relatively compact, unchanging genome. We examined de novo-predicted genes, de novo-
assembled transcriptomes, and evaluated expression profiles from two published reference
sequence sources. Compared to other angiosperms, all A. marina transcriptomes published
so far show high expression of a collection of genes implicated in heat and drought toler-
ance. Thus, their transcriptomic profiles contain the blueprints for angiosperm survival in
harsh conditions.

Here, we analyze five separate transcriptome profiles from pneumatophore, leaf,
flower, seed, and shoot tissue samples of A. marina. We compare these profiles with each
other as well as transcriptomes from various tissues and locations throughout the Indo-
Pacific, including India, Vietnam, and China. Investigation into these transcriptomic profiles
yielded insight into the functional roles of each tissue and how they support A. marina’s
seafaring lifestyle.

One of the most remarkable findings from our studies was that genes for metalloth-
ionein showed the highest expression regardless of tissue type or cultivar location (see
Table S1). This finding provides strong evidence that metallothioneins are key components
for A. marina antioxidant systems regardless of location, climate, or environment. Other
significant findings include arrays of desiccation-related genes, especially in seawater-
immersed tissues, and flower-specific genes involved in pollinator attraction processes.
Below, we detail the features of the sampled transcriptomes. Tissue-specific transcriptomes
are described in the order of their expression track rings in Figure S1.

3.2. A. marina Tissue-Specific Transcript Expression

Expressed genes were determined by having a coverage depth of >10 transcripts per
kilobase million (TPM) unless stated otherwise. Downstream analyses on defined gene sets
were uniform manifold approximation projection (UMAP [70]; Figure S1), hierarchical bi-
clustering (Figure 2), Hidden Markov Model (HMM) alignment to known protein families
(PFAMs [76,77]), and gene ontology (GO) enrichment analyses by tissue and location. The
five tissues shared major chromosomal regions of high expression, with notable exceptions
(Figure S1). These regions were in the outer arms; centromeric regions displayed canonical
low transcript expression (Figure S1; Dataset S1).

Hierarchical bi-clustering of DEGs highlighted tissue-specific gene clusters (Figure 2).
Uniquely-expressed (>10 TPM) clusters of DEGs (Table S1) for each tissue are described
in the following sections, with implications for A. marina’s abiotic stress resistance. For
insight into the relationship of different A. marina gene expressions at a snapshot of the
Red Sea cultivar, Uniform Manifold Approximation Projection (UMAP; [70]) was applied
(Figure S1) to the TPM profiles from five tissues (Table S1). Root-specific genes clustered
near the seed and leaf genes; flowers and stems clustered tightly but were isolated from
other tissues. Leaf-dominant genes were centrally projected, implying a median expression
level for highly differentially expressed genes between the flower-stem and pneumatophore-
seed groups. Roots and seeds are the only two A. marina tissues with prolonged seawater
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exposure; thus, similar gene expression networks may be required by these tissues to
survive in these conditions.
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Figure 2. Segregation of Red Sea A. marina gene clusters based on tissue-specific expression patterns.
Pnps. = Pneumatophores. (A) Hierarchical bi-clustering of transcripts-per-million (TPM) normalized
read counts from the five mangrove tissues using Pearson’s correlation (see Table S1). The y-axis indi-
cates transcripts. Darker clusters in each tissue correspond with GO enrichment networks. (B) Venn
diagram showing reference transcripts >10 TPM from five tissues. Leaves had the smallest unique
set, while stems expressed the most transcripts >10 TPM. Figure S2 shows additional intersections
not shown here. (C) Unique and shared KEGG Orthology (KO) in the unique gene sets from (B).
Approximately 60% of KOs from the uniquely expressed genes in each tissue are shared with one or
more other tissues. Nearly one-third of (C) KOs in any given tissue are unique to that tissue, while
the ratio of unique (B) transcripts is 1/15th the expressed transcript count. This discrepancy suggests
a high redundancy in function coded for by A. marina transcripts.

We used unique KEGG KO terms (see References [6,7]) as input for each tissue, with
red lines representing unique pathways for flowers, leaves, pneumatophores, seeds, and
stems (see Figure 3). The reference transcripts were used as queries in HMMsearch to detect
PFAMs (E < 1 × 10−9). These PFAMs were used to discover domain-centric gene ontology
(dcGO; [74]) functional enrichment using either one or two exclusion filters. The first
filtering step removed transcripts expressed in more than one tissue; uniquely expressed
transcripts were used for dcGO [74] enrichment (Figure 3). The second filter removed any
GO terms shared amongst tissues.
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Figure 3. Tissue-specific KEGG pathways and GO term enrichment in A. marina. (A) Top five KEGG
pathways with regard to uniquely expressed transcripts for each tissue. The y-axis represents the
pathway name. The size of the bubble indicates the number of transcripts in the KEGG pathway. The
color represents the gene count, with yellow representing a higher value and black representing a
lower value. Transcripts expressed at >10 TPM (see Table S1) in each tissue were used to retrieve the
KEGG orthologs. (B) Domain-centric gene ontology (dcGO; [74]) enrichment in uniquely expressed
transcripts in the Red Sea cultivar.

3.3. Flower-Specific Transcript Expression

A. marina flowers accumulate relatively large amounts of sweet nectar and are polli-
nated by insects. Pollination by long-distance-traveling insects is crucial for species stability.
Honeybees are the dominant pollinator of temperate A. marina, and pollinator-mediated
competition has been reported [78]. Recent studies have hinted at a hidden world of man-
grove insect interactions, with up to 160 distinct species per sampled site [79]. Insect-flower
interactions can be interrogated at the molecular level in A. marina by examining the genes
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involved in nectar formation and chemical signaling. We examined the expressed genes
involved in these processes.

Flower-specific genes yielded 5398 PFAMs, which contributed to enrichment in 577 GO
terms (FDR corr. p = 0.001). Gene ontology analyses of flower-specific genes showed
enrichment for stimulus-responsive processes; for example, the term ‘response to hormone’
(GO:0009725) was highly enriched in flowers (Z = 14.81; FDR-corr. p = 3.85 × 10−25; see
also Table S3).

A large portion of flower-specific transcripts coded for proteins with known roles
in flowering timing, such as cytochromes [44,80–85]. Putative cytochromes and ferredox-
ins were uniquely expressed in the flower transcriptome (Table S1), corresponding to the
proposed roles of these enzymes in season-responsive flower developmental timing [86–89].
We note that multi-copper-containing glycoproteins (e.g., laccases; EC 1.10.3.2; i.e.,
p-diphenol: dioxygen oxidoreductase) were uniquely expressed in flowers. Mutations
in Arabidopsis homologs of these genes have shortened the time to flowering [90]. An
8-hydroxygeraniol dehydrogenase (HGD; AM_02435) was also highly expressed in flowers
(TPM = 3687). Gene ontology analysis with flower-specific transcripts revealed enrich-
ment in processes related to the aforementioned redox reactions (e.g., ‘cation homeostasis’
(GO:0055080; Z = 8.83; FDR-corr. p = 7.36 × 10−11) and ‘response to metal ion’ (GO:0010038;
Z = 8.96; FDR-corr. p = 3.72 × 10−10) (see also Table S3).

The flower RNAseq evidence is consistent with a pollinator-dependent flowering
strategy in A. marina. Genes in pathways for nectar formation were uniquely expressed in
flowers. Polygalacturonases (AM_00332 and AM_0031), three pectate lyases (AM_01234,
AM_03511, AM_07809), and a pectinesterase (AM_01717) were uniquely expressed in
flowers. These genes are implicated in nectar formation to attract pollinators, including
honeybees [78]. Cheminformatic research has established molecular links between phy-
tochemical signaling interventions and the regulation of the multi-enzyme arachidonic
acid (AA) metabolic network [91]. The cysteine-rich peptide family gibberellic acid (GA)-
stimulated Arabidopsis (GASA)/GA-stimulated transcript (GAST) plays critical roles in
plant growth, development, and responses to abiotic and biotic stresses [92–94]. The GA-
stimulated transcript (GAST1) was found in Arabidopsis roots and shoots, whereas our
unique transcripts (AM_24369) were found in the flowers.

Pollination is a crucial yet understudied aspect of A. marina’s dispersal. Volatile organic
carbon compounds produced by flowers attract and regulate pollinator visitations [95].
Insight into the genetic mechanisms governing A. marina’s pollination preferences would
assist conservation and afforestation endeavors. Here, we show the uniquely expressed
genes in flowers with putative roles in floral scent biosynthesis and nectar formation.
Benzoyl_coenzyme_A (benzyl_alcohol_benzoyl_transferase, AM_23483, TPM = 2497.2) was
one of the highest-expressed flower genes. This enzyme is responsible for the floral scent in
a wide variety of ornamental plants (REFs). Thus, its role in Avicennia is likely to attract
pollinators. 8-Hydroxygeraniol dehydrogenase (HGD; AM_02435) was highly expressed
in flowers (TPM = 3687). In plants, monoterpene 8-hydroxygeraniol is an intermediate
between geraniol and secologanin, among other floral compounds [96]. Secologanin is a
branchpoint monoterpene in terpene indole alkaloid biosynthesis; activity through this
pathway produces bioactive alkaloid secondary metabolites that sources the cornucopia of
volatile organic carbons to attract pollinators [97–102].

A. marina has a short flowering period; the high expression of HGD is consistent with
a burst of floral volatile organic carbon (VOC) production, which could signal migratory
insects for pollination. Pollination by migratory insects is especially prevalent in desert
regions, where resources are scarce or are only seasonally available. The sampling site
and flanking areas (i.e., MENA countries and territories) occupy the largest deserts on
earth; migratory pollinators in these areas likely provide significant benefit for A. marina
propagation and, perhaps, evolution of the species. Finally, an MIP-family (NIP) aquaporin
(AM_01631) was uniquely expressed in flowers (TPM = 4.3). Although its expression was
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lower than the 10 TPM cutoff used in this study, this aquaporin may have a flower-specific
role, with implications for flower stability (i.e., wilt prevention) in high-heat conditions.

3.4. Seed-Specific Transcript Expression

Avicennia species have less capacity for local dispersion by clonal propagation com-
pared to other mangrove species (e.g., Rhizophora [103]) but propagate to distant shores
through ocean currents [104] with resilient, cryptoviviparic seeds. This shift in energy
expenditure investment from clonal propagation to seed potency has given them an evo-
lutionary edge to live in otherwise inhabitable shorelines. Seeds expressed 14,636 genes
with TPM >10; 774 of these were unique. Seed-expressed genes had putative roles in
development, including coordinating the timing for senescence and ripening. Unique
seed-expressed genes included an egg cell-secreted protein (AM_33231). Orthologs of this
gene are known to mediate gamete interactions during fertilization in Arabidopsis [105,106].
We found an ethylene_receptor_isoform_1 unique transcription factor (AM_06004) in seeds.
Ethylene is a simple two-carbon gas that is required for a variety of plant processes, such
as seed germination, seedling growth, leaf and petal abscission, organ senescence, and
pathogen responses. Genes for Jumonji (AM_23304) and Myb (AM_16379), among other
(AM_18056, AM_08631) transcription factors, were uniquely expressed (>10 TPM) in seeds.
These genes play roles in chromatin remodeling and temporal- and temperature-dependent
transcription orchestration [107–109], which are processes implicated in seed senescence
and ripening timing [110].

A type 2 metallothionein (MT-2; AM_26466) was expressed at relatively low levels
(96 TPM) in seeds; however, its expression was high in the other four tissues from the Red
Sea cultivar: leaves (35,065 TPM), stems (30,600 TPM), pneumatophores (18,035 TPM), and
flowers (9652 TPM; also see Table S1). An MT-3 protein had similarly high expression in all
tissues except flowers, consistent with tissue-specific suppression [111]. Other genes with
potential roles in ripening include the uniquely expressed isoform of an ethylene receptor
(AM_06004; TPM = 6237 in seeds) and a metalloendopeptidase (AM_05873) in seeds. This
transcript was expressed at 194 TPM in seeds but less than 10 TPM in other tissues. This
digestive enzyme may promote ripening in A. marina seeds. Leaf and seed expression
profiles clustered together based on Pearson correlation scores (Figure 2A); transcript
expression similarity between these two tissues is seen in other plant species [112]. A
G3P dehydrogenase was highly expressed in seeds; this was one of the rare examples of a
primary metabolic gene with an expression like leaves (TPM = 2614 in seeds, TPM = 3082
in leaves; expressed as AM_02817 in both tissues). Fatty acid (FA) biosynthesis and
degradation pathways showed higher activity in seeds and pneumatophores.

3.5. Leaf-Specific Transcript Expression

Leaves had less overall diversity of transcript expression; however, photosynthesis-
associated genes were highly expressed in leaves. For example, rubisco subunits were
highly expressed (TPM 15,000–20,000; see Table S1). The expression of transcripts involved
in photosynthetic processes was an order of magnitude higher in leaf tissue, which can
be attributed to their abundant chloroplasts [113]. Transcript expression was suppressed
on several leaf chromosomes (e.g., right arms of Chr 21 and Chr 12), and leaves had the
lowest number of expressed CDSs with annotated PFAMs. Overall, 12,645 genes were
expressed at TPM >10 in leaves, and 415 of these were unique to leaves (Table S1). The leaf
transcript with the highest expression was AM_26466 (35,065 TPM in leaves), annotated
as an MT-2 [18]. Leaves had relatively high expression of central metabolism genes. The
AM_26466 transcript was also expressed at high levels in the other four tissue and likely
plays a critical role in A. marina survival. Glyceraldehyde-3-phosphate dehydrogenase
was expressed at 1911 TPM in leaves but at less than 400 TPM in the other tissues, and
fructose-bisphosphate aldolase was expressed at 5404 TPM in leaves but at less than
1000 TPM in other tissues (Table S1). These results are consistent with high metabolic
activity in leaves, exemplifying the capacity for energy generation in these chloroplast-rich
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tissues. Reconstructed GO networks also display strong enrichment for ‘plastid’ and related
processes in leaves (Figure 4).
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Figure 4. Domain-centric gene ontology (dcGO, [74]) enrichment in uniquely expressed transcripts
in the Red Sea cultivar visualized in Cytoscape using the base GO core ontology association network.
Panels show GO enrichment networks from uniquely expressed genes in each of five A. marina tissues.
Hypergeometric distributions were the null hypotheses; false discovery rate (FDR, [114])-corrected
p values (colorscale) are from Fischer’s exact tests and Benjamini–Hochberg correction for multiple
hypotheses against the hypergeometric null background. Z-scores indicate enrichment and are
calculated by subtracting matches and dividing by the standard deviation with all UniProt entries
following a true-path rule. A least-squares regression trendline is overlaid on each plot. Leaves
showed a sharp bias in Z-score compared to the PFAM counts, indicating specialization. Z-score
indicates enrichment or distance of the overlapping PFAM group with the constituents of the GO
term. All p-values shown are < 0.001. Protein family domain counts in each GO term are shown in
the color scale. The node size corresponds to the Z-score from dcGO [74] enrichment analysis.

Active salt efflux relies on ATP and other intracellular energy stores. Avicennia modu-
lates salt influx and efflux through leaf pores; rhythmic fluctuations in salt secretion rates
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correspond to environmental salinity [29]. Candidate salt gland genes were expressed in
concordance with [27]. The leaf-specific expression of ATPases may assist salt efflux in
this tissue. The ATPc subunit was uniquely expressed in leaves at >10 TPM. This subunit
has a rapid turnover rate in vivo [115,116], explaining its high expression in leaves. The
GO term ‘transmembrane transporter activity’ (GO:0015238) was highly enriched in leaves
(Z = 11.83; FDR-corr. p = 1.58 × 10−9, 13 PFAMs in this GO term), highlighting a possible
role for the constituent genes in salt efflux.

Dehydrins have characteristically high expression in salt glands [27]; we observed the
CDSs AM_1543 (Dehydrin, TPM = 67.2) and AM_31570 (Dehydrin_DHN1, TPM = 1504)
expressed in leaves. Stems (TPM = 2701) and seeds (TPM = 2099) also expressed this
dehydrin isoform at high levels, indicating that salt glands may be present and active in
these non-leaf A. marina tissues.

Although the Red Sea samples were collected in the winter, we observed the high
expression of genes involved in photorespiration in leaves. For example, a photorespiration
enzyme, glycolate oxidase (GLO; AM_06008), was highly expressed in leaves (TPM = 1603).
Although GLO isoforms have divergent roles [48], the overexpression of at least one GLO
isoform has been reported to confer improved photosynthetic capacity under high heat
and light conditions [117].

We searched for the expression of genes involved in cuticle formation. This type
of secondary growth may be essential for A. marina’s desiccation tolerance, especially in
periods of high temperatures, such as in the summers in the Middle East and Africa. A
variety of wax and lipid biosynthetic genes are responsible for cuticle formation, although
this process has not been well-studied in A. marina. Leaves expressed 39 lipid metabolism
CDSs at TPM >10, many with putative roles in cuticle synthesis (see Figure S3). However,
the only wax synthase we observed, ‘wax synthase isoform 3′ (AM_21438), was highly
expressed in flowers (TPM = 79.3) rather than in the leaves (TPM = 6.1). Hierarchal cluster-
ing of extracted lipid metabolic genes revealed two clusters of genes uniquely and highly
expressed in leaves (Figure S3). Genes in the leaf-specific clusters included a non-specific
lipid-transfer protein-like protein (AM_27366), plastid lipid-associated proteins (AM_10546,
AM_04326), a lipid-binding protein (AM_04326), a StAR-related lipid transfer protein
(AM_18353), calcium lipid-binding proteins (AM_28011, AM_13767), a galactolipid galacto-
syltransferase (AM_07797), and a constitutive plastid-lipid associated protein (AM_04709;
see also Figure S3).

A type-2 MT, together with a collection of photosynthetic genes, was expressed far
more than other leaf-expressed genes (Table S1). Type-2 MTs respond to oxidative stress
(Mir, 2004), bind metals [118], and mitigate oxidative stress in Avicennia [119] (Babaei-
Bondarti and Shahpiri, 2020); however, MTs are less studied than their mammalian coun-
terparts [120] (Freisinger, 2008). Transgenic E. coli expressing a recombinant type-2 MT
(GST-OsMTI-2b) accumulated more Pb2+, Ni2+, Cd2+, Zn2+, and Cu2+ than the controls and
had a higher tolerance to these metals [121]. Metallothioneins mitigate metal-induced oxida-
tive stress [118,120,122–124], but recent studies have shown that MT isoforms can mitigate
salt-induced oxidative stress as well. For example, a salt-responsive, date palm metalloth-
ionein 2A (PdMT2A) conferred salt tolerance in transgenic experiments on Saccharomyces
cerevisiae and Arabidopsis thaliana [125].

Over the last decade, several strategies for improving photosynthesis and crop yield
have been extensively discussed, including leaf morphology and light interception. Leaf
morphology and physiology are inextricably linked to light capture efficiency and temper-
ature regulation. The leaf-specific transcription is related to alpha-form rubisco activase
(AM 33275). Increased rubisco activase levels may thus improve photosynthetic efficiency
by increasing the amount of rubisco activated for CO2 fixation.

The antioxidant capacity of A. marina leaves must be sufficient to defend cellular
integrity, especially of cellular membranes, in the face of seawater immersion from tidal
fluxes. Visibly dehydrated salts from tidal fluctuations are regularly observed on A. marina
leaves, as well as large salt crystals from cellular efflux from salt glands. A transcript coding
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for a catalase was highly expressed in leaves (AM_25336; TPM = 4181). Similar catalases
facilitate radical detoxification (e.g., H2O2 removal [46,126–129]). A ferric-chelate reductase
expressed at high levels (AM_22465; leaf TPM = 2578) may also be involved in maintaining
redox homeostasis in leaves.

3.6. Stem-Specific Transcript Expression

Stems had the highest number of genes expressed at >10 TPM (n = 15,802 transcripts).
Gene ontologies with high counts of contributing PFAMs were seen, indicating that
A. marina stems retain a generalist expression profile. The expression profile in stem tissue
represented an intermediate state between leaf and flower expression profiles (also see
Figure S1). The correlation of expression patterns in these three tissues may be due to their
relatively dry lifestyle; in contrast, pneumatophores and seeds endure long seawater im-
mersion periods. Metabolic pathways related to the mitochondrial beta-oxidation pathway
were prominently featured among the unique KEGG terms. This process is a major source
of energy from the degradation of fatty acids, which are abundant in stems and seeds.

Many highly expressed, stem-specific transcripts had putative antioxidant functions
(Table S1). Although metallothioneins (MTs) were among the most highly expressed genes
in all five tissues, stems had the widest variety of MT types expressed. The highest-
expressed stem transcript, an MT-2 (AM_26466; TPM = 30,600), had more than twice
as high the expression of the next-ranked gene (Uncharacterized protein; AM_04606;
TPM = 4708). A BlastP search with the 262 amino acid protein from AM_04606 yielded a
match with a homolog in Olea europaea var. sylvestris (E-value = 9e × 10−77, 47.04% identity)
that was annotated as an acid phosphatase. An Interproscan (ebi.ac.uk/interpro) search
revealed that AM_04606 was a haloacid dehydrogenase (HAD). The HAD superfamily
includes a variety of detoxification-related proteins [130]. These proteins respond to heavy
metal (e.g., cadmium [131]) and salinity and alkaline [37] stress in other angiosperms, and
their high expression here indicates that the HAD salinity and alkaline stress response
mechanisms are conserved and amplified in A. marina. The implementation of HAD
in transgenic, phosphate-deficient wild-type rice (Oryza sativa) [132] led to phosphate-
accumulating rice able to overcome nutrient shortages.

Dehydrins are essential for plant response and adaptation to abiotic stresses. Dehy-
drins are highly hydrophilic, thermostable proteins that accumulate in vegetative plant
tissues during drought or salt stress, or in seeds during maturation and drying [133].
A hydrophilic, glycine-rich dehydrin (AM_31570; DHN1; TPM = 2700) was highly ex-
pressed in stem tissue. These short (~100 amino acid) proteins are induced in response
to dehydration, elevated salt, and low temperature [134]. Our data suggest that they
preferentially occupy hardy stem tissue in A. marina. Although two lignin-forming an-
ionic peroxidases were unique to stems (AM_07165, AM_07166), lignin glucosyltrans-
ferases (AM_31811, AM_31812) were uniquely expressed in pneumatophores. The high
expression of HAD, MT, and other detoxification and antioxidant transcripts in stems
(e.g., HSP70 (AM_04996; TPM = 1107), gamma-thionin/defensin (AM_11821; TPM = 1204),
and thioredoxin (AM_24260; TPM = 1870.9)) outline the genetic mechanisms for abiotic
stress resistance in A. marina.

3.7. Pneumatophore-Specific Transcript Expression

The pneumatophores of A. marina develop in oxygen-poor soils and filter out salt
while absorbing water, essential nutrients, and oxygen [135]. They grow as pencil-width
tubes to penetrate dense, low-oxygen mud (Figure 1). We found 554 genes uniquely
expressed (>10 TPM) in A. marina pneumatophores compared to the other four tissues from
the Red Sea cultivar, BioProject: PRJNA591919. Transcripts with putative roles in lignin
biosynthesis outline a route to hardy, successful pneumatophore formation necessary for
roots in low-oxygen soils. The pneumatophore transcriptome had the unique expression of
several genes with putative roles in halogen degradation, indicating a possible mechanism
to degrade otherwise harmful environmental xenobiotics.
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A. marina must cope with salt stress while absorbing water and nutrients from the
surroundings. A key mechanism for absorbing water while repelling excess salt is ul-
trafiltration, a process carried out by aquaporins and similar integral membrane trans-
porters [42,136–140]. Six transcripts coding for aquaporins (NIP1.1) were expressed in
pneumatophores: AM_29290 and AM_02471 were expressed at >10 TPM; AM_29291,
AM_24990, AM_32021, and AM_01631 were expressed at sub-threshold levels. These aqua-
porins likely contribute to A. marina’s uptake of water from hypersaline waters, although
their full ecophysiology is yet to be elucidated. Various transporter proteins, including
H+ -ATPases, ATP-binding cassette transporters, and aquaporins, were found in proteomic
studies of A. officinalis membranes [141]. NIP1.1 aquaporin expression was found to con-
tribute to hydrogen peroxide sensitivity in Arabidopsis [142]; thus, A. marina may tightly
regulate the expression of its NIP1.1 isoforms to maintain osmotic balance. The low ex-
pression of four NIP1.1 genes in A. marina may reflect this delicate balance between water
uptake and membrane lipid peroxidation mitigation. Aquaporins are essential for water
filtration in A. marina [29,42,57,136–143]; our data suggest that low levels of expression are
sufficient in natural conditions.

The Avicennia–seawater interface is dominated by thick mucilages, comprising the
pneumatophore extra cellular matrix (ECM). Avicennia ECMs support the maintenance of
osmotic balance between the seawater and inner tissues. A xyloglucan endo-transglycosylase
(AM_08706) was uniquely expressed in pneumatophores (TPM = 134.97). These enzymes
remodel cell wall hemicellulose molecules and likely help to generate salt-resistant ECMs
for Avicennia.

The chemistry of mangrove root environments is highly reducing and rich in hydrogen
sulfides and other toxic molecules [31,144]. Furthermore, they are highly anaerobic com-
pared with the root environments of most other angiosperms that are waterlogged in their
natural environments. For example, poplar has a robust short-term waterlogging response,
invoking hydrological conductance detours in a shift to fermentative metabolism [145].
A. marina root environments are hostile to most angiosperms and necessitate robust molec-
ular defenses by plant roots. Here, we investigated the pneumatophore-specific expression
for responsible genes.

The A. marina rhizosphere is an assemblage of microorganisms exchanging nutrient
and waste molecules and providing physical, stabilizing interactions for the A. marina
pneumatophore system [14]. The A. marina rhizosphere is scantly studied, although mi-
crobiome interactions, and potential fauna interactions, have critical roles in A. marina
pneumatophores and their greater mangrove ecosystems. The assimilation of other nutri-
ents, especially organic molecules that may require processing for a bioactive form, is likely
facilitated by halotolerant pneumatophore microbiome community members [3,14,15].
Uniquely expressed transcripts in pneumatophores included genes predicted with roles
in A. marina’s rhizosphere interactions (as detailed in Reference [3], e.g., using purine
(nitrogen) transporters and cytokines). An aspartate-semialdehyde dehydrogenase (ASD,
AM_32125, EC 1.2.1.11) was uniquely expressed in pneumatophores (TPM = 11.7). The
ASD enzyme is not well-conserved in higher plants [146–151]; but, its presence indicates
potential rhizosphere feeding strategies. The ASD reaction represents a critical branch
point in nitrogenous amino acid synthesis with possible involvement in nitrogenous com-
pound transformation in relationship to surrounding microbial producers. It forms an early
branch point in the biosynthetic pathway to lysine, methionine, leucine, and isoleucine
from aspartate. The ASD also synthesizes microbial cell wall constituents, including di-
aminopimelate. Neighboring microbes may feed A. marina nitrogenous compounds with a
payback of more complex molecular building blocks for specialized cell walls as in other
plants [152–155]. Additionally, the biosynthesis of steroids and steroid precursor molecules
was also prominently highlighted in our root-specific KEGG analyses, and these may form
the building blocks for microbe–host communication in A. marina’s rhizosphere.

Protein-L-isoaspartate O-methyltransferase (AM_26147; EC:2.1.1.77) was highly ex-
pressed in pneumatophores (TPM = 110.9); PRIM proteins in Arabidopsis thaliana respond
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to salt and other abiotic stress [156]. Arabidopsis PRIMs promote seed longevity and germi-
nation vigor; however, a similar role in A. marina was not supported by our transcriptomic
evidence. MTs are crucial components of the cellular antioxidant network [18,157]. Trans-
genic experiments using A. marina MTs in E. coli have considerably boosted its antioxidant
capacity [119]. Our data suggest that the expression of these proteins should be considered
the primary defense mechanism of A. marina against oxidative stress in each of the five
tissues we sampled and in leaf tissues from cultivars in the Indian and Pacific oceans.

Although MTs were shared, high-expression outliers in most samples, a variety of
other putative antioxidant genes were also highly expressed. A glutathione S-transferase
(GST) transcript had relatively high expression (TPM = 4759) in pneumatophores. We
previously reported the relatively high copy number of GSTs in coastal photosynthetic
microbes [158]; the duplication and increased expression of GSTs may also facilitate coastal
habitation. Protein families in the GO term ‘Hydroquinone:oxygen oxidoreductase activity’
were uniquely enriched in pneumatophores (Z-score = 7.69, FDR-corr. p = 0.00079). Quinone
cofactors are crucial components of redox cycling; many quinone derivatives can form
a redox cycle in conjunction with glutathione to generate oxygen [159]. Salt accelerates
oxidative stress, and the salinity in the Red Sea can reach 40.5–41.8 ppt [13]. Strong redox
buffer cycles, such as the quinone regeneration processed detected in our enrichment
analysis, are necessary for oxidative stability at the tide-delimited border between anoxia
and hyperoxia in A. marina pneumatophores.

3.8. Comparison of A. marina Transcriptomes across Geographies and Climates

Transcripts with the highest expression were common in A. marina samples from
different geographic locations, solidifying the role of these critical proteins as supportive of
A. marina growth and survival in diverse habitats (Figure 5). For example, AM_26466, a
metallothionein (Huang and Wang, 2010), was highly expressed in nearly every sample.
Interproscan searches with this small (72 amino acids) protein matched IPR000347, which
has a class II metallothionein protein family domain (PF01439) and the GO molecular func-
tion ’metal ion binding’ (GO:0046872). A. marina leaf samples from the Red Sea, India, and
Vietnam showed higher expression of AM_26466 than heavy-metal-treated lab cultivars,
indicating that the high expression of this gene is inherent to A. marina’s natural transcrip-
tome. Another short protein (AM_31570, 203 amino acids) was predicted to function as
a water-responsive dehydrin. The only protein observed to be highly expressed specifi-
cally in treated (either PEG or heavy metals) A. marina leaves was AM_20119 (GO terms:
‘glycolytic process’ (GO:0006096), ‘fructose-bisphosphate aldolase activity’ (GO:0004332),
and ‘catalytic activity’ (GO:0003824)). The only high-molecular-weight (HMW) protein
(1662 amino acids) with considerable expression (920.5 TPM) was annotated as a multifunc-
tional redox/glutamate synthase, expressed exclusively in Red Sea leaves. A larger protein
(AM_33275) was highly expressed in Red Sea A. marina leaves as well as heavy-metal and
control leaves from Shanghai. The AM_33275 protein was predicted to have ATPase activity
(IPR003959, PF00004) and membrane localization (SignalP-TM).

Transcripts coding for MTs were highly expressed in A. marina leaves from distant
geographies and habitats. These proteins regulate heavy metal homeostasis in the human
immune system [123] and act to chelate toxic metals in plants and their microbial com-
munity members [118,120,122,124,160]. Several studies have highlighted the potential for
bioaccumulation of pollutants, especially heavy metals, in the Red Sea [161–164]. The toxic-
ity of heavy metals near the Jeddah coast has been documented in fish [161–164]. Heavy
metals cause damaging oxidative stress to cells through redox interactions to form free
radicals [165–167]. Various biomolecules, including MTs [118,120,168], function to protect
cells from damaging free radicals. The ubiquitous high expression of MTs in A. marina
transcriptomes from various sources highlights its importance for survival across a broad
range of abiotic stressors.
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Figure 5. Comparison of the A. marina expression profiles in distant Indo-Pacific samples. Expression
values for A. marina leaves from the Red Sea and India, Shanghai, and Vietnam coasts, as well as
their distributions, are shown along the y-axis. High expression outliers are noted with annotation
names and functions (MTII = type-2 metallothionein; RbcS = rubisco small subunit; F2BP = fructose
2,6-bisphospatase; Gly cleavage = glycine cleavage; Glu synth = glutamine synthesis). Metalloth-
ioneins and rubisco subunits had the highest expression in most samples, indicating that an an-
tioxidant defense system fueled by high carbon input is characteristic of A. marina independent of
geography or climate.

We sought to discover the genetic bases for the unique phenotypes of A. marina’s
organs. Overall, the RNAseq data yields insight into how tissue-specific expression forms
the basis for the stress resistance and broad propagation of A. marina. Genes such as
dehydrins and metallothioneins form the backbone of Avicennia’s environmental resilience,
and our data shows that their expression is high across a variety of tissues and geographical
locations. Our analyses showed quite divergent expression profiles in the different tissues,
and this reveals that many collections of expressed genes are missed when sampling single
tissues for organismal analysis. Sampling multiple tissues will need to become a more
prevalent practice in mangrove studies, to establish a comprehensive overview of these
model halophytes.

4. Conclusions

We investigated the transcriptomic profiles of A. marina tissues and from different
ecotypes to understand the genetic basis for its ability to survive a seafaring lifestyle. The
expression of genes such as MTs, dehydrins, salt efflux pumps, cytochromes, HADs, and
lignin glucosyltransferases were prominent features in the tissues implicated in sustaining
growth in the face of seawater immersion. The foremost expression of MTs in all samples
suggests their primary role in halotolerance. Although many of the A. marina genes
we described have biotechnology potential for saline agriculture, optimizing the use of
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transgenic MTs should provide a strong backbone for non-halotolerant plants to tolerate
seawater irrigation. In conclusion, we demonstrated the distinct transcripts and functions
that can be used for future research into the use of A. marina, to determine their potential
application in improving plant stress tolerance. Our analyses of tissue-specific analyses
of A. marina transcriptomes will constitute a valuable resource for researching specific
processes, functional descriptions, and pathways.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12092030/s1, Figure S1: Circos and UMAP plots of tissue-
specific transcriptomes. Figure S2: UpsetR [73] plot highlighting shared genes expressed at >10 TPM in
the five tissues from the Red Sea cultivar. Figure S3: Expression patterns of lipid metabolic genes in the
five Red Sea tissues. Table S1: Differentially-expressed genes mapped to the reference CDSs. Table S2:
Expression values (TPM) for the mapping of external datasets (.fastqs) downloaded from NCBI. Table S3:
dcGO enrichment from PFAMs in tissue-specific, uniquely-expressed transcripts (≥10 TPM). And
Supplementary datasets for “Tissue-specific transcriptomes outline halophyte adaptive strategies in the
gray mangrove, Avicennia marina” are available at https://zenodo.org/record/6793097#.YsJ7xexBxew
(accessed on 3 July 2022).
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Abstract: Worldwide crop productivity hampers severely due to the adverse effects of salinity.
Global warming causes a rapid escalation of the salt-affected area, and new agricultural land is
affected through saltwater intrusion. The ever-growing human population impulses to utilize
the saline area for crop cultivation to ensure food security. Salinity resistance crops could be a
promising substitute but with minor success because inappropriate tactics on saline soil management
resulted in unsatisfactory yield. Salt-tolerant plant growth-promoting rhizobacteria (ST-PGPR) is
considered an alternate way towards enhancing crop growth in saline ecosystems. It is reported
that PGPR is enabled to produce exopolysaccharides which lead to biofilm formation and generate
osmoprotectants and antioxidant enzymes that can significantly contribute to stimulating plant
growth in the saline ecosystem. In addition, several plant growth-promoting characteristics of PGPR
such as the acquisition of essential nutrients and upsurge hormone production could enhance plant
growth simultaneously. In this review, we will explore the survival mechanisms of ST-PGPR and
their influence on plant growth promotion in saline ecosystems.

Keywords: salinity; PGPR; mechanism; crop; growth

1. Introduction

Soil salinity is considered a major abiotic threat to agricultural production around the
world [1]. Salinity is documented as a severe climatic menace affecting almost one billion
hectares of land globally [2]. This cruel ecological anxiety causes an annual estimated
economical loss in crop production is about USD 27.3 billion [3,4]. Furthermore, the risk
of salinization at different latitudes is increasing due to the global warming scenarios and
therefore a special attempt is required to obtain the maximum agricultural output from a
saline ecosystem [5]. Annually 2500–5000 km2 of crop production is lost due to salinity since
it occupies more than 20% of the world-irrigated land [6]. Improper irrigation practices
are expected to affect approximately 50% of the irrigated areas in the world following an
annual expansion of up to 500,000 ha. These realities are an indicator of extreme global
risk in achieving food security [7]. Lack of rainfall and increase in temperatures in most
agricultural regions are the consequences of climate change which may lead to more arid
and semi-arid zones [8,9]. To meet the rising food demand, the manipulation of saline areas
for agricultural production is the way forward. Thus, coping with salinity is the ultimate
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target for rising food production [10]. Renovation of salt-affected lands for successful
crop cultivation through effective management practices is the challenge that needs to be
highlighted. Physical removals of salts from the soil surface or chemical application are
expensive as well as have an adverse environmental impact and would be difficult to apply
in huge areas for soil retrieval purposes. In this case, the manipulation of soil beneficial soil
microorganisms in stress-prone areas is an important concern. Microbial inoculants could
improve plant health in saline-affected soils by ameliorating salt stress, supporting plant
growth, and controlling diseases [11–13]. Several studies have confirmed the positive effects
of soil beneficial microbes that could increase plants’ tolerance toward adverse salinity
stresses [14,15]. Moreover, several studies are proving the hypothesis that PGPR facilitates
plants’ continuing crop production in stressed soil through exopolysaccharides production
and biofilm formation, which facilitates bacterial aggregation and forms a protective cover
to get rid of adverse climatic conditions [16]. Bacterial production of osmoprotectants,
antioxidant enzymes, and volatile organic compounds can trigger bacterial survival under
high osmotic conditions. Through the production of the ACC deaminase enzyme, these
bacteria help slow down ethylene production and accelerate bacterial survival under
saline conditions. Due to their unique mechanism to withstand under saline state, they
consistently assist the plants to grow through the production of various traits related to
plant growth, such as the production of growth hormone, fixation of atmospheric nitrogen,
and solubilizing of inorganic phosphate. This updated information of review will be helpful
outlines to explore the mechanisms of PGPR to alleviate salt stress in plants.

2. Soil Salinization

Soil salinity denotes the excess amount of soluble salt in the root zone of plants. Due
to the elevated osmotic pressure, salinity affects plant growth by restricting the uptake of
water and essential plant elements [17]. The accretion of available salts such as sodium
(Na+), calcium (Ca2+), potassium (K+), magnesium (Mg2+), chloride (Cl−), sulfate (SO4

2−),
carbonate (CO3

2−), bicarbonate (HCO3
−) is considered as soil salinization. Moreover,

weathering of minerals is also the cause of salt deposition. In addition, anthropogenic
factors such as irrigation of the crop with salt waters, poor cultural practices, and low
precipitation are other causes of soil salinization. The frequent use of different inorganic
fertilizers and amendments of soil with gypsum, composts, and manures also contributes
to developing soil salinization [18].

3. Effect of Salinity on Plants

Worldwide salinity is considered the main abiotic stress, troubling the coastal agricul-
tural system [9]. Soil salinity considerably affects the humid and sub-humid rice-cultivating
zone where the rate of sea-level rise is projected to surge, thus having a dramatic effect
on crop production, especially salt-sensitive rice genotypes, which could be lost 50% of
yield [19–21]. The crop response to salinity depends on several factors (i) the climatic
conditions (ii) stress intensity and (iii) the tolerance level of the genotype [22]. Salinity
negatively affects rice stand establishment, panicles, tillers, spikelets, individual grain
size, and crop maturity [23]. Other crops such as wheat, sorghum, and cowpea are mostly
susceptible to salinity at vegetative and early reproductive stages [24]. The osmotic stress
and ionic toxicity are the primary causes of secondary oxidative stress in plants under
salinity stress [25,26].

The toxicity of salinity in plants often occurs through (i) osmotic imbalance (ii) toxicity
of ions (iii) oxidative stress following disruption of the photosystem, and other physio-
logical disparities [27]. The ions Na+ and Cl− are the causes of plant cell damage at both
osmotic and ionic levels, which accumulate in the chloroplasts at a high concentration un-
der salinity stress, consequently damaging thylakoid membranes [28]. In all rice genotypes,
K+ concentrations decreased with the rise of salinity concentration, thus hindering the
photosynthetic rate by altering the ultra-structure of the organelles and various pigment
concentrations, including connected enzymes and stomatal regulations [29].
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4. Role of PGPR for Salt Stress Reduction

Plant growth-promoting rhizobacteria (PGPR), are a group of rhizospheric bacteria,
first defined by Kloepper and Schroth [30], a zone where the plant roots are available
and essential macro and micronutrients are extracted resulting from higher microbial
activities [26]. PGPR takes part in (i) nutrient mobilization in soil (ii) production of plant
growth regulators (iii) controlling phytopathogenic attack (iv) induced systemic resistance
(v) improvement of soil structure and (vi) polluted soil remediation [31,32]. The application
of these beneficial microbes to the soil–plant system is well studied and proven under
stressed soil [33]. A salt-tolerant bacterial strain Staphylococcus xylosus ST-1 caused a 25%
growth increment of seedling at 100 mM NaCl over control [34]. In another study, the
osmotic balance of the cells was changed by Bacillus mojavensis VKAK1 through changing
plant water relations [35]. Azospirillum AZ19 strain inoculation in wheat plants originated
from saline or non-salinated conditions and showed increased grain yield [36]. Habib
et al. [37] showed that isolates UPMR7 (Bacillus sp.), UPMR17 (Citrobacter sp.), and UPMR18
can resist high NaCl concentration (up to 6%), which helps their survivability in a saline
environment. Some of the potential salt-tolerant bacteria associated with different crops
were shown in Table 1.

Table 1. The salt-tolerant bacteria with its mechanisms of salt-stress reduction in different crops.

Name of the Bacteria Plant Species Major Mechanism Reference

Bacillus megaterium A12 Lycopersicon esculentum The upregulation of PIP
aquaporin expression [38]

Bacillus subtilis GB03 Arabidopsis thaliana The upregulation of the sodium
transporter HKT1 [39]

Pseudomonas syringae S5,
Pseudomonas fluorescens S20,
Enterobacter aerogenes S14,

Zea mays ACC deaminase enzyme production [40]

Pseudomonas fluorescens TDK1 Arachis hypogaea ACC deaminase production [41]

Enterobacter sp. EJ01 Lycopersicum esculentum
Arabidopsis thaliana

The regulation of salt stress responsive
genes such as DREB2b, RD29A, RD29B,
and RAB18. The upregulation of proline

biosynthetic genes (i.e., P5CS1 and P5CS2)
and of genes related to priming processes

(i.e., MPK3 and MPK6)

[42]

Pseudomonas syringae Mk1;
Pseudomonas fluorescens Mk20 and

Pseudomonas fluorescens Mk25
Vigna radiata Auxin production, ACC

deaminase production [43]

Brachybacterium saurashtrense JG-06,
Brevibacterium casei JG-08 Arachis hypogaea Reduced oxidative stress through high

proline and low MDA content in plants [44]

Pseudomonas sp. PMDZnCd 2003 Oryza sativa
Indole-3-acetic acids

(IAA) production, nitrogen fixation, and
phosphate solubilization.

[45]

Alcaligenes sp. SB1.ACC2 and
Ochrobactrum sp. SB2.ACC2 Oryza sativa Production of ACC Deaminase

enzyme production [46]

Azospirillum sp. Brassica napus Regulation of antioxidant enzymes [47]

Streptomyces sp. PGPA39 Solanum lycopersicum Production of ACC Deaminase, [48]

Serratia sp. SL-12 Triticum aestivum Accumulation of osmolytes such as total
soluble sugar and total protein content [49]

Dietzia natronolimnaea STR1 Triticum aestivum ABA-signaling cascade, as TaABARE and
TaOPR1 were upregulated [50]
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Table 1. Cont.

Name of the Bacteria Plant Species Major Mechanism Reference

Azospirillum lipoferum FK1 Cicer arietinum
Modulating osmolytes, antioxidant

machinery and stress-related
genes expression.

[51]

Pseudomonas fluorescens PGU2-79,
WBO-3, WKZ1-93 and WB1-7 Triticum aestivum, ACC deaminase production [52]

Pseudomonas fluorescens B10, B2-10,
B2-11 and B4-6 Hordeum vulgare ACC deaminase production [53]

Pseudomonas PS01 Arabidopsis thaliana Upregulation of LOX2 [54]

Aneurinbacillus aneurinilyticus
ACC02 and Paenibacillus sp. ACC06 Phaseolus vulgaris ACC deaminase activity [55]

Burkholderia cenocepacia CR318 Zea mays Phosphate and potassium solubilization
and antimicrobial activity [56]

Ochrobactrum sp. NBRISH6 Zea mays Ion homeostasis [57]

Bacillus sp. NBRI YN4.4 Zea mays Improves photosynthetic pigments, soluble
sugar content, enhances soil enzymes. [58]

Aeromonas sp. SAL-17 and SAL-21 Triticum aestivum Acyl homoserine lactone [59]

Bacillus atrophaeus BR5, OR15,
and RB13

Arabidopsis thaliana,
Triticum aestivum

Increase proline, TSS, Antioxidant enzyme,
decrease MDA [60]

Bacillus paramycoides HB6J2, Bacillus
amyloliquefaciens HB8P1 and Bacillus

pumilus HB4N3
- HCN production, phosphate solubilization,

IAA and ammonia production [61]

Azospirillum lipoferum SP2, Bacillus
coagulans NCAIM B.01123, Bacillus

circulance NCAIMB.02324, and
Bacillus subtilis MF497446

Triticum aestivum

Reduced the uptake of Na+ resulted in an
increment in superoxide dismutase (SOD),

catalase (CAT), and peroxidase (POX)
activities that lessened oxidative damage
and improved the nutrient uptake (N, P,

and K) of deficiently irrigated wheat plants
under soil salinity.

[62]

Enterobacter cloacae PM23 Zea mays

Enhanced radical scavenging capacity,
relative water content, soluble sugars,
proteins, total phenolic, and flavonoid

content

[63]

Soil bacteria are less tolerant to salinity than root-associated bacteria. In the rhizo-
sphere, salinity stress is higher due to the higher uptake of water by the plant roots [64].
PGPR strains such as P. chlororaphis TSAU13, P. extremorientalis TSAU6, P. extremorientalis
TSAU20, P. putida TSAU1, and P. fluorescens WCS356, can withstand up to 3% of NaCl [65].
The salinity stress on photosynthesis, essential nutrients, and antioxidant enzymes of basil
plants was reduced through inoculation with Pseudomonas sp. and Bacillus lentus. Inocula-
tion of Azosprillium brasilense NH, a halotolerant strain in wheat, enhanced germination and
plant growth in salinated soil [66]. Abbaspoor et al. [67] also recorded that P. fluorescens 153
and P. putida 108 inoculations to wheat plants improved growth, grain yield, and 1000-grain
weight. Stimulation of plant growth using salt-tolerant strains, Exiguobacterium oxidotolerans
STR36 and Bacillus pumilus STR2 was noticed by Bharti et al. [68]. Vivekanandan et al. [69]
inoculated five halo-tolerant bacterial strains on wheat seedlings at 80, 160, and 320 mM
of NaCl, resulting in a considerable increase in biomass and root length compared with
un-inoculated controls. Hallobacillus sp. S13 and Bacillus halodenitrificans PU62 inoculation
in wheat seedlings showed more than a 90% increase in dry biomass compared with on-
inoculated wheat plants at 320 mM of NaCl resulting in a remarkable decline in the toxic
effects of NaCl.
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5. Mechanisms of Plant Growth Promotion by PGPR under Saline Conditions

In saline conditions, plant growth could be hastened by PGPR by facilitating re-
source acquisition (nitrogen, phosphorus, potassium) and moderating plant hormone levels
through producing ACC deaminase enzyme or indirectly by producing exopolysaccha-
rides and biofilm, osmoprotectants, antioxidant enzymes, and volatile organic compounds
(VOCs). All these properties help bacteria to survive and stimulate plant growth under
saline conditions [70].

5.1. Nitrogen Fixation

In agricultural production, nitrogen is the major nutrient that has a remarkable effect
on plant growth. The free-living and symbiotic bacteria in nature can fix atmospheric N2
in salt stress conditions and contribute to plant growth. A nitrogen-fixing salt-tolerant
bacterium, Swaminathan halotolerant PA51T, isolated from wild rice associated with the
mangrove ecosystem [71] has the potential to fix atmospheric nitrogen. Five salt-tolerant
strains of rhizobium (L-19, L-68, L-292, L-304, and L-335) isolated from saline soils were in-
oculated to lentil plants (Lens culinaris) under saline conditions. Among the isolated strains
L-19 and L-304 produced higher nodulation, yield, and nitrogen fixation in lentils [72].
Silini-Cherif et al. [73] identified a nitrogen-fixing bacterium named Pantoea agglomerans
Ima2 from the wheat rhizosphere, which can tolerate a salinity level of 100 to 400 mM,
and its application increased IAA production, siderophore formation, and solubilization of
phosphates. Kumar et al. [74] isolated Mesorhizobium loti MTCC2379 and MTCC2381 from
acacia, a salt-tolerant strain showing efficient nitrogenase activity under salt stress condi-
tions. The symbiosis of rhizobium–legume is the most essential system of nitrogen fixation.
Some rhizobia could tolerate up to 1.8 M of NaCl concentration. With the morphological
and metabolic changes along with structural modifications, these salt-tolerant rhizobia
cope with and adapt to salt stress. Under salt stress conditions, some of the rhizobia can
form a successful symbiosis with legumes [75].

5.2. Phosphate Solubilization

High salinity reduces the uptake of available phosphorus (P) by plant roots due to
sorption processes to the soil colloid. P solubilizing bacteria even in stress conditions could
solubilize fixed and applied P in soil [76]. Chookietwattana et al. [77] have found Bacillus
megaterium A12 as the efficient halotolerant phosphate solubilizing bacteria. Son et al. [78]
identified Pantoea agglomerans R-42, a phosphate solubilizing bacterium from a salt-stressed
environment. The soybean (Glycine max) seeds inoculated with halo-tolerant phosphate
solubilizing bacteria significantly increased germination percentage and germination index,
especially within 30 and 90 mM NaCl concentrations. Hence, it was suggested that the salt-
tolerant phosphate solubilizing bacteria might be useful to reclaim the salt stress toxicity
in plants.

5.3. Plant Growth Regulators

The indole-3-acetic acid (IAA), commonly known as the auxins, are important hor-
mones in plants regulated by PGPR that help to promote plant root development and alter
root architecture [79,80]. Nakbanpote et al. [45] demonstrated that the production of IAA
by Pseudomonas sp. PDMZnCd2003 was not affected by salinity stress at 4–16 dS m−1.
The auxin signaling plays a significant role in restructuring plant roots [81,82]. The halo-
phyte strains of Brevibacterium halotolerans DSM8802, Bacillus subtilis h-g, Brachybacterium
saurashtrense JG06, and Pseudomonas sp. JG010 can accelerate plant growth by producing
indole acetic acid (IAA) [83–85]. Similarly, Shultana et al. [86] identified a promising strain,
UPMRB9 (Bacillus tequilensis) based on the measurement of its IAA production showed a
significant growth enhancement of three rice varieties in saline conditions.
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5.4. ACC Deaminase Enzyme Production

The PGPR can produce ACC (1-aminocyclopropane-1-carboxylate) deaminase; thus, it
can lower the ACC level in salt-stressed plants and reduce the quantity of ethylene synthesis
in plants. Several studies reported that ACC deaminase-producing PGPR could help plants
survive against salinity stress through the reduction of ethylene levels [87,88]. A number
of PGPR genera, namely Bacillus, Burkholderia, Azospirillum, Pseudomonas, and Rhizobium
are commonly known to synthesize ACC-deaminase enzyme [89–91]. Several reports
showed that under axenic conditions, ACC deaminase-producing bacteria trigger plant
growth [92,93]. The salt-tolerant and ACC deaminase-producing bacterium augment root
development through the increased surface area for better water and nutrient accumu-
lation [94]. Salt-tolerant bacteria associated with ACC deaminase production are shown
in Table 2.

Table 2. ACC deaminase-producing salt-tolerant bacteria.

Name of the Bacteria Plant Species Reference

Pseudomonas syringae S5, Pseudomonas fluorescens S20
Enterobacter aerogenes S14 Zea mays [40]

Raoultella planticola Rs-2 Gossypium hirsutum [95]

Pseudomonas fluorescens EU647703.1 Brassica napus [96]

Enterobacter cloaceae AJS-15 Aerva javanica [97]

Bacillus mojavensi K78 Triticum aestivum [98]

Pseudomonas
migulae 8R6 and Pseudomonas sp. UW4 Camelina sativa [99]

Bacillus megaterium NMp082 Medicago spp.;
Arabidopsis thaliana [100]

Bacillus cereus KP027636.1, Serratia odorifera
NR037110.1, Lelliottia amnigena KM114915.1,

Arthrobacter arilaitensis CP012750.1,
Pseudomonas putida GQ2008822.1

Triticum aestivum [101]

Enterobacter sp. PR 14 - [102]

B. safensis HB-5 Cicer arietinum [103]

Enterobacter cloacae ZNP-4 Triticum aestivum [104]

Enterobacter ludwigii B30 Cynodon dactylon [105]

5.5. Exo-Polysaccharide Production

Bacterial exo-polysaccharide production is recognized as a strategy for the existence
under saline conditions reported by several researchers [106–108] where at high salt levels
bacteria can retain a mini assembly to hold water level around the cells. Exopolysaccharides
(EPSs) help to enable bacterial survival from inhospitable conditions [88] through chelating
sodium ion (Figure 1) and reduce its availability for plants [109]. Bacterial polysaccha-
rides are considered as a diverse range of macromolecules which includes peptidoglycan,
lipopolysaccharides, capsules, and exopolysaccharides which are water-soluble acids, par-
ticipate in the host–pathogen interaction and also the components of the structural cell
wall (e.g., peptidoglycan) and facilitate the bacterium to survive in unfavorable environ-
ments [110,111]. These compounds were recognized as biologically active substances that
promote the growth of bacteria and other plant species and also help their adhesion to
surfaces and prevent desiccation [110]. The bacterial cells could discharge extra-cellular
polysaccharides (EPS) into the atmosphere. EPS is environmentally important since it
affects the microbial diversity and carbon cycle [112].
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Exo-polysaccharides (EPS) influence the formation of rhizosheath around the plant
roots [113]. The micro-organisms that live in the proximity of plant roots can synthesize or
release EPS in soil. The EPS-synthesizing rhizobacteria take part in the aggregation of soil
and rhizosheath (biofilm) formation around the roots of the plants [113,114].

EPS functioned as a blockade within cells and the neighboring environment and thus
plays a shielding role against dehydration, UV radiations, and salinity [115]. EPS enhances
the retention of water and dispersion of carbon in the bacterial community. Recent findings
showed that salinity tolerance of Suaeda fruticose markedly increased by the inoculation
of Glutamicibacter sp. MK847981 and Pseudomonas sp. MK087034 through sinking the
concentration of Na+ and increasing K+, consequently increasing the ratio of K+/Na+ [116].
The content of Na+ in soybean was reduced because of the application of EPS-releasing
bacterial strains in salinized soil. The progressive increase in mineral contents along with
the reduction in Na+ and Cl− concentrations in maize were noticed through bacterial
inoculation in saline soil. Vivas et al. [117] informed that Bacillus sp. inoculated lettuce
plants showed higher N, P, and K concentrations under stress conditions which were
increased by 5, 70, and 50%, respectively, compared with control.

Under the saline condition, uptake of Na+ restricts by wheat roots through EPS-
producing bacteria since EPS can alter the microenvironment and protects bacteria from
desiccation [118]. In addition, EPS-producing rhizobium strain inoculation to plant roots
improved soil properties [119]. Exopolysaccharide linkages help to bind microorganisms
together growing in the free planktonic state. Microbial EPS are rich in monosaccharides
such as glucose, fructose, mannose, xylose, etc., that serve as a signal for root coloniza-
tion [120]. In addition, the major functional groups in bacterial EPS such as hydroxyl,
carboxyl, phosphate, sulfhydryl, and amino groups are the prime factors chelating Na+

under saline soil conditions, thereby reducing the exposure of plants to the salt ions [121].

5.6. Exopolysaccharides and Biofilm Formation

Bacterial biofilm formation is closely linked with EPS production, which essentially
contributes to bacterial colonization around plant roots [122]. The PGPR in soil participates
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in removing contaminants and toxicants from soil and water [34,123]. EPS-driven biofilm
protects bacteria embedded with the EPS layer from uncongenial conditions such as the
presence of salinity, antibiotics, and radiations [124]. Several studies showed that micro-
bial biofilms attached to roots significantly enhance soil fertility [120]. The salt-tolerant
PGPR is enabled to synthesize biofilm containing extracellular polysaccharides with high
water holding capacity [125]. Apart from increasing the effective root colonization, the
bacteria also have the competitive advantage of osmo-tolerance under salt stress. Pre-
viously, a study proved that root colonization and plant growth-promoting activities of
PGPR did not interfere with salinity [126]. The production of exopolysaccharides, biofilm
formation and accumulation of intracellular osmolytes govern the osmo-tolerance of PGPR.
Ashraf et al. [127] found that the inoculation of EPS producing bacterial strains to the roots
of wheat plants in salt-affected soils provides a “blanket salt-tolerant cover”. Bacterial
species that enable the production of exopolysaccharide and biofilm are shown in Table 3.

Table 3. The exopolysaccharide and biofilm producing salt-tolerant bacteria.

Name of the Bacteria Plant Species Reference

Halomonas variabilis (HT1) and
Planococcus rifietoensis (RT4) Cicer arietinum [106]

Pseudomonas fluorescens, Bacillus amyloliquefaciens and
Bacillus polymyxa Triticum aestivum [128]

Bacillus amyloliquefaciens MAS4, Bacillus insolitus MAS10
and MAS26, Pseudomonas syringae MAS129,

Microbacterium sp MAS133.
Triticum aestivum [127]

Shewanella putrefaciens (isolates No.603) - [129]

Bacillus iodinum RS16, and Bacillus aryabhattai RS341 Capsicum annuum [130]

Bacillus sp. SKU5, Burkholderia cepacian (SKU6),
Microbacterium sp. (SKU9), Enterobacter sp. (SKU9), and

Paenibacillus macerans (SKU10)
Triticum aestivum [131–133]

Pseudomonas aeruginosa (Pa2), Proteus penneri (Pp1), and
Alcaligenes faecalis (AF3) Zea mays [134]

Bacillus tequilensis UPMRB9, Bacillus aryabhattai UPMRE6 Oryza sativa [121]

Brevibacterium sediminis S4-57 Oryza sativa [135]

6. Salinity Tolerance of Bacillus sp.

The gram-positive bacteria Bacillus is widely familiar with rhizobacteria. Some impor-
tant member of a genus under Bacillus includes B. licheniformis HSW-16, B. amyloliquefaciens
SN13, B. megaterium A12, B. subtilis SU47, and B. pumilus HB4N3 are reported for plant
growth, and stress management [61,131,133,136,137]. The PGPR, Bacillus subtilis 93,151
inoculated transgenic Arabidopsis thaliana showed enhanced proline synthesis with proBA
genes that can upsurge the plant’s salinity tolerance [138]. Root hydraulic conductivity
of maize plants was increased by the inoculation of Bacillus megaterium compared to the
uninoculated plants under 2.59 dSm−1 of salinity. Wheat seed treated with B. aquimaris
SU8 strains increased higher shoot biomass, and NPK accumulation through the higher
synthesis of total soluble sugars, reducing sugars, and Na reduction in leaves under
5.2 dSm−1 of salinity in field conditions [139]. Inoculation of B. subtilis BERA71 to chickpea
plants improved the upregulation of antioxidant systems through the reduction of ROS
and increased nutrient absorption [140,141]. Improved systemic acquired resistance (SAR)
in wheat by the inoculation of strain B. licheniformis HSW-16 exhibited enhanced ammo-
nium assimilation, nitrogen fixation, and phosphate and potassium uptake under saline
conditions [137].
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7. Osmoprotectants

Osmoprotectants, commonly known as a compatible solute, traveled from producers
to consumers. The osmotic adjustment of bacterial cells largely depends on various kinds
of osmoprotectants required for bacterial cells for osmotic adjustment and thus cells can
be protected against high temperature, oxygen radicals, and desiccation [142]. Proline,
glycine betaine (GB), proline betaine, and choline, a precursor of glycine betaine, stimulates
bacterial growth and nitrogen fixation when added to media of elevated osmotic strength
and proline overproduction also enhances osmo-tolerance [143,144]. Among the compatible
solutes, glycine betaine plays a protective function under saline condition [115]. Glycine
betaine is electrically neutral and dipolar at physiological pH. The essential role of GB
in salinity stress is the stabilization of RuBisCO, protection of photosynthetic apparatus,
foraging of reactive oxygen species (ROS), and osmotic adjustment [144]. It is widely
accepted that GB at low concentrations protect nucleic acids, lipids and proteins and also
performed as pools of nitrogen and carbon sources [145]. Only a few microorganisms
secrete GB that can be transported actively and accumulate osmoprotectant [146].

The bacterial membrane is penetrable to water but creates an active blockade for
various solutes in the medium and metabolites in the cytoplasm. To cope with osmotic
stresses, the cells gather organic solutes under hyperosmotic conditions and releases under
hypoosmotic conditions. The amino acids (e.g., proline and glutamate), the amino acid
derivatives (peptides and N-acetylated amino acids), sugars (e.g., trehalose and sucrose),
amines (e.g., carnitine, glycine betaine), tetrahydropyrimidines and K+ [147] comprises
compatible solutes. These compatible solutes originate by de novo synthesis (synthesis
of complex molecules from simple molecules) or shifted with the major cellular system
without interference. In rhizobial cells, the accretion of poly-b-hydroxyl butyrate usually
acts as a defensive measure during elevated salinity stress [75]. Paul and Nair [126] ob-
served the de novo synthesis of osmolyte by PGPR strain, Pseudomonas fluorescens MSP-393
such as alanine, serine, glycine, glutamic acid, threonine, and aspartic acid in their cytosol.
The correct folding of polypeptides supported by compatible solutes under denaturing
conditions both in vivo and in vitro consequently stabilizes proteins [148].

8. Induced Antioxidative Activity

In saline conditions, the antioxidant activities could be altered through the generation
of ROS as a form of the hydroxyl radical (OH−), superoxide radical (O2−), and hydrogen
peroxide (H2O2). ROS damages plant cells’ DNA, proteins, and lipids. [149]. The strains
B. subtilis BERA71 produces different antioxidant enzymes such as SOD, POX, and CAT
as well as non-enzymatic antioxidants such as tocopherol, ascorbate peroxidase (APX),
ascorbate, and glutathione which take parts in scavenging cycle [140]. An improvement
of salinity tolerance in potato plants (Solanum tuberosum) is due to inoculation of Bacillus
pumilus DH-11 and B. firmus str. 40, ACC deaminase producer and phosphate solubilizers,
respectively [150]. Higher antioxidant enzymes in bacteria inoculated canola plants were
also reported by Neshat et al. [151] who determined the higher production of SOD, POD,
and CAT with the inoculation of Enterobacter sp. S16-3 and Pseudomonas sp. C16-20 under
salt stress conditions. This is because of the accelerated photosynthetic rate, higher accumu-
lation of proline, improved expression of mRNA, and the activities of antioxidant enzymes.
Likewise, Kim et al. [42] testified an IAA and ACC deaminase producer Enterobacter sp.
EJ01 strain inoculation shows an increase in dry weight and plant height of tomato and
augmentation of ROS detoxifying enzyme in aerial plant tissue under salt stress.

9. Volatile Organic Compounds (VOCs)

A complex blend of volatiles could be released by PGPR [152,153]. Volatiles are
organic compounds at room temperature that contains a high vapor pressure. The VOCs
have odors or scents, derivatives of various nitrogen and sulfur-containing compounds
such as phenylpropanoids, terpenoids, and fatty acids [154]. The PGPR-generated VOCs,
change physical and chemical properties in plants and consequently enhance plant salinity
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tolerance [155]. The PGPR strain Bacillus subtilis GB03 mediated VOCs confers salt tolerance
and plant growth promotion in Arabidopsis thaliana through recirculation and reduction of
Na+ levels in the entire plant under saline conditions through buildup HKT1, a high-affinity
potassium transporter that facilitates Na+ transportation, expression upregulated in shoots
and downregulated in roots [39].

10. Molecular Mechanisms and Gene Expression of PGPR in Response to Salinity Stress

A higher concentration of NaCl stimulates bacteria towards showing an expression
of a specific gene, which is denoted as a set of proteins produced in higher amounts in
response to stress [126,156]. In the bioinformatics era, proteomics is considered a suitable
tactic for disclosing the vibrant expressions of whole cells proteins and their interactions.
Large numbers of specific proteins have been reported, which shows an increase in their
level of expression. To identify and elucidate the genes responding to relative physiological
actions, differentially displayed proteins could be used as nutrient transport, metabolism,
and responses to stress, chemotaxis, motility, sporulation, and biosynthesis of teichuronic
acid [157]. Diby et al. [158] confirmed that many genes are responsive to salt stress in a
PGPR strain, Pseudomonas pseudoalcaligenes MSP-538. Under salt shock conditions, pep-
tide mass fingerprinting analysis of P. fluorescens MSP-393 exposed various stress-related
proteins [159]. A bacterium, Bacillus subtilis JH642, responsive to salt stress expressed the
induction of upregulated 123 genes and downregulated 101 genes by the transcriptional
profiling at 1.2 M NaCl [160]. Under salinity stress, Escherichia coli MC4100 has been shown
to produce multiple up-regulated genes involved in the process of cellular metabolism,
amino acid biosynthesis, and transportation [161]. A salt-responsive protein K+ uptake
kup/trkD was highly expressed in response to salt stress [162]. Previously, the involve-
ment of non-coding RNA Yfr1 for salt sensing was explored [163]. Paul [164] has recently
reviewed the mechanisms of salt tress adaptions in rhizobacteria.

A stress-related PGPR responsive protein named a chaperone is known to bind partic-
ularly denatured proteins and prevent degradation [165]. In another study, it was declared
that in eubacteria and eukaryotic organelles, numerous enzyme-folding functions were
regulated by chaperonin 60 [166]. Again, Holland et al. [167] reported that the seedlings of
N. tabacum showed resistance against prolonged darkness, salt, and cold due to the buildup
of chaperonin 60.

In rice plants, the differential expression of thioredoxin proteins was observed with
P. fluorescens KH-1. The tolerance of methionine sulfoxide and H2O2 was noticed in Sac-
charomycess train EMY63 because of the expression of Arabidopsis thioredoxin [168]. The
protein 10i showed high homology to the enzyme glutamine synthetase, which is required
for osmolyte distribution and played a significant role in glutamate synthesis, a prominent
osmolyte in bacteria [169].

The induced proteins 26i and 42i were found to be associated with membrane proteins,
and it could also be corroborated with the high root-colonization potential of the strain
even in salinated soils [106]. Protein 41i is a survival protein (SurE), essential for the
survival of osmotic stress (2.5 M NaCl) in bacteria [170]. Kandasamy et al. [171] assumed
an essential role of the GSTs gene for its overexpression which might be involved in the ISR
for protecting cells from oxidative damage.

11. Knowledge Gaps and Future Prospects

Many unrevealed areas exist on the performance of these beneficial microbes in
stressed soil and also concerning their interactions with the host plant. In-depth studies are
required to know the role of abiotic factors in changing the activity of rhizobacteria and
managing plant–microbe interactions, concerning their compliance to stress environments.
There are a few recommendations for future work:

i. Identification of genetic and environmental factors responsible for higher bacterial
EPS synthesis under salt stress conditions.
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ii. Identification of stress-responsive proteins involved in signaling, gene expression,
and metabolism during plant–microbe interaction under salt stress conditions.

iii. The mutual sharing of osmoprotectants and antioxidant enzymes of PGPR and plants
for maximum plant–microbe interactions under salt stress conditions.

iv. Evaluation of crop performance inoculated with salt-tolerant PGPR in actual saline
ecosystems is a prerequisite to observing the consistent field performance of the
potential salt-tolerant PGPR.

12. Conclusions

Worldwide, there is a rising demand for the cultivation of crops in saline-affected areas
by taking into account compatible, ecologically sound, and environmentally friendly tactics.
The development of stress-tolerant crops is a desirable option but considered a long-drawn
and expensive process, whereas soil manipulation, using microbial strains to alleviate plant
stress recognized as a low-cost and environment-friendly option that could be achieved in
a shorter time frame. The PGPR mechanisms of osmo-tolerance offer multiple advantages
to plants cultivated in salinized soils. The salt-affected areas are expected to utilize for
increasing crop productivity through a proper understanding of PGPR mechanisms on
salt tolerance. This review has shown and suggested the function of salt-resistant plant
growth-promoting microorganisms as an environmentally friendly and more economical
to improve crop production in saline-affected areas. In the future, extensive research
needs to be emphasized in this area, particularly on the field performance of potential
microorganisms as a source of bio-fertilizers in stressed soil.
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Abstract: Beekeeping is an ancient activity that is gaining interest among practitioners and society in
general. It is as an activity with positive impacts in the environmental, social and economic spheres,
with the potential to reconnect these dimensions and contribute to sustainable development. Thus, it is
important to determine the profiles of beekeepers across the world, and to understand the main social,
economic or ecological drivers that shape their activities. Hofstede cross-cultural dimensions were used
to better explain differences between countries. A survey was undertaken of beekeepers in different
countries (Croatia, Estonia, Finland, Italy, Norway, Portugal, and Spain) in the native language of each
nation. A total of 313 questionnaires, using an online platform or in paper form, was delivered face-to-
face during training or dissemination events in 2019. Norway and Finland were the countries with the
highest percentage of respondents with a university degree (>80%), while Spain (42%) and Croatia (48%)
presented the lowest percentages. Most participants were experienced beekeepers (59% had more than
five years of experience) with more than 50 colonies. With the exception of Italy, beekeeping appears to
be a hobby or an additional professional activity. The main beekeeping products for these beekeepers
were honey, wax, colonies and propolis, with an average honey production per season of 24.5 kg/hive.
Crossing socio-demographic characteristics and Hofstede cross-cultural dimensions showed a relation
among countries with higher Power Distance Index (PDI; this value expresses how society accepts
and expects a certain inequality of power) and lower annual income and educational level (Croatia,
Portugal, and Spain). A strong correlation appeared between Masculinity Femininity Index (MFI; this
value refers to gender effects in society, with feminine societies meaning that the dominant values are
caring for others and quality of life, as opposed to masculine societies, which are driven by competition,
achievement and success) and age, income and education, with Norway presenting the most feminine
society, with more educated and older beekeepers. The Uncertainty Aversion Index (UAI; this value
explains how members of a society feel when dealing with unknown situations) was strongly associated
with education. The results showed that increasing beekeepers’ income will contribute to balancing the
distribution of power among members of society, and that this might be achieved by training, especially
in Croatia, Portugal, Spain, and Italy.

Keywords: beekeeper; bee products; beekeeping sector; Hofstede dimensions
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1. Introduction

Although several insect species play a significant role in pollination, honeybees are
the most important managed pollinators, not only for agricultural crops but also for wild
plants. Hence, managed honeybee colonies impact ecology and the economy to a great
extent [1]. Beekeeping activities are ancient, dating back to 4500 BC, although nowadays,
native beekeeping is complemented with professional, high knowledge input regarding
colony management and the production of bee products [2,3].

Beekeeping is as an activity with positive impacts in the environmental, social and
economic spheres, playing an extremely important role within family farming. It can
also generate extra income or create job opportunities [4]. In many countries, beekeeping
activities are transmitted from generation to generation. Uchiyama et al. [2] reported
that beekeepers whose knowledge was transmitted from their ancestors tend to have
more bee colonies, and also seem to better understand how ecological conditions are
fundamental to sustainable beekeeping. Nevertheless, from the 1850s, owing to advances in
apicultural science and new technologies, beekeeping became more efficient and profitable,
rapidly shifting from family businesses to a commercial activity [5]. The importance
of the traditional aspects associated with beekeeping is different among societies and
countries [2,6,7], and, in many cases, reflects specific cultural factors [8,9].

Due to the actions focused on economic expansion, we have witnessed a growing
imbalance in the social and environmental spheres. Therefore, humanity is faced with
a problem that urgently needs to be solved: reconciling the economic dimension with
the social and environmental dimensions [10]. The term Sustainability, according to the
United Nations (1987), is defined as the ability “to satisfy the needs of the present without
compromising the ability of future generations to satisfy their own needs”. In this context,
beekeeping satisfies all the necessary requirements for sustainability, having a direct
relationship with plant biodiversity through pollination [11], as well as showing a capacity
to increase the productivity of the primary sector, diversify and stimulate agricultural
production, reduce unemployment and promote economic development.

About 35% of the plants used for human consumption depend on pollination, so the
importance of preserving bees as pollinators is undeniable [12]. Three out of four crops that
produce fruit or seeds for human consumption depend on pollinators, i.e., largely on bees.
In view of the decline of pollinators, Food and Agriculture Organization of the United
Nations (FAO) has developed initiatives to promote favorable practices in agricultural
management, such as technical assistance to countries regarding the breeding of queen
bees and sustainable solutions for the production and marketing of honey [13].

Thus, it is important to determine the profiles of beekeepers across the world, in terms
of social, economic or ecological drivers, as well as the difficulties they experience, and to
provide them with training on sustainable beekeeping practices to increase and encourage
the practice of this activity that is so important for maintaining the balance of ecosystems
and for sustainability.

According to Geert Hofstede, discrepancies in behaviors among countries can be
attributed to cultural differences [14,15]. Hence, it is to be expected that different ways
of interpreting, interacting, thinking or behaving might be related to cultural variances.
These differences may also be present when someone interacts with people from other
subcultures, as well as from different social classes, religions, gender or even from different
regions within the same country. In an attempt to explain why people from other cultures
seem to behave and think differently, Hofstede developed a theory based on studies he
carried out in the 1980s involving more than 50 national cultures. His “Theory of Cultural
Dimensions” offers a framework to examine how cultural values affect behaviors and give
clues about the ways in which people in a certain cultural environment can act. According
to his theory, six cultural dimensions exist: Power Distance Index (PDI); Individualism
versus Collectivism Index (ICI); Masculinity versus Femininity Index (MFI); Uncertainty
Avoidance Index (UAI); Term Orientation Index (TOI); and Indulgence Restraint Index
(IRI) [14,15]. Hofstede provided scores for these variables in a number of countries which

256



Agronomy 2021, 11, 2398

have been used in many fields. For example, they were used to examine cultural differences
in the food sector [16,17], in tourism related activities [18,19] and in teaching and learning
contexts [20,21].

Given the importance of beekeepers in the European Union, in particular nonpro-
fessional and family beekeepers, it is relevant to understand how beekeeping activities
develop in different socio-economic and cultural contexts, as a first step to sharing experi-
ences across contexts in order to promote international cooperation, beekeeping innovation
and the exchange of good practices. In this context, the aim of this research is to understand
how socio-economic and cultural dimensions influence beekeepers’ options and contribute
to more sustainable practices. To this end, we first characterize beekeeping activities in
seven European countries, and then investigate possible differences according to sociode-
mographic variables and variables characterizing beekeeping activities. Finally, we relate
these variables with the cross-cultural dimensions defined by Hofstede.

2. Materials and Methods

The survey was sent to beekeepers in different countries as a part of the Beeb—beekeeping
bridges project (2019-1-PT01-KA202-060782). The questionnaire was divided into different
sections as follows: (I) Experience in beekeeping (comprising 10 questions); (II) Training
needs (3 questions); (III) Experience in beekeeping training activities (3 questions); (IV) Use of
distance learning technologies and tools (3 questions); (V) Distance learning tools (4 questions);
and (VI) Sociodemographic characterization (6 questions). In this manuscript, parts (I) and
(VI) of the questionnaire are addressed.

The questionnaire was translated into the languages of the different countries in which
it was applied, i.e., Croatia, Estonia, Finland, Italy, Norway, Portugal, and Spain (Figure 1).
The questionnaire, using an online platform or in paper, was delivered face-to-face during
training or dissemination events organized by beekeeper associations or companies in
each country.

For data treatment, the SPSS version 26 and Excel 2016 software were used. Basic
statistical tools were utilized to describe the data, such as frequencies or mean values. To
evaluate possible differences between the variables characterizing beekeeping activities
among countries, crosstabs with chi-square tests were performed. The Cramer’s V coeffi-
cient was considered when evaluating the strength of the relations between some of the
variables under study. This coefficient varies from 0 to 1; for V ≈ 0.1, the association was
considered weak, while for V ≈ 0.3 and V ≈ 0.5 or over, the association was moderate and
strong, respectively [22].

The obtained values for Hofstede’s cross-cultural dimensions are shown in Table 1.
Spearman correlations were determined in order to assess the relations between the six
Hofstede cross-cultural dimensions and some other variables (sociodemographic variables
and variables characterizing beekeeping activities). To this end, mean values of the tested
variables were determined for each country (for ratio variables, i.e., age, income, time of
activity, number of colonies, relevance of the activity) or percentage of positive responses
(for categorical variables, i.e., being male, being a beekeeper, a technician, or a merchant,
no one working on beekeeping project, family, friends, hired people).

The strength of the correlations was evaluated according to the following limits: if
ρ = 0, there is no correlation; if ρ ∈ [0.0, 0.2] the correlation is very weak; if ρ ∈ [0.2, 0.4],
the correlation is weak; if ρ ∈ [0.4, 0.6], the correlation is moderate; if ρ ∈ [0.6, 0.8], the
correlation is strong; if ρ ∈ [0.8, 1.0], the correlation is very strong; and if ρ = 1, the
correlation is perfect [23,24]. The level of significance was 0.05 in all cases.
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Table 1. Scores of predictor variables (Hofstede’s cross-cultural dimensions) for the seven countries
included in the study [25].

Country PDI ICI MFI UAI TOI IRI
Croatia 73 33 40 80 58 33
Estonia 40 60 30 60 82 16
Finland 33 63 26 59 38 57

Italy 50 76 70 75 61 30
Norway 31 69 8 50 35 55
Portugal 63 27 31 99 28 33

Spain 57 51 42 86 48 44
Legend: Hofstede’s cross-cultural dimensions: PDI—Power Distance Index; ICI—Individualism Collectivism
Index; MFI—Masculinity—Femininity Index; UAI—Uncertainty Avoidance Index; TOI—Term Orientation Index;
IRI—Indulgence Restraint Index. “Rule of the thumb”—If a score was under 48, the cultural score was relatively
low on that scale, while if a score was over 52, the cultural scores were high on that scale. Scores between 48 and

52 were considered as intermediate.
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3. Results
3.1. Sample Characterization

Table 2 shows a sociodemographic characterization of the sample, which consisted of
313 participants from the seven countries included in the study. Norway was the country
where most responses were collected (n = 74), followed by Croatia (n = 64), while those
with the fewest responses were Finland and Italy (n = 15 and n = 16, respectively).
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Table 2. Sociodemographic characterization of the sample (N = 313).

Variables Categories n %

Country

Portugal 48 15.3
Estonia 44 14.1
Norway 74 23.6

Spain 52 16.6
Italy 16 5.1

Croatia 64 20.4
Finland 15 4.8

Age

Young (up to 30 y) 29 9.3
Middle aged (31–59 y) 212 67.7
Senior (age 60 or more) 57 18.2

No answer 15 4.8

Sex
Female 73 23.3
Male 231 73.8

No answer 9 2.9

Education

Basic 10 3.2
Secondary 110 35.1
University 183 58.5
No answer 10 3.2

Income

Less than 15,000 €/year 79 25.2
Between 15,000 to 50,000 €/year 120 38.3

More than 50,000 €/year 71 22.7
No answer 43 13.7

Activity Type
Beekeeper 261 80.5
Techician 39 12.0
Merchant 24 7.4

Regarding age, participants were categorized as follows: young (up to 30 years
old), middle-aged (between 31 and 59 years old) and senior (60 years or over). The
distribution by age was 29 young respondents, 212 middle-aged respondents and 57 seniors
(Table 2). From the 313 participants, 15 did not indicate their age. In terms of country
distribution (Figure 2a), Italy was the country with highest percentage of young adults
(31%), while Norway and Finland had the highest percentages of senior adults (37% and
29%, respectively).

As for gender, only nine participants did not specify their sex. The results indicated
that the sample at study comprised mostly men, i.e., 231, with only 73 women (see Table 2).
In Spain, Portugal and Finland, the differences between gender were more pronounced,
with only 10%, 11% and 13% female participants, respectively.

Among the surveyed beekeepers, most had completed a university degree (n = 183) or
secondary school (n = 110); a very low number, i.e., 10 participants, reported the lowest
level of education (basic school only). Ten participants failed to respond to this question
(Table 2).

Norway and Finland presented the highest percentage (>80%) of respondents that had
completed a university education (Figure 2b), while Spain and Croatia presented the lowest
percentage for this indicator (42% and 48%, respectively). Accordingly, Spain presented the
higher percentage for participants who had completed only basic education, i.e., 12%.

Finally, for those who felt comfortable, one question addressed household annual
income. For this question, a total of 270 answers were obtained, showing that for most
participants (n = 120), annual income was between 15,000 and 50,000 €/year (Table 2).
About 86% of participants from Norway had an annual income above 50,000 €, while
few participants from Italy, Croatia, Spain or Portugal were within the highest income
category (0%, 2%, 8% and 9%, respectively). Regarding the lowest annual income, i.e.,
under 15,000 €, Italy stood out with the highest percentage (63%), followed by Croatia
(53%) (Figure 2c).
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The participants were asked if they had beekeeping experience, and, if so, in which
role(s), i.e., beekeeper, technician or merchant. The results revealed that participants were
mostly beekeepers (n = 261), with few respondents identifying as technicians (n = 39) or
merchants (n = 24).
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Figure 2. Relative distribution of age (a), education level (b), and income (c) by country (%).

3.2. Characterization of Beekeeping Activity

Most participants were experienced beekeepers, with only 9% reporting less than
one year of activity, 32% with between 1 and 5 years of experience, 23% between 5 and
10 years of experience, and 36% reporting having worked in the field for more than
10 years. Twenty-six participants did not respond to this question. In Italy, the percentage
of beekeepers with more than 10 years or experience was low (8%); Finland and Croatia
reported the highest numbers of beekeepers with more than 10 years of experience (47%
and 42%, respectively) (Figure 3).

The number of honeybee colonies per participant was highly variable, up to a maxi-
mum of 2400, distributed follows: up to 50 colonies (n = 178), between 51 and 150 (n = 56),
between 151 and 300 (n = 21) and more than 301 (n = 17). From the 272 participants
who indicated the number of colonies, the majority had a low number (65%). The result
analyzed by country showed a similar trend, with participants being mostly beekeepers
with stocks of up to 50 colonies (varying from 43% to 82%). This percentage was lowest for
Finland. In contrast, Portugal had the highest percentage of beekeepers with 301 or more
colonies (23%) (Figure 4).
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Figure 4. Relative distribution of number of honeybee colonies by country (%).

When asked about the relevance of the beekeeping activities, some said it was a
hobby (120 participants), and as such, the products were mainly for self-consumption,
family and gifts. Others said that it was a source of additional income for the family
(118 participants). Finally, it was reported as a core business for a small number of partici-
pants, i.e., 43 participants, representing 15%. With the exception of Italy, where the majority
(42%) cited beekeeping as their main source of income, in all countries, the prevailing trend
was that beekeeping was a hobby or an additional source of income (Figure 5a).

In most cases (n = 217), all the work involved in the beekeeping activity was done
by the individual, with help from unpaid collaborators. In fact, only a minority of the
work was done by people hired specifically for a given job (only 2% of the beekeepers
reported hiring workers). Family members or friends frequently participated, as reported
by 49% and 9% of participants, respectively. A large number of participants revealed that
they worked alone (40%). Figure 5b shows the relative importance of these stakeholders
in beekeeping activities by country. The roles of the beekeepers and their families were
shown to be pivotal in all countries, collectively representing a minimum of 79% in Spain
and a maximum of 100% in Estonia. Italy was the country with the highest percentage of
hired people, even though this still only represented 17%.

The participants were also asked to indicate the three most important products in their
beekeeping activities; the results are presented in Table 3. The global results showed that the
most important products were honey (285 positive answers), wax (103) and colonies (87).
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Propolis ranked fourth, very close to colonies, being indicated by 82 participants as one of
the three most important products in their beekeeping activities.
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Table 3. Relevant products of beekeeping activities by country (Results presented as number of beekeepers).

Portugal
(N = 48)

Estonia
(N = 44)

Norway
(N = 74)

Spain
(N = 52)

Italy
(N = 16)

Croatia
(N = 64)

Finland
(N = 15) Total

Honey 46 43 69 50 12 51 14 285
Wax 19 20 29 8 4 20 3 103

Colonies 15 10 24 15 2 17 4 87
Propolis 10 17 2 11 10 27 5 82

Polen 10 5 4 10 7 19 4 59
Queens 5 8 29 7 2 2 3 56

Polination services 8 1 8 4 0 3 3 27
Royal gelee 0 1 0 1 0 6 0 8

Apitoxin 0 0 0 2 0 1 0 3

262



Agronomy 2021, 11, 2398

From the participants in the survey, 92 indicated that they were migratory beekeepers
while 194 were not. As for the mode of production, 74 declared themselves to be organic
producers compared to 214 who were not. Among those who were organic, only 16
were certified.

The participants were asked about the average honey production per hive, considering
the last season; the obtained responses were highly variable. The results for honey produc-
tion per hive were classified as follows: 0 kg (n = 14); 1–10 kg (n = 44); 11–20 kg (n = 78);
21–50 kg (n = 95); 51–100 kg (n = 18); and greater than 100 kg (only one producer). In most
cases, honey production between 21 and 50 kg per hive per season was reported. The
results showed that the average honey production per hive by country was, in decreasing
order, 38 kg in Estonia, 36 kg in Finland, 13.7 kg in Portugal, 32 kg in Croatia, 27 kg in
Norway, 19 kg in Spain and 17 kg in Italy.

3.3. Country Differences in the Beekeeping Activity

Table 4 shows the relations between country for additional variables. Significant dif-
ferences were observed for beekeeper age among countries (p < 0.0012), and the association
was moderate (V = 0.456). Italy (36.25%) was the country with the highest number of
young adults, followed by Spain (16.3%). In Croatia (78.1%), Portugal (75.6%) and Spain
(73.5%), middle-aged adults represented the majority. Gender was significantly different
among countries (p = 0.006), with a moderate association between variables (V = 0.244).
The highest percentage of women beekeepers was reported in Italy (37.5%), followed by
Estonia (35.7%). Income differences between countries were highly significant (p < 0.0000)
and the association was strong (V = 0.573). Norwegian beekeepers had the highest income.

Table 4. Crosstabs and Chi-square tests among countries and some sociodemographic variables and variables associated
with beekeeping activities. Percentages of positive answers for each variable.

Variables/Categories Croacia Estonia Finland Italy Norway Portugal Spain

Age (p < 0.012, V = 0.456) (1)

Young (up to 30 y) 9.4 11.6 0.0 31.25 0.0 12.2 16.3
Middle age (31–59 y) 78.1 69.8 71.4 62.5 63.4 75.6 73.5
Senior (60y or over) 12.5 18.6 28.6 6.25 36.6 12.2 10.2

Sex (p = 0.006, V = 0.244) (1)

Female 25.0 35.7 13.3 37.5 32.9 11.4 10.0
Male 75.0 64.3 86.7 62.5 67.1 88.6 90.0

Education level (p = 0.0000, V = 0.263) (1)

Basic 1.6 2.3 0.0 0.0 0.0 4.55 12.0
Secondary 50.8 30.2 20.0 50.0 18.1 40.9 46.0
University 47.6 67.5 80.0 50.0 81.9 54.55 42.0

Income (p < 0.0000, V = 0.573) (1)

Less than 15000 €/year 58.2 24.4 15.4 62.5 3.1 35.3 31.3
15000 to 50,000 €/year 45.3 65.8 61.5 37.5 10.8 55.9 60.4
More than 50,000 €/year 1.9 9.8 23.1 0.0 86.1 8.8 8.3

Experience in beekeeping activities
Beekeeper (p < 0.0000, V = 0.332) (1) 43.8 81.2 82.3 80.0 97.4 86.8 95.7
Beekeeping technician (p < 0.0000, V = 0.755) (1) 35.9 9.4 11.8 13.3 1.3 7.5 4.3
Beekeeping merchant (p < 0.0000, V = 0.738) (1) 20.3 9.4 5.9 6.7 1.3 5.7 0.0

Time of activity (p = 0.112, V = 0.172) (1)

Less than 1 year 8.0 9.3 0.0 8.3 10.9 14.6 4.3
1 to 5 years 32.0 30.2 13.3 50.0 42.5 16.7 37.0
6 to 10 years 18.0 25.6 40.0 33.4 13.7 33.3 21.7
More than 10 years 42.0 34.9 46.7 8.3 32.9 35.4 37.0

Number of colonies (p < 0.000, V = 0.249) (1)

Up to 50 54.2 73.8 42.9 58.4 82.3 55.8 62.2
Between 51 and 150 33.3 16.7 50.0 25.0 11.8 14.0 20.0
Between 151 and 300 10.4 9.5 0 8.3 5.9 7.0 8.9
301 or more 2.1 0 7.1 8.3 0 23.2 8.9
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Table 4. Cont.

Variables/Categories Croacia Estonia Finland Italy Norway Portugal Spain

Relevance of the beekeeping activity (p = 0.006, V = 0.221) (1)

Hobby 28.0 37.2 20.0 33.3 52.1 45.8 52.2
Source of additional income 58.0 51.2 53.3 25.0 39.7 29.2 36.4
Main business 14.0 11.6 26.7 41.7 8.2 25.0 11.4

People who work in beekeeping
No one (p = 0.305, V = 0.151) (1) 36.0 32.6 20.0 25.0 41.1 48.1 27.3
Family (p = 0.05, V = 0.197) (1) 56.0 55.8 46.7 58.3 45.2 37.0 47.7
Friends (p = 0.013, V = 0.227) (1) 6.0 2.3 13.3 0.0 12.3 11.1 25.0
Hired (p = 0.001, V = 0.264) (1) 2.0 9.3 20.0 16.7 1.4 3.7 0.0

Fraction of work done by you, your family or unpaid friend/neigbours (p = 0.0000, V = 0.264) (1)

All (100%) 93.9 83.3 50.0 83.3 94.4 55.6 81.8
More than 50% 4.1 11.9 42.9 16.7 4.2 40.7 9.1
Between 25 and 50% 0.0 0.0 7.1 0.0 0.0 3.7 2.3
Less than 25% 2.0 4.8 0.0 0.0 1.4 0.0 6.8

(1) Chi-square test p-value (level of significance of 0.05) and Cramer’s V coefficient.

Regarding experience as a beekeeper, technician or merchant, highly significant dif-
ferences were found (p < 0.0000) in all cases, with a moderate association for beekeeper
(V = 0.332) and strong associations for technician (V = 0.755) and merchant (V = 0.738).
For the number colonies, differences between countries were significant and moderate
(p < 0.000, V = 0.249). The relevance of beekeeping activity was very significantly different
between countries (p = 0.006), and the association was moderate (V = 0.221). Regarding the
types of people who work in beekeeping, significant differences were found between coun-
tries where beekeepers reported receiving help from friends (p = 0.013), with a moderate
association (V = 0.227), and very significant differences were observed for beekeepers who
hired personnel (p = 0.001), with a moderate association (V = 0.264). Regarding the portion
of work done by the beekeeper, family or unpaid friends/neighbors and education level,
highly significant differences were found (p = 0.0000) among counties with a moderate
association (V = 0.264 and V = 0.263, respectively). However, for the variable “time of
activity”, no significant differences were found among countries (p = 0.112).

3.4. The Hofstede’s Cross-Cultural Dimensions

In this work, the relation between some variables and the Hofstede cross-cultural
dimensions was also investigated. The values of the six dimensions for the countries in this
study are presented in Table 1, while Table 5 shows the associations between the Hofstede
cultural dimensions and some other sociodemographic characteristics and beekeeping
technical options.

As seen in Table 5, PDI was inversely significantly correlated with income and edu-
cational, and the association was very strong (ρ = −0.786 and ρ = −0.865). According to
our Hofstede analysis, Norway (31%), Finland (33%) and Estonia (40%) were the countries
with lowest PDI values (Table 1). These were also the countries where a higher number of
beekeepers had more than 50,000 € of annual income (Norway—86.1%, Finland—23.1%
and Estonia—9.8%) and higher educational level (Norway—81.9%, Finland—80.0% and
Estonia—67.5%).

Regarding ICI [14], individualist countries were Italy (76%), Norway (69%) and Fin-
land (63%), while Croatia (33%) and Portugal (27%) stood out as collectivist countries
(Table 1). The results in Table 5 reveal that there were no significant correlations between
ICI and the variables studied.

MFI was inversely significantly correlated with age (ρ = −0.964), income (ρ = −0.893)
and education level (ρ = −0.847), with a very strong association (Table 5) [14]. Among the
seven countries, only one revealed a high level of masculinity, i.e., Italy (70%) (Table 1).
This country presented the lowest rate (6.25%) of senior beekeepers (60 years or over), and
not a single beekeeper with more than 50,000 € of annual income. Regarding educational,
50% of Italian participants had secondary level and 50% superior level.
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UAI was significant correlated with the number of colonies (ρ = 0.811), and was
inversely significantly correlated with educational level (ρ = −0.847) [14]. The countries
included in this research showed high UAI. Portugal was the country with the most
participants reporting more than 301 colonies (more than 23%), but was also the country
with the highest percentage (12.0%) of participants with basic education.

Table 5. Spearman correlations between the Hofstede scores of cultural dimensions and the variables that characterize
beekeeping activities and the sociodemographic characteristics of beekeepers.

Variables/Categories PDI ICI MFI UAI TOI IRI

Sex 0.357 −0.679 0.000 0.536 −0.607 0.541
Age −0.750 0.143 −0.964 ** −0.643 −0.464 0.541
Income −0.786 * 0.214 −0.893 ** −0.679 −0.357 0.595
Education level −0.865 * 0.541 −0.847 * −0.847 * −0.234 0.300
Experience in beekeeping activities

Beekeeper −0.464 0.036 −0.464 −0.143 −0.679 0.577
Beekeeping technician 0.429 0.000 0.429 0.107 0.536 −0.360
Beekeeping merchant 0.286 −0.036 0.143 −0.071 0.643 −0.577

Time of activity 0.286 −0.536 −0.143 0.179 −0.214 0.505
Number of colonies 0.631 −0.342 0.703 0.811 * −0.180 −0.209
Relevance of the beekeeping activity 0.250 0.179 0.429 0.107 0.286 −0.198
People who work in the beekeeping

No one 0.071 −0.536 −0.500 0.143 −0.500 −0.054
Family −0.286 0.536 0.107 −0.429 0.607 −0.054
Friends 0.162 −0.487 −0.072 0.414 −0.739 0.655
Hired 0.571 −0.079 0.630 0.512 0.039 −0.477

Hofstede’s cross-cultural dimensions: PDI—Power Distance Index; ICI—Individualism Collectivism Index; MFI—Masculinity—Femininity
Index; UAI—Uncertainty Avoidance Index; TOI—Term Orientation Index; IRI—Indulgence Restraint Index. ** Correlation is significant at
the 0.01 level; * Correlation is significant at the 0.05 level.

Regarding TOI and IRI, the results in Table 5 show that no significant correlations
were found among the applied variables.

4. Discussion

This study presents recent sociodemographic information about beekeepers and bee-
keeping activities in seven European countries (Estonia, Croatia, Finland, Italy, Norway,
Portugal and Spain). Among the seven countries, there were significant differences regard-
ing age, sex, income, experience in beekeeping activities, fraction done by unpaid people
and education level.

The participants in this study were mostly over 31 years of age, with a significant
percentage being over 60 years old. Italy was the country with the youngest participants
(31.25%), while Norway had the oldest ones (36.6%).

Information about European beekeepers is sparse. However, the Report on Prospects
and Challenges for the EU Apiculture Sector [26], produced by the Committee on Agricul-
ture and Rural Development, notes a particularly serious ageing problem in this sector,
with only a small percentage of beekeepers in EU being aged under 50. In fact, as in our
study, in the EPILOBEE project, only 4.35% of the beekeepers were less than 30 years old,
and 23.1% were between 31 and 45 [27]. The ageing of the general population is a common
problem in all European countries. Additionally, young people are not widely attracted to
agriculture and agrarian activities like beekeeping. Therefore, it is urgent take measures to
attract young people to this sector.

There is also very limited information about women beekeepers. Even with the
numbers of new women beekeepers growing all over the world, they are always less
represented than men [28–32]. In our study, women were also underrepresented, with Italy
being the country with the highest percentage of women (37.5%) and Spain the country
with the lowest (10%). Beekeeping is an activity mainly carried out by men, even though it
has the potential to contribute to the empowerment of rural women, reinforcing their role
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in agriculture [33]. This is an activity that can be easily adjusted to the multifunctional role
of rural women while, at the same time, providing an additional source of income.

The average annual income among beekeepers was lower than 50,000 € in all countries
except Norway. More than 50% of the Italian and Croats reported earning less than 15,000 €
per year, while more than 50% of Estonian, Finnish, Spanish and Portuguese participants
reported earning between 15,000 € and 50,000 € per year. In Europe, beekeeping activities
provide over 620,000 EU citizens with their main income or additional earnings [34].

Regarding educational level, most of the participants had higher or secondary educa-
tion. In Finland and Norway, the level of education among beekeepers was highest. This
was as expected, as the national levels of education are higher in these two nations (over
38%) (https://www.statista.com/statistics/1084737/eu-28-adults-with-tertiary-education-
attainment/, accessed on 21 October 2021).

Most of the participants had more than five years of experience in beekeeping (over
60% in all countries) with the exception of Italy, where only 42% reported having more
than five years of experience. This is possibly related to the fact that Italy was the country
with the highest proportion of youngest participants (31.3%).

According to the EU [35], in 2019, the total number of beekeepers in Europe was
over 600,000 with Italy being the country, among the countries included in this study,
with the highest percentage (8.3%) of European beekeepers, followed by Spain (3.9%)
which was also the country with the highest percentage of beehives (16.8%). More than
70% of respondents had up to 150 colonies. Portugal was the country in which the most
participants had apiaries with more than 151 colonies (30.2%), but this result did not
correspond to the real beekeeping scenario in the country, given that the percentage of
beekeepers with more than 150 colonies was, in 2018, only 10.9% [36,37]. Portugal had
also the highest average number of colonies per beekeeper (229), that is over the reported
average number of colonies per beekeeper (67.9 in 2018) [35].

In all the countries, most of the beekeepers were still hobbyist or nonprofessional
beekeepers, which is in line with the results obtained. In fact, the beekeeping activity is
usually not the main source of income across European countries [38]. Norway was the
country where more participants were only beekeepers. Once beekeeping is an activity
that provides, on average, low annual income, it is natural beekeepers had another activity
besides beekeeping, being mainly hobbyist or nonprofessional beekeepers.

About one third of the participants referred to work alone and only 8% hire other
people to work with them. This is consistent with the percentage of professional beekeep-
ers, both in our sample (14% when considering professional beekeepers with more than
150 colonies), and in Europe (4% of professional beekeepers) [39].

As mentioned before, Hofstede’s cultural dimensions offers a framework for cross-
cultural communication and analysis. It allows us to understand the effects of a society’s
culture on the values of its members, and how these values relate to behavior, using a
structure derived from factor analysis, based on six dimensions previously described.

Power Distance Index expresses how the less powerful members of a society accept
and expect a certain inequality of power, or in other words how the society handles
inequalities among people [14]. In our sample, the Hofstede analysis shows that the
countries with high Power Distance Index (PDI), the beekeepers had lower values of
annual income and low educational level. Croatia, Portugal and Spain were the countries
with high PDI while Norway, Finland and Estonia had low PDI values and higher values
of annual income and higher education level. The members of societies with a high PDI
tend not to question those who are at higher levels of power. In addition, they expect that
more powerful members might serve as guides for their work. In cultures with a low PDI,
the power is equally distributed among its members, and they move towards a higher
status (through education, employment, income, etc.). It is therefore not surprising that the
countries with high PDI values are the ones with the lowest level of education as well as
the lower annual income.
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In individualistic societies, where the Individualism Collectivism Index (ICI) is lower,
members tend to make decisions in an independent way and care about themselves and
their close family, while in collectivist societies (with higher ICI), group ties are strong
and the family includes the entire family extension (uncles, aunts, cousins, etc.) [14]. In
this case, we found no significant variables associated with this cross-cultural dimension.
Nevertheless, it seems that women tend to be less individualist than man. Other studies
have found a similar trend, with women being generally more collectivist than their
males’ counterparts, especially among small-holder businesses [40]. Even recognizing that
through cooperation, the return from the beekeeping activity may increase, there are still
numerous beekeepers that prefer to work alone and doesn’t join any kind of cooperative or
association among peers [41].

The Masculinity Femininity Index (MFI) refers to gender effects in the societies, with
low scores (Feminine societies) on the dimension meaning that the dominant values are
caring for others and quality of life as opposed to high scores (masculine societies) where
the societies are driven by competition, achievement and success [14]. In societies with high
masculinity, people are driven by competition and results, so people tend to be assertive
and centered on material success. On the other hand, in societies with low masculinity
or characteristics of femininity, people are focused on building good relationships and
ensuring better quality of life for everyone. It is not so important to be the best, as long as
everyone is happy. Among the groups of beekeepers at study, we found strong correlations
between MFI, age, income and education. Norway was the most Feminine society, with
older and more educated beekeepers and with higher values of annual income. On the
opposite side, Italy presented a higher value of masculinity, and also younger beekeepers
with lower income values. In fact, Norway has been a leading country implementing
institutional solutions to attain equality between men and women, positioning the country
as a world leader in gender equality [42–44]

The Uncertainty Aversion Index (UAI) was strongly related with education and profes-
sionalism (number of colonies). In fact, countries with high UAI (Portugal, Spain, Croatia,
Italy, Estonia e Finland) had more colonies and low educational level. The Uncertainty
Aversion Index explains how members of a society feel when dealing with unknown
situations [14]. In cultures with strong UAI, people tend to avoid risks and unexpected
situations, because they create great anxiety and stress, preferring to face predictable or
controlled situations. Contrarily, members of a culture with a weak UAI tend to be more
tolerant towards what they cannot control. Uncertainty is accepted as part of life and
people are generally more relaxed and flexible when they must face unknown situations.
Rossi and Sekhposyan [45] presented a macroeconomic forecast distribution of uncertainty
among European countries, showing that Italy, Spain and Portugal were more avert to
uncertainty specially during the sovereign debt crisis, while for the same period Nether-
lands was always more tolerant to uncertainty [45]. In fact, Norwegian beekeepers seems
to be more resilient in face of uncertainty, which is probably related with their level of
education (that is higher). Also, Norway is the country with a smaller number of colonies
per beekeeper and with a higher number of nonprofessional beekeepers, thus resulting in
beekeepers that are probably not so dependent on the revenue from the activity and more
prepared to take risks.

Both for the Term Orientation Index (TOI) and Indulgence Restraint Index (IRI), we
could not find significant correlations among the variables at study and the indexes. In
fact, the TOI index refers to the links with the past while dealing with the challenges of the
present and the future, and none of the variables at study shows a trend towards the past
or the future of the beekeepers and its activities.

The Indulgence Restraint Index analyses the importance of happiness and control of
life. Societies with high complacency (high IRI) allow people to freely satisfy their basic
human needs and desires, especially those related to enjoying life and having fun. In
societies with a high rate of repression (low IRI), people suppress their impulses through
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restrictive social norms. These societies have a high consideration for moral discipline and
people tend to be more pessimistic [14].

5. Conclusions

The results of this research allow us to draw a few conclusions about the characteristic
of beekeeping activities in seven European countries. First of all, there are significant differ-
ences among sociodemographic variables and experience in beekeeping between countries.

Most beekeepers who answered the questionnaire were over 31 years old, and were
men, with Italy being the country with the highest percentage of young, female beekeepers.
Norway was the only country with an average annual income over 50,000 €, while respon-
dents from Italy and Croatia generally had incomes below 15,000 €. Most participants had
secondary or higher education levels, with those from Norway and Finland having the
highest level of education. About 90% of participants had up to 150 colonies and were
mainly nonprofessionals or hobbyists; about one quarter were certified as organic (n = 74).
Members of the family and friends play an important role in beekeeping activities, and
just 2% of respondents reported having hired workers (most commonly in Italy). The main
product of the hive is honey (75–98%), followed by wax (15–45%) and colonies (13–32%);
these values varied for each country in the study. In most cases, the average honey pro-
duction per hive was 21–50 kg, per season, with Estonia and Finland reporting the highest
yields (38 kg and 36 kg, respectively) and Portugal the lowest (13.7 Kg).

Relating these values with the cross-cultural dimensions defined by Hofstede, we
found no variables to be significantly associated with the Individualism Collectivism
Index (ICI), Term Orientation Index (TOI) or Indulgence Restraint Index (IRI). However, in
countries with a high Power Distance Index (PDI), beekeepers had lower annual income
and educational level, e.g., in Croatia, Portugal and Spain, meaning that they are more
available to accept and expect a certain inequality of power among society members.
Furthermore, we found a strong correlation between the Masculinity Femininity Index
(MFI), age, income and education, with Norway being the most Feminine society, i.e., with
more educated and older beekeepers. The Uncertainty Aversion Index (UAI) was strongly
related with education and number of colonies, with high values for six countries but not
for Norway, meaning that Norwegian beekeepers seem to be more resilient to uncertainly,
i.e., they are more inclined to take risks when faced with unexpected situations.

Education and training contribute to beekeepers’ incomes, serving to balance the
distribution of power among members of the society, and thus increasing their PDI. So,
beekeeping training is important to reinforce the sector and its sustainability, especially in
Croatia, Portugal, Spain, and Italy. Long-term oriented societies (i.e., with high TOI values)
encourage people to invest in the future through education and economic development,
so we might consider that support through education and incentives to innovate will em-
power beekeepers. Finally, this work contributes to our understanding of how beekeeping
activities are developed, and the roles played by stakeholders in different countries in the
European Union, considering different socio-economic and cultural contexts, as well as the
promotion of innovation in beekeeping and the transfer of knowledge and good practices.

The present work had some limitations, namely, the number of respondents from each
country was neither equal nor proportional due to difficulties in recruiting participants.
Also, the distribution of sociodemographic groups was not the same among countries, and
it was also not possible to recruit the same number of participants from different activities
in the beekeeping sector. Still, even with these limitations, this work provides new insights
into the characterization and understanding of the beekeeping sector in some countries,
and will serve as a support for future research in this area.
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